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SOLID STATE DIVISION SEMIANNUAL PROGRESS REPORT 

INTRQDUCTIQN AND SUMMARY 

Th is  semiannual progress report and future 
progress reports w i l l  be published as two docu- 
ments to permit a wider distr ibution of the un- 
c lass i f ied  material. The report numbers are 
assigned in  sequence so that the two reports w i l l  
fa l l  together when f i led  by report number, 

SOLID STATE REACTIONS 

Energy Levels in Fast-Neutron Irradiated p-Type 
Germanium (AEC Act iv i t y  5411). An analysis o f  
the behavior of p-type germanium bombarded with 
fast  neutrons at room temperature gave excel lent 
agreement wi th the model proposed by James and 
Lark-Horovitz a t  the beginning of the irradiat ion 
but diverged from the predicted behavior as bom- 
bardment proceeded. The data indicate that there 
i s  a difference in annealing rates of the two types 
o f  defects ( interst i t ia ls and vacancies). This would 
alter the distr ibution of energy levels by changing 
the relat ive concentration of energy levels that 
arise from each type. 

After bombardment, the results for samples w i th  
high in i t ia l  hole concentrations are in qual i tat ive 
agreement wi th the model, but for low in i t ia l  hole 
concentrations there i s  a serious lack of agreement. 
A lower-than-expected acceptor ionization energy 
apparently results from some process that occurs 
durr ng  bombardment or during the room-temperature 
aging period. Trapping of minority carriers and 
dif ferential annealing o f  interst i t ia ls and vacancies 
are probable processes. 

The temperature dependence o f  hole concentra- 
t ion  after successive bombardments at  about 40°C 
indicates that there i s  a broad distr ibut ion of 
acceptor ionization energies wi th a discrete level 
(or c losely grouped set of levels) superimposed on 
the broad distr ibution a t  about 0.10 ev above the 
band edge. For an m-type specimen converted to  
!?-type by bombardment, the corresponding energy 
level  was found at  0.08 ev and i s  tentat ively 
ident i f ied w i th  the deep trap. 

E f fec t  of Bombardment on Hole Mobi l i ty  inp-Type 
Germanium (AEC Ac t i v i t y  5411), Studies o f  the 
ef fect  of radiation on hole mobil i ty of p-type 
germanium indicute that the nature o f  the scattering 
mechanism o f  bombardment-introduced defects i s  
uncertain, Although certain features o f  the tem- 
perature and concentration dependence of the 

scattering probabil i ty are not consistent wi th 
chorge-center scattering, the magnitude o f  the 
scattering probabil i ty i s  approximately that which 
would be expected i f  approximately nine singly 
ionized defects were introduced for each ionized 
acceptor at 77°K. The reason for the large dis- 
pari ty in the behavior of electron mobi l i ty  to  that 
observed for holes in bombarded germanium i s  
unknown. More extensive experimental information 
i s  necessary before the phenomenon can &e under- 
stood. 

Photoconductivi ty and Minority-Carrier Traps in 
Bombarded n-Type Germanium (AEC Act iv i t y  541 l), 
The peculiar osci l latory behavior o f  conductivi ty 
as a function of temperature that occurred during 
warming o f  n-type germanium after irradiation a t  
low temperature was re-examined as a resul t  o f  
observation a t  Be l l  Laboratories. These observa- 
t ions indicate that low-temperature electron born- 
bardment of both n- and p-type germanium intro- 
duces minority-carrier traps which give r ise to  
appreciable photoconductivity a t  low temperature. 

During slow warrnup the conductivi ty shows two 
decided peaks at 134 and 165°K. The conductivi ty 
then fa l l s  to a minimum value a t  about 19S°K, 
after which temperature, further heating causes a 
rapid increase with no more peaks. The osci l latory 
behavior is interpreted as the successive escape 
o f  trapped holes (and their subsequent recombina- 
t ion wi th excess electrons) from two discrete 
trapping levels of different energy. No peaks were 
observed on recooling and on later heating, and it 
i s  concluded that the traps responsible for the 
osci l latory behavior were annealed. The cool ing 
curve also showed a decrease in conductivi ty a t  
the low-temperature end; this would be expected i f  
the hole traps had annealed, since an important 
source of photoconductivity would have been re- 
moved. These results are consistent wi th the 
findings on e lectron-bombarded german i urn. 

Annealing of Irradiated Germanium (AEC Act iv i t y  
541 1). I t  i s  known that radiation-produced effects 
may be annealed out of germanium by treatment at 
a temperature suff i c i  en t ly above the irradiat ion 
temperature. It has also been found that the 
effects introduced at  room iemperature after irradi- 
at ion are sometimes opposite to those normally to  
be expected by anneal iny treatments. 

1 
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An n-type germanium specimen was irradiated at 
35°C unti  I i t s  room-temperature conductivi ty was 
decreased by a factor of about 8. The Ha i l  coef- 
f i c ien t  and conductivi ty were measured as a func- 
t ion  o f  temperature over the range from l iquid- 
nitrogen to room temperature. IsotherinaI anneals 
produced a decrease in  conductivi ty a t  0 and 
23.3"C, an increase at 40 and 60"C, and a decrease 
a t  80 and 100°C. At  least two and probably three 
kinet ic processes are indicated. A tentative ex- 
planation i s  that removal of the interst i t ia l  atoms 
decreases the concentration of shallow electron 
traps and, in effect, replaces h e m  by deeper traps 
situated below the middle of the forbidden band to  
cause a further decrease in concentration; recom- 
bination o f  interst i t ia ls and vacancies would thus 
remove two electron traps. 

Deierrninotion of Energy Levels in Germanium by 
Transmutation Doping (AEC Act iv i t y  541 1). Nuclear 
doping has been investigated as an agent for de- 
termining the energy levels i n  semiconductors. 
Nuclear doping of germanium transmutes Ge7' w i th  
an 11.4-day hal f  l i f e  to Ga7', which i s  an acceptor 
impurity, and transmutes Ge75 with an 82-min half 
l i fe  to As75, which i s  a donor impurity. Measure- 
ments of conductivi ty and Ha l l  coeff icient at  
proper time intervals permit the Fermi level to be 
fol lowed across the forbidden bond, 

Experimental evidence indicates that the capture 
gamma rays from the various germanium isotopes 
are not suff iciently energetic to displace the atoms 
that capture a thermal neutron from their normal 
lat t ice positions. The decaying radiat ion o f  the 
germanium, the sample holder, and the lead wires 
has been found to produce, a t  the end of the 
decay period, an electron concentration several 
orders of magnitude larger than that expected, 
probably by saturating the minority carrier traps 
and producing an excess electron concentration. 
The high concentration o f  excess carriers would  
mask the presence of discrete energy levels a t  
liquid-nitrogen temperature, but a t  dry-ice tem- 
perature the photosensit ivi ty i s  such that the 
excess electron concentration i s  negl igible and 
the discrete levels should be detectable. 

Radiation Effects in Gall ium Antimonide (AEC 
Act iv i t y  5411). Ha l l  coeff icient and resist iv i ty a f  
both n- and p-type GaSb were measured before and 
after irradiation in the BRNL Graphite Reactor. 
Some o f  the samples were wrapped in two th in  
foi ls, one of indium and one of cadmium, to prevent 

transmutation of the gallium and antimony. Con- 
dwctivity (recorded continuously during exposure) 
o f  both n- and p-type samples, shielded and un- 
shielded, decreased monotonically during irradia- 
tion. The removal rate of current carriers was 
approximately the same for a l l  samples of high 
carrier concentrution. This indicates the intro- 
duction o f  approximately equal numbers of accep- 
tors and donors whose center of gravity is ap- 
parently near the middle of the forbidden-energy 
band. 

I1 i gh-temperature, long-time annea i s  remove some 
of the radiation-produced acceptors, but indications 
are that a lorye number of  additional current 
carriers are introduced. Differential annealing of 
radiation-produced defects must occur. 

The removal rate of current electrons faom n-type 
material i s  nut dependent on in i t ia l  carrier con- 
centration. This indicates that the donor atoms, 
which are presumably interst i t ials, ionize and lose 
electrons to the lower-lying acceptor states, which 
are presumably lat t ice vacancies. These donors 
con act as electron traps i n  n-type material. 

The rate o f  removal of holes i n  p-type material 
decreases rapidly for lower in i t ia l  hole concentra- 
tions; these low-lying f i l l ed  acceptors can act as 
hole traps. 

Since an interst i t ia l  i n  GaSb can be either a 
gallium or an antimony atom and a vacancy can be 
either type of vacant lat t ice site, it i s  possible for 
four simple defects to  exist; rnultiple ionizotion 
may also complicate the situation. A detai led 
model of t h e  energy-level spectrum associated 
with irradiation-produced defects in GaSb i s  there- 
fore not yet coinplate. 

Magnetic SusceptibiIity of lndium Antimonide 
(AEC Act iv i t y  541 8 ) .  Magiletic-susceptibiliq. data 
on p-type lnSb have been extended to 634"K, and 
data on n-type have been taken from 293 to 634°K. 
Diamagnetism for both types increases with tem- 
perature and was attributed to  intr insic carriers. 
The susceptibi l i ty, which should be the same for 
n- and p-type GaSb at the higher temperatures, 
differed by 1.2% at about 630°K. This difference 
i s  attributed to thermal expansion of the molyb- 
denum suspension fiber. The suspension expan- 
sion may also explain the discrepancy between the 
measured 0.095 e r  for the half-value forbidden- 
energy gap as compared with the reported value of 
Q,115 ev. 
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Low-Temperature Apparatus for Magnetic-Suscep- 
t i b i l i t y  Measurements (AEC Ac t i v i t y  5411). An 
apparatus has been bu i l t  to permit magnetic- 
suscept ib i l i ty  measurements to  be made a t  tempera- 
tures down to 1'K. It w i l l  replace the present 
liquid-nitrogen cryostat, which has a lower l im i t  
o f  about 90°K. 

Radiat ion Effects in Ionic Crystals (AEC Act iv i t y  
5411). Annealing of a lka l i  hal ide crystals pro- 
duces changes in conductivity. Potassium chloride 
crystals were heated to  temperature and were 
al lowed to cool immediately; the temperature o f  
each excursion was raised by 50 to lOO*C inter- 
vals un t i l  a maximum of 400'C was reached. A 
pronounced decrease in  activation energy a t  about 
24OoC, which was not expected, was observed; this 
i s  different from the one that contributes to the 
conductivi ty a t  the lower temperatures; NaCI, KBr, 
and FiF behaved similarly. 0 

In KCI and V, band a t  2150 A of the opt ical  
spectra is apparently associated with holes trapped 
a t  posi t ive ion vacancies which influence the ionic 
conductivity. A study o f  the effects of  reactor and 
Co60 radiat ion on the V centers o f  KCI w i l l  be 
continued in more detail. 

Opt ical  Spectra of Irradiated Quartz and Si l ica 
(AEC Act iv i t y  5411). Optical absorption curves 
were made on a sample o f  very pure s i l i ca  after i t  
had been subjected to various bombardments. No 
absorption bands occurred i n  the v is ib le spectrum, 
and onlyoone occurred i n  the ul t raviolet  spectrum 
a t  2150 A. The optical density i s  approximately 
proportional to the length o f  bombardment. 

Fast-Neutron Effects in Some Refractory Single 
Crystals (AEC Act iv i t y  4540). Fast-neutron irradi- 
at ion of s i l i ca  structures easi ly displaces oxygen 
atoms, and the damage does not anneal a t  room 
temperature. The study has been extended to  
other materials whose structures are dominated by 
oxygen atoms and in  which binding i s  part ia l ly  
covalent. 

Bombardment o f  zircon up to 3.6 x lo2' neu- 
trons/cm2 a t  1Cu)"C induced an apparent bending 
or warping o f  large mosaic blocks i n  the crystal 
lattice, but long-range order was retained. The 
(200) and (101) warped 6.2 and 4.6 deg. Expansion 
and distort ion in both crystal latt ices of garnet and 
topaz are similar and of the same order of magni- 
tude. There i s  a pronounced structure dependence 
for displacements. 

Bombardment-produced displacements and lat t ice 
expansions i n  beryl, chryroberyl, and phenacite 

indicate that oxygen atoms are readi ly displaced 
and frozen in a t  room temperature. The expansion 
effects are structure dependent, and the oxygen- 
bery I l ium bonds apparently re-form a t  relat ively 
low temperatures. Beryl has a less stable structure 
than chrysoberyl or phenacite. 

X-Ray Scattering from Covalent Single Crystals 
( A X  Act iv i t y  4540). As a resul t  of theoretical 
calculat ions an extensive x-ray dif fract ion investi-  
gation i s  being conducted i n  search o f  forbidden 
ref lect ions in diamond, germanium, silicon, and 
other semiconductors. Several of these ref lect ions 
have been observed to date. 

E N G I N E E R I N G  P R O P E R T I E S  

Radiation Effects on the Thermal Conductivi ty 
of Ceramics (AEC Act iv i t y  4540). The thermal 
conductivi ty has been measured in the temperature 
range from 35 to  45°C for a group o f  irradiated 
ceramic specimens. The small, thin specimens 
were sandwiched between mercury baths, heat was 
applied to the upper bath, and the temperature 
gradient across the specimen was measured. 

Comparison o f  conductivi t ies wi th x-ray di f f ioc- 
t ion  studies showed that materials which disorder 
rapidly also decrease rapidly in thermal conduc- 
t i v i t y  and that quite often a thermal conductivi ty 
change could be detected before a change could be 
found by x-ray methods. 

X-Ray Examination of Ceramic Samples (AEC 
Ac t i v i t y  4540). The shielded x-ray diffractonieter 
was used to  obtain difhactometer patterns of a 
groupof ceramics that had been exposed to 1 z lo2' 
and 2 x lo2' neutrons/cm2. Optimum accuracy was 
no t  obtained because the specimens were polycrys- 
talline, had high ac t iv i t y  counts, and contained 
more impurities than are normally found in single 
crystals. 

A Correlation of the Radiat ion Stabi l i ty  of 
B las t ics  w i th  the Young's Modulus (AEC Act iv i t y  
4540), High-energy radiation produces cross- 
l ink ing  and chain cleavage in  organic polymers. 
The rates o f  crossl inking and cleavage are governed 
by the chemical structure and by the strength of 
the van der Waals forces. The radiation-induced 
changes in mechanical properties are controlled 
by the rates of crossl inking and cleavage. The 
commercial p last ics previously tested are grouped 
according to the values of their preirradiation 
Young's moduli. 

A theory has been postulated to account for the 
drfferences in radiat ion effects on the mechanical 
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properties o f  different materials. It i s  thought that 
the rate of crossl inking may be dif fusion controlled, 
since there i s  evidence that during c iossl inking 
hydrogen evolves from the sample and that there 
i s  a volume decrease. The rate o f  d i f fusion i s  low 
for the more r ig id materials wi th strong van der 
Waals forces. Since increased r ig id i ty due to 
crosslinking, however, does not change the van der 
Waals forces very much, the rate of reaction i s  
independent of the degree of crosslinking, 

The rate of chain cleavage appears to be pre- 
dominantly controlled by the chemical sttucture of 

the material and i s  affected by r ig id i ty only for 
very r ig id materials. 

C R Y S T A L  PHYSICS 

Low-%ernper;atwrc In-Pile C i y ~ ~ t o t  (AEC Act iv i t y  
54111). Studies of copper bombarded at -160°C 
indicate that some neutron-induced defects are 
mobile below this temperature. The laboratory 
has acquired a helium refrigerator with suff icient 
capacity to maintain the temperature of a sample 
below 20°K in  hole 12 of the  ORNL Graphite 
Reactor. Delivery of the machine i s  expected i n  
April. The cryostat sample chamber has a dirarneter 
of in. and a usable length of about 18 in. 

The Critical Shear Stress in Alpho Brans as n 
Function OB Zinc Cancentrestion and Temp~aature 
(AEC Act iv i t y  541 1). Preirradicrtion measurements 
were made of the c r i t i ca l  shear stress a i  alpha 
brass with  a variety of zinc compositions up to 
30 at. % zinc at 4.2, 78, 195, and 297°K Since 
the concentration depedence of the cr i t i ca l  shear 
stress a t  room temperature i s  w e l l  known, the 
rat io of c r i t i ca l  sheat stress at  auch temperature 
to  that a t  297°K was used, rather than the measured 
stresses, as o standard for comparison, The rat ios 
a t  each of the lower temperatures show a sharp 
increase from unity for 0% zinc to a plateau at  
about 7% zinc and then begin aiother increase 
a t  about 20% zinc. Below about 4% zinc, the 
c r i t i ca l  shear stress at  4.2"K i s  actual ly lower 
than that a t  78°K. 

S P E C I A L  P R O J E C T S  

E h s t i c  Effec t s  in Neutron-Erradioteel LiF (AEC 
Ac t i v i t y  4540). X-ray and density changes for 
irradiated L iF single crystals were iiiterpreted by 
correcting the original data for the elast ic behavior 
of the crystal and were found to b e  eqsivalent 
wi th in erperirrit.ntal error, This proves that the 
lat t ice displacements lead to Frenkell defects 

(equal numbers o f  vacancies and interst i t ia l  atoms). 
Thin L iF crystals were irradiated to avoid attenu- 
at ion cdfects. 

LiF (AEC Act iv i t y  4540), An L-iF crystal was used 
to  determine the effects af radiation on the x-ray 
l ine broadening of :he 200 arid 400 ref lect ions o f  
coppcr K P  and the 200 ref lect ion o f  chromium K g  at 
Srogg angles of 20, 44, and 31 deg. The in i t ia l  
broadening caiiscd by radiation followed ei tan 0 
law and i s  known as  "strain broadening," 

When the crystal was subjected to step anneals 
beiween 300 and 40O"C, the l ine breadths showed 
no change or else changed toward thsir pre-exposure 
volues. Th is  in i t ia l  stage of annealing occurs 
mostly w i t h ~ n  the mosaic blocks. 

The anneal at  400°C decreased the radiation- 
produced latticc-pararne+er expans ion by a factor 
o f  8 OF mote; this reduction was apparently suf f i -  
c ient  for the mosaic boundaiies to  influence the 
ease with which the interst i t ia l  atoms f i l l ed  
vacancies, and a cew type of x.ray l ine broadening 
was observed. The line breadth increased for 
anneals at  highcr temperatures and decreased 
toward the preirradiation value. 

A Study sf Lattice Defects in GsId-Cadmium 
AIlgsys (AEC Act iv i t y  541'8). If gold-cadmium 
al loys of about 50 at. % composition are quenched 
from 450°C, imperfections are introduced into the 
crysta I striicture; these impcrfections cause an 
increase of more t h n n  10% in  electr ical resist iv i ty.  
The cause of the increase and the mechanism by 
which it aiineals ore under study. After a quench 
from 450 to 40"C, resist iv i ty was measured upon 
isothermal annealing at a series of temperatures 
i n  the range 60 to 85°C The defects frozen i n  by 
the quench we:e fomd to  have an activation energy 
for movement of about 0.6 ev. 

X-ray studies indicate that tire zrlloy i s  ordered a t  
temperetuies up to 60O0C, and therefore the in- 
crease i n  resist iv i ty could not be due to the 
quenching in of nonequilibrium disorder. There i s  
no evidence of the fo rma* '~n  of a new phase, nor 
do quenching strehser, result ing from dif ferential 
cooling between thc surfacc and the inside of the 
specimen, conit ibute to the increased resistance. 

Effect of Neutron Re7riiati0-1 on the Precipitat ion 
Hradeniag Wsmticn  (AEC k t i r i t y  45401, Neutron 
irradiat ion of copper-beryllium al loys produced 
rhnngas very sirnilor to Jo:v-tetnperature precipi ta-  
t ion  hardening of >!re alloy, and an irradiat ion of 

T$*JO'-Stag6? A@lvXCfAialg F*iWe55 in k W t r O f l - ! r d i Q t e d  
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the al loy a t  liquid-nitrogen temperature confirmed 
the hypothesis that the changes were dif fusion 
control led. 

To answer the question o f  whether radiat ion 
alone causes an increase i n  beryll ium precipitation, 
a study was made of nickel-beryl l ium alloys. 
Nickel-beryl l ium was chosen because it i s  ferro- 
magnetic and i t s  Curie temperature i s  a function 
of the amount of beryll ium in soEid solution, Thus 
measurements o f  Curie temperature before and 
after irradiation and comparison with the measure- 
ments made on the control specimen w i l l  indicate 
whether radiation has increased the precipitat ion 
ratee 

Radiation of specimens for 2 x 10’ neutrons/cm2 
a t  4OoC produced no change in Curie temperature. 
The same samples were then irradiated for 1.5 x 
10l8 neutrons/cm2 at 275°C (about 200°C below 
the normal precipitation temperature). The Curie 
temperature of the control specimens corresponded 
to about 13.1 at. % dissolved beryllium, and that 
of the irradiated samples corresponded to about 
12 at. 75 dissolved beryllium. 

React#-Induced Resist iv i ty Changes in Copper- 
Base Solid Solutions (AEC Act iv i t y  4540). Several 
years ago radiation was observed t o  decrease 
rather than increase the electr ical resist iv i ty of a 
number of stable copper solid-solution alloys, 
whereas an increase would be expected to resul t  
from disruption of the lat t ice or from transmutation. 
More careful measurements are being made to 
confirm this observation. 

The resistance of 23 high-purity copper-alloy 
specimens was measured a t  three temperatures 
after they had been thoroughly cleaned and an- 
nealed. These specimens were then irradiated for 
about 2 x neutrons/cm2 at  about 40 or 50°C. 
The absorption cross sections of the elements 
were small enough for transmutation effects on 
res is t i v i t y  to be undetectable. 

All samples but the Cu-Mn al loys exhibited 
changes in res is i i v i t y  of about the same order of 
mognitude for the three temperatures. It i s  there- 
fore probable that the change occurs in the residual 

resist iv i ty rather than in  the temperature-dependent 
part of the resist iv i ty for a l l  but the Cu-Mn alloy. 
No satisfactory explanation has been found for 
the decrease in resist iv i ty which some of the 
al loys exhibited. 

Lattice Parameters of Some Copper Alloys (AEC 
Ac t i v i t y  4540). Polycrystal l ine copper-alloy sam- 
ples that had been used in studies of the ef fect  of 
radiat ion on electr ical  resist iv i ty were used for 
x-ray dif fract ion studies. At Iow percentages of 
solute the lat t ice parameters vary nearly I inearly 
with atomic composition and deviate only s l ight ly 
from Vegard’s law. Irradiated al loys studied ex- 
hi bited no lattice-parameter changes after exposure. 

Paramagnetic Resonances in Irradiated Moterials 
(AEC Act iv i t y  4540). An electronic apparatus has 
been designed and built to  measure paramagnetic 
resonance of piezo quarts, glass, vitreous silica, 
and other materials. 

It has been shown that irradiation induces para- 
magnetic centers i n  quartz. The paramagnetic 
resonances were measured for two o f  the irradiated 
crystals on which magnetic-susceptibil i ty measure- 
ments had been made and for a sample of diphenyl- 
picryl-hydrazyl. The molecular weight of the 
hydrazyl i s  400, and there is  one paramagnetic 
electron per molecule; on this basis the numbers of 
paramagnetic electrons i n  the two quartz crystals 
were calculated, The calculations indicate that 
there is  an increase in the paramagnetic-electron 
concentration wi th increased bombardment; magnetic- 
susceptibi l i ty measurements show a decrease in  
concentration with increased bombardment. Many 
sources of error ex is t  i n  the resonance apparatus 
and methods, and considerable work remains before 
the re l iab i l i t y  of concentration measurements ob- 
tained by this method can be established. 

Operation of the Shietded X-Ray Diffractometer 
(AEC Act iv i t y  4540). X-ray dif fract ion studies are 
now being conducted on specimens emitt ing act iv i ty 
o f  as much as 1 1  r/hr at  1 cm. Diffract ion patterns 
can be obtained on either sol id or powdered metal 
samples. 

5 
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a quartic equation in  p.  I f  

(5) eo = p* = 2 C ( T ) e - [ + / k r  , 
where p* i s  the l imi t ing hole concentration for the 
temperature in question, p w i l l  remain invariant 
with defect introduction. Under these conditions 
Eq. 5 reduces to the cubic equation: 

1 
2 (6) p * 3  + - ( K ,  t K ,  + K3)p*’ 

I 
- - K K K  - 0  , 2 1 2 3 -  

Only the posi t ive root of Eg. 6 i s  significant, 
and, to a good approximation, i t i s  given by 

derivative of Eq. 4 with respect to iV,  the number 
of defects, evaluated at N = 0 and p = p o ,  gives 
for the in i t ia l  rate of change 

PO P O  - . _I-___ 

K l  - - 
Po f K ,  Po -t 5 P o  + K 3  . 

Hence, there are apparently three adiustable 
parameters, which would seem io indicate that 
the curve f i t t ing  with Eq. 11 may not be a sensi- 
t i ve  test of the theory. In actual fact, however, 
the condition imposed by either Eq. 8 or Eq. 9 
reduces the number of parometers to  2. Further- 
more, the contribution of the last term of Eq. 11 i s  
negligible un t i l  r0 l i es  wi th in about 2RT of  e3. 

With the use of Eqs. 3 and 5, Eq. 7 becomes 

If t3 i s  signif icantly smaller than e2  and hence 
E , ,  Eq. 8 moy be approximated by 

which i s  identical to the expression obtained for 
a single trapping level and a single acceptor. The 
temperature dependence of clearly enters 
through the logarithmic term of Eq. 9, which, in  
this approximation, i s  

From the nature of the levels below the middle 
of the band as suggested by the theoryI2 it can be 
shown, whatever the identi f icat ion of levels in  
question wi th those available, that y l y 2  = 4. 
Hence d c / d T  2 0. 

The value of e indicates only the mid-point 
between the acceptor and the deepest ho le traps. 
It i s  possible i n  principle to determine and E ,  

from in i t ia l  rates of change of p during bombard- 
ment as a function of p o ,  provided that the relat ion 
between A’ and integrated flux i s  known. The 

In order to test the theory rigorously i t  i s  neces- 
sary to use the values of e l ,  c2,  and E~ obtained 
by using Eq. 1 1  to reproduce a representative 
conductivity vs bombardment curve according to 
Eq. 4. The latter test i s  possible only i f  ( I )  the 
effect of bombardment on mobil i ty i s  negl igible 
compared with the effect on hole concentration, 
(2) there i s  no dif ferential annealing of different 
types of defects during exposure, and (3) ap- 
preciable photoconductivity i s  absent. In  the fol- 
lowing section these relations w i l l  be applied to 
the behavior of conductivity measured during 
bombardment at ambient (30 to 6OOC) and dry-ice 
temperature. 

The conductivity, u, of a large number of single- 
crystal p-type samples with a wide range of hole 
concentrations has been measured during bombard- 
ment in  the reactor at ambient temperature. Under 
the assumption that the i n i t i a l  change of mobil i ty 
i s  negl igible compared with the effect on hole 
concentration, the in i t ia l  change in  hole concen- 
trat ion per incident fast neutron [ d p / d ( n ~ t , ) I , = ~  
was calculated from D vs nut curves by using the 

7 
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i n i t ia l  conductivi ty oo and uncorrected values’ of 
p o  obtained trom Ha l l  coeff icient measurements. 
Values of p o l  [ d p / d ( i 2 ~ t ~ ) l , , ~ ,  and the exposure 
temperature for these specimens are l is ted in 
Table 1. Although there i s  scatter i c  the data, it 
i s  apparent that [ d p / d ( n ~ t , ) l ~ = ~  changes from 
posi t ive to  negative wi th increasing p o  at p *  = 
(6.5 t 1.5) x 10l6 cmm3. cit th is  
temperature (-500c) may be obtained from Eq. 5 
provided that mh i s  known. Studies of cyclotron 

With th is  

The value of 

indicate that m 2 0.3 /no. 
h T  

’Here, hole concentrations were calculated from the 
customary relat ion 

7.37 x 1018 
P = 

R 

No attempt was made to correct the values or impurity 
scattering, s i  ce recent work o f  F. J. Morin {Phys.  Rev. 
93, 62 (1954)r has shown that the ra t io  of Ha l l  70 dr i f t  
mobil ity, p ~ / p  for holes not only does not have the 
proper m a g n i t u k  but i s  markedly temperature dependent. 
Willardson, Harrnan, and Beer (submitted to Phys. Rev.) 
have shown that th is  discrepancy i s  due to the complex 
noture of the valance band i n  germanium. Consequently, 
valuesof p given in th i s  paper moy be i n  error by as 
much as a factor of 2. 

6G. Dresselhaus, A. F. Kip, and C. Kit te l ,  Phys. Rev. 
92, 829 (1953). 
7R. N. Dexter, H. J. Zeiger, B. Lax, and E. S. 

Rosenblum, Phys. Rev. 95, 597 (1954) .  

value of mhl 5“ = 0.128 tr 0.006 ev at 323OK. 
Besides ambient exposures, a number of specimens 
have been irradiated at dry-ice temperature. At  

e = 0,123 k 0.003 ev. Hence i t  appears that i s  
tempcratur e independent wi th in experimental error. 
This would indicate t hu t  the approximation that 
leads to Ey. 9 i s  a good one. 

Attetnpts  have been made to evaluate E ~ ,  E ~ ,  

e3 by using Eq. 1 1  to f i t  the [dp/d(nvt  vs 

p o  curve for the -78°C exposures. It 6as been 
shown8 that -3.2 electrons are removed per 
incident fast neutron in moderate to high conduc- 
t i v i t y  n-type material. Since PWQ electron traps 
are expected per F m i k e l  defecte9 t h i s  result 
indicates that C, the number of defects per inci-  
dent neutron, i s  approximately 1.6. The results 
of the analysis are shown in Fig. 1. The points 
are experimental, and the sol id curve W Q S  calcw- 
la ted from Eq. 1 1  by using e l  - 0.180 ev, 
E~ = 0.066 ev, and ’2 0 and by assuniiag that 
y 1  = 4 and y 2  = 1. When expected experimental 
uncertainties are considered, a reasonable f i t  to  

-$aoc, p* = ( 1 . 5  i 0.2) x 1015 cm-‘l, which gives 

... 

‘J. W. Cleland e t  al,, Phys.  Rev.  83 ,  312 (1951). 
’H. M. James and K. Lark-Horovitz, 2. phys ik .  Chem 

198, 107 (1951). 

TABLE 1, INITIAL R A T E  OF CHANGE OF HOLE CONCENTHATIOM DURlNG 
REACTOR AMBIENT-TEMPERATURE BOMBARDMENT 

Sample p o ,  I n i t i a l  T e ,  Exposure [d?/d~n”t f ) l t_O I 

Ho I e Concentration I e mperat me I n i t i a l  Rate of Change 

(Crn-3 (” C) of Hole  Concentration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

4 . 2 ~  1014 

3.5 x 10 l 6  

5.7 x 1016 

7.2w 10l6 

1.5 lo1’ 
5.3 x 10 l 7  

1 . 3 ~  d9 

1.7 x 10’’ 

4.0 x 10l6 

8.1 x 10 l6 

7.0 x lo1’ 

1.5 x 10 l 9  

20 

30 

53 

55 

62 

49 

50 

62 

45 

32 

48 

da 

0.70 

0.77 

0.08 

0.20 

0.037 

4.058 

-0.10 

-0.05 

0.80 

4.50 

2.2 

-2.9 

a 
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p,, INlT14L HOLE CGNCENIWAilON ( c m 3 1  

Fig.  1. In i t ia l  Rate of Mole Removal vs In i t ia l  
Hole Concentration a t  -78°C for  type Germanium. 

the data was obtained. Interchange o f  the values 
o f  y ,  and y 2  did not permit a good correlation 
even for a wide range of choice o f  energy pa- 
rameters. These results sfrongly indicate that, 
provided the model i s  valid, E~ i s  quite small and 
therefore that only one hole trap need be con- 
sidered at th is  temperature, as we l l  as at  higher 
temperatures. Furthermore, the required choice 
o f  values for y 1  and y2 indicates that the acceptor 
can be identi f ied wi th the doubly ionized inter- 
s t i t ia l  atom. 

The energy parameters obtained above were 
used in  Eq. 4 to  calculate u vs nutl curves ob- 
tained at -78OC on the assumption that the mobi l i ty  
was unaffected by exposure. Although reasonable 
correspondence was obtained early in the exposure, 
as the bombardment proceeded, the calculated and 
observed curves began to  diverge. It i s  interesting 
to note that the calculated curve predicts a lower 
value of CJ after appreciable exposure than i s  
actual ly observed for p o  either greater or l e s s  
than p * .  A decrease in  mobil i ty during exposure 
would cause th is  discrepancy to  be reversed. The 
greater observed values of CT may be due to either 
of two processes or to  both of them: (1) trapped 
minority carriers which produce an excess concen- 
trat ion of majority carriers, thus enhancing c/, and 
(2) a difference in the annealing rate of the two 
types o f  defects which would alter the relat ive 
concetitration of energy levels arising from each 
type and, thereby, the distr ibution of energy levels. 
I f  the second process i s  responsible, the alterat ion 
o f  the distr ibution must occur in such a direct ion 

to cause p* apparently to increase as bombardment 
progresses. Evidence for both these processes 
wi l l  be discussed in  more detail. 

The results of the foregoing analysis o f  the 
in i t ia l  behavior o f  conduct I V  i ty during bombardment 
reveal that the model proposed by James and 
Lark-Horovitz i s  consistent wi th observation. 
When applied to  the behavior on prolonged bom- 
bardment, qual i tat ive agreement i s  s t i l l  obtained, 
but the data indicate that additional processes 
appear which require explanation. In th is  con- 
nection it should be pointed out that similar 
studies carried out wi th IO-Mev deuterons” at  
a much higher rate o f  defect introduction showed 
some interesting differences. The value of 
obtained by f i t t ing  a u vs bombordment curve at  
-78°C was 0.089 ev, a considerably smaller value 
than the one obtained above from in i t ia l  behavior. 
In addition, specimens with p o  only s l ight ly 
greater than the value o f  p*  obtained with fast  
neutrons showed f i rs t  a decrease in  CT fol lawed by 
an increase after additional deuteron bombardment, 
Although it i s  possible that the different results 
may be due to  differences in the ef fect  o f  fast  
neutrons and charged particles, it i s  interesting 
to note that these deviations are i n  the direct ion 
expected i f  process 2 were operating. 

In general, the hole concentration before ex- 
posure i s  only s l ight ly temperature dependent. 
Since, according to  the model in question, i s  
essential ly temperature independent and p* i s  
given by Eq. 5, p*  i s  expected to correspond to 
po at some temperature ?’* in an easi ly attainable 
temperature range (77 to  300’K) over a wide range 
of p o  values ( 1 0 ’ ~  to 1017 Consequently, 
an increase in  p above r* and a decrease i n  p 
below ?’* should result from bombardment. As  
bombardment proceeds, the log R vs 1/.T curve i s  
expected to  rotate about the point l/r* and to  
approach a l imi t ing slope of c/k for large ex- 
posures. 

Log K vs l h -  curves have been obtained after 
various exposures on a number of p-type speci- 
mens. Because of the induced radioact iv i ty i n  
the specimen and holder, i t was usually necessary 
to  wai t  appreciaole periods (one to  three days) 
before hand1 ing was safe. Since room-temperature 

’OH. Y. Fan, J.  H. Forster, and K. Lark-Horovitz, 
Serriiconductor Research 7’hzrd Quarterly IZepori. J a n  I. 
to March 32. 1952, PRF-746, p 28-31. See 0150 thesis 
of J. H. Forster, Purdus University, 1953 (unpublished). 
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aging muy occur during th is wait ing period, the 
curves do not necessuri ly  represent conditions 
exist ing immediately after the specimen and holder 
are removed from the reactor. Typical  log R vs  
l/r curves after bombardment are compared with 
their original curves in Fig. 2 for three widely 
different values of p o .  The curve i n  Fig. 2a was 
taken 3,5 days after an exposure to  1.3 x 10l7 
fast neutrons/cm2 at 60°C on a specimen with 
p o  = 3.4 x lo '* ~ m " ~ ,  that in Fig. 2b was ob- 
tained 6 days after nut 5.6 x 1Ol6 at / =  60°C with p o  = 7.0 x 10l6 ~ r n - ~ ,  and that in 
Fig.  2c 19 hr after nut 10l6 CriI-' at 
60°C with p o  = 7.3 x loy4 ~ m - ~ .  The dashed 
curves are after exposure. 

The curve in Fig. 2a indicates that bombardment 
decreases the hole concentration over the entire 
temperature ronge. Th is  behavior i s  borne out 
by the observed conductivity change during ex- 

- 2,2 x 

U N C L A S S I F I E D  
SSD 9 1088 

ORNL-LR-CWG 4395 

_- - - -7 -  

BEFORE EXPOSURE -- ___ ,--/ 

8 x l d  2 3 4 5 6 7 8 9 10 1 1  I; 13 ( x i 0 9  

f , RECIPROCAL TEMPERATURE (OK-') 

Fig.  2. Hall Coeff icient vs Reciprocal Tcmpeaa- 
turn for p T y p e  Germanium efore and After Ex- 
pos ea re, 

posure. Further ir iudiat ion wa5 found to produce 
an additional decrease in o toward a l imi t ing value. 
In Fig.  2 h ,  the curve after exposure crosses the 
original curve arrd indicates an increase in p 
above 250'K and a decrease in p at lower tsmpera- 
tures. The behavior in these two cases i s  quali- 
tat ively what i s  expected according to  the model 
employed, In the case o f  small p o ,  however, 
indications of Fig.  2c are that there i s  an increase 
in  p over the entire temperature range despite the 
value of indicating that the two cwrves should 
cross at T* = 166'K. Furthermore, the curvature 
after bombardment suggests a wide distr ibution of 
acceptor-level energies from an appreciable value 
at r o m  temprrnture to a value near zero at l iquid- 
nitrogen temperature. These results indicate that, 
although there i s  qual i tat ive agreement wi th the 
model at high values of p ,  there i s  a serious lack 
of agreement for small hole concentrations. The 
discrepancy cannot reasonably be explained by 
the in i t ia l  introduction of an appreciable canccn- 
trat ion of very shallow acceptors during bombard- 
ment, since they would, to a large extent, mask 
the presence ad hole traps indicated by studies of 

i n i t ia l  behavior (see above). Rather, i t i s  neces- 
sary to assuine that the apparent low acceptor 
ionization energy results from some process which 
occurs during bombardment or during the aging 
period at room temperature. I he same two prot-  
esse5 mentioned above appear to  be probable, 
namely, troppirig of minority carriers or dif ferential 
annealing o f  interst i t io ls and vacancies. Evidence 
for these two processes w i l l  be treated i n  turn. 

On close examination it was found that, at 
I i quid-nitrogen temperature, the Hal  I coeff icient 
and res is t i v i t y  of irradiated samples were ap- 
preciably photosensitive. AI I the data, however, 
were taken on spesimens wrapped with several 
layers of l inen tape and mounted in  a narrow-neck 
Dewar, the m o d i  o.f which was plugged with glass 
 WOO^. Conseqtiently, the amount of ambient l ight  
incident on the specimen was quite small, It w a s  
impossible, Iiowever, to exclude the gamrnu and 
beta radiat ion which resulted from radioactive 
decoy of the specimen, leads, and holder. This 
radiation, even though of relat ively low intensity, 
i s  ef f ic ient  in producing electron hole pairs. 
Therefore measurements ot low temperature token 
shortly after removal from the reactor uildoubtedly 
include photo edfects. Th is  process, however, 
canriot be solely responsible far the di screparicy, 

- 
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since, after the ac t iv i t y  i n  the specimen and i t s  
surroundings had essential ly completely decayed, 
the difference between the observed and expected 
curve persisted. 

The possible alteration of the distr ibution of  
energy levels was examined by fol lowing the 
process o f  aging at  room temperature and sl ight ly 
above. Both specimens studied showed a f lattening 
o f  the log R vs 1/T curve whi le standing at  room 
temperature. In one, the curve after exposure 
crossed the original one, and it was d i f f i cu l t  to  
decide whether the f lattening o f  the curve was a 
result of uniform annealing o f  the vacancies or 
an alterat ion of the energy-level distribution. The 
second specimen gave a curve similar t o  that o f  
Fig.  2c, and i t s  interpretation i s  less ambiguous. 
The results of the study are shown in Fig.  3. 
Curve I i s  the log R vs  Ih' curve before bornbard- 
ment, curve I1 i s  that 10 hr after an nut of  
2.6 x cmW2, curve I l l  i s  that after an ad- 
dit ional 96 hr, and curve IV was obtained after 
subsequently warming t o  140°C for 10 min. The 
curvature of curve II i s  such that, i f  i t s  trend 
continues, it w i l l  not intersect curve I .  R and p ,  
measured during subsequent aging, showed a slow 
decrease at 77aK. After 106 hr o f  total aging, the 
changes were very slow, and curve I l l  resulted. If 
both interst i t ia ls and vacancies were removed at 

1 

Fig. 3. Hal l  d w f f i c i e n t  Y S  Reciprocal Tempera- 
ture for p-Type Germanium. 

the same rate, the curves after bombardment would 
be expected to  approach the original one rather 
uniformly over the entire range. Comparison of 
curves II and I l l ,  however, shows that th is  i s  not 
the case. Instead, the decrease at low temperature 
and the increase at high temperature indicate that 
the distr ibution of acceptors i s  shif ted toward 
lower ionization anergy. In addition, since a 
rotation, instead of a general lowering, of curve I l l  
with respect t o  curve I i  occurs, the total  concen- 
trat ion of acceptors apparently decreases during 
aging. It i s  evident from curve IV that after the  
specimen was heated at  140°C for 10 min the 
process i s  accelerated and a marked f lattening of 
the curve occurs. 

In view of these observations it i s  not unreason- 
able to assume that similar annealing occurs during 
exposure. According to the model i n  question a 
vacancy introduces two low-lying empty states 
which are f i l l ed  by electrons from a doubly ionized 
interst i t ia l .  If an interst i t ia l  is removed by some 
process, such as clustering or trapping in the 
v ic in i ty  o f  a dislocation, two shallow acceptors 
are produced. Since a decrease in  total  acceptor 
concentration i s  also observed, recombination of 
interst i t ia ls and vacancies must also be postu- 
lated. It i s  noteworthy that these assumptions 
require the interst i t ia( atom to  be the mobile 
component o f  the Frenkeii defect. These consider- 
ations receive support from observations'' on low- 
temperature aging o f  irradiated n-type germanium 

12 and from quenching experiments o f  Mayburg. 

The temperature dependence of hole concen- 
trat ion (see ref. 5) after successive periods o f  
bombardment at  approximately 40°C was deter- 
mined from Hall-coeff icient measurements on one 
p-type specimen ( p ,  = 1.8 x ?O" cm-3). Repre- 
sentative p vs T curves after various exposures 
are shown in Fig. 4. All the curves after bornbard- 
ment are characterized by a sigmoid involution, 
wi th their inf lect ion points centered i n  the v ic in i ty  
of 145'K, superimposed on an almost l inear in- 
crease in p with 7'. The almost linear increase of 
p indicates a broad distr ibution of acceptor ioni- 
zation energies, whereas the sigmoid step reveals 
the presence of a discrete level or closely grouped 

~ 

"J. W. Clelond and J. H. Crowford, Jr. 

l2S. Mayburg, Phys .  Rev.  95, 38 (1954). 

Solid State 
Semiunn. frog. Rep. Aug. 30. 1954, ORNL-Ij62, p 71-75. 
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set of levels superimposed on the broad distri- 
bution. Although it i s  possible to  obtain accept- 
able f i t s  to these curves by using arbitrari ly 
chosen acceptor distributions, l3 such f i t s  require 
the use of at  least four adjustable parameters. 
Consequently, l i t t l e  can be learned concerning 
the nature of the broad distr ibution t ~ y  these 
means. Such calculations, however, indicate that 
the discrete level or bump in  the distr ibution l i es  

13 in the v ic in i ty  of 0.10 ev above the band edge. 
In the case of an n-type specimen converted to 

p - ~ y p e  by bombardment, the result ing energy-level 
distr ibution may be examined without complications 
produced by holes in i t ia l l y  present. Log  R vs  
1/T curves obtained after bombardment on an 
original ly n-type specimen (no = 7.5 x 1015 cm-3) 
are shown in Fig. 5. Curve I was obtained after 
an nut 1.0 x 1 0 ’ ~  curve II after an 
nut/ = 2.2 x 10l6 ernm2, curve Ill after a 40-day 
anneal at  F O O ~  temperature, and curve I V  after 

/ =  

13The authors hove employed with good resu l ts  a 
uniform distribution extending froin the edge PO the 
center of the forbidden band with a superimposed dis- 
crete level centered ‘“0.10 ev above the band edge 
(J. W. Cleiand, J. M. Crawford, and J. C. Pigg, Solid 
State Qua?= P r o  Rep. Feb. 10. 1953, ORNL-1506, p 43). 
In addition, I .  fi. K a t r  (Solid State Semiann. P+og. Rep.  
Aug. 31, 1953, ORNL-1606, p 68)  has obtained an 
excel lent  f i t  by using a Gaussian distribution of levels 
of 0.236-ev half width centered a t  the middle of the 
forbidden band with a superimposed discrete level  a t  
‘“0.09 ev. 

IU AFTER 40 days  AT 22°C - 

iY AFTER 30 mln AT 150°C 
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annealing for 30 min at 1 W C .  Shortly after 
conversion to p-type, the slope of the log K vs 
1/T curve (curve 1 )  i s  linear over most of the 
range, with a slope corresponding to an acceptor 
ionization energy of about 0.08 ev. Th is  level 
probably corresponds to  the one that produced the 
step in Fig.  4. The curvature toward lower slope 
near 77°K indicates the presence of more shallow 
levels. After additional irradiat ion (curve I I ) ,  the 
shi f t  of acceptor ionization toward lower values 
i s  evident. After the 40-day room-temperature 
anneal (curve Ill), behavior i s  observed which i s  
similar to that of in i t ia l l y  p-type specimens. The 
room-temperature aging process i s  essential ly 
complete after 40 days, as i s  evidenced by the 
uniform decrease of p over the entire range which 
accompanies the 150°C annealing period(curve IV). 

The level at  0.08 ev may presumably be identi- 
f ied wi th the deep trap determined from the dry- 
i ce  experiments discussed above. 

E F F E C T O F  B O M B A R D M E N T O N  H O L E  
M O B I L I T Y  IN  p - T Y P E  GERMANIUM 

J, W. CleAand Js H. Crawford, Jr. 
J. C. Piyg 

Studies14 of n-type germanium reveal that fast- 
neutron bombardment markedly decreases electron 
mobility. Moreover, the additional scattering was 
found to possess a greater temperature dependence 
than that predicted by the usual theories o f  ionized 
impurity Scattering. Similar studies have been 
carried out on p-type germanium. 

In Fig. 6 the mobiIity,15 ph, i s  plotted against 
temperature for the specimen of Fig, 4 ( p ,  = 
1.8 x 10'' after several exposures. Values 
o f  nut, for each exposure are indicated on the 
curves. The slope o f  the curve before irradiat ion 
at high temperature i s  -2.1, i n  reasonable agree- 
ment with the reported temperature dependence for 
lat t ice scattering in p-type germanium. l 6 8  l 7  
Furthermore, the in i t ia l  curve shows the expected 
onset o f  the ionized impurity scattering at low 

14J. W. Cleland and J. H. Crawford, Jr., Svlzd State 
Yurnzann. Prog. Rep .  h1g.  30, 1954, ORNL-1762 ,  p 75. 

"As used here p R/rp, where the Holl parameter 
r i s  taken to be $rrfS,=rhe s a m e  value os that used in 
deriving p.  Although the true value of r may be quite 
different from this (see ref. 51, it i s  desirable to use the 
some value throughout, since Y I S  thus effectively el lmi-  
noted when l/p/, 1 5  compared wlth p (Fig. 7). 

16MJl. B. Prince, Phys,  Rev. 92, 681 (1953). 
17F. JD Morin, Phys.  Reo. 93, 62 (1954). 

Fig. 6. Hole Mobility vs Temperature for Irradi- 
ated p-Type Germanium. 

temperatures, which i s  not suf f ic ient ly great a t  
th is  concentration to produce a maximum in  the 
curve in th is  temperature range (77 to  300'K). On 
bombardment, ph decreases over the entire tempera- 
ture range and decreases somewhat greater at  low 
temperature. It i s  interesting to note that, even 
after appreciable bombardment, no discernible 
maximum i s  produced. If the additional bombard- 
ment-induced scattering were str ict ly o f  the charge- 
center type, a maximum which moves toward higher 
temperature with increasing defect introduction 
might be expected to appear. The lack of such a 
maximum may be taken as tentat ive evidence that 
the scattering associated with lat t ice damage of 
this type may not be amenable to  treatment in 
terms o f  ionized impurity It i s  
noteworthy, however, that the excessively large 

'*E. Conwell and V. F. Weisskopf, Phys. Rev.  77, 

19H. Brooks, Phys .  Rev. 83, 879 (1951). 
2oPD P, Debye and E. M. Coriwell, Phys. Rev. 93, 693 

388 (1950). 

( 1954). 
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temperature dependence of electron mobi l i ty  ob- 
served i n  bombarded n-type germanium21 i s  absent 
i n  p-'type germanium. Similar behavior to  that 
shown in Fig. 6 was observed with a number o f  
other specimens. In no case was a maximum ob- 
served which was not already present before ex- 
posure. 

Since the curves of Fig. 6 indicate that p h  at  
77'K i s  l imi ted predominantly by scattering 
processes other than lat t ice scattering, the re- 
ciprocal of th is  value, l/p77, i s  expected t o  be 
approximately proportional to  the scattering 
probabil ity of these processes a t  that tempera- 
ture. The dependence of the scattering probabil ity 
on defect concentration i s  shown in Fig. 7, where 

l/p77 i s  plotted against the hole concentration 
I._.._ 

'lJ. W. Cleland and J. H. Crawford, Jr., Solid State 
Semiann. Prog. Rep.  Aug, 30, 1954, ORNL-1762, p 71-75. 
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Fig.  7. Recipracal of Hole Mobi l i ty  vs Hole 
Concenbation a t  77°K in Irradiated p-Type Ger- 
manium. 

at  79°K. The convenient use of p77  as an index 
of disorder i s  possible because i t  increases ap- 
proximately l inearly wi th exposure. After the 
i n i t i a l  exposure, a l l  points fa l l  on a straight line, 
whose slope i s  2.1 x i n  appropriate units. 
Since the same value of the Hal l  parameter was 
used i n  determining both p and p ,  the correlation 
should be independent of i t s  value (see ref, 15). 

Although it was indicated above that the scat- 
tering mechanism of the defects may not be of the 
ionized-impurity type, it can be shown that the 
data of Fig. 7 are not completely inconsistent 
wi th such a model. According to  the Frenkel- 
defect energy-level it i s  reasonable to 
expect the concentration of  ionized Scattering 
centers to be considerably larger than p 7 7 .  More- 
over, the model suggests that an appreciable 
fraction of  these may be doubly rather than singly 
charged. For a mixture of scattering charges, i t 
i s  necessary to wr i te the Canwell-Weisskopf 
formula'* i n  a more general form.23 In  terms of 
the measure of scattering probabil ity used here, 

where 

n3/2rn* 1/2e3 
,4 = ___I-_____ 

2 7 / Z K 2 ( k , j - ) 3 / 2  

B = (T'T 3kT , 

,VI i s  the total  concentration of a11 ionized scat- 
terers regardless of magnitude of charge, and Z 
i s  the mean square of the charges, 

2 

- 
(13) z 2  = (Ci";!Vi)NI , 

and the subscript i refers to those ions of the same 
charge magnitude. 

It was shown in  the previous section that, 
presumably because of different annealing k inet ics 
of the interst i t ia ls and vacancies, the energy- 
level model begins to break down after appreciable 
exposure. Consequently, it i s  useless to  attempt 

22H. M. James and K O  L-ark-Horovitz, 2. phys ik .  Chem. 

23W.  Shockley, ElPCtT0n.S and Holes in Semiconductors, 

198, 107 (1951). 

p 264, Van Nostrand, N e w  York, 1950. 
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to evaluate -2 % o n  the basis o f  the model. However, 

the product ZzN, = X; can be determined approxi- 
mately from experiment by setting 8 V f / 3  = 
in  the logarithmic term. Th is  approximation would 
tend to make N; too however, since, for a 

probably less  than a factor of 1.5. The rat io of 
N;, the ef fect ive concentration of singly charged 
scatters required to  produce the observed scat- 
tering probability, to  p 7 7  was obtained by matching 
the experimental curve of Fig.  7. The dashed 
curve shows the results obtained by using 
,n* = 0.3 m0 and N ; / p , ,  = 8.72. A reasonable 
agreement wi th regard to  magnitude was obtained, 
aut the calculaied curve shows a dist inct  curvature 
which i s  not apparent in the experimental one. 

maximum charge of two units, Z ,  -7 < 4, the error i s  

P H O T O C O N D U C T I V I T Y  AND M I N O R i f Y -  
C A R R I E R  T R A P S  IN BOMBARDED n - T Y P E  

GERMANIUM 

J. W. Cleland J. H. Crawford, Jr. 
J. C. Pigg 

In an earlier reportz5 a pecul iar  osci l latory 
behavior was noted in the conductivi ty vs tempera- 
ture curve obtained on n-type specimens during 
warming after low-temperature bombardment. At- 
tempts were made to  explain the successive 
maxima in terms of low-Temperature annealing 
processes which involved the rearrangement of 
lat t ice disorders. Recent work by experimenters 
at Bell has shown that low- 
temperature electron bombardment of 00th n- and 
p-type germanium introduces minority-carrier traps 
which give r i se  to appreciable photoconductivity 
at low temperature. In view of their  findings, 
previous data2' have been re-examined. In the 
present discussion, only those data obtained 
during warming, when the reactor was not in 
operation, w i l l  be considered. The results are 
reprinted for convenience in  Fig. 8. 

24There i s  another factor which has the opposite 
effect. The Conwell- Weisskopf scattering formula does 
not include screening effects. These ore opt to became 
important even in this concentrotion range when N, :> p ,  
thus decreasing the screening and increasing the scatter- 
ing power of the ions (see ref. 20). The error involved 
in the approximation is expected to be compensated to 
same extent by the neglect of screening, 

25J. W. Clelond, J. H. Crawford, Jr., and J. C. Pogg, 
Sol id  Stccte Serniann. Rep. Azig. 31, 1953. ORNL-  
1606, p 67, Figs.  57 

L, Brawn, R. C. Fletcher, and  K O  A. Wright, 
Phys .  R e v .  96, 834 (1954). 

26W. 

UWCLA' 
5so-I 
M G i  

T ,  TEMPEMTURE I'KI 

Fig. 8, Conductivity vs Temperature for "-Type 
Germanium Sample 5-1-4-1 after 1125min Exposure 
a t  -1 57( f 2) "C. 

After the sample had been irradiated (nvt = 
2.4 x and had been ma in ta ineda t  
114'K for 40 min, i t was warmed in the reactor at 
a relat ively uniform rate (-1°C min- ' )  t o  260'K 
and then recooled. The u vs T curves are shown 
in Fig. 8; the sol id and dashed curves refer to the 
warming and cool ing operations, respectively. 
Two well-defined maxima fal l ing at 134 and 165°K 
are observed during warming. After the second 
maximum CJ fa l ls  to a minimum value at  ~195'K, i t  
increases rapidly wi th further heating. The 
osci l latory behavior i s  interpreted as the  SUC- 

cessive escape o f  trapped holes (and their subse- 
quent recombination wi th excess electrons) from 
two discrete trapping levels of different depth. 
Since the warming was conducted i n  the reactor, it 
i s  assumed that at 114°K the gamma-ray intensity 
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i s  suf f ic ient  to saturate these traps and that the 
rate of heating i s  suf f ic ient ly low t o  preserve 
steady-state conditions. A s  the temperature i s  
raised, a point  i s  reached at  which the rate of  
release of holes from traps becomes comparable to  
the rate of trapping, and saturation i s  no longer 
possible. With further heating, the traps empty 
rapidly and the transition from a f i l l ed  to an empty 
condition occurs over a relat ively narrow tempera- 
ture range. Although it i s  possible i n  pr inciple to 
calculate the trap depth e t  from the posi t ion of the 
inf lect ion point,27 the situation i s  complicated in  
the present case by the strong and unknown 
temperature dependences of mobi l i ty  pe and elec- 
tron concentration n i n  the range of  interest. 
Consequently, i t i s  impossible to make a rel iable 
estimate of the trap depths in question. 

When the sample i s  cooled at about the same 
rate, the reappearance of the same maxima under 
steady-state conditions of excitation would be ex- 
pected, provided that the traps are s t i l l  present 
and that the gamma-ray intensity i s  unchanged, 
The cooling curve in  Fig. 8 shows no such be- 
havior, and it i s  concluded that those traps which 
are responsible for the osci l latory behavior of the 
warming curve have annealed. Th is  result i s  con- 
si stent wi th the findings on electron-bombarded 
G e 2 2 .  That some sort of annealing has occurred 
during the temperature excursion i s  evident from 
the position of the cooling curve relat ive to  the 
heating curve. The cooling curve l ies  appreciably 
above the warming curve at temperatures above 
1730K. It crosses the warming curve at that point 
and attains a value at 113°K of only about hal f  the 
value before heating. The increase in D in  the 
range above 173°K can be caused either by an im- 
provement in  pe which had been decreased by 
bombardment or by the annealing of a portion of the 
defects responsible for removing electrons, or more 
probably by both. After heating, a decrease in  (T 

at the low-temperature end of the curve i s  expected 
i f  the hole traps have annealed, since an important 
source of photoconductivity i s  thereby removed. It 
was possible to retrace the cooling curve at least 
as high as 200°K by subsequent warming. 

The behavior attributed to  trapping described 
above was confirmed by the warming of an n-type 
sample in  which D was reduced from 52 to 
2.3 ohm- l -cm- '  by bombardment at 116°K. Again, 

27H. Y. F a n ,  P h y s .  Rev.  92, 1424 (1953). 

two maxima in  the same temperature range of the 
D vs 'I' curve were observed during warming. It i s  
interesting to note in th is  connection that one 
sample, which was bombarded almost to the con- 
duct iv i ty minimum and hence was essent ia l ly  
intrinsic, showed only a small indicat ion of the 
f i rs t  maximum and none at  a l l  of the second. Such 
behavior would be expected when the Fermi level  
l ies  deep in  the forbidden band or near one of the 
trupping levels. 27 

A N N E A L I N G  O F  I R R A D l A T E D  GERMANIUM 

J. W. Cleland J. H. Crawford, Jr. 
J. C. Pigg 

It i s  wel l  known that nearly a l l  the effects of  
fast-neutron bombardment on the conductivity o and 
H a l l  coefficient R can be removed by sui table 
annealing. Heat treatment of irradiated specimens 
at approximately 450°C for periods i n  excess o f  
12 hr causes the conductivity and the H a l l  coef- 
f ic ient  to revest PO their values before exposure, 
provided that effects associated with transmutation- 
produced impurities are accounted for.28 In  od- 
di t ion to  complete annealing of la t t ice damage 
introduced at  or near room temperature, i t has been 
shown29 that, during warming, a considerable 
fraction of the changes in  c7 and R produced by 
bombardment at temperatures below -.- 100°C anneal 
at a point wel l  below room temperature. Recently, 
studies of energy levels i n  both n- and p-type 
germanium indicate that annealing of effects 
introduced at OF near room temperature during room- 
temperature storage i s  also important. 30 Moreover, 
this annealing produces an effect opposite to  that 
normally expected in  that the property change i s  
observed to  increase rather than decrease wi th  
time, 

In  order to  study the effect in  greater detail, an 
n-type specimen was irradiated at 35OC unt i l  i t s  
room-temperature cr was decreased by a factor of 
approximately 8. After the sample was removed 
from the reactor, R and D were measured as a 
function of temperature in  the range from l iquid- 

-~ 
28J. W. C l e l a n d  et ai., P h y s .  Rev. 83, 312 (1951). 
29J. W. Cle land ,  J. 11. Crawford, a n d  J. C. Pigg, Solid 

Sta te  Quar. f r o g .  Rep. Aug. 10, 1952. ORNL-1359, p 36; 
zb id ,  YCiIid State Semiatin.  Prog. Rep. Aug. 31. 1953. 
ORNL-1606, p 62. 

30J. W. C l e l a n d  and J. H. Crowford, Jr., Solid S f a t ?  
Semzann. Pmg. p ~ p .  Aug. 30, 1954, OHNL-1762, p 71; 
see a l s o  p 6, th is  report. 
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nitrogen to room temperature. Immediately there- 
after, the specimen was subjected to  isothermal 
anneals at successively high temperatures in  the 
range from 0 to  100°C. The results of these 
anneals are shown in Fig. 9, where curves of o vs 
anneal rng time at  the various temperatures are 
shown. The two lowest temperature anneals (0 and 
23.3"C) indeed show a further decrease in  u. Hal l -  
coeff icient measurements as a function o f  tempera- 
ture obtained after exposure (curve I )  and subse- 
quent t o  annealing at 0 and 23.3OC (curve 1 1 )  are 
compared i n  Fig. 10. These data reveal that a 
further decrease in electron concentration has 
resulted from the annealing. 

Fig. 9. Conductivify vs Annealing Time at  
Various Temperatures for n-Type Grmaniurn. 
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Fig. 10, Hall Caefficient vs Reciprocal Tempera- 
ture of ilrradiated Germanium. 

Annealing at 4OoC, on the other hand, produces 
an increase in 0, and at 60°C the rate of increase 
is greatly intensif ied but, as the annealing pro- 
ceeds, appears to saturate. The additional anneals 
at 80 and 100°C once again produce marked de- 
creases i n  0. These results indicate that at least 
two and probably three kinetic processes occur in  
th is  temperature range. In consequence, a sepa- 
ration of the various effects and analysis o f  the 
annealing k inet ics involved in  each w i l l  be quite 
di f f icul t .  

It i s  possible, however, to postulate tentative 
hypotheses for the increase and decrease o f  cr 
during annealing, based on the Frenkel-defect 
energy-level -lode1 of James and Lark-Horovitz, CIS 

was done for the case of p-type germanium. Re- 
moval of the interst i t ia l  otoms by some process 
such as clustering or migrotion toward dislocations 
presumably decreases the concentration of shallow 
electron traps 2nd i n  effect replaces them by much 
deeper traps situated below the middle of the 
forbidden band. Such a process would produce a 
further decrecse in n. Much additional information 
i s  necessary, however, before the sequence of  
events depicted in Fig. 9 and the detailed nature 
of the processes underlying them can be understood. 

DETERMINATION O F  ENERGY L E V E L S  I N  
GERMANIUM BY T R A N S M U T A T I O N  DOPING 

J. W. Cleland 
J, H. Crawford, Jr, 

9. C. Pigs 
H. C. Schweinler 

It i s  possible i n  principle to  determine the 
posit ion of energy levels in semiconductors from 
the behavior of the Fermi level or Fermi energy [. 
In general, 4 i s  defined as the normalizing parameter 
in the Fermi-Dirac distribution function 

and hence is  the value of energy for which the 
value of the distr ibution function is  one half. It 
can readi ly be shown that ( is essential ly identical 
with the chemical potential. In a semiconductor, 
provided that the electron concentration in the 
conduction band i s  suff iciently IQW for the c lassical  
stat ist ics to  be valid, ( i s  related to  the electron 
concentration n by 
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where the zero of energy is taken at the middle of 
the forbidden-energy gap E . Similarly for free 
holes, 5 is  given by 

g 

In considering a semiconductor containing a set 
of donor states located at  eDS i f  effects caused by 
spin are neglected, the probabil i ty of finding a 
donor state occupied w i l l  be given by Eq, 1 for 
E = E ~ .  Consequently, when [ > -+ 2kT,  the 
donors w i l l  be essential ly fil led, whereas when 
[ < E~ - 2kT,  the donors w i l l  be essential ly empty. 
I Q  general, it is possible to  vary [ in  two ways: 
by varying the temperature and by varying the 
conduction electron (or hole) concentration by some 
agency. The f i rs t  method has long been used to  
determine the posit ion of energy leve!s. By varying 
the temperature over a wide range, 5 can be made 
to  traverse given energy level. As the level 
empties or f i l ls, the rate of change of 4' with 
temperature w i l l  be markedly accelerated, and the 
posit ion of the level may be determined by the 
inf lect ion point of the [ v s  T curve. Th is  method 
of energy-level spectromefry suffers from two dif- 
f icult ies: (1) the temperature of the inflection, 
part icularly for deep-lying levels, may be quite 
high and quite near the intr insic range, and (2) 
the hal f  width of the inf lect ion i s  approximately 
2kT.  Therefore for high temperatures, resolution i s  
poorp and it i s  d i f f i cu l t  t o  locate levels wi th any 
degree of accuracy even i f  they can be found. The 
second method i s  not subject t o  these limitations, 
but, unt i l  recently, no rel iable methods were 
available, part icularly for the diamond-lattice semi- 
conductors, for conveniently carrying out the 
measurements. 

Nuclear doping provides an excellent means of 
varying 5 in germanium. Neutron capture produces 
two important act iv i t ies which, on decay, produce 
both a donor and an acceptor i m p ~ r i t y . ~  ' Germanium- 
71 decays with an 11.4-day half l i f e  t o  Ga7', an 
acceptor impurity, and Ge75 decays with an 82-min 
half l i f e  to y ie ld  A s 7 5 n  a donor impurity. Because 
of differences in capture cross section, after decay, 
the quantity of gal l ium produced i s  three times that 
of arsenic, thus making it possible to convert n-type 

31J. W. Cleland, K. Lark-Horovitz, ond J. C. Pigg, 
Phys .  Rev.  78, 814 (1950). 

Ge to  p-type by suff icient slow-neutron exposure. 
The large difference in half  l i f e  makes it possible 
to  fo l low the motion of [across the forbidden-energy 
band by measurements of either c or R on a con- 
venient time scale. Since the ionization energy of 
the transmutation acceptors corresponds to an 
energy level quite near the top of the valence band, 
it i s  possible in  principle to determine the positions 
of energy levels over the entire range of the for- 
bidden band to  wi th in a few mult iples of kT of the 
band edges. 

The expected behavior of 6 with acceptor con- 
centration for an in i t ia l l y  n-type specimen original ly 
containing 10 l 4  electrons/cm3 and a concentration 
of donors of 1014 located at 0.175 ev at 77OK i s  
shown in  Fig.  11. The < vs N A  curve was calcu- 
lated from Eqs. 2 and 3 a n d  under the assumptions 
that the donor level i n  question was the only one 
present and that t l i t  extra electrons come from 
completely ionized chemical donors. The inf lec- 
t ion caused by the 0.175-ev level i s  readi ly ap- 
parent and i s  indicated by an arrow on the figure. 
The resolut ion ad the method at this temperature 
(77OK) i s  about 1.3 x ev. Consequently, 
posit ions of levels whose spacings are larger than 
th is  value should be readi ly determined. 
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In practice, two di f f icul t ies inherent in the method 
might be anticipated. They are the prodiiction of 
the transmutation iinpurity in other than a normal 
lat t ice s i te and the corriplications associated with 
photoeffects. The f i rst  of these possibi l i t ies arises 



P E R I O D  E N D I N G  F E B R U A R Y  28, 1955 

from recoi l  produced by emission of capture gamtna 
rays or decaying radiation. For the two act iv i t ies 
in question, that is, Ge” and Ge”, the recoi l  
energy that results from decaynng radiation i s  not 
suff iciently large to  displace the emitting atoms. 
On the other hand, the capture gamma-ray energy 
spectrum for the various germanium isotopes is  not 
known, and it is  indeed possible that the capture 
gamma-ray energy may be suff icient to  displace 
from normal to interst i t ia l  posit ions those atoms 
that capture a thermal neutron. The concern on 
this point is that there is no assurance that an 
interst i t ia l  gal l ium or arsenic atom w i l l  any longer 
act as an acceptor or donor. Furthermore, the 
vacancies produced by the displacement process 
w i l l  introduce an additional complication. In order 
to investigate th is  possibi l i ty ,  an extremely tiigh- 
purity n-type germanium sample (no 
was exposed in  the animal tunnel of the ORNL 
Graphite Reactor. tn th is  posit ion the thermal f lux 
is  estimated to  be approximately 1 x lo9 nev- 
trons/cm2 and the cadmium rat io to be approximately 
lo3. Afrer several hours of exposure, the specimen 
was converted to p-type behavior, which indicated 
an appreciable concentration of lat t ice defects. A 
second exposure wi th the specimen shielded with 
cadmium fo i l  yielded essential ly the same results. 
Consequently, it was concluded that the conductivity 
change resulted from a fast-neutron f lux that was 
greater than had been expected. Conductivity 
measurements during radioactive decay showed 
that acceptor atoms were produced at  the rate to  be 
expected from the half l i f e  of Ge”. This  behavior 
also indicated that the introduced gal l ium behaved, 
according t o  expectation, as an acceptor impurity. 

Th is  method of energy-level determination i s  
most useful for studying deep-lying levels. It 
should be of considerable value in  determining 
multiple energy-level structures in germanium doped 
with more unusual impurities, such as Cu, Ag, Au, 
Ni, Co, Fe, etc., and, in particular, in determining 
the energy levels that result from nucleon bombard- 
rnent. Prel iminary experiments have been carried 
out on fast-neutron bombarded germanium. The 
procedure used i s  as follows: The specimen, pre- 
viously characterized, is  f i rst  exposed to the 
desired thermal-neutron flux and is  then heat treated 
to  remove the effects of fast neutrons. By virtue 
of the anneal, it i s  now passibie to  introduce the 
desired concentration of bombardment defects by u 
subsequent exposure. In order to be able to  follow 

i o i 3  

the behavior of ( in the interesting region, it i s  
necessary that these operations be performed i n  a 
period not much greater than 24 hr. After the f inal 
exposure the conductivi ty during radioactive decay 
is  recorded at constant temperature. The results 
of one such run carried out at 77’K are shown in 
Fig. 12, in wh icho is  plotted against time. Init ial ly, 
there i s  a rapid decrease in n; then, after additional 
decoy, u shows a much more moderate decrease and 
appears to  approach saturation. These data do not 
indicate conversion to  p-type, and, in addition, 
there are no fluctuations in the curve (nor in a plot 
of log u vs time) to  indicate the presence of any 
discrete energy levels. Examination of the temper- 
ature dependence and photosensitivity of the speci- 
men after decay reveals that a very large concen- 
tration of photoelectrons is present, presumably as 
a result of trapped minority carriers. Aithough the 
specimen was wel l  shielded against light, the 
intensity of decaying radiation o f  the specimen, 
lead wires, and holder was apparently suff icient to 
saturate the minority carrier traps and to  produce 
an excess electron concentration which, at the end 
of the decay period, was several orders of magnitude 
larger than the expected equil ibrium concentration. 

Fig, 13. Conductivity vs Time a t  77°K During 
Radioactive Decay of Ge710 
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The presence of such a high concentration of ex- 
cess carriers would completely mask the presence 
of discrete energy levels. However, the temper- 
ature dependence of the photosensit ivi ty is such 
that at  dry-ice temperature the excess electron 
concentration is negligible. Therefare, although 
same resolution i s  lost a t  the higher temperature, 
the discrete levels should be detectable at  -98OC. 
It i s  planned to  investigate the effects of decay 
at  th is temperature i n  the near future. 

Studies of gold-doped g e r m a i ~ i u m ~ ~ ~ ~ ~  reveal a 
complex energy-level structure wi th a t  least two 
deep-lying levels present. Since minority-carrier 
trapping effects i n  th is material iiiay be much less 
important, it i s  planned to  carry out similar studies 
on several specimens furnished by W. C. Dunlap of 
the General Electr ic Research Laboratories. Future 
plans also include the investigatian of specimens 
with other unusual doping agents. 

R A D l A T i O N  E F F E C T S  IN 
G A L L I U M  AblTlMO N I  D E 

J. W. Cleland J. H. Crawford, Jr. 

The semiconducting properties of the intermetallic 
compound GaSb have recently been extensively 

Th is  material i s  one of a series 
of compounds that can be formed between elements 
of the third and fifth columns of the periodic table 
and i s  characterized by a zinc-blende lat t ice 
structure, a forbidden-energy gap of about 0.7 ev 
~t room temperature, and electron and hole mobi I i- 
t ies of approximately 2000 and approximately 800 
crn2-volt-1-sec.-2p respectively. The best pure 
material currently reported is p-type, which may be 
doped with tel lur ium to produce n-type materiol. 

The effect of irraJiat ion in the ORNL Graphite 
Reactor on the conductivity, carrier concentration, 
and mobil i ty of both n- and p-type samples i s  re- 
ported here.38 The samples were rectangular 
plates of about 1 x 0.3 )r 0.1 cm, on which a de- 
terrrrination of the Hall coeff icient and resist iv i ty 

32W. C. Dunlap, Jr., P h y s .  R e v .  91, 208 (1953). 
33J. W. Cleland, J. H. Crawfard, Jr., and E. S. 

Schwartz, Solzd S t a t e  Semzann. Prog. Rep ,  Aug. 31, 1953, 
ORML-1606, p 70. 

34H.  Welker, 2. Nnturforsch.  9'a, 944 (1952); zbzd., 80, 

35D. P. Detwiler, P h y s .  Rev. 94, 1431 (1954). 
36H. N. L ie fer  and W. C. Dunlap, Jr., P h y s .  Rev. 95, 

37R. F. Blunt, W. R. Hosler, and H. P. K. Frederikse, 

248 (1953). 

51 (1954). 

P h y s .  Rev.  96, 576 (1954). 

was made before and after reactor exposure. The 
conductivi ty was recorded during exposure. Some 
of the samples were wrapped w i th  th in layers of 
indium and cadmium foi ls to  shield out thermal and 
resonance neutrons that would cause transmutation 
of the gallium and antimony to  germanium and 
tellurium, respectively, since they would act as 
donor atoms in the GaSb lattice. 

The effect of reactor radiation on the conductivi ty 
of representative samples of shielded and unshielded 
n- and p-type GnSb is  indicated in Fig. 13, and 
the i n i t ia l  carrier concentration, the temperature of 
exposure, and the in i t ia l  rote of removal of current 
carriers are l is ted in Table 2. These data indicate 
that the conductivi ty of both n- and p-type samples, 
shielded or unshielded, decreases nionotonical l y  
during irradiation. The removal rate of current 

38We are indebted to 8.  L. Smith of the Frankl in 
Institute for the  p*type samples and to H. P. R. Frederikse 
of the National Bureau of Standards for the rz-type 
samples used in these experiments. 
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T A B L E  2. ORIGINAL MEASUREMENTS ON GaSb SAMPLES AND CONDITIONS OF iRRADlATlON 
...... .... . .- .......................... ____---- -- __ . 

t=O 

Original Temperature 
Carrier of 

Concentration Exposure 
Shielded Type 

Removal 

Rate 
(cm-3) (“C) 

Sample 

No. 

................................. .................. .. . ~ - _ _ _  ___ 

I P No 14.25 1017 37 2.57 

I I  P Ye5 12.95 x lo” 46 1.40 

II I P No 2.59 42 0.6% 

1.36 47 0.41 

v n No 18.50 1017 24 4.90 

VI n Y e s  12.30 x 1017 41 2.97 

Yes  10 l 7  I V  P 

vi1 n N o  5.80 29 4.40 
......... ........ _I____. ........ ....................... _ ~ 

carriers is quite temperature dependent but i s  ap- 
proximately equal for a l l  samples of high carrier 
concentration. The in i t ia l  removal rate of holes 
for p-type material i s  less for a sample of low 
in i t ia l  carrier concentration, whereas the in i t ia l  
removal rate of electrons for n-type material is  not 
dependent upon in i t ia l  carrier concentration and 
does not appear to  approach a saturation condition. 
Slow-neutron-produced donor atoms would be ex- 
pected to  increase sl ight ly the removal rate of 
holes from p-type material and to decrease sl ight ly 
the removal rate of electrons from n-type material, 
and th is  effect does appear to  be indicated for the 
four samples of highest conductivity. The temper- 
ature difference of exposure of the two purest 
p-type samples may mask any effect that could be 
attributed to transmutations. 

The Hall-coeff icient and res is t i v i t y  data for a 
typical p-type sample are shown in  Figs. 14 and 15. 
The original act ivat ion energy 0s determined from 
the slope of the Ha l l  curve is  about 0.018 ev. 
Prolonged irradiation apparently introduces a 
sizable number of rather deep-lying hole traps 
which increase the activation energy to about 0.14 
ev. That some o f  these hole traps are thermally 
onnealable i s  indicated by the fact that a relat ively 
short (% 1 hr) low-temperature (% 14OOC) heat treat- 
ment increased the carrier concentration and con- 
duct iv i ty considerably and reduced the activation 
energy to  approximately 0.12 ev. 

1 o5 
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Fig.  14, Hall Coeff ic ient  and Resist iv i ty  of 
p-Type GaSb a s  a Function of Temperature - 
Curves 1 Through IV. 
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It has been shown p r e v i o u ~ l y ~ ~ , ~ ~  that vacuum 
heat treatment a t  about 500°C for germanium and 
about 350°C for lnSb removes the nwjor portion of 
any fast-neutron-intr-oduced donors and acceptors 
and leaves only those donor or acceptor atoms that 
result from nuclear transmutations. The behavior 
of GaSb, however, i s  more complicated under similar 
conditions. Curves IV of Fig. 14 might be interpreted 
as an indication that an extended high-temperature 
vacuum anneal removes most of the irradiation- 
produced acceptors, but a l l  curves of Fig. 15, ob- 
tained after successive periods of vacuum anneal 
at increasing temperatures, indicate that a large 
numher of additional current carriers are being 
introduced by some mechanism. 

39J. W. Cleland, K. Lark-Horovitz ,  and J. C. P i g  
Phys .  Quar. Prog. Rep. March 15, 1950, ORNL-694, p 5%: 

40J. W. Cleland and J. H. Crowford, Jr., Solzd State 
Semzann. Prog. Rep. Aug. 30. 1954, ORNL-1762, p 65. 

- 

'The purest GaSb currently avai lable is p-type, 
wi th an in i t ia l  carrier concentration of approxi- 
mately crnT3. A sl ight departure from true 
s to ich iomt ry  in thr: original melt that amounts to 
an excess of 1 part in io5  of antimony vacancies 
has been suggested as the cause of th is  in i t ia l  
p-type character.' Moreover, Detwei ler4' has re- 
ported that vacuum annealing in the temperature 
range from 700 to  900°C resulted i n  the deposit o f  
free antimony on the cool portions of the furnace 
tube. Consequently, it would appear reasonable 
to  assume that evaporation of antimony from the 
surface of a GaSb sample during the successive 
anneals might be accompanied by the introduction 
of Schottky-type defects i n  the antimony supes- 
lattice, These defects would be expected to act 
as acceptor states and would increase the  p-type 
character of the specirnei-is. In addit ion to  this 
possibi l i ty, the introduction of an acceptor-type 
impurity by dif fusion during the annealing process 
or by dif ferential anneoliing of the interst i t ials and 
vacancies produced by irradiation might also ex- 
plain the increase in p-type character that results 
from extensive high-temperature annealing. 

In order to  differentiate between the various 
possibi l i t ies outl ined above, a companion sample 
to the one shown in Figs. 14 and 15 WQS subjected 
to  the same type of series of extended high-temper- 
ature vacuum clmeals without being previously 
irradiated. The results, as shown in Fig, 16, indi- 
cate that there is no large increase in acceptor 
concentration for a sample that has not been ir- 
radiated. It is believed that th is  rules out the 
possibi l i ty  of either the evaporation of antimony 
from the surface or the introduction of an acceptor- 
type impwrity by dif fusion as a niechanism for 
increasing the acceptor concentration a t  th is an- 
neal ing temperature, since these two  processes 
should work equally wel l  for both irradiated and 
unirradiated material. The mechanism of didfer- 
entia1 annealing of radiation-produced in ierst i t ia ls 
and vacancies must therefore be ernployed to ex- 
plain the experimental results obtained here and to 
examine th is  type of nechanism more closely. 

The Hall-coeff icient and resist iv i ty data for a 
typical  n-type sample are shown in Fig. 17. The 
decrease in carrier concentration arid conductivi ty 

41H. J. t l rosiowski, personal communication, 

421). p. Detwpiler, Study of R e c t i f y i n g  Contacts Be-  
tween Semiconductors, F-2337-2 (also submitted to 
Phys .  R e v . ) .  
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as a result of irradiation indicates that electron 
traps are produced. That some of these electron 
traps are a lso thermally annealable is  indicated by 
the fact that a 1.5-hr heat treatment at  tfO°C 
sl ight ly increased the carrier concentration and 
conductivity. Curves IV and V of Fig. 17 indicate 
that an extended high-temperature vacuum anneal 
of irradiated n-type samples of GaSb decreases 
greatly the net ef fect ive donor concentration of 
such material. Th is  is  presumably the same type 
of behavior as that observed with p-type samples 
and can therefore be considered as the dif ferential 
annealing of irradiation-produced interst i t ia ls and 
vacancies. The net result of irradiation and heat 
treatment of an n-type sample of GaSb, therefore, 
is  the production of a sample wi th lower carrier 
concentration. Reirradiation of such a sample 
further decreases the net effect ive donor concen- 
tration, as is  shown in curves VI of Fig. 17, and 
curves VI1 indicate again that some of the ir- 
radiation-produced electron traps are thermally 
annea lable. 

Since irradiation and heat treatment of an n-type 
sample of GaSb result in Q lower carrier concen- 
tration, the sample shown in  Fig. 17 was also 
employed to  obtain curve VI1 of Fig. 13 and the 
data on sample VI1 of Table 2. These results show 
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that the removal rate of current electrons in  n-type 
material is  not dependent upon in i t ia l  carrier con- 
centration, although, as was previously indicated, 
the removal rate of holes in  p-type material de- 
creases rapidly for material of lower in i t ia l  hole 
concentrat ion. 

Fast-neutron radiat ion reduces the mobil i ty of 
both n- and p-type samples of GaSb, an effect 
similar to that previously observed for other semi- 
conductors; however, the effect of heat treatment 
after irradiation is  to  improve the mobil i ty of the 
n-type samples considered here to an even higher 
value than the original one. The p-type mobility, 
on the other hand, not only was less than the 
original value after the irradiation and in i t ia l  high- 
temperature heat treatment but also was further 
decreased by each succeeding higher-temperature 
vacuum anneal. 

It i s  not yet possible, on the basis of the ex- 
perimental data presented here, to formulate a 
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detailed model of the energy-level spectrum as- 
sociated with irradiation-produced defects in @a%. 
Because of i ts  binary nature, an interst i t ial  can be 
either a gal l ium or an antimony atom, and a vacancy 
can be either type of vacant lat t ice site. Thus, 
four possible simple defects can exist. In addition, 
a forbidden-energy gap width of 0.91 ev at room 
temperature43 and a dielectr ic of 14 are 
both very analogous to  those of germanium, for 

which, appl isat ion of the hydrogenic model has 
indicated the possibi l i ty  of mult iple ionization. 
It i s  therefore possible that states corresponding 
to  both the f i rst  and second ionization energies of 
each of the two possible interst i t ia l  atoms and 
states corresponding to  the f i rst  and second 
ionization energies of each of the two vacant 
lat t ice s i tes w i l l  l i e  in the forbidden-energy gap 
and w i l l  participate in altering the carrier conceii- 
trat ion as a result of irradiation. 

Several general conclusions, however, can be 
obtained from the behavior of GaSb as a result of 
fast-neutron irradiation. The rate of decrease in 
conductivi ty during irradiation is about the same 
for n- and p-type samples of high carrier concen- 
tration. Th is  would indicate the introduction of 
approximately equal numbers of acceptors and 
donors whose center of gravity i s  apparently near 
the middle of the forbidden-energy band, The fact 
that the removal rate of electrons from n-type 
material is  independent of carrier concentration 
would seem to indicate that the donor atoms, which 
are presumably interstitials, ionize and lose 
electrons to  the lower-lying acceptor states, which 
are presumably lat t ice vacancies. These donors 
can therefore act as electron traps in n-type 
material, whereas the low-lying f i l l ed  acceptor 
states can act as hole traps i n  p-type material. 
One of these hole traps can be tentat ively located 
at  about 0.14 ev above the f i l l ed  bond. 

M A G N E T I C  SUSCEPTIBPLITY OF 
I Ea B IUM AM T IMO NI D E 

D. K. Stevens J. H. Crawford, Jr, 

tube of copper wi th a Nichrome heatei winding and 
tho necessary thcrmocouples, The new assembly 
may be attached to  the susceptibi l i ty equipment 
instead of t o  the liquid-nitrogen cryostat. Th is  
furnace has been used to  extend susceptibi l i ty 
data45 on p-type IiiSb to  636OK. In addition, 
measurements have been made an an n-type specimen 
from 293 t o  634OK. 

Susceptibility, xI vs temperature, T ,  curves for 
these specimens are shown in Fig. 18. Both turves 
exhibit  OF increase in diamagnetism with temper- 
ature. Hall-coeff icient nierasurements on plates 
cut adjacent to  these specimens reveal that they 
are intr insic in behavior wel l  below room temper- 
a t ~ r e . ~ ~  Conse~uent ly,  the increase in diamagnetism 
with temperature may be attributed almost entirely 
to intr insic carriers. Since at  the high-temperature 
end of the range the carrier concentrations in the 
two specimens should be almost identical, the 
susceptibi l i ty i s  expected to  be the same. It is 
evident from Fig. 18 that th is  i s  not the case. 
Because of the cal ibrat ion technique employed, 
however, a difference in absolute value of 0.6% 
for the two curves is not s t~ rpr is ing ;~ ’  the dif- 
ference O: the high-temperature end is 1.2%. In 
addition to  the difference in magnitude, the two 
curves show an unexpected difference in  temper- 
ature dependence. This discrepancy may be as- 
sociated with thermal expansion of the molybdenum 
sample-suspension fiber and w i l l  he discussed 
below in  greater detail. 

The temperature range of measurements on the 
p-type specimen is suff iciently extensive to  permit 
a tentat ive analysis of the data to  be made. 
Studies of the magnetoresistance o f  lnSb seem 
to indicate that the energy surfaces of electrons 
and holes i n  momentum space are essential ly 
spherical. 4 8  Consequeiitiy, the effect ive mass 
should be represented by a scalar and should be 
independent of the method of determination. Elec- 
tr ical  measurement^^^ indicate that far any electron 

45D. K. Stevens, Solid S t a t e  Semiann.  Prog. Rep .  
A u ~ .  30, 1954. ORNL-1762, p 81. 

A new sample furnace which permits measurement “J- W. Cleland and J. H. Crawford, Jr., Solid S t a t p  
Sei,iiann. Prog. Rep. Aug. 30. 1954, ORNL-1762, curves 
Po and No of F,g. 61, 

47D. K. Stevens, Magneltc  Succep t zbz l z t y  of Annealed 
and Fas t -Yeutron  Bombarded Germanturn. ORNL-1599, 

of magnetic susceptibi l i ty in the range from room 
temperature to  400°C has been constructed, The 
appa:atus consists of a vacuum-iacketed furnace 

68. 

I _ _  p 22 (Teh.  17, 1954). 
43H. N. I..isfer and W. C. Dunlap, Jr., Phys .  R P ~ .  95, 48G. I-. Pearson and M. Tanenboum, P h y s .  Rev. 90, 

51  (1954). 153 (1  953). 
44b13. Be 8riggs, R. F.  Curnrnings, H. J. HiosPoyfski, 49R. 

(1 954). 
G. Dreckenridge et al., Phys. Rev. 96, 571 

and M. Tanenbourn, Phys.  Rev .  93, 912 (1954). 
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T,  TEMPERATURE ( O K )  

Fig.  18. Diamagnetic Susceptibility of Indium Antimonide. 

the effect ive mass me = 0,04 mo and the effect ive 
mass of a hole mb = 0.15 m0, where m0 is the rest 
mass of an electron. In view of the comparatively 
large effect ive mass of holes and the small con- 
centration of holes in the extr insic range (po = 1 
x 10l6 it can be reasonabiy assumed that 
the low-temperature value of x i s  that due to  the 
lnSb lat t ice alone. B y  subtracting th is value from 
the rest of the curve, the contribution Ax of the 
carriers is  obtained. Consequently, it i s  possible 
to  compare the observed carrier contribution wi th 
that expected theoretically. 

When both electrons and holes are present, the 

500. I< .  Stevens, Magnetic Susceptibility of Annealed 
and Fast-Neutron Bombarded Germanium, ORNL- 1599, 
p 26 (Feb. 17, 1954). 

(3) 

carrier susceptibi l i ty is  given by the sum of their 
ind i v i duo I con tr i but i ons : 50 

[d3  - /:I + PI3 - @I , P 2  (1) Ax = - 
3pkT 

where f i  i s  the Bohr magneton, p is the density, 
n and p are, respectively, the electron and hole 
concentrations, /, = mo/m,, and /, = mo/mh. It i s  
assumed that the contribution of impurity atoms is  
negligible. If the specimen is  completely intrinsic, 

2(2mn*kT)3/2 - E  /2kT 
( 2 )  n = p = e g  

where m* = ( m p r n b ) ’ / 2  and E 

energy gap. By substituting Eq. 2 in  Eq. 1, 

h3 
I 

-_ 
is  the forbidden- 

g 
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and it is evident that log A X T - ’ ’ ~  plotted against 
1 / T  should y ie ld a straight l ine of slope --E /2k. 
Such a curve is shown in Fig. 19. In the %igh- 
temperature range (1.6 x loe3 to  5 x on the 
1/T scale), except for some concave downward 
curvature at  the highest end of the range, the 
curve is f i t ted approxiniately by a straight l ine 
whose slope corresponds to  0.095 ev. This i s  in 
only fair agreement wi th the reported value49 of 
eg/2 of 0.115 ev. The curvature at  the high- 
temperature end of the range is presumably due to  
the onset of electron degeneracy. Th is  i s  to  be 
expected because of the high concentration of 
int r insic electrons and the very srnall ef fect ive 
mass.51 The linear portion of the curve at Ibw 
temperatures with smaller slope i s  neither ex- 
pected nor understood. Th is  behavior may result 
from a wrong choice of the value used for the 
la t t i ce  suscepti b i  I i ty. 

I O9 

1 0 ’  a 

I 0’ 

UNCLASSIFIED 
5 5 0 - A - I O 9 4  

+, RECIPROCAL TEMPERATURE (‘K-’I 

Fig. 19. Intr insic Carrier Contribution t o  Mag- 
net ic Susceptibi l i ty of p-Type Indium Antimonide, 

It was mentioned above that the discrepancy 
between the n- and p-type curves might be as- 
sociated with thermal expansion of the suspension 

51- t. Burstein, Phys.  Rev. 93, 632 (1954). 

fiber. Because of the large variation of the magnetic 
f ie ld square gradient f f (dH/dz )  with distance, even 
a small variat ion in the posit ion of the sample can 
produce a signif icant variation in measured sus- 
ceptibi l i ty. If the thermal expansion coeff icient o f  
molybdenum and the heated length of the fiber are 
used, it can be shown that a variat ion in posit ion 
of approximately 0.2 inn1 i s  t o  be expected. This 
possibi l i ty  was further checked by means of a 
fused s i l i ca  specimen. The susceptibi l i ty of th is 
specimen, which is expected to  be very s l ight ly 
temperature dependent, was measured over the 
entire temperature range for i n i t ia l  posit ioning both 
above and below the posit ion of maximum kf(dH/dz) .  
An increase in the apparent value of x with temper- 
ature was observed when the specimen was above 
the maximum, and an opposite change was observed 
when the specimen was below the maximum. Since 
the suspension length may vary from specimen to  
specimen by as much as 2 mm and since the maxi- 
mum of ~ ( d ~ / d z )  occurs over a very small interval 
of distance, these results indicate strongly that 
th is effect could adequately explain the different 
temperature dependences of the n- and p-type curves 
of Fig. 18. The maxirnuim variation of observed x 
which could be attributed to  suspension expansion 
over the range from 25 to  400°C was found to be 
0.7%. consequently, because it was obtained by 
subtracting the large contribution of the lattice, 
the AX data of Fig. 19 might be expected to  ex- 
hibit a maximum spurious temperature dependence 
of about 8% in  the same temperature range. Such a 
discrepancy could affect SI iyht ly the measured 
slope in the intr insic range and might possibly ex- 
plain the smaller-than-expecbed value of E /2. Steps 
are being taken to  correct th is deficiency. 

g 

L O W * T E M P E R A T U R E  A P P A R A T U S  F O R  
MAGNETIC-SUSCEPTI B l b l T Y  M EASUR EM E N  TS 

D. K. Stevens 

An apparatus designed to cover the entire temper- 
ature range from 300°K to  pumped liquid-helium 
temperatures (Q 1°K minimum) has been designed 
and constructed. Figure 29 is a schematic i l lus- 
tration of the apparatus. In essence, the sample 7 
is  suspended along the axis of a nest of concentric 
copper thimbles T l m S m 4 #  which ore separated from 
each other by spaces that individual ly may be 
evacuated or f i l l ed  wi th an atmosphere of helium 
(for heat transfer) through ports P The out- 
side diameter of ?’* i s  15/16 in. and f i t s  between 
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the poles of the ADL magnet; T,, which is  ioined 
to  a tank f i l l ed  wi th l iquid nitrogen, provides a 
thermal shield, T,, which extends down frdm the 

UNCI.ASSIFIE0 
SSD- 8 - l l  I I  

ORNL-LR--OVrG 50676 

/--._ 

'X i 
p3 

!.b -.- 

. LlOUlC 
rd ITHOGEN 

L IQUlC 
tiEL.Il!PA 

Fig. 20, Low-Temperature Apparatus For Mag- 
ne tic-Suscept ibil i ty Measure m n t  s. 

liquid-he1 ium container. Quartz pins and spheres 
are used to  center T,, T 3 ,  and T, relat ive to each 
other, The sample thimble, T , ,  i s  hard soldered 
to a length of 0.003-in. wal I, \-in. dia, cupro-nickel 
tubing which extends to  the top of the apparatus. 
A copper collar, C, centers the sample tube relat ive 
to  T ,  and provides a thermal connection between 
the two, Longitudinal holes through the col lar 
permit evacuation of the intervening space and 
passage of leads to thermocouples and heaters 
attached t o  the copper sample thimble. These 
leads are brought out through a multiple Kovar-to- 
glass seal at P4. Stainless steel bellows (not 
shown) hove been used where necessary to al low 
for unequal contraction upon icool ing. 

An atmosphere of helium at a pressure of 120 p 

of mercury will  provide heat transfer between the 
sample and the wal ls  o f 7 , .  I f  either l iquid nitrogen 
or l iquid helium is  used in  the l iquid-helium con- 
tainer and i f  the proper heater power is  selected, 
this equipment should permit the adjustment of the 
sample temperature to  any desired value from 
approximately 1 ° K  to room temperature. 

The apparatus has been bu i l t  and leak tested 
but the outside vacuum plumbing i s  incomplete. 
The heaters and thermometers have yet to be in- 
stal led and calibrated. This  apparatus w i l l  be 
used in  conjunction wi th the magnetic-susceptibil i ty 
equipment previously described5, but w i l l  replace 
the 1 iquid-nitrogen cryostat. 

R A D I A T I O N  E F f  ECTS IN I O N I C  C R Y S T A L S  

C. M. Nelson 

Electr ical  conductivi ty studies on ionic crystals 
have been continued. As in the past, potassium 
chloride has been the main interest. Since the 
previous resultss3 indicated that there were changes 
in conductivi ty upon annealing, even for unirradiated 
crystals, attention has keen focused upon them. 
Other a lka l i  hal ide crystals were a lso examined, 
and similar behaviors upon heating were observed. 

The technique used in these studies was to heat 
the crystal at  approximately 10°C/min for 50 to 
100°C intervals. However, instead of annealing 
the crystal at the end of the interval, the heating 
was stopped. The temperature dropped rapidly 

52D. K. Stevens, Magnetic Suscept ib i l i t y  o/ Annruled 
and Fast-Neutron Bombarded Germantrim. O R N L - 1 5 9 9  
(Feb. 17, 1954). 

53C. M. Nelson,  Solid State  Semiann. Prog. Rep,  
Aug. 30, 1954, ORNL-1762, P 79. 
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because of heat leak. After the crystal reached 
room temperature, it was heated again over a higher 
temperature interval. The highest temperature used 
was 4OO0C, since previous work had indicated that 
painted electrodes suffered at  higher temperatures 
end also because there should not be appreciable 
dif fusion to  contribute to the intr insic conductivi ty 
up to  th is  temperature. 

It was observed by th is technique that there were 
only small differences in Conductivity between 
heating cycles until the temperature range of 250 
to  3OOOC was reached. The whole curve is shifted 
upward by as much as a factor of 10 after th is 
temperature i s  reached. Plotted in Fig. 21 i s  a 
curve showing the ionic conductivi ty of a KCI 
crystal that was heated direct ly t o  400°C with no 
stops and subsequently heated after cooling to 
room temperature, Inf lect ion points which indicate 
different species contributing to  the conductivi ty 
can be noted. The apparent decrease in activation 
energy at approximately 24OOC was not expected. 
I f  th is  behavior, which has been observed in a 
number of samples, is  real, the species contributing 
to  the conductivi ty at  lower temperatures i s  ap- 
parently a different one and has a lower activation 
energy (from 0.8 to  0.5 ev). 

0 FIRST HEATING 
a SECOND HEATING 
n THIRD HEATING 

do 
- 
7: 16” 
- 
‘E 

1 f i  1 8  7 0  2 2  2 4  7 K  2 8  30 3 2  3 4 ( ~ 1 0 - ~ )  

i, REClPROCAl TtMPERATURE (OK-’] 

Fig. 21. Annealing Cycles for KCI. 

Other a lka l i  hal ides were examined by use of the 
same technique, and similar results were obtained. 
When NaCI, KBr, and L i F  were heated to 4OO0C, 
the conductivi ty curves shif ted upward in a manner 
similar t o  that observed for KCI. Further work wi th 
some other alkal i  halides w i l l  be done to  see 
whether an explanation can be found for this 
behavior. 

The ionic-conductivi ty apparatus appears to be 
performing satisfactorily. In order to check whether 
th is d-c method was giv ing results comparable to  
an a-c method, a new switch for reversing polari ty 
of the current was added. A I-rpm Sodine motor 
was used to  reverse the polari ty and to  g ive  the 
crystal a pulsed voltage. The sequence used was 
as follows: current on 6 sec, off 9 sec; then re- 
versed current on 6 sec, o f f  9 sec. The results ob- 
tained when th is  switch was used gave data not 
signif icantly different from those obtained by the 
usual technique. 

Optical spectra of irradioted KCi have been 
obtained w i th  a Cary rezocording spectrophotometer. 
The V ,  band a t  21150 A i s  of particular interest, 
since it apparently is associated with holes trapped 
at  posit ive ion vacancies. The ionic conductivity, 
of course, i s  influenced by posit ive ion vacancies. 
Both reactor-irradiated and Co6’-irradiated samples 
were examined. Preliminary results seem to indi- 
cate that these studies rnoy y ie ld  important informa- 
t ion about the relat ion between v centers and the 
type of radiation used. 

tw=ricaL S P E C T R A  O F  
I R i S A D i A T E D  QUARTZ AND SIL ICA 

C. M. Nelson 

In connection wi th other studies of radiat ion 
effects i n  both fused and crystal l ine si l ica, optical- 
absorption studies have been initiated. Reactor- 
bombarded quartz is too intensely colored in most 
cases for the samples used in  other investigations 
to  be used for optical measurements because of the 
I imitations of the instrument used, ‘The samples 
must be cut on a diamond saw and polished with 
diamond dust for optical measurements. Very  pure 
fused s i l i ca  samples of various thicknesses have 
been obtained from the Corning Glass Works. 
Optical absorption curvcs were taken on one of 
these samples after various bombardments, and the 
results are shown in Fig. 22. There was no ab- 
sorption in the v is ib le  spectrum, and appzrently 
only one absorption band nccuried at  2150 A in the 
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Fig. 22. Reactor-hduceel Growth of Ultraviolet 
Bands for Corning Pure Fused SiRica. 

ultraviolet spectrum. The optical density i s  ap- 
proximately proportional to the length of bombard- 
ment. Th is  work i s  being continued and w i l l  be 
extended to  crystal l ine si l ica. 

54R. 
(1951). 

" 1 7 .  Berman, Advances in P h y s .  2, 103 (1953). 
56M. Wittels, Phys. Rev. 89, 656 (1953). 
57M. Wittels and F. A. Sherrill, Phys .  Rev. 93, 1117 

Bermon, Ptoc. Roy. Soc. (London) A208, 90 

(1954). 

F A S T - N E U T R O N  E F F E C T S  IN SOME 
R E F R A C T O R Y  SINGLE C R Y S T A L S  

M. C. Wittels F. A. Sherrill 

Earlier  observation^^^"^^ on fast-neutron effects 
in  s i l i ca  structures revealed the vulnerabi l i ty of 
the sil icon-oxygen bond to neutron irradiation and 
the apporent eff iciency wi th which oxygen atoms 
are displaced and frozen in at  room temperatures. 
As a result of these observations a group of 
natural insulator-type crystals having oxygen 
atoms dominating their structures and in which the 
binding is part ia l ly  covalent were selected for 
similar irradiation studies. Single crystals of 
zircon, beryl, chrysoberyl, phenacite, topaz, and 
garnet were exposed to  fission-spectrum neutrons 
at  a temperature of approximately 100°C and were 
then examined by conventional x-ray dif fract ion 

In a previous report5' some effects of the ir- 
radiotion on zircon were described. Continued 
bombardment of zircon i o  fluxes as high as 3.6 
x lo2* fast neutrons/cm2 indicates that consider- 
able long-range order i s  s t i l l  retained in the crystal 
lat t ice after th is  irradiation. The anomolous re- 
f lect ions seen i n  Laue transmission photographs 
were s t i l l  observed ofter the maximurn irradiation, 
and, in  order to determine the possibi l i ty  of a 
thermal origin for these dif fuse reflections, dif-  
fraction patterns were taken at liquid-nitrogen 
temperatures. These low-temperature photographs 
were essential ly the same as those taken at  room 
temperature, and the anomalous ref lect ions were 
s t i l l  observed with undiminished intensities. The 

extra" reflections, it is noted, are observed when 
the incident x-ray beam i s  directed along a major 
crystal axis, usual ly paral lel to a heavi ly populated 
lat t ice plane of low index. In  order for such planes 
to  fu l f i l l  the Bragg conditions for reflection, there 
must be some angle between the ref lect ing plane 
and the incident radiation, It is fe l t  that th is  re- 
sul t  i s  achieved in zircon by a bombardment-induced 
bending or warping of large mosaic blocks in  the 
crystal la t t i ce  whi le  long-range order is retained. 
The maximum angular deviation of these warps" 
from the normal lat t ice positions i n  zircon for 
(200) and (101) are 6.2 and 4.6 deg as measured 
with molybdenum radiation. 

methods. 

I *  

e ,  

58M. Wittels and F. A. Sherrill. Solid Stale S a t n i a n  
Prog.  R e p .  Aug. 30, 1954, QRNL-1762, p 85. 
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Beryl, chrysoberyl, and phenacite were irradiated 
with successive dosages of fast-neutron f lux up to  
3.6 x lo2’ neutrons/cm2. Single-crystal x-ray- 
dif fract ion studies reveal that beryl, as compared 
with the other two beryllium-bearing crystals, has 
the least stable structure under neutron bombard- 
ment, a l l  single-crystal ref lect ion being destroyed 
after the last  irradiation. Figure 23 shows the 
successive structural disintegration of beryl upon 
neutron irradiation. Here again are the “extra” 
reflections that appear in the central portion of the 
Loue photographs. These reflections, as in zircon, 
are not of thermal origin, as determined by low- 
temperature dif fract ion studies, but result f rom the 
bombardment-induced warping of lat t ice planes. 
In beryl th is  amounts to  at  least 4-6 deg in (110) 
ond a t  least 2.6 deg in (100). Figure 24 shows the 
similar anomalous ref lect ions that appear in the 
center of the Laue photographs of a quartz single 
crystal bambarded with an integrated f lux of 7.8 
x 1019 neutrons/cm2. Warping in (100) as high as 
4.6 deg and as much as 5,8 deg in (101) was 
measured. There are str iking s imi lar i t ies between 
the bombardment effects i n  beryl and those ob- 
served in quartz. The displacements produced in 
both these open structures are easi ly trapped in 
the irregular c-axis channels and give r ise to  an 
anisotropic lat t ice expansion that fol lows a structure 
dependence. Also, neither crystal exhibits any 
macroscopic defects in large single crystals 
despite these large distortions. 

Chrysoberyl has i t s  oxygen atoms in a hexagonally 
close-packed system, As a result o f  fast-neutron 
bombardment, th is  crystal undergoes a lat t ice ex- 
pansion exceeding 1% in the c direction, wi th 
l i t t l e  or no distort ion observed, The same type o f  
effect is  observed in phenacite, which has an open 
hexagonal lat t ice wi th c-axis interst i t ia l  channels 
that i s  more structural ly similar to that of quartz 
and beryl. 5ombardment of phenacite wi th 3.6 

of 0.7% with no measurable expansion in the c 
axis. L i t t l e  or no distort ion of the expanded lat t ice 
was seen in  single-crystal x-ray-diffraction patterns. 
The expansion, it i s  seen, has a pronounced 
structure dependence. 

The production of displacements and the lat t ice 
expansion observed in beryl, chrysoberyl, and 
phenacite fol lowing fast-neutron bonibordment indi- 

x lo2’ neutrons/cm 2 produces an a-axis expansion 

cote that oxygen atoms are readi ly displaced and 
frozen in at  room temperature in th is  type of insu- 
lator crystal. The expansion effects are clearly 
structure dependent, and it seems l i ke ly  that the 
beryllium-oxygen bonds, when disrupted, may be 
re-formed at  re lat ively low temperatures. The 
latter interpretation stems from the observation of 
crystal perfection retained in  chrysoberyl and 
phenacite, which have a very high rat io of beryllium- 
oxygen binding as compared w i th  beryl. 

Fast-neutron effects in garnet and topaz are 
similar to  those found in zircon. Expansion and 
distort ion in both crystal latt ices are of the some 
order of magnitude as in zircon. In topaz the 
distort ion gives r i se  to a random stacking of cer- 
ta in atomic layers, seen as streaks i n  Weissenberg 
patterns. 

A pronounced structure dependence for displace- 
ments is exhibited by a l l  the crystals examined in 
this investigation, Interst i t ial  positions, which 
are the most l i ke ly  sites for trapped displacements, 
usually are found to  satisfy th is  condition, wi th 
oxygen serving cis the most probable trapped atom. 
Other prominent features include lat t ice expansions 
with or without large lat t ice distortions, varying 
degrees of disorder,. the formation of mosaic blocks 
i r i  s ingle crystals, arid bombardment-induced defects 
wi th a high thermal stabi l i ty. Further investigation 
of these crystals i s  in progress, 

X - R A Y  S C A T T E R I N G  FROM 
C O V A L E N T  SING$ E CRYSTALS 

M. C. Wittels F. A. Sherrill 

Preliminary theoretical calculat ions by H. C. 
Schweinler have led to  the search for the so-called 
“forbidden” ref lect ions i n  diamond, germanium, 
and silicon. It con be reported that the (200) is 
observed in neutron-irradiated diamond, together 
wi th an increase in intensity of the anomalous 
(222) reflection. Similarly, (200), (222), and (420) 
have been observed in  unirradiated antimony-doped 
germanium, and the (200) has been found in tin- 
irradiated germanium crystals o f  extremely high 
purity. 

With the collaboration of H, C. Sshweinler an 
extensive x-ray-diffraction investigation of these 
crystals and other semiconductors i s  now in 
progress. 
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EEIGlNEERiNG PROPERTIES 

R A D I A T I O N  E F F E C T S  ON T H E  T H E R M A L  
C O N D U C T I V I T Y  O F  CERAMICS 

0. Sisman C, D. Bopp 
R. L. Towns 

The thermal conductivity at about 40°C has been 
measured for irradiated ceramic specimens. 
Crystal l ine materials, for which an x-ray dif fract ion 
study indicated disordering (see "X-Ray Exami- 
nation o f  Ceramic Samples," th is  report), are de- 
creased in  thermal conductivi ty (Table 3) more 
rapidly than are materials for which there i s  small 
order before irradiation (such as glasses). In some 

1 

cuses a change in  thermal conductivi ty i s  detect- 
able at exposures for which the x-ray dif fract ion 
pattern I S  not yet changed. 

Zircon irradiated with 2 x lo2' neutrqns/cm2 
gave very low and poorly reproducible thermal 
conductivi t ies before a thin, soft surface coating 
was removed by scraping. The results of Table! 3 
are for the scraped material. (There were no 
crystal l ine peaks in  the x-ray dif fract ion pattern 
after th is exposure, either before or after scraping.) 

For many of the materials, there was not much 
additional change in  thermal conductivi ty for the 
longer exposure (2 x lo2' neutrons/cm*), although 
there was a chonge for the shorter exposure 
(1 x lo2' neutroris/cm2). Poss ib ly  the change i s  
approaching saturation. 

1 C. D. Bopp, 0. Sisman, and R. L. Towns, Solid State 
Yemiann. Prog. R e p .  Aug. 30, 1934, ORNL-1762, p 90. 

TABLE 3. THERMAL CONDUCTIVITIES~ OF IRRADIATED CERAMICS~ 

Material 

Thermal Conductivity (1 O'4 cal*sec'l-crn' '*"C-') 
..._._._.._.i_i .. .-.. 

Postirradiation 
.. _ _ _  .- .............. ....... 

20 Preirradiation 
nut = 1 x l02O 72-ut = 2 x 10 

_I_ ~ . _ _ _ _ _ _ _ _  .......~. ---.- l_l__ ._._....I-I_.__.x......-~--.~-- 

Silica glass 35 35 

Single-crystal A1203 >300 >300 

Hot-pressed A1203 > 300 1300  

B e 0  >300 >300 

T i02  

Spinel 

Forrter i te  No. 243 

2 00 

>170 

180 

120 

100 

43 

I10 

100 

43 

Cordierite No. 202 77 23 21 
H f 0 2  

Steatite No. 226 

Mica 

Z r 0 2  No. 550 

80 

60 

21 

33 

30 

28 

14 

30 

28 

13 

25 

Zircon No, 475 120 21 

Zircon No. 71 

P la te  glass 

49 

30 30 

28 

30 

Pyrex glass 3 6  30 20 

Lead  g loss  16 10 10 
...................................................................... __-- . .- . . 

'in the temperature r a n j e  from 35 to 45'C. 
bC. D. Bopp, 0. Sisman, and R.  L. Towns, Solid State Serniann. Prog. Rep. Aug. 30, 19.54, ORNL-1672, p 90. 
CExposwes ore given in epitherrnal neutrons. 
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The specimens were in  the form of wafers about 
I n  order t o  

create a temperature gradient across thein, they 
were sandwiched between mercury pools, as shown 
in  Fig. 25, The top mercury pool i s  heated elec- 
trically; the heat passes through the specimen and 
the bottom pool to a large base plate, which i s  a t  
room temperature. In  order t o  reduce convection 
losses the apparatus i s  enclosed in  an evacuated 
chamber. The mercury containers and the thermo- 
couple wel ls  are constructed of stainless steel. 
Joints are welded where possible; soldered joints 
are protected from mercury attack by paint. 

The small temperature drop, the small area of 
the top mercury chamber, the polished surface of 
the cell, and the thinness of the specimens (20 t o  
40 mi ls)  a l l  aided i n  holding heat losses to  a 
minimum. The losses were estimated by substi- 
tuting several thicknesses of glass c loth for a 
test  specimen. Since very l i t t l e  heat passes 
through this poor conductor, the power which i s  
necessary t o  maintain a temperature gradient i s  
equal to the losses. The losses were less than 5% 
of the energy input for a l l  the specimens tested. 

in. in  diameter by 20 mi ls  thick. 

With the losses neglected, 

UNCLASSI F lED 
SSD-A-I145 

ORNL-LR-DWG-5597 

where 

q = the electrical power divided by the tem- 
perature difference, 

A = the urea of the test  specimen, 

t = the thickness, 

k = the thermal conductivity, 

l / h  = the thermal resistance between the thermo- 
couples and the surfaces of the test 
specimen (Fig.  25). 

The thermal resistance l / h  i s  governed both by 
the distance from the thermocouple wel ls t o  the 
specimen and by the s ize of the thermocouple 
wells. It i s  necessary that specimens be nearly 
f lat  i n  order that the thickness of mercury between 
the thermocouples and the specimen remain con- 
stant. In order to keep the mercury free of l i n t  
and moisture, it was replaced frequently. (Dir ty 
mercury tends t o  trap air bubbles at  the mercury- 
specimen interface.) The effect of surface rough- 
ness was examined by surfacing specimens with 
both No. 320 and No. 100 carborundum grits; there 

TO MERCURY 
RESERVO I R 

\\ 

1 

I ~ 7 ,-TEST SPECIMEN 

ENCLOSED IN EVACUATED VESSEL 

was no appreciable difference between these two 
degrees of  roughness. When s i l i ca  glass speci- 
mens were polished t o  a smoother finish, there 
was more of a tendency for air bubbles t o  be 
trapped; however, l i t t l e  trouble wi th trapping of 
air bubbles was encountered with either shiny 
mica or metal surfaces. 

The ef fect  o f  temperature was examined by 
heating the apparatus t o  about 10°C above room 
temperature and by using Q test  specimen of carbon 
stock thin enough to have t / k  << l / h .  Since q 
varied less thiin 5% over th is temperature range, 
l / h  was taken as nearly temperature independent 
for th is  work. 

In order to evaluate the resistance l / h ,  a number 
of  different thicknesses of carban were tested at  
the power input which was used for all  the meas- 
urements (carbon has a thermal conductivity low 
enough for th is  purpose). Aluminum was used as 
a check. Both results are given in  Fig.  26. Equa- 
t ion l may now be written 

I f  A / q  i s  plotted vs L, as i n  Fig. 26, the intercept 
a t  t = 0 equals 1/55. This  evaluation of l / h  permits 
the following calculation of k from Eq. 1 :  

(3) 
t 

k -  
A / q  -- l / h  

The sensi t iv i ty of the method i s  l imi ted by 
fluctuations i n  l /h  that resul t  from variations i n  
surface roughness and from the above-mentioned 
trapping of air bubbles. The thermal conductivity 
determined for s i l i ca  glass  checks within 5% the 
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A ALUMINUM 

THICKNESS ( c m  1 

Fig. 26. Determination of l/b for a Heat Flux of 
0.24 cal rec- 1 cm-2. 

value reported by another author’ for quartz glass 
o f  comparable density. The specimen of s i l i ca  
glass was a wafer, in. i n  diameter by 20 mi ls 
thick. The thermal conductivi ty was calculated 
for the area of the mercury interface, 2.2 cm2, 
since, for specimens of these dimensions, the 
portion of the specimen outside the interface 
conducts less than 5% of the total heat.3 The 
sensi t iv i ty i s  less for better conductors than 
s i l i ca  glass, owing t o  the larger effect o f  l/h. 
For specimens as th in as 20 mils, it is d i f f i cu l t  
to  estimate thermal * conductivi t ies greater than 
0.03 cal.sec’l~cm-’-oC- wi th th is  apparatus. 

X-RAY E X A M I N A T I O N  OF CERAMIC SAMPLES 

G. E. K le in  

Diffractometer patterns were obtained of a series 
of ceramic disks which had been subjected to 
irradiations of 1 x lo2’ and 2 x 10’’ neutrons/cm2, 
respectively, by use of the shielded x-ray dif frac- 
tometer. 

The patterns of the irradiated specimens were 
quali tat ively compared with the patterns of the 

2J. H. Perry, Chemical En ineers Handbook. p 1548, 
3d ed., McGrow-Hill, New Yo$, 1950. 

3J. C. Jaeger and A. Beck, Brit. J .  A p p l .  Phy.9. 6, 
15 (1955). 

corresponding samples before irradiation, and the 
results are l i s ted  i n  Table 4. 

The method of x-ray analysis for polycrystal l ine 
samples with a high act iv i ty count i s  not so 
sensit ive in  detecting weak x-ray ref lect ions as 
the method used for small single crystals of the 
same material. Consequently, where the method 
used in  th is study would indicate the absence of 
detectable dif fract ion l ines i n  certain cases, the 
single-crystal analysis might s t i l l  indicate a few 
weak ref lect ions remaining i n  the f i lm pattern after 
a comparatively long-exposure time. Wherever the 
data are comparable, the observed results are in  
agreement with those obtained by Wittels and 
Sherril14 and others. Furthermore, the ceramic 
disks (the same specimens as were used for the 
thermal-conductivi ty measurements) were fabri- 
cated from materials which in  most cases con- 
tained a higher degree of impurity content than i s  
generally found in  natural single crystals. Th is  
would also have some effect on the result ing x-ray 
patterns I 

A C O R R E L A T I O N  OF THE R A D I A T I O N  
STABILITY OF P L A S T I C S  WlTH THE 

YOUNG’S MODULUS 

0. Sisman C. D. Bopp 
R. L. Towns 

The changes produced by high-energy radiation 
in the mechanical properties of irradiated plast ics 
and elastomers depend upon the rates of cross- 
l inking and cleavage. The relat ive rates at which 
these reactions proceed are governed by the chemi- 
cal structure of the polymer and may also be 
affected by the strength of the van der Waals 
forces. For uncrosslinked polymers, Young’s 
modulus is i n  part a measure of the van der Waals 
forces. For materials of l i ke  chemical structure 
a correlation may be expected between the Young’s 
modulus and the rate of crosslinking. 

The commercial p last ics previously tested5’* 
have been grouped according to r ig id i ty  and are 
l i s ted  in  Table 5. The order o f  ranking the plast ics 
in  Table 5 i s  given approximately by the preirradi- 
ation value of Young’s modulus. This order i s  

4M. C. Wittels and F. A. Sherrill, Solid Stale Ssmiann. 
Prog. Rep. Aug. 30, 1954, ORNL-1762, p 85. 

’0. Sisman ond C. D. Bopp, Phys ica l  Propert ies  of 
Irradzated Plastics, ORNL-928 (June 29, 1951). 

‘13. D. Bopp and 0. Sisman, Radratron Stabtlzt 
Plastics and Elastomers,  ORNL-1373 (July 23, 1953r. O/ 

35 



S O L I D  S T A T E  P R O G R E S S  R E P O R T  

TABLE 4 X-RAY EXAMlNATlQ QF CERAMIC SAMPLES 
............ ........ .- ... ......... 

Resul ts When 

Sompla Irradiated w i th  
2 1 x l ozo  neutrons/cm 

Resul ts When 

Irradiated w i th  
2 2 x lozo newtrans/cm 

No change in pattern 

No change in pattern 

No change in pattern 

No change in pattern 

N o  change in pattern 

No change i n  pattern 

No change i n  pattern 

Halo broadening 

Ha I o broaden i ng 

Dimunit ion in halo 

i nten s i ty  ; broad en i ng 

Lead  p lus  other 

devi t r i  f i  cat ion 

products 

L i n e  broadening; 1.7% 
expansion i n  co 

Loss  in c rys ta l l i n i t y  

A c t i v i t y  

(o t  1 cm) 

Ac t i v i t y  

(at  1 cm) 

~. ........ 

1.5 mr/hr 

10 tnr/hr 

5 mr/hr 

60 rnr/hr 

40 mr/hr 

80 mr/hr 

230 mr/hr 

2 rnr/hr 

15 mr/hr 

30 mr/hr 

Single-crystal A1203 

Hot-pressed A1203 

Spi ne1 

Fors te r i te  

Porcel  a in  

Steat i te 

TiQ2 

S i l i ca  glass 

P la te  glass 

Pyrex glass 

No change in pattern 

N o  change i n  pattern 

No change in pattern 

No change in pattein 

N o  change i n  pattern 

No change in pattern 

No change i n  pattern 

Ha lo  broadening 

Halo broadening 

Ha lo  broadening 

1.5 mr/hi 

6 mr/hr 

1.5 mr/hr 

15 rnr/hr 

40 mr/hr 

80 r n r / h s  

170 mr/hr 

2 mr/hr 

10 tnr/lir 

10 mr/hr 

Lead  glass* Lead  plus other 

dev i t r i f i ca t ion  

products 

L i n e  broadening; 

500 mr/hr  900 mr/hr 

Mica 1.3% 120 rnr/hr 170 mr/hr 
expansion in co 

L o s s  i n  c rys ta l l in i t y  Enamel ground caat 6.7 r/hr 1 1  r/hr 

7 r/hr (gamma) 

10.4 r/hr 

600 mr/hr (gamma) 

1.2 r/hr 

Zr02 No change i n  pattern 6 r/hr 0.28% expansion in  a. 

Hf-free Zr02 Dimunit ion i n  

monocl in ic phase 
800 mr/hr Monocl in ic phase 

disappears; cubic 

phase remains 

No l i nes  detectable; 

large loss i n  

c rys ta l l in i t y  

Expansion and loss  in 

cry r i a  I I i n i t  y 

Approximately 0.3% 
expansion i n  co; 
none i n  n 0 

No l i nes  detectable 

L i n e  biaadening 

MgO -t Mg0.4C02-5H20 

+ MgCO3.3H20 

2.87% expansion i n  ao;  

ref lect ions broadened 

Z i rcon 1.9% expansion; large 

lass  in c rys ta l l in i t y  
2.2 r/hr 6.8 r/hr 

Sic L i n e  broadening; 0.3% 
expansion 

Very s l igh t  expansion 

in co 

10 mr/hr 10 m r h r  

Be0 9 m s h r  25 mr/hr 

L a v a  

Cord i eri (e 

MgO 

Loss  i n  c rys ta l l in i t y  

No change i n  pattern 

No change in pattern 

170 rnr/hr 

100 111r/hr 

15 mr/hr 

220 tnr/hr 

150 mr/hr 

15 inr/hr 

8aT iOg  
0 2.03% expansion in a 80 mr/hr 170 mr/hr 

*Confirmed by petrographic analysis. 

36 



T A B L E  5. RADIATION STABILITY OF PLASTICS 

Exposure (rad) for 50% Decrease Young's Modulus 
-.___ Energy 

Group Designat ion and Type of P las t i c  Absorption' Shear Impact Tens i le  In i t i a l  Value 
Change ( lo5 psi)  

E longation (rad/1O9 nvt) Strength Strength Strength 

A - High ly  r ig id  mineral-polymer mixtures 

Plaskon a lkyd  (polyester) 

Asbestos fiber phenol ic 

Asbestos fabr ic phenol ic 

Karbate (phenolic) 

Hoveg 41 (phenolic) 

Duralon (furan) 

Melmac 592 (amino) 

B - High ly  r i g id  un f i l l ed  polymers 

Araldite, type B 

T r ia l l y l  cyanurate polymer 

Po I yv i n y I carba zo I e 

Ani I i ne formaldehyde pol  ymer 

C - High ly  r i g id  paper or l inen  laminates 

P aper-bo se phenol i c 

Micarta (phenolic laminate) 

Linen-fabr ic phenol ic 

D - Moderately r i g id  polymers 

Gatal in (unf i l led phenolic) 

Casein 

Polystyrenes (amphenol, styrons 637, 671, and 411C) 

Polyalphamethyl styrene 

Luc i te  (methyl methacrylate) 

Po lyv iny l  formal 

0.4 

0.4 

0.4 

0.3 

0.3 

0.3 

0.4 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

1 

0.7 

0.7 

0.7 

1 

>4 >4 >4 >4 

>4 >4  4 >4 

>4 >30 4 >4 

> 3  >30 3 >3 

> 3  3 >3 

> 3  3 >3 

>4 

>4 

> l o  

>10 >10 >10 >10 

10 10 10 10 

2 2 0.2 0.2 

0.1 0.5 0.1 

0.02 0.4 0.92 

1 1 1 2 

0.4 0.1 0.4 0.4 

>30 >30 >3 0 >30 

0.4 

0.1 0.1 0.05 0.05 

10 10 

32  

25 

18 

18 

10 

8 

6 

6 

16 

i o  
10 

6 

6 

5 

5 

5 

Small 

Small 

Small 

Small 

Smatl 

Small 

Small 

Small 

Small 

Small 

Small 

Smal I 

Smalt 

Small 

Small 

Small 

D ec re a se s 
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signif icant for many applications o f  p last ics and 
may also be related to  the radiot ion sensi t iv i ty of 
Young's modulus. For materials of l i k e  compo- 
s i t ion (such as v inyl  chloride polymers or poly- 
esters), those fal l ing in group D may be predomi- 
nantly cleaved, those in group E, crossl inked. 
The Young's modulus of the piast ics was deter- 
mined ffrom the in i t ia l  slope of the tensi le curve. 
The Young's modulus i s  fair ly sensit ive to  cross- 
l inking - not so sensitive, however, as the change 
i n  solubi l i ty  .- but may be less sensit ive to  
cleavage. A more pronounced effect of cleavage 
i s  to  cause a decrease in breaking strength. 

Although low exposure in a radiat ion f ie ld often 
improves certuin mechanical properties, longer 
exposure usually decreases the ult imate strength. 
In certain applications for nonrigid materials the 
change produced i n  r ig id i ty  i s  important. I n  Table 
5 the materials tested are compared on the basis 
of the exposure required to  decrease the elongation 
and the strength by 50%. 

Group A includes plast ics having a high r igidity, 
which i s  part ly due to  a large umount of mineral 
f i l ler .  Group B includes unf i l led plast ics that 
have such high r ig id i ty as to  break with a glass- 
l i ke  fracture. Group C includes polymer and paper 
(or cloth) combinations that have high r ig id i ty.  
Group D includes plast ics that are less r ig id  than 
group 6 but not suf f ic ient ly nonrigid to show high 
values o f  elongation i n  the tensi le test. (The 
tensi le curves o f  group D plast ics usually show 
a small amount of curvature, just before the break- 
ing point.) Group E includes plast ics that g ive 
high elongation in the tensi le test. 

The plast ics i n  groups A or B show small change 
in  either Young's modulus or breaking strength 
for the maximum exposures. Often there i s  un- 
certainty as to  whether an apparent change in 
tensi le strength i s  real or the resul t  o f  poor sta- 
t i s t i cs  for these r i g i d  materials. It is planned to 
resolve th is  matter by employing greater exposures. 

Since the paper consti tutes a sizable portion of 
the group C plastics, any damage to  the paper 
weakens the plast ic. 

The different group D p las t ics  encompass a 
large stabi l i ty  range. There i s  l i t t l e  crossl inking 
for these moderately r i g id  plastics; however, the 
cleavuge may be large or small, depending on the 
c h emi ca I compos i t i on. 

Group E plastics, l i ke  group D plastics, may 
show u large or small amount of cleavage, depend- 
ing on the chemical composition; however, for 

group E plast ics the crossl inking i s  always sizable 
in the absence of large cleavage. In  certain group 
E plust ics the change in hardness i s  not great 
because there i s  an equalization o f  the cleavage 
and the crossl inking processes; however, i n  this 
case the breaking strength i s  decreased. For 
certain of the materials which are least sensit ive 
to  radiation, the maximum exposure given i s  l is ted 
and i s  pref ixed by the symbol >. Whether the 
Young's modulus i s  increased or decreased ap- 
preciably before the strength i s  decreased i s  also 
indicated. 

An explanation has been developed which ac- 
counts for the differences i n  effects for different 
materials. Sufficient experimental evidence i s  
lacking to  fu l ly  substantiate these ideas; however, 
presenting them in their present form i s  o f  a id in 
planning future experiments and in predict ing radi- 
at ion effects for untested polymers. 

The rate of the volume change that accompanies 
the cool ing of a high polymer i s  controlled by a 
dif fusion process, which becomes so slow at the 
second-order transit ion temperature that i t intro- 
duces a discontinuity i n  the temperature-specific 
volume relat ion as i t  i s  ordinari ly measured. 
Perhaps i f  a suff iciently long wait ing period were 
al lowed between changing the temperature and 
measuring the volume, the volume-temperature 
relat ion would be l inear to  absolute zero. Analo- 
gously, the rate of crossl inking may be dif fusion 
control I ed, since, during crossl inking, hydrogen 
dif fuses out of the polymer and the molecular 
segments dif fuse close together. 

It may be speculated that, in a polymer exposed 
in a radiation field, there exist  ionized and excited 
molecular segments which crossl ink as they di f -  
fuse together. The rate of crossl inking w i l l  be 
proportional to the energy absorption under two 
conditions: first, that the rate o f  crossl inking i s  
proportional both to  the rate of dif fusion and to the 
concentration of ionized and excited molecular 
segments; second, that the concentration o f  ionized 
and excited molecular segments i s  proportional to 
the intensity of the radiat ion field. The l ikel ihood 
that the second condit ion w i l l  fa i l  may possibly 
be greater for r ig id  materials with low rates of 
dif fusion because there i s  a slower rate of deacti- 
vat ion of excited or ionized radicals by cross- 
l inking. However, there exists another possibi l i ty :  
deactivation i s  predominantly by a decay process 
which i s  independent of crosslinking. In the 
intensity range from I O 4  to IO7 rad/hr the changes 
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produced in nonrigid materials showed very l i t t l e  
dependence on radiation intensity. Polystyrene 
was exposed at  even higher intensities, and there 
was s t i l l  no measurable change in i t s  mechanical 
properties; but th is  i s  only a qual i tat ive obser- 
vat ion a 

That dif fusion determines the rate of approach 
to  the equilibrium value of deformation is apparent 
from the broad spectrum o f  retardation times o f  
many polymers. The retardation time'" T i s  de- 
fined by the expression y = y o  ( 1  - e-r 'T) ,  where 
y i s  the deformation at  time t after the application 
of stress, and y o  i s  the equilibrium value of 
deforrriation, Rarely i s  it possible to f i t  expesi- 
mental data with only one retardation time, and i t  
i s  customary to  use a smooth distr ibution of 
retardation times. 

'The distr ibution of retardotion t i m e s  i s  often 
sensit ive to  the rate of  dissipation of fr ict ional 
energy and far th is  reason may be dependent on 
the dimensions of the specimen. On the other 
hand, the free volume i s  often important in govern- 
ing the rate of dif fusional processes, and for th is  
reason the distr ibution of retardation times is 

'R. N. Howard, Chemistry 6 Industry 62, 495 (1943). 

'T. Alfrey, The Mechanical Behavior of High Polymers,  

. . . . . . .............. 

Interscience, N e w  York, 1948. 

usually sensit ive to the temperature. 
A third factor which may affect the retardation 

time spectrum i s  crosslinking. In fuct, the cross- 
l ink ing effect on Young's modulus may be ex- 
plained in  terms of increased retardation times, 
since seldom i s  the measured value of Young's 
modulus independent o f  the rate of laading. 

In order to explain that the rate of crossl inking 
i s  nearly constant in the early stages of cross- 
l inking (though the retardation times are increased), 
it i s  necessary to postulate that crossl inking does 
not microscopically restr ict  the dif fusion of neigh- 
boring molecular segments except perhaps very 
close to the crossl inking site. The effect on the 
retardation times mus t  then be largely due to  the 
formation o f  a network structure. Thus, it i s  
possible for the macroscopic retardation times to  
be affected by cross1 inking without affect ing the 
microscopic dif fusion rate of a large portion of 
the molecular segments. 

From there considerations it appears necessary 
to restr ict  the correlation between r ig id i ty and the 
rate of cross1 inking to  noncrosslinked polymers. 
Even i n  the absence of crosslinking, t h e  correlation 
based on Young's modulus i s  only an approxi- 
mation, since clearly the microscopic rate of dif- 
fusion may be only very roughly estimated from 
Young's modulus. 
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CRYSTAL PHYSICS 

LO W-TEMP E R A T U  R E IN-P I L E  CRYOSTAT 

T, H. Blewit t  
J. W. Cleland 

R ,  R, Coltman 
W. E. Busby 

J. T. Howe 

During the past few years it has become in- 
creasingly evident that a more complete under- 
standing of radiat ion damage might be obtained 
through studies of bombardments at low tempera- 
tures. For the past three years a fac i l i t y  has 
been avai lable in  which bombardments can be 
made at -160°C and froni which specimens can 
be removed without warming t o  above about -120°C 
prior t o  storage i n  l iquid nitrogen and subsequent 
control led annealing experiments. Recent results 
o f  bombardments on copper i n  th is  fac i l i t y  have 
indicated that some neutron-induced defects are 
mobile at temperatures lower than -160OC. Unt i l  
recently, the amount of refrigeration required to  
obtain bombardments at  very low temperatures 
proved to  be f inancial ly prohibit ive. Th is  was 
due to  the physical size of the cryostat required, 
the operating temperature of the reactor, and the 
gamma-ray heating effects. 

Six months ago the laboratory acquired a surplus 
helium refrigerator with a ruted capacity of 120 w 
of heat load at an operating temperature of 20*K. 
The machine w i l l  circulate cold helium gas through 
a cryostat, which w i l l  be placed in vert ical hole 
12 of the ORNL Graphite Reactor. 

An aluminum cryostat has been constructed and 
has been tested outside the reactor. With the 
refrigerator operating inef f ic ient ly at about half  
i t s  rated output, the cryostat reached 20"K, which 
indicated that the heat load it presented to the 
machine was not excessive. The cryostat has a 
sample chamber I $  in. i n  diameter, and the usable 
length inside the heat exchanger, which w i l l  be 
i n  the center of the reactor, i s  18 in. long. The 
to ta l  length of the cryostat i s  22 ft, and the lower 
15 f t  i s  made entirely of 2s aluminum, 

A modif icat ion now under way w i l l  increase the 
capacity of the refrigerator to  approxiniately 300 w 
a t  20°K. Since ca lcu la t io r~s  show that the heat 
load inside the reactor w i l l  be about tw ice  the 
heat load outside, it i s  believed that this amount 
of refrigeration w i l l  be suff icient to perform bom- 
bardments at 20°K and possibly lower. 

__ 

'V.  G o l e r  and G. Sachs, Lo P h y s i k  55, 581 (1929) .  

The design and working drawings of the new 
shielding for the cryostat and shield support are 
completed. 

T H E  C R I T I C A L  SHEAR STRESS IN A L P H A  
BRASS AS A F U N C T I O N  OF Z I N C  

C O N C E N T R A T I O N  AND T E M P E R A T U R E  

R,  E. Jamison F. A. Sherrill 

The data presented here are the resul t  of pre- 
l iminary work in  a study of neutron-radiation 
ef fects on the mechanical and electr ical  properties 
of alpha-brass single crystals. Although there 
i s  no development i n  dislocation theory to explain 
the temperature dependence shown, the results 
are believed to  be interesting, and they supplement 
early room-temperature data' n 2  and more recent 
data3 on beta brass in  the range 78 to  673'K. 

H igh-purity copper (99.999%) and zinc (99.99%) 
were inserted in  the approximate proportion de- 
sired4e5 into a closed graphite mold, which, i n  
turn, was sealed at 400°C i n  a fused-quartz carrier 
under a vacuum of approximately 2 x mm Hg. 
The carrier was then placed in a furnace mounted 
on a horizontal axis, the metals were melted and 
homogeneized, and the crystals were grown by 
the Bridgrnan technique with a minimum of de- 
zinc i f icat ion. Spectrographic analysis indicated 
an extremely minute addition of impurit ies during 
th i s  process. The Laue x-ray back ref lect ions 
from which orientations were determined showed 
only samples 2 and 8 t o  be mosaic. The crystals 
were i n  the shape of tensi le specimens, wi th  the 
gage length 

After the crystals were grown, they were removed 
from the carrier and crucible ( in which some de- 
formation occurred during cooling) and were etched; 
then they were sealed again in  a closed carrier 
under vacuuiii and annealed for 17 hr at 550°C. 
They were then pul led in  an lnstron tensi le test ing 
machine, with the rate of  extension equal to  
0.02 in./min and rapid-response load indication, at 
various temperatures in  the fol lowing order: 297, 

in. long and t2  in. in  diameter. 

'M. Masima and G. Sochs, Z. Physile 50, 161 (1928). 
3G, W. Ardley and A.  H. Cottrell, Pmc. Roy .  Soc. 

4E, A. Owen and G. D. Preston, Pmc- Phys.  SOC.  

Westgren and G. Phragmkn, Phil. Mag. 50, 311 

(London) 219A, 328 (1953). 

(Lundoa) 36, 49 (1923). 

(1925). 
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78, 4.2, 297, and 195OK. The samples were not 
allowed to exceed 78’K between the pul l  at 78°K 
and the pul l  at 4.2”K. During each pul l  the 
samples were extended just enough to  obtain the 
elast ic l imi t .  After these f ive pu l ls  the samples 
were again annealed (72 hr at  55OOC) and were 
pul led again at  the various temperatures to check 
the f i rs t  measurements and to  note the height and 
nature of exist ing y ie ld  points. Total  extension 
before the second anneal was never more than 1% 
and was generally less than 0.5%. 

After a l l  measurements were made, sections f r o m  
the ends of the samples were removed for single- 
crystal lattice-parameter measurements. These 
measurements were accurate to k0.00 I 1.6 Some 
samples varied in  zinc concentration from end t o  
end, i n  which case the measurements were interpo- 
lated t o  the region where s l ip  occurred i n  the gage 
length. 

Since the concentration dependence of  the 
cr i t ica l  shear stress at room temperature i s  wel l  
known and since a relat ive value of the cr i t ica l  
sheor stress i s  much more accurately determined, 
the ratio of the cr i t ica l  shear stress at each of the 
lower temperatures to that ut room temperature i s  
plotted in  Figs. 27 and 28. The value at  room 
temperature i s  l is ted in  Table6, along with a value 
which i s  taken from a smooth curve drawn as an 
average through a l l  data available. lm3 

It i s  pretty wel l  established that, to wi th in lo%, 
the cr i t ica l  shear stress i n  pure copper i s  inde- 
pendent of temperature. 7 f 8  It i s  unfortunate that, 
because of the indefinite y ie ld  point, the data on 
the pure metal are not more accurate. It could be 
assumed that the cr i t ica l  shear stress i n  pure 
copper i s  actually lower at 4.20K than at 78’K by 
6 or 7%; or it could be assumed that the cr i t ica l  
shear stress i s  real ly independent o f  temperature. 
Either assumption i s  d i f f icu l t  to  make, since the 
f i rs t  would mean that there i s  anomalous behavior 
in  the pure metal, and the second would mean that 
there i s  an even more anomalous behavior in  the 
copper wi th small percentages of zinc. 

Although a portion of the curve for 4 . P K  i n  
Fig.  27 i s  shown to be indef in i te and although the 

6R. J. Fox, F. A. Sherrill, and M. C. Wittels, A Szngle-  
Crysfa l  Adapter  / o r  the  Norelco U’zde-Range Dz/ /rac-  
tomster ,  ORNL-1807 (Jon. 6, 1955). 
7P. W. Neurath and J, S. Koehler, J .  Appl .  Phys. 22, 

621 (1951). 
%. H. Slewit t ,  Phys. Rev.  91, 1115 (1953). 
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TABLE 6. CRIT ICAL RESOLVED SHEAR STRESS A T  ROOM TEMPERATURE, ORIENTATION, 
L A T T I C E  PARAMETER, AND APPROXIMATE COMPOSITION 

Cri t ical  Resolved Shear Stress 
2 b  composition^ a t  Room Temperature (kg/mm ) 
d (de91 A (at. % Zn) Measured Corrected 

L a t t i c e  Approximate 

Sample a Orientation Parameter 

CuZn 1 30 , 6 3  , 78 

CuZn 2 46 , 56\, 63 

43?$ 5 1 \ ,  7 2 k  

41 , 56\, 70 

41 , 56?$ 70 
Assumed 

CuZn 6 43;. 86\, 87 

CuZn 3 43 ,53 , 73 

CuZn S A  

CuZn 5 0  

CuZn 7.4 4 3 &  48k' 7 9 \  

CuZri 7 8  44 , 4% , 8 2  

3.6792 -i 0.0010 

3.6770 rt 0.00 10 

3.6548 f0.0005 

3.6335 50.0005 

3.6340 f0.0005 

3.6 162 k 0.0005 

3.6179 k0.0005 

3.6185 50,0005 

28.7 

27.6 

17.8 

8.3 

8.6 

0.7 

1.4 

1.6 

1.52 S0.15 

1.56 f 0 . 1 5  

1.49 $0.13 

1.08 50 .  12 

1.03 k0 .12  

0.51 $0.08 

0.76 fO.10 

0.72 f 0 .  10 

1.43 

1.425 

1.33 

1.07 

1.08 

0.50 

0.64 

0.67 

CuZn 8 17\, 73 , 84 3.6558 -1- 0.00 10 18.2 1.31 f0.13 1.34 
______ I_i__i__._.._......_.~~.... ....._... .. . . . . . . . . . . . . . . . .. .~........ 

asampies 5A and 55 and samples 7A and 7 0  were grown together. 

'The angles between the specimen axis and the three [100]-type poles. 

"From refs 1, 4, and 5. 
"These values are from a smooth curve, drawn through the plot of data from ref 1, 2, and 3 and the author's own 

They would be very reasonable values to use in determining the actual resolved shear stress from the ratio values. 

plotted in Figs.  27 and 28. 

other two curves might not real ly run through o 
common point, it should be emphasized that, a5 
shown in  both Figs. 27 and 28, the c r i t i ca l  shear 
stress at  4.2"K in  th is  region of small zinc per- 
centages i s  definitely lower than that a t  78'K. 

The standard annealing temperature was 55OoC, 
but in  soma instances (CuZn 3 and CuZn 5A) the 
second anneal was made at 85OoC, which caused 
a r i se  i n  the rat io at 78"K, whi le  the actual c r i t i ca l  
shear stress was lowered at room temperature and 
at 195'K. On annealing again at 550°C for 72 hr, 
the rat io at 78'K returned to nearly i t s  normat 
value. Th is  effect i s  believed to be due to excess 
derinciif ication at the higher temperatures and to 
trapping of an increased number o f  vacancies 
during the more rapid cooling. 

When sample CuZn 1 was pul led ot 4.20K, it 
yielded discontinuously and with an audible cl ick. 
This was definitely a real effect and i s  thought to 
be more l i ke  the phenomenon reported for irradiated 
copper9 at 78'K and for deformed copper" at 
4.2"K than l i k e  the discontinuous sl ip reported' 
for alpha brass at 200'C. 

The curve plotted in  Fig. 28 for samples CuZn 3 
and CuZn 8 i s  very similar to the same curve 
plotted for pure copper after an irradiation of 
approximately 3 x IO'* fast neutrons/cm'. 

As  Ardley and Cottrel l  found," sharp upper 
y ie ld  points existed at room temperature in the 
samples where zinc concentration was more than 
about 1 at. %, and the height of these y ie ld  points 
increased with concentration. However, no con- 
s i  stent temperature dependence was observed, and 
the expected increased effect at low temperatures 
did not exist. The existence of an upper y ie ld  
point in  any pu l l  seemed to be more dependent on 
smal I amounts of previous deformation, the tempera- 
ture of that deformation, and the aging temperature 
between deformations than upon the ternperature 
of the pu l l  i tself .  

9R.  E. Jamison and T. Ha Blewitt, Phys.  Rev. 91, 
237 (1953). 

''To H. Blewitt, J. K. Redman, F. A. Sherrill, and 
R. R. Coltman, Rul/. Am. Phys .  Sor: 30 (2), 32 (1955). 
l'G* W. Ardley and A, H. Cottrell, Proc. Roy. S o c .  

(London) 219A, 328 (1 953) .  
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Fig. 29, Strains Induced in an Irradiated Crystal 
and in Q Unit Cell at the Surface by Nonuniform 
Defect  Distribution. 

A recent determination2 of u has beea used in  
applying this interpretation to a l l  the recent rneas- 
urements, and the results have been p ~ b l i s h e d . ~  

TWO-STAGE ANNEALING PROCESS I N  
N E U T RO M - l  R R A D l  A T E D L i F 

D. Binder W. J. Sturm 

A n  LiF crystal (obtained from the Harshaw 
Chemical Co.) was irradiated for 2 x 10l6 neu- 
trons/cm2 i n  the ORNL Graphite Reactor. Before- 
and-after measurements of x-ray l ine breadth were 
made by using the 200 and 400 ref lect ions of the 
copper K P  l i ne  and the 200 ref lect ion of the 
chromium K P  line. The copper radiat ion has a 
wave length of 20 and 44 deg, and the chromium 
ref lect ion i s  at 31 deg. The three l ines are then 
suited to an experiment to determine variation of 
x-ray l ine broadening with angle and give some 
indication of a variat ion wi th wave length. 

The in i t ia l  broadening caused by irradiation was 
observed to fol low a tan B law, so-called “strain 
broadening.” This result has been reported by 
WarrenI4 who used the 280, 400, 600, 800, and 
1000 reflect ions of molybdenum radiation. When 
the irradiated crystal was annealed, a two-stage 
process was observed. For step anneals a t  
successively higher temperatures from 300 to 
400°C, the l ine  breadths remained the same or 
tended toward the original values. The accuracy 
of the measurement needs to be improved before a 
def in i te statement on the behavior of l ine breadth 
i n  th is  range of temperatures can be made. Latt ice- 
parameter measurements were a lso mode. The 
irradiated crystal displayed an expansion of 
0.075 t 0.010%, which decreased monotonically 
on annealing to  0.009 k 0.010% a t  the 400°C 
anneal. 

Further anneals from 425 to 50OOC showed a 
second stage in the annealing process. The l ine 
breadth actual ly increased, reached a peak around 
45OoC, and then decreased toward the unirradiated 
value. The increase was marked: the 400 re- 
f lect ion of copper K P  radiation was 1.4 times as 
broad as the ref lect ion from unirradrated material. 

I f  neutron irradiat ion introduces a uniform distr i-  
bution of Frenkel defects (vacancy-interstit ial 
_______-.__..___._ - 

2S. Rao, Current Sci. 18, 336 (1949). 

3D. Binder and W. J. Sturm, P h y s .  Rev. 96, 1519 
(1954). 
‘B. E. Warren, X-Ray Study of Radiation Damage. 

NYO-6508 (Jan. 31, 1954) p 4. 
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pa irs), the la tt ice-parameter change is probably 
proportional to  their concentration i n  the “perfect” 
regions of the crystal. “Perfect” regibns may be 
taken as the interior of mosaic blocks. The f i rs t  
stage of the annealing in which the lat t ice pa- 
rameter returns to  i t s  in i t ia l  value is, then, the 
disappearance of Frenkel defects from perfect 
regions. The in i t ia l  lattice-parameter change of 
0.075% indicates a concentration of about 0.075% 
of vacancy-interstitial pairs. Annealing sets the 
defects into motion, and, on the assumption of a 
random walk process, a vacancy w i l l  meet an 
interst i t ia l  every 1300 steps, Th is  means that the 
pair w i l l  be annihilated within 1300”2 steps or 
about 40 interatomic distances from i t s  original 
posit ion. The mosaic blocks of the crystal under 
study are 400 or more interatomic distances across, 
so  that  the in i t ia l  stage of annealing involves 
mostly the inside of a mosaic block. 

In the second stage, the lattice-parameter change 
has decreased by a factor of 8 or more, so  that 
the boundary of the block may play an important 
role. The defect may now travel longer distances 
before annihi lat ion and may be affected by mosaic- 
block boundaries or by other large defects at  
comparable distances. 

The variat ion of l ine breadth wi th angle in the 
second stage i s  inconsistent wi th a tan 0 law 
or any combination of a tan B law and a X sec 8 
law (mosaic-black broadening). A new type of 
broadening, possibly Q result o f  a disordered 
mosaic-block boundary, i s  i n  evidence. 

A STUDY O F  L A T T I C E  DEFECTS IN 
GOLD-CADMIUM A L L O Y  

M. S. Wechsler 

It has been recognized for same time that many 
o f  the important properties of crystal l ine sol ids 
do not depend on the structure of the individual 
atoms nor even on the arrangement of the atoms 
in the crystal latt ice. Instead, these properties 
depend upon the way in which the sol id deviates 
from perfect crystal l ini ty, that is, on the number 
and types of imperfections present in the crystal. 
In order to study these imperfections, it i s  con- 
venient to  introduce by external means a larger 
concentration of lat t ice defects than would nor- 
mally be present i n  the material. Several ways of 
doing this are in current use. One way i s  to  deform 
the material mechanically. Another approach is 
to introduce imperfections by irradiation. A third 

method i s  t o  frseze into the material the irnper- 
fect ion structure that i s  characteristic of a high 
temperature by quenching from the high tempera- 
ture to  a temperature a t  which atomic mobil i t ies 
are negl ig ib ly low. Th is  report deals wi th the 
ef fect  of quench on the structure of gold-cadmium 
al loys. 

An investigation of the effect of quench on 
the res is t i v i t y  of gold-cadmium al loys WQS started 
several years ago a t  Columbia University under 
the direct ion o f  T. A. Read. It was found that 
quenches from 450°C cause increases of more than 
10% in the electr ical res is t i v i t y  of gold-cadmium 
a l loys  of approximately 50 at. % composition. An  
investigation has been in progress a t  ORNL since 
July 1954 i n  order to  gain some insight into the 
cause o f  this increase in  resist iv i ty and the 
mechanism by which the increase subsequently 
anneals out. A polycrystal l ine sample was used 
o f  composition 49 at. %; it was rod-shaped, about 
3 mm in diameter, and several inches long. After 
quenching, a series of isothermal annealing experi- 
ments were carried out a t  various temperatures. 
The resist iv i ty was measured with a Ke lv in  bridge. 
The sample was quenched each time from 450°C 
into water at  40OC; the melt ing temperature of the 
a l loy  i s  about 62OOC. A plot  o f  the raw data for 
an isothermal annealing run a t  69.5OC is  shown 
i n  Fig.  30. If it i s  assumed that the decay curve 
starts off  wi th zero slope, an in i t ia l  resist ivi ty, 

TIVE AFTCR QUENCH (rnin) 
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R ,  can be assigned. Similarly, the f inal  resis- 
t iv i ty,  R P  can be determined. The fract ion 

K - R f  
R i  - R /  

/ =  - 

is, then, a measure of the fractional amount from 
completion of the process. A plot of f vs time 
after quench for isothermal relaxation a t  various 
temperatures i s  shown in  Fig. 31. Relaxation 
times corresponding to  various values o f  f may be 
obtained from this figure. In Fig. 32 these times 
are plotted vs the reciprocal of the absolute 
temperature. From the slopes of the curves in 
F ig .  32, i t  is found that the defects frozen in by 
the  quench have an activation energy for movement 
of about 0.6 ev. A quantitative analysis of the 
k inet ics o f  the relaxation process has been 
hampered by the fai r ly large thermal lag i n  the 
present apparatus. Several modifications i n  the 
apparatus are being considered that will  enable a 
more accurate determination of the decay curve in  
the f i rs t  few minutes of the process. 1, TIME AFTER QUENCH (min) 

A t  temperatures several degrees above room 
temperature, Au-Cd in  the 50 at. % region exhibits Fig. 31. Isothermal Relaxation Curves of the Reois- 
an ordered CsCl structure. In the absence of t iv i ty of A u X d  (49 at. %Cd) after Quench from450'C. 
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evidence to the contrary, a possible explanation 
for the increase in resist iv i ty i s  that a disordered 
structure characteristic of high temperature i s  
frozen in upon quench. It could then be supposed 
that the al loy orders at  the annealing temperatures, 
thereby decreasing the resist iv i ty to i t s  normal 
annealed value. To test th is idea, experiments in 
collaboration wi th M. A. Bredig and R. D. E l l i son  
were performed with a high-temperature x-ray 
spec t r~ rne te r .~  X-ray ref lect ions were obtained 
a t  temperatures ranging from 40 to 600°C for the 
superstructure (100) reflection, as  wel l  as for 
several of the ordinary reflections. There was no 
indication o f  any decrease in  the ainount of order 
w i th  increase in  temperature. In fact, a wel l -  
defined (100) ref lect ion was obtained only 20°C 
below the melting point, This would indicate that 
the  al loy is certainly highly ordered a t  450°C, thus 
el iminating the possibi l i ty  of quenching i n  a 
disordered structure. Also, there was no indication 
of  the formation of a new phase. 

The question of the possible role of quenching 
stresses was also investigated. Quenching 
stresses are due to unequal rates of cool ing of the 
surface and the interior of the sample, and there- 
fore no quenching stresses would be expected for 
a thin foil. The experiment was repeated for a 
1-mil f o i l  o f  the same composition as the rod- 
shaped sample. Essent ia l ly  the same effect was 
noted for the fo i l  as for the rod. 

Preliminary x-ray work has been done in  col- 
laboratian wi th G. E. K le in  on the effect of quench 
on the appearance of back-reflection Laue spots. 
It was found that there i s  CI characteristic spl i t t ing 
o f  the spots associated with the quenched state, 
Th is  i s  in essential agreement wi th n previous 
investigation6 in which i t  was found that con- 
siderable broadening of the rocking-curve width 
i s  induced by the quench. 

E F F E C T  QF N E U T R O N  R A D I A T I O N  ON THE 
P R E C I P I T A T I O N  H A R D E N I N G  R E A C T I O N  

R. H. Kernohan D. S. Bi l l ington 

The effect of neutron radiation on the precipi- 
tat ion hardening reaction in the copper-beryllium 
system has been a subject of investigation for 

'M. A. Bredigi, Chem. Qztar, P m g .  Rep.  March 31. 
1951, ORNL- 1053, p 115. 

C. Chang, T. A. Read, and M. S. Wachsler, Acta 
Cryst. 6, 567 (1953). 

several yearsS7*' From observations on the 
changes i n  electr ical resistance and mechanical 
properties, Taylor and Murray, who made the most 
comprehensive study, concluded that neutron 
irradiat ion of copper-beryllium al loys was very 
similar to low-temperature precipitat ion hardening 
o f  the alloy. A l l  the evidence was indirect, how- 
ever, and it was not possible to  establ ish from 
their observations that the precipitat ion o f  be- 
ry l l ium in  the form of the gamma phase (BeCu) 
was actual ly enhanced, In other words, the 
appreciable changes observed could very eosi ly 
be explained a3 being the resul t  of precipitation; 
however, they do not exclude the possibi l i ty  that 
other processes may be operative. A later irradi- 
at ion o f  the a l loy  at  liquid-nitrogen temperature 
confirmed the hypothesis that the changes oc- 
curr ing i n  the irradiated al loy were di f fusion 
con tro i led. 

The purpose of the present study was to de- 
termine whether it could be shown direct ly that 
more beryl1 ium precipitated from solut ion O S  a 
resul t  o f  ifradiotion, a l l  other conditions being 
constant. It was decided to make use o f  the 
nickel-beryl l ium system, which i s  very similar to 
the copper-beryllium system, w i th  the same per- 
centage of beryllium concentration i n  sol id so- 
lution. The advantage in  using the Ni-Re system 
l ies  in the fact that i t s  al lays are ferromagnetic. 
Thus magnetic measurements can be made which 
are not possible in the copper-beryllium al loys. 
For example, i t  has been shown by W. Gerlach' 
that the Cwrie temperature o fan  al loy in the nickel- 
beryl l ium system i s  a linear function o f  the amount 
of beryl l ium in sol id solution. Therefore a de- 
termination of the Curie temperature o f  a nickel-  
beryl l ium al loy before and after irradiat ion would 
reveal whether more beryl l ium precipitated out of 
an irradiated specimen than out o f  a similar control 
specimen held a t  the same temperature for the 
same length of t ime outside a reactor. 

An al loy of s lectrolyt ic nickel  and high-purity 
beryl l ium was fabricated by the Q R N L  Metallurgy 
Division. The material was vacuum melted and 

7D. 5, Bill ington and S. Siegel, Metal Ptogr. 58, 847 
( 1958). 
'G. T. Murray and W. E, Taylor, Acta Met. 2, 52 

(1954). 

9,66. Gerlach, Z. Mefallkunde 28, 80-83 and 183-188 
(1936); 29, 124-131 (1937). 
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cast, and a beryl l ium content o f  approximately 3% 
resulted. The ingot was f i rs t  hot  ro l led a t  900T 
to a diameter of % in. and then cold swaged to  
%-in. rounds. The round rods were f inished by 
centerless grinding and were cut into 4-in. lengths. 
These rod specimens were then solut ion annealed 
by holding a t  1150°C for 1 hr, then quenching them 
in water. Metallographic examination a t  th is stage 
revealed that not a l l  the beryl l ium was in so- 
lution; that is, the maxiinum solubi l i ty  l im i t  of 

beryl l ium is 2.9% a t  1157°C. However, the excess 
beryl l ium in the form of Ni-Be is nonferromagnetic, 
and thus it does not influence subsequent measure- 
ments of Cur ie temperature. 

Measurements of Curie temperature were made on 
an Anderson inductance bridge. One arm of the 
bridge consisted of a co i l  wi th a core just large 
enough to  hold the k-in.-dia specimen. The co i l  
and specimen were situated in a st irred o i l  bath 
which could either be warmed with an immersion 
heater or cooled with the addit ion of dry ice. The 
bridge was operated a t  1000 cycles, and measure- 
ments of the inductance of the co i l  containing the 
H i -Be specimen were made as the temperature of 
the o i l  bath was slowly increased. The inductance 
of the coi l  i s  a measure of the permeability of the 
core. The measurements of inductance were an 
indication of the in i t ia l  permeability, since only 
small currents were used i n  the bridge circuit; 
that is, only the f i rs t  part of the normal magneti- 
zation curve was uti l ized. 

The results o f  several inductance-temperature 
runs are shown in Fig. 33. The curve on the far 
left, designated in the legend as 1, i s  for one of 

f i ve  specimens annealed at  1150°C for 1 hr and 
quenched in  water. The other four specimens gave 
similar results, wi th the variations being shown by 
the vert ical and horizontal I ines perpendicular 
to the curve. The siraight- l ine portion of the curve 
may be extrapolated to  the horizontal l ine at  the 
bottom of the graph, which is the value of the 
inductance of the co i l  w i th  no material in the core. 
The intersection for curve I at about -2OC may be 
defined as the ferromagnetic Curie teiiiperature. 
Th is  temperature corresponds to  17.3 at. % be- 
ry l l ium dissolved in  the nickel. 

Three of the f i ve  specimens avai lable were 
irradiated i n  a hol low f u e l  element i n  the ORNL 
Graphite Reactor for one month ( m t  -2 Y l o l a )  
a t  o temperature of about 40°C. Measureinents 
after irradiat ion indicated no change in the Curie 

SOIL aLONF fro specimen j 
l! .... \ .....- 1.- ~~ ~ 

-25 0 25 5 0  75  100 125 
I ;  iEMPERATURi ("C) 

Fig, 33. Inductance vs Temperature Curves for 
N ic ke I-Beryl1 ium AI toys. 

temperature of the al loy. Th is  resul t  was probably 
to  be expected, since the temperature o f  irradiation 
was several hundred degrees below normal precipi- 
tat ion temperature. It i s  unl ikely that irradiation 
would be able to  enhance di f fusion a t  t h i s  temper- 
a ture . 

These three specimens were then placed in a 
capsule wi th a heater coil and were maintained 
a t  a temperature o f  275T in the reactor for three 
weeks (nut -1.5 x lo'*). The other two specimens 
were used as controls; they were also maintained 
a t  275OC for three weeks outside the reactor. The 
temperature of 275°C i s  about 200°C lower than 
the  normal precipitat ion temperature, but it was 
considered to  be suff ic ient ly high to make the 
effect of radiat ion apparent. After the combined 
irradiat ion and heat treatment, a l l  f ive specimens 
were again measured. The No. 2 curve i s  for the 
two control specimens, and the No. 3 curves are 
for the irradiated specimens. 

The irradiated specimens were not a l l  the same. 
T w o  of them followed the l ine marked with black 
squares, whi le the third fol lowed the l ine marked 
with open squares. There may have been sl ight  
concentration differences in the specimens, or 
there may have been a small temperature difference 
between specimens during irradiation. 

Extrapolat ion of the curve for the two control 
specimens indicates a Curie tetnperature of about 
82"C, corresponding to 13.1 at. '% dissolved be- 
ry l l ium, The Curie temperature for the irradiated 
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specimens i s  about 1 10°C, corresponding to  
12 at. 76 dissolved beryllium. It is thus evident 
that neutron radiation at  a temperature somewhat 
under the precipitation process range does appear 
to  enhance the precipitation, probably through the 
mechanism of increased dif fusion on a microscale. 

As  can be seen from Fig. 33, the maximum value 
of the permeability decreased for the heat-treated 
control specimens and even more so for the ir- 
radiated specimens. Permeability i s  a structure- 
sensit ive property and as such would be sensit ive 
to  radiat ion damage. The actual value of the 
permeability has l i t t l e  to do with th is  method of 
determining the Curie temperature, although the 
smaller values make the drops in the curves less 
sharp and hence affect the accuracy. The decrease 
in  permeability i s  probably associated with struc- 
ture changes that result from the formation of the 
nonmagnetic Ni-Be phase. In future work wi th 
th is alloy, it i s  plonned to study permeability and 
other magnetic properties in addit ion to the Curie 
temperature. 

R E  ACTOR-INDWC E D RESIST IV ITY CHANCES 
IN COPPER-BASE SOLID SOLUTIONS 

R. H. Kernohan A. B. Lewis  
D. S. Bi l l ington 

Bombardment of metals and al loys wi th nuclear 
part ic les furnishes a new technique, which, it i s  
hoped, w i l l  lead to  a better understanding of these 
materials. Reactor irradiations might be expected 
to  produce very l i t t l e  effect in stable metals or 
al loys except for transmutations found upon lengthy 
bombardments. Furthermore, i f  merely the effect 
on electr ical  conductivi ty of metals i s  considered, 
it might be supposed that the effect of neutron 
bombardment would be in such a direct ion as to 
increase electr ical resist iv i ty by disruption of the 
atoms or by transmutation. 

In order to  f ind out what changes might occur in 
metals bombarded with neutrons, a number of 

Since the resistance anomaly in brasses was 
d i f f i cu l t  to  explain and since the accuracy of the 
earl ier work was not too high, it was decided to  
repeat the earl ier experiments wi th more accurate 
measurements. Studies of the electr ical  resist iv i ty 
of many di lute al loys of copper i n  the absence of 
irradiat ion had already been made,13 and it was 
hoped that some correlation of radiation-induced 
resistance effects and the type of solute in copper 
could be found. 

Pure copper and 23 copper-alloy specimens of 
high purity were avai lable from previous experi- 
ments in the form of \-in.-dia rods about 3 in. 
long. After a thorough cleaning, the specimens 
were annealed in a vacuum furnace at  790°C for 
1 hr and were allowed to  cool i n  the furnace. The 
Cu-Zn al loys were vacuum annealed a t  only 458OC 
for 1 hr to prevent excessive demincification. 
Spectroscopic analysis of representative specimens 
indicated that the binary al loys were very clean, 
and the greatest impurity, other than the al loying 
constituent, was less than 0.01%. Chemical 
analysis and metallographic studies showed that 
the binary al loys were a l l  wi th in the solid-solu- 
b i i i t y  range. 

Three specimens of each al loy were chosen for 
resistance measurements. Potential leads were 
spot welded to  these k- in.  rod specimens, and 
measurements of gage length and diameter were 
taken on each. A Hubicon microvolt potentiometer 
was used to measure the voltage drop across a 
f ixed standard resistor and across the unknown, 
The resistance was calculated from the potential 
rat ios. The temperature coeff icient of the re- 
sistance of each al loy was determined by making 
measurements a t  three different temperatures: 
I iquid nitrogen, room temperature, and 68.4OC. 
The values of resistance plotted vs temperature 
d id  not fa l l  on c1 straight line, and so the three 
meusurements for each specimen were f i t ted on a 
quadratic curve by use of the equation 

2 R ~ u + b t + c t  . copper al loys were investigated several years ago. 
In many cases the changes found were slight, but 
unexpected decreases in the electr ical resist iv i ty 
of  stable brass and copper-aluminum sol id-solut ion 

"E. C. Miller and W. ti. 5ridges (eds.), Met. Qum. 
a l loys  were observed after the al loys were given 
comparatively short neutron irradiations in the Prog. Rep. J u l y  31, 1950, ORNL-827, p 72. 
ORNL Graphite Reactor. ''-I2 "W. E -  Taylor, G. T. Murray, and F. M. Eilacksher, 

~ ~ Phyr .  of Solids Inst. Qzinr. Prog. R e p .  Jan ,  31, 1951, 

Phys .  Quar. Prop. R e p .  S e p t .  25, 1949,ORNL-480, p 15- 

From the dimensions of the specimen the resis- 

__ 

ORNL-4025, p 41, 'OR. H. Kernohan, A. Hm Lewis, and D. S.  BilBing:on, 
13J. 0. binde, Ann. P h y s .  15, 219 (1932), 
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t i v i t y  values were calculated. Thus 

P,  = Po (1 4- mot + po?) , 
where 

p = resist ivi ty, 
t = temperature o f  the material, 

cxo, Bo = temperature coeff icients of resi t iv i ty.  

AI{  specimens were irradiated for one month i n  
a hol low fuel element in the ORNL Graphite 
Reactor to increase the proportion of fast neutrons. 
The integrated f lux was estimated to be 2 x 
the temperature during irradiation was not moni- 
tored, but judging from previous experience it was 
probably i n  the range of 40 to 50°C. Since the 
highest neutron absorption cross section to be 
found among the al loying elements was only about 
10 barns, the effect of transmutation impurit ies on 

the res is t i v i t y  would be beyond the l imi ts of 
detection. 

The results of res is t i v i t y  measurements are 
shown in  Table 7; p20 is the preirradiation value 
and pio  i s  the postirradiation value. The resis- 
t i v i t y  values are the average for three specimens 
measured a t  the three temperatures and corrected 
to  28OC. The estimate of error on any particular 
resistance reading i n  the data i s  0.04%. The 
changes i n  resist iv i ty were about the same order 
of  magnitude a t  a l l  three measurement temper- 
atures except for the Cu-Mn alloys. For these 
alloys, not only was the resist iv i ty decreased but 
a lso  the temperature coeff icients of resist iv i ty 
were changed by neutron irradiation. The column 
labeled Ap gives the average change i n  resist iv i ty 
a t  the three temperatures for a l l  the specimens of 

1 A B L E  7. REACTOR-INDUCED RESISTIVITY CHANGES IN  COPPER-BASE SOLID SOLUTIONS 
__._____ __I_- 

Average Deviation Percentage Change, 

b'p20 
2 

Solute. Av pz0 Av P;o Av b 
A' 'oy  (at. %) (phm-cm)  @ohm-cm) (phm-crn  x 10') from & (phm-cm X 10 ) 

___ __c_ ________-.- 

Pure Cu 

Cu-Zn 
Cu-Zn 
Cu-Zn 
Cu-Zn 

Cu-Ca 
Cu-Ga 

Cu-Ge 
Cu-Ge 

Cu-As 
CU-As 

CU-AI 
Cu-AI 
CU-AI 

Cu-Si 
Cu-Si 

C v S n  
C v S n  
Cu-Sn 

Cu-Mn 
Cu-Mn 
Cu-Mn 
Cu-Mn 
Cu-Mn 

1.85 
4.3 

11.3 
12.9 

2.6 
4.4 

2.6 
4.4 

1 .P 
3.8 

1.2 
5.8 
9.6 

3.3 
5.6 

1.0 
2.4 
6.4 

0.73 
6.0 
8.9 

17.1 
22.0 

1.6867 

2.0467 
2.7505 
4.1794 
4.3188 

4.3024 
6.7614 

10.7226 
15.590 

16.303 
29.427 

3.0752 
7.37'12 
9.0416 

13.859 
19.752 

4.602 1 
7.7244 

15.253 

4.8950 
19.628 
29.103 
52.552 
68.103 

1.6905 

2.0493 
2.7437 
4.1229 
4.2646 

4.2987 
6.7517 

10.74 12 
15.605 

16.313 
29.476 

3.0729 
7.3425 
8.9531 

13.855 
19.732 

4.603 1 
7.7295 

15.255 

4.8826 
19.575 
29.004 
52.222 
67.846 

+0.38 

+O. 25 
-0.73 
-5.86 
-5.48 

-0.28 
-0.98 

-t 1.97 
f 1.45 

-t-O.9 7 
t.4.84 

-0.29 
- 2.90 
-8.64 

-0.55 
- 1.60 

+O. 17 
4-0.51 
+o. 33 

-1.24 
-5.3 
-9.9 

-33.0 
-25.7 

50.07 

50.24 
kO.11 
k0.68 
LO. 30 

50.2 1 
k0.32 

fO. 10 
50.15 

50.38 
k0.16 

k0.06 
lr0.13 
k0.22 

50.31 
50.44 

30.37 
1-0.26 
k0.27 

+0.23 

t.0.12 
-0.27 
"-1.40 
-1.27 

-0.07 
-0.14 

+o. 18 
+0.09 

4-0.06 
t.0.16 

-0.09 
-0.39 
-0.96 

-0.04 
-0.08 

t.0.04 
+0.07 
+0.02 

-0.25 
-0.27 
-0.34 
-0.63 
-0.38 
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a given alloy. The colwmn of percentage changes 
in resist iv i ty i s  h e  rat io of the average Ap divided 
by the preirradiation resist iv i ty a t  room temper- 
ature, pZ0. The increase in res is t i v i t y  found for 
pure copper agrees wel l  wi th hie results of B lewi t t  
and Coltman in some of their earl ier work. If only 
percentage changes in  res is t i v i t y  were considered, 
i t  would be obvious that a l l  a l loys decrease per- 
centagewise with respect to pure copper. Also, 
since the absolute change in  resist iv i ty i s  about 
the same at the three temperatures o f  measurement, 
i t i s  probable that the changes are in residual 
resist iv i ty rather than in the temperature-dependent 
part of the resist ivi ty. However, th is  i s  probably 
not true for the Cu-Mn alloys. The most interesting 
a l loys  of copper from an atomic point of view are 
those which fol low topper i n  the periodic table, 
that  is, Zn, Ga, Ge, and As, because they differ 
from copper only in mass and the number o f  outer 
electrons. The results for these al loys arid a few 
others are shown graphically in Fig. 34, 

UNCLASSIFIED 
SSD-E-IO7Eo 

CRNL-LR-DWG 3 7 3 8  

L .......... - i I 
0 5 10 0 5 10 

AMOUNT OF SOLUTE ( A t  % I  

Fig. 34. Resistivity Changes in Copper Alloys 
Exposed to an nut of 2 x IO'*, 

When the values o f  pnO in Table 7 are used, the 
ef fect  of the solute atoms on the resist iv i ty of the 
unirradiated al loys is i n  good agreement wi th the 
results of Linde.13 It can be shown that the value 
far the increase in resist iv i ty over pure copper for 
1 at. % of solute in copper is proportional t o  the 
square o f  the difference in valence between the 
solute atom and copper, This general t i ~ l c  i s  
true for those elements which fol low copper in the 
periodic table. The theory for the res is t i v i t y  OB 
substi tut ional a l loys of  copper developed by 

Mott14 yields an expression which indicates that 
the increase in res is t i v i t y  per atom per cent of 
foreign atom varies a s  the square of the valence 
difference. 

A n  attempt can be made to form some general 
conclusions on the effects of neutron bombardment 
on copper al loys based on the data of Table 7. 
It i s  evident that as the type o f  solute atom is 
varied (Zn, Ga, @e, As) from electroposit ive to  
electronegative there i s  a tendency to go from 
decreases in resist iv i ty to increases in resist iv i ty.  
Another trend to be noted i s  the variat ion o f  
neutron-induced change with the amount of solute 
i n  any particular al loy group. With the exception 
of  Cu-Ge and quite possibly Cu-Sn, i t  would 
a p p e u  that absolute values of hp, as wel l  as the 
percentage changes, are lower for the more di lute 
al loys. S t i l l  another corielat ion may have some 
significance. All negative values of Ap are as- 
sociated with solute atoms found near copper in 
the periodic table or with l ight  atoms, for instance 
A I  and Si, while posi t ive values of Ap are as- 
sociated with atotils of relat ively higher atomic 
weight, such a s  Ge, As, and Sn, 

A satisfactory explanation for the decrease in  
res is t i v i t y  has not been found. Investigators at  
Brookhaven National Laboratory have made meas- 
urements on copper and alpha brass and are of the 
~ p i n i o n ' ~  that decreases i n  alpha brass are the 
resul t  of short-range order. 

It i s  well  known that impurity or solute atoms 
i n  the copper lat t ice present larger scattering 
centers to the elect ion wave and thus increase the 
resist iv i ty.  Vacancies and interst i t ia l  atoms 
produced by fast neutrons should also leave more 
scattering centers in pure metals and should in- 
crease resist iv i ty.  Qimli tat ively, a vacancy i n  a 
copper ion lat t ice would be similar to an effect ive 
negatively charged region, whereas impurities of 
atoms in i t ia l l y  having more than one outer electron 
would appear a5 net posi t ively charged regions i n  
a copper latt ice. Thus, the possibi l i ty  nrises that 
the impurity or solute atom could trap the vacan- 
c ies  or +hut the impurity atom and vacancy could 
ex is t  adjacently and in so doing present a less 
ef fect ive scattering region for the electron wave 
than would the impurity atom or vacancy alone. 

14N. F. tdott, Proc.  Cambridge Phil. SOC. 32, 281 

"To be published, 

(1  936) .  

52 



P E R I O D  E N D I N G  F E B R U A R Y  28, 7955 

L A T T I C E  PARAMETERS OF SOME 
COPPER A L L O Y S  

F. A. Sherrill M. C. Wittels 

Substitutional sol id solutions are formed in  those 
al loys whose solute atoms have approximately 
the same size as the atoms in the parent lattice. 
Vegard’s law states that the latt ice parameters of 
these kinds o f  solutions should vary i n  nearly a 
1 inear relation, with the composition expressed in 
atomic per cent. 

Electr ical  res is t iv i ty  measurements were made 
by R. H. Kernohan (see “Reactor-Induced Resis- 
t i v i t y  Changes i n  Copper-Base Solid Solutions”) 
on a number of polycrystal l ine copper-alloy sam- 
ples in  the course of neutron-irradiation experi- 
ments. A few of these same copper-alloy samples 
were used for x-ray diffraction studies, and the 
atomic percentage o f  the solute was determined by 
the Analyt ical  Chemistry Div is ion ut ORNL. 
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Fig. 35. Lairice Parameter vs Amount of Solute 
for Various Copper Alloys. 

Lattice-parameter measurements were made with 
the North American Phi l ips  diffractometer, and, 
s ince the grain s ize was suff iciently large to 
ernpioy single-crystal techniques, the Fox spinner’ 
was employed to  make the measurements at  the 
maximum Bragg angles. Copper K a  radiation was 
used to obtain diffractions from the (420) or (331), 
and the latt ice parameters were computed from 
these data with an estimated accuracy of a.03%. 

Figure 35 shows the relat ion between latt ice 
parameter and atomic composition i n  several 
binary al loys of copper. It can be seen that, at 
low percentages of solute, these al loys deviate 
only sl ightly from Vegard’s law, it should also be 
mentioned that the two irradiated a l  loys studied, 
one with 12.9 at. % Zn in Cu and the other with 
9.6 at. % AI in Cu, exhibited no lattice-parameter 
changes after a neutron irradiation wi th an inte- 
grated f lux  of 2 x lo’* neutrons/cm*. 

P A R A M A G N E T I C  RESONANCES I N  
I R R A D I A T E D  MATERIALS 

R. A. Weeks 

A schematic plan of the paramagnetic-resonance 
apparatus i s  shown i n  f i g .  36. It is  a transmission 
type employing a high-gain, narrow-band amplifier. 
The amplif ier output i s  synchronously demodulated 
by a signal from the osci l lator that supplies the 
modulation component of the magnetic field. The 
synchronously demodulated signal i s  rect i f ied 
and chart recorded. The magnetic f ie ld  i s  sine- 
wave modulated, and the modulation amplitude i s  
variable. The signai appearing a t  the detector 
i s  composed of a d-c component and, in the neigh- 
borhood of a resonance, an a-c component at the 
frequency of the magnetic-field modulation. The 
amplitude of  the a-c component to  a first-order 
approximation i s  proportional to the f i rst  derivative 
of  the resonance. With the narrow-band amplifier, 
only the fundamentul 05  the a-c component i s  
amplified. For modulation amplitudes that are 
small relat ive to the half-width of  h e  resonance, 
the amplitude of the fundamental of the a-c s ignal  
i s  proportional to  the f i rs t  derivative of the reso- 
nance. The harmonics of the a-c signal make only 
a small contribution to  the amplitude of the signal. 

I ~ R .  J. FOX, F. A. Sherriil, and M. C. W i t t e l s ,  A 
Single-Crystal Adapter {or the Norelco Wide-iinnga 
Ilz//ractometw, ORNL-1807 (Jon. 6 ,  1955). 
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Fig. 34. PaFanaagnetic-Ressnance Apparatus. 

The amplifier was designed by K. H. Kl ine  o f  
the Instrument Division. It i s  based on a starved- 
c i rcu i t  design. The synchronous detector preceded 
by a twin-T feedback network achieves the narrow 
band. The amplifier output i s  down 3 db a t  t3 cps 
off the tuned frequency. The maximum gain i s  
1.5 x lo8. A schematic diagram of the c i rcu i t  i s  
shown in Fig, 37. 

The frequency source i s  stabi l ized with a Pound 
i-f system. The frequency stabi l i ty  i s  better than 
1 For 
longer periods the temperature cycle of the room 
affects the reference cavity; the stabi l i ty  i s  then 
2 parts in IO5 .  Usually, the time needed to trace 
out a resonance i s  considerably less than 1 hr. 
The circui t ry of the Pound system i s  the same as 
that published in the Iiterature.l7 

The intensity of the magnetic f ie ld i s  measured 
w i th  a proton-resonance gauss meter. The reso- 
nance of the hydrogen proton in water is observed, 
and the frequency at  which resonance occurs i s  
de termind  w i th  a BC-221-J frequency meter. 
The magnetic f ie ld i s  then calculated from th i s  
frequency. The accuracy of the meter i s  2 parts i n  
lo5. Provision i s  made to  chart record the f i rs t  

part in lo5 for periods o f  1 hr or less. 

17R. V. Pound, Proc.  1.R.E. 35, 1405-1415 (1947). 

derivative of the proton resonance. The width o f  
the resonance, approximately 0.2 gauss at  ha l f  
width, i s  due to  inhomogeneities of the magnetic 
field. The proton resonance signal i s  amplified by 
a preamplifier and hen fed into one of the inputs 
o f  the amplifier. The other input of the ampli f ier 
takes the output of the paramagnetic-resonance 
preamplifier. An osci l loscope can be substituted 
for the amplifier. On the scope the proton-resa- 
nance signal appears as a sine wave, wi th the 
frequency a4 the magnetic-field modulation for 
magnetic-field modulation amplitudes being small 
re lat ive to resononce half-width, One advantage 
o f  the scope display i s  the ease w i th  which the 
BC-221-J can be tuned t o  the frequency of the 
proton-resonance osci  Ilator. The frequency of the 
BC-221-J i s  mixed with the osci l lator frequency, 
and the beat frequency appears on the scope. The 
osci l lator frequency i s  found by tuning the BC-221-J 
to zero beat. The circuitry of the gauss meter i s  
of conventional design. 

The amplitude of the modulation component of the 
magnetic f ie ld  i s  determined k o m  the voltage 
induced across the terminals of Q probe co i l  o f  
known turns and dimensions. The d-c component 
o f  the magnetic f ie ld i s  varied l inearly by Q motor- 
driven potentiometer. Over the width o f  the narrow 
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resonances thus far studied, the nonlinearity o f  
the magnet i s  negligible,and a linear potentiometer 

crystals on which magnetic-susceptibility measure- 
ments were made21 have been observed, The f i rs t  

i s  adequate. 
Figure 38 shows some of the apparatus used for 

supporting the specimens in the cavity and for 
making observations at I iquid-nitrogen tempera- 
tures. Provision i s  made for orienting the speci- 
mens relat ive to the magnetic field, 

Paramagnetic resonances caused by irradiat ion of 
glass, vitreous si l ica, and quartz have been re- 
ported.' * a 1  Measurements on the magnetic sus- 
cept ib i l i ty  of unirradiated and irradiated piesa 
quartz hove also been These meas- 
urements show that paramagnetic centers are 
induced in the quartz as a result of irradiation. 
The paramagnetic resonances in two irradiated 

~~ 

18J. Cornh isson and J. Uehersfeld, Cornpt. rend 
238, 572-3 (1954). 

19ANL Mo. Prog. Rep. Nov. 1953, ANL-5146, 

'OJ. D. McClelland, E//ect  of Neutron Bornbardrrient 
upon the Magnetic Susceptibility o/ Varzous O X ~ P S ,  
NAA-SR-263 (Nov. 15, 1953). 

21D. K. Stevens. H. C. Schweinler. and M. C. W i t t e l s .  
Solid Stale S e m i a h .  P70g. Rep. Aug. 30, 1954, ORNL: 
1762, p 89. 

derivatives of the resonances of the quartz and 
of diphenyl-picryl-hydrazyl were chart recorded. 
These curves were then integrated with a pla- 
nimeter. Figure 39 i s  a plot of the integrated 
curves vs the band; g factor. The intensity of 
absorption i s  in arbitrary wnits. The hydraryl  
curve w a s  recorded with a modulation amplitude 
of 0.256-rms gauss, while the quartz curves were 
recorded with a modulation amplitude of 0.320-rms 
gauss. In order for the hydrazyl curve to  be 
eqwivalent t o  the quartz curves, i t should be in- 
creased by a factor of 1,25. Curve 1 1 1 '  i s  the 
resul t  o f  th is increase. 

By integrating the curves in Fig. 39, a number 
proportional to the number of paramagnetic elec- 
trons i s  obtained, provided that the fo l lowing 
assumptions are made: - 

1 he s q u a r e  of t h e  d p t e c t o r - c r y s t a l  d i r e c t  current  

(off r e s o n a n c e )  i s  p ropor t iona l  t o  t h e  e n e r g y  t r a n s -  

m i t t e d  b y  t h e  c a v i t y .  The detector-crystal direct 
current, off resonance, i s  set to  the same value 
for each sample. The quartz crystals were rather 

UIICLASSIFIED 
PHOTO 13677 

. - '- 

Fig. 38. Specimen Support for Orienfing Specimens and Chiemtation Apparatus in Dewar Flask for Low- 
Temperature Mea s ureme nt s. 
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Fig. 39. Paramagnetic Resonance i n  Irradiated Piezo Quartz. 

standing-wave ratio of tbe wave -guide componmts 
preceding the cavity. 

The fundamental of the modulation component of 

the rf that results from the paramagnetic resonance 
is proportional to the power absorbed by  the para- 
magnetic electrons. For amplitudes of the mag- 
net ic- f ie ld modulation that are small compared 
with the half-width of the resonance, th is assump- 
t ion i s  reasonable. The hydroryl  half-width in 
these measurements was 1.7 gauss, and the 
amplitude of the magnetic-field modulation com- 
ponent was 0.35 gauss. For the quartz the half- 

irregular in shape and were not of an optimum 
shape for the cavity. Because of their size, 
approximately 0.4-cm cubes, the crystals interacted 
wi th  the r-f electr ic f ie ld in the cavity and caused 
some energy loss. The energy loss was made up 
by an increase in  the detector-crystal d i rect  
current. The paramagnetic electrons in  the dif- 
ferent samples should then experience the same 
r- f  magnetic field. 

T h e  small changes in the klystron frequency, 
required to tune the cavity to resonance /or each 
sample, change by u neglrglble arrzount the voltage 
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widths o f  the resonance were 3.3 and 3.9 gauss, 
and the modulation amplitude was 0.46 gauss. 

The molecular weight of the hydrazyl i s  400, 
and there i s  1 paramagnetic electron per molecule. 
In 250 pg there are 3.76 x 1017 paramagnetic 
electrons. The area under the hydrazyl curve 
gives a number proportional to th is  number of 
electrons. Upon this basis the number of paru- 
magnetic electrons in the two quartz samples can 
be found. The numbers of electrons calculated 
by th is method are shown in Table 8. The densit ies 
o f  the two samples were measured by M. C. Wittels 
and F. A. Sherrill in their study of density changes 
i n  quartz as a function of irradiation.22 For quartz 
w i th  an exposure o f  5 x 1019 fast newtrons/cm2, 
there i s  a 2% decrease in density, and for 3.3 x 
10’’ neutrons/cm2, there i s  a 12.6% decrease, 

The number of paramagnetic electrons measured 
by this method i s  i n  considerable disagreement 
wi th the number determined by the magnetic- 
susceptibi l i ty measurement.21 The greatest d is -  
agreement i s  that the paramagnetic-resonance 
measurement shows an increase in  the number of 
electrons with increasing irradiation, whereas the 
magnetic-suscepti b i l i t y  measuremnt shows a 
decrease. In the quartz specimen exposed to 
5 x 1019 fast neutrons/cm2, the paramagnetic- 
resonance measurement of the concentration of 
magnetic centers is an orderof magnitude less than 
that obtained from susceptibi l i ty measuremenTs, 
whereas the value obtained by resonance measure- 
ments on a specimen exposed to  3.3 x lo2’ neu- 
trons/cm2 i s  less by a factor of only approximately 

a n n  Yrog. R e p .  Aug. 31, 1953, ORNL-1606,p 98-100. 

~. . . . . . . . . .. . . . . . . .. . . .. . . . . . . . .. 

”M. C. W i t t e l s  and F. A. Sherrill, Solzd s ta te  Semz- 

3. There are several possible reasons for this 
disagreement. One i s  that the purity of the hy- 
drazyl i s  not known. The hydrazyl was obtained 
from R. Livingston, and he i s  o f  the opinion that 
i t  i s  reasonable pure. However, i f  a large amount 
of impurity were present, it could account for part 
o f  the difference between the two measurements 
on sample II but would not account for very much 
of the difference on sample I .  In addition, only 
one weighed sample o f  the hydrazyl W Q S  used. 
Two samples of hydrazyl which bracket the number 
of paramagnetic electrons in the quartz would 
furnish much greater assurance as to  the accuracy 
o f  the values found, 

The quartz samples were not of an optimum size 
for the resonant cavity. From the observed sh i f t  
i n  the resonant frequency of the cavity, it i s  
evident that the r-f  electr ic f ie ld interacted with 
the samples. This also indicates that the intensity 
of the r-f magnetic f ie ld was decreasing a t  the 
edge of the samples. Obviously, the paramagnetic 
electrons on two sides of the sample were being 
affected by the r-f  magnetic f ie ld  less than those at  
the center of the specimen. Th is  effect i s  greater 
in sample I, which weighs approximately 1.5 t imes 
as much as sample II and which showed the greater 
disagreement wi th the magnetic-susceptibi l i ty 
measurements. In addition, th is  disctepancy may 
hove been considerably increased by not centering 
the samples in the cavity. The irregular shape of 
the crystals made th is  rather di f f icul t .  Crystals to  

be used in  future measurements w i l l  be of uniform 
shape. 

In addition to the di f f icul t ies of cal ibrat ion and 
sample shape, there i s  a possibi l i ty  that some o f  

TABLE 8. COMPARISON ON PAWAMAGNETIC-ELECTRON CONCENTRATION OBTAINED BY RESONANCE 
METHOD WITH THAT OBTAINED BY THE MAGNETIC-SUSCEPTsBsLITY &ETHOC 

P ararnogneti c- E l  cctron Concentration 

(poramagnetic electrons/cm’) E xp 0 sure 
Somp I e 2 ( fast  neutrondcm ) 

Areo Under Curve 

( p I an i meter un i t s )  
bcight _ _  

Resonance Magnetic Susceptibility* 

Hydranyl 250 /Jg 8 16 3.76 10” 

Quartz (I) 5 1019 0.292 g 1028 4.24 x 10l8 7.6 1019 

Quartz ( 1 1 )  3.3 x 1O2O 0.215 g 2053 1.02 1019 3.3 1019 
_ _  

*D. K. Stevens, H. C. Schweinler, and M. C. W i t t r l s ,  Solzd Sta le  Ternzann. Prog. R e p .  Aug. 30, 1954, ORNL-1762, 
p 89. 
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the paramagnetic centers were thermally or opti-  
ca l l y  bleached. It has been shown that optical 
bleaching of some o f  the optical absorption bands 
in fused s i l i ca  takes place.23 Since i t  appears 
reasonable to assume that the paramagnetic centers 
are those trapped electrons which give r ise to the 
opt ical  absorption bands, bleaching would also 
be expected to reduce paramagnetic absorption. 

Experiments have indicated that there i s  a 
relat ion between F centers and paramagnetic 
centers in ionic crystals.24 The relat ion between 
color centers and paramagnetic centers i n  fused 
and crystal l ine quartz is being investigated. 

There are two other sources for the discrepancy 
between the magnet ic-s uscept i bii I i t y  mea surenient s 
and the resonance measurements. It i s  possible 
that there i s  a very broad resonance present. It i s  
also possible that there are resonances with g 

factors greater than those observed. A preliminary 
search has been made up to a g factor o f  4, but 
nothing was observed. The search w i l l  be re- 
pea te d. 

It i s  evident from curve I in  Fig. 39 that there 
are two peaks with almost the same g value. The 
g value of the composite l ine i s  2.000 f 0.001. 
With increasing bombardinent one of the peaks 
increases more rapidly than the other, as shown by 
curve I t .  The weaker peak in curve I1 produces the 
asymmetry that can be seen on the curve, In some 
preliminary measurements on the ef fect  of crystal 
orientation relat ive to the strong magnetic field, 
the g value of one, or both, of the peaks was 
found to  change with rotat ion of the crystal. 
Since neither crystal has ye t  been oriented with 
respect to  i t s  crystal axes, i t  i s  not yet possibie 
to identi fy the peaks. 

Some preliminary measurements on a quartz 
crystal  that had been exposed to 10’’ fast  neu- 
trons/cm2 have been made. These measurements 
indicate a much greater complexity o f  the reso- 
nances than I S  present in either of the two crystals 
mentioned above. There are apparently several 
l ines whose g values are almost the same. The 
crystal  orientat ion i s  important. Two rneasure- 
ments were made with the crystal  rotated 90 deg 

23G. Mayer and J. Guiron, J .  chim. p b y s .  49, 204- 
212 (1952). 

between each measurement. In one posit ion the 
l ines were spread out over a wider range, and their 
complexity was more readi ly observed. In the 
other posit ion the l ines apparently have almost the 
same g value, and the resonances are apparently 
not so complex. 

In Fig. 39 the hal f -widthsof the composite l ines 
are given for curves I and It as 3.3 and 3.9 gauss, 
respectively. The l ines observed in  the sample 
exposed to  IO’*  neutrons/cm2 were very narrow. 
However, unt i l  the two l ines in curves I and I I  are 
resolved, no adequate comparison of l ine  widths 
in the three samples can be made. 

O P E R A T I O N  O F  THE S H I E L D E D  X - R A Y  
D I F F R A C T O M E T E  R 

G. E. K le in  

The shielded x-ray diffractorneter (Fig. 40) has 
been placed in  regular operation, and routine ex- 
amination i s  being made of irradiated specimens. 

Both sol id and powdered specimens are used, but 
certain modifications i n  mounting techniques must 
necessari ly be observed. Solid samples are 
mounted direct ly i n  k-in.-thick plastic-sheet 
sample holders cut into 2 x 2 in. squares, i n  which 
the plast ic has been removed from the center 
section. Sample holders with circular center 
openings varying from to 1 %  in. are available. 
F l a t  specimens up to  2% x 3 in. can be mounted 
direct ly without the use o f  the sample holder. 

Powdered materials are sprinkled on a single 
layer of Scotch tape and covered with another layer 
of tape to form a sandwich. The Scotch-tape 
sandwich i s  then mounted in the sample holder i n  
an identical manner wi th that used for the so l id  
specimens. 

Samples wi th an intensity up to  11 r/hr at  1 cm, 
o f  which 7 r/hr i s  due to gamma radiation, have 
been examined and dif fract ion patterns obtained 
therefrom. Figure 41 shows the diffractometer 
traces obtained from a pressed Zro, d isk before 
and after irradiation. The irradiated specimen 
measured 10.4 r/hr a t  1 cm. There has &en no 
appreciable increase in pattern background caused 
by radiat ion from the sample i tself .  

24A, lip. Portis. !-’/J>s.  rei^ 91, 1071 (1953). 
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20 (deg) 

Fig. 41, Diffractometer Patterns of Irradiated and Unirradiated ZrO,. 
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