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Field-induced orbital order-disorder transition in an A-type antiferromagnetic manganite:
High-field study of Ndg 455rg 5gVInO 5
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Magnetization and magnetoresistance were measur@etype antiferromagnet NgisSrp 5sMnO; utilizing
pulsed magnetic fields up to 45 T. We have observed a ferromagnetic transition accompanied by a discontinu-
ous decrease of resistivity. The temperature dependence of the resistivity in the ferromagnetic state showed
characteristics of a three-dimensional metal. The observed phenomena are explained in terms of simultaneous
destruction of thedl,2_,2 orbital ordering and thé-type antiferromagnetic spin ordering by magnetic field.
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. INTRODUCTION Ndy 45Stp ssMns is a typical A-type antiferromagnetic me-
tallic manganite whose N temperature is around 220 K
Recent studies for perovskite mangani®s ,A,MnO3 (Ref. 7). Corresponding to the antiferromagnetic transition, a
have revealed the importance of interplay among the spirstructural transition takes place and the two-dimensional
charge, lattice, and orbital degree of freedom. The colossatansport properties are enhanc¢éd@rom such behavior it is
magnetoresistance effect in the vicinity of ferromagneticthought that the antiferromagnetic transition is accompanied
transition of ferromagnetic metallic manganites is generallypy the dy2_y2-type OO, that is ascribed to the orbital
explained by the double-exchange model which has beedisorder-order transition. The appearance ofAkgpe anti-
developed by several researchers since it was first proposégrromagnetism has been predicted by different models tak-
in the 1950's(Refs. 1-3. However, the recent findings of ing account of orbital degeneracy. To clarify the mechanism
various phenomena in the transport, magnetic, and structuraf the A-type AF (antiferromagneticordering, it is important
properties have revealed many more competing effects suab study the effect of external magnetic fields.
as orbital degree of freedom, Coulomb repulsive interaction, In this paper, we report the magnetic and transport prop-
Jahn-Teller effect, or the superexchange interadtibArich  erties of N@ 4551p ssMNnO5 in high magnetic fields. Measure-
variety of magnetic structures have been found in manynents of magnetization and magnetoresistance have been
manganite’ and correspondingly many theoretical modelscarried out over a wide temperature range. We have observed
have been proposed to explain the phase diadrdfAn  a new type of metamagnetic transition that is accompanied
exciting physics is underlying not only in the ground state,by a dimensional transition of the transport properties. The
but also in some of the excited states under different externabserved phenomena indicate that a destruction of the
parameters such as temperature, magnetic field, and pressusenital-ordered phase is caused by external magnetic fields,
One of the most remarkable phenomena under magnetigccompanying a simultaneous diminishing of ag/pe spin
fields is a field-induced metal-insulator transition observed irordering.
slightly doped manganite La,Sr,MnO; (x~1/8) (Refs.
11,12. This transition is ascribed to the orbital antiferromag-
netic ordering transitioh®*? For the ferromagnetic metallic
state in a moderately doped region, neither anisotropic con- Single crystals of Ngl,sSr, ssMnO; were grown by the
ductivity nor anisotropic spin excitation have been observedfloating-zone method, details of which were almost the same
In order to explain these phenomena, a possibility of orbitahs described in Ref. 16. In order to check the quality of the
liquid has been proposédWith increasing doping of diva- grown crystals, Rietveld refinement of powder x-ray-
lent ions, the magnetic structure of the ground state becometiffraction patterns for the pulverized crystal indicated that
an A-type antiferromagnet while the transport properties remno impurity phase was containeg@.he crystallographic axis
main metallic!* It is theoretically predicted that this spin was not specifiedl.Pulsed magnetic fields up to 45 T were
ordering is accompanied by th. ,2-type ferromagnetic generated in a duration time of about 40 ms using a nonde-
orbital ordering(00).81° structive long-pulse magnet energized by a capacitor bank
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8 T monotonically with increasing the field. At the ferromagnetic
I transition,p suddenly drops and becomes nearly field inde-
pendent above the transition field. Figuré)2shows the
temperature dependenceat constant magnetic fields. All
the points shown in this figure were taken from field-

-~ increasing process. The kink on theT curve corresponds to

E Ty for each magnetic field. It is clearly seen tigt gradu-

~. i ally decreases with increasing the fields. At each field, the
=2 temperature dependence beldy is qualitatively the same

= as that of zero field, where two-dimensional transport phe-

nomena have been obser/&dbove Ty, however, the re-
sistivity shows normal metallike temperature dependence. A
striking feature of the transport properties is seen in Hig), 2
where the resistivity is plotted as a function of the square of

0 7 ‘ ‘ ‘ ‘ temperature at each field in the ferromagnetic state. It is seen
0 10 20 30 40 50 that the resistivity in the ferromagnetic state is almost pro-
“oH (T) portional toT? at each field, as in usual three-dimensional

itinerant ferromagnets. Th&* dependence in the ferromag-

FIG. 1. M-H curves of Ng4SrysgMnO; at various tempera- netic phase is in sharp contrast to the peculiar temperature

tures. For each curve the origin is shifted byg /f.u. for clarity. dependence in the AF phase, which is considered to be a
two-dimensional metdf From the observed phenomena, we

with the maximum stored energy of 900 kJ. For magnetizacan deduce that the ferromagnetic transition is accompanied
tion measurements, we applied the induction method using ly the dimensional crossover of the transport properties.
pair of coaxial pickup coils. To obtain magnetization, the From the observed transition points the magnetic phase
voltage induced in the pickup coils was recorded by a 14-bitliagram is determined as shown in Fig. 3. Circles and
transient recorder with a sampling time of s and inte- squares stand for the transition fields in the field-increasing
grated numerically. Transport measurements were carried oahd field-decreasing processes, respectively. Because the
by using the standard four-probe method with a dc current ophase abov&) is paramagnetic at zero field, there should be
about 100uA. the phase boundary between the paramagnetic state and the
ferromagnetic state at high temperatures, although it could
not be identified in the present study. The ferromagnetic tran-
sition field linearly increases with decreasing temperature,

The M-H curves of Ng 4S5, sMnO; measured between and approaches to a constant value in the low-temperature
4.2 K and 250 K are shown in Fig. 1. For each curve in thisregion. This tendency is qualitatively similar to that of the
figure, the origin is shifted by 1ug/f.u. for clarity. At a  transition from the charge- and orbital-ordered phase to the
temperature abovd@y~220 K, the M-H curve shows a ferromagnetic metallic phase observed in many different
paramagnetic behavior with a rapid increasé/ioh the low-  kinds of manganites witx~0.5 (Refs. 17,18 As for the
field region due to the ferromagnetic fluctuation. Bel@y  hysteretic behavior, however, there are considerable differ-
down to the lowest temperature it shows a metamagnetiences from the case of charge-ordered manganites. For the
transition at some critical fields. As thd-H curve after the  transition in N@ 4551, sgMnO3, the hysteretic region is very
metamagnetic transition is very linear between 36-45 T asmall compared with that of the crystalline orbital ferromag-
4.2 K, we can obtain the fictitious spontaneous magnetizaRetic (CO-FM) transition. Moreover, the magnitude of the
tion of the forced ferromagnetic phasé, by linearly ex-  hysteresis loop at the transition in NgSr, sgMn0O; is al-
trapolating to the zero field. It should be noted thgfat 4.2 ~ most temperature independent, in contrast to the latter tran-
K is about 4.2 ug, which is much larger than the saturation Sition.
moment of an average Mn ion moment (3.45). Assum- Ferromagnetic transitions have been observed in many
ing that the spin of Mn ions is fully polarized in the ferro- other manganites witkk~0.5, that are phenomenologically
magnetic state, the moment of a Nd ion at the ground state ignderstood as a result of a competition between the charge
estimated to be 1.%z. We can thus envisage that the para-ordering instability and the double-exchange interaction. For
magnetic behavior at 4.2 K in the low-field region is causedsamples in the present work, however, no charge ordering
by the Nd moment. Except for this paramagnetic behaviorhas been observed. Since the magnetic anisotropy etergy
all M-H curves belowT show ferromagnetic transition and in Ndg 455 59MnO; is very small(less than 0.3 mefcom-
the nearly linear field dependence with an almostpared with the exchangg, ~1.5 meV?? it is unlikely for
temperature-independent susceptibility below the transitiothe system to undergo a metamagnetic transition as in a usual
fields. antiferromagnetic substance. Therefore, the observed meta-

Figure 2a shows the magnetoresistance of magnetic transition suggests that the remaining degree of
Ndp 45515 5sMNO5 taken at various temperatures. Below thefreedom, the orbital must play a critical role.
ferromagnetic transition field, the resistivity decreases Let us focus on the orbital degree of freedom in a Mn ion
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15 process, respectively.
| (®) and explain theoretically the observed metamagnetic transi-
© 0T tion. We consider the following model, where the doubly
° 5T degenerate, orbitals and a localized spin for thg, elec-
2 10T trons are introduced at each Mn site in a simple cubic
) o 15T lattice?
é ° 20T
® 25T r—~ o~ . .
E’ A 30T H= “2’ (t;ﬁy diT'y(rdj'y’rr_’_ H. C')_'JHEi Si . Sti
<« — » 35T {iiyyy'eo
T +Jt<2> Si-Sy+H,. (1)
< o o S o A [m] 1)
| [ ] [ [ ) °© E i . . .
0 4 : A w0 0 ® ? The first term describes the hopping of teg electron be-
0 100 200 300 tween the nearest-neighboritiyN) sites. Hered;,,, is the
T (K) annihilation operator of the, electron at site with spino
and orbitaly, and excludes a doubly occupied state of elec-
tron due to the strong Coulomb interactithThe transfer
S rs— integraltiVjV' is determined by the Slater-Koster formdfa.
« 4'3_ p=p +AT" ] . © The second and third terms describe the Hund couplipg (
& 5L e 0 ] 1 between thee; spin §i (S=1/2) and thet,y spin én (S
»S * . . . =3/2), and the AF interaction)() between the NN, spins,
2 L2 b ¢ i respectively. The last term is derived by the second-order
’g < LTS 30 25 30 35 . * processes of the electron hopping under the strong Coulomb
é u H (T) . . : interactions
N ° e 10T
ii’_ . " 15T —2323 +»§1||
Lt T3 « 20T Hy= - 12 | g SS 7T
. 8 4 25T
R ] v 30T 1
c® Nd Sr MnO ° 35T -23,> (ninj—si-sj —+an+n+7), (2
b© 045 055 3 (i \4 4
0 1 1 1 . .
0 2 , 4 6 8 where T!zcos(erm/S)TiZ—S|r_1(27rm [3)Ti with (me,m,,
T" (10 K) m,)=(1,2,3).1 denotes the direction of the bond connecting

sitei with sitej. Here,ﬂ is the pseudospin operator for the

FIG. 2. (a) Magnetoresistance of NdsSr sdMnO;. (b) Tem- orbital degree of freedom given by _Izi

perature dependence in N@Sr, sgMnO; at various fields. The data

are taken from field-increasing proce#s. Resistivity in the ferro- = %Eyy’a'di-ryaa-yy’diy’(r with the Pauli matricesr, andn; i.S
magnetic state as a function &F. The inset shows field depen- the number operator of the, electron. This term describes
dence of the coefficienh defined agp=p,+AT2. the interactions between NN spins and orbitals and their
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discontinuous jump in the magnetization curve at a critical

16

L4l magnetic fieldB.. As shown in Fig. 4b), this is accompa-

Ll nied with a sudden change of the orbital state; a magnitude
1'0- of thed,2_2-type OO is reduced discontinuouslyg. It is

! shown in Fig. 4a) that B, gradually increases with decreas-
-08 ing T. We suppose that the obtained discontinuous jump in
0.6 the magnetization curve corresponds to the metamagnetic
04" transition observed in NghsSrp 5sMnO; (Fig. 1). A mecha-

02} nism of this transition is the following; as is well known, the
00k A-type AF order and thel,._2-type OO are stabilized co-

0.000 0005 0010 0015 0020 0025 0. operatively. This is because both the two favor the electron
hopping in thex-y plane and prohibit the hopping in the
direction. By applying the magnetic field, a spin canting is
raised. Then, the obstruction of the electron hopping due to
the AF spin alignment is relaxed and tlgz_,>-type OO

1.0

0.8 Frnmzsrgecmenmmemmemeeceecmem oo .

R i SR T e becomes weaker simultaneously. With increasing the mag-

06k // ________ 1 netic field, a transition from the orbital-ordered A-type AF
- T/£,=0.050 /‘{/ phase to the FM phase, where the orbital is weakly ordered

= o04f 005474 rmeeenee . occurs aB. . When the orbital fluctuation discussed above is
oal 8:8;3 /‘.‘/ | taken into account in the calculation, it is expected that the
’ 0.059 —11 OO in the FM phase is inconspicuous and the discontinuous

ool F changes of the magnetic and orbital stateBatbecome
' . . ' : L more remarkable. At low temperatures, since the spin- and
00 02 04 06 08 10 12 14 . !

B/Bc orbital-order parameters are almost saturated, a high mag-

netic field is required to collapse this ordered phase. The

FIG. 4. Theoretical results of the magnetic-field dependence oM-H curve (Fig. 1) suggests that the transition is of first
(a) the ferromagnetic-order parametdr, and (b) the orbital-order ~ order. Although the hysteresis is not reproduced in Fig),4
parameteM, for the uniformd,z_2-type OO stateg and ug in-  the theoretical model predicts the first-order transitibwe
dicate theg factor and the Bohr magneton, respectively. A magni-note that the magnetic-field-dependent OO state is also ob-
tude of the applied magnetic fielglugB/ty=0.01 corresponds to served in La_ ,Sr,MnO; with x~1/8. However, unlike the
about 20 T forty=0.5 eV andg=2. The parameter values are present case, the magnetic field stabilizes the OO phase,
chosen to belJ;/t,=0.25, J,/t,=0.075, J;/t,=0.007, andx  since the OO and FM phases are cooperatively realized in
=0.8. In(a), the vertical scales are shifted by 0.2 for clarity. LaygSrsMn05. 1210

Finally, we discuss the transport properties in the ferro-
magnetic state. As shown in Fig(c, the resistivity p) in
"the ferromagnetic state is almost proportionalTfoat each

magnitudes are denoted By andJ,. The spin- and orbital-
order parameters are calculated by the mean-field appro

mation at finite hole concentratiox) and temperatureT). field, i.e.,p=AT? with A being a constant. Such a tempera-

A detailed der_lvatlon of the Hamiltonian and the formulation ture dependence of the resistivity has been observed in many
is presented in Refs. 5 and 10. It has been shown that thg, o ferromagnetic metallic manganites at zero ffefdl.
model gnd the m_ean—ﬂeld e_lpproxmatlon well describe theI'hese phenomena are usually interpreted as an electron-
ma?r?:“;anect)ir::‘tiaellj‘t?jtgsels dtgr?cg(:tgfaltrgf;rrr:g(r)nuandnséti): electron scattering. However, if the Fermi liquid picture is
FM-order ngirametehr/l andpthe order parameter forgthe uni- applied o the system, the coefficiehts tqq large compareq :

f d i 00 St M ted in Fid. 4. W with the value expected from the coefficient of the specific
orm xe—yztype DL Stalevl, are p[e§en edin 'g_' ) € heaty (Ref. 24. As regards thél? dependence, there has
define Ms=(S;-B)/(|Si||BJ), whereB is a magnetic field peen a considerable controversy. Jaietel. attribute it to

and (---) implies the thermal average, an®=  single magnon scattering due to the thermally destroyed half-
—(Ti,)/|Ti|. The energy parameters are chosen toJpe metallic state?® Zhaoet al. propose a small-polaron metallic
=0.25,J,=0.075, and),=0.007 in units ofty, which is the  conduction mechanisAf. It should be noted that in the ex-
transfer integral between thi,2_,2 orbitals in thez direc-  perimental results observed in this work, the coefficiant
tion and is estimated to be about 0.5 eV. In order to reprohas a negative-field dependence as illustrated in the inset of
duce theA-type AF order aff=0, x is chosen to be 0.8 that Fig. 2c). A similar behavior has been reported by Mandal
is somewhat larger than that in the actual compounds. Thist al?” This negative-field dependence Afimplies that the
point may be improved by taking into account the orbitaldominant carrier scattering mechanism in the ferromagnetic
fluctuation'® which shifts the phase boundary between thestate is electron-magnon scattering caused by thermally ex-
FM andA-type AF phases to the lowearregion?! However,  cited minority-spin states. It should be emphasized that the
the qualitative behavior for the calculated results is robustferromagnetic phase is considered as an orbital liquid state.
Above the Nel temperature Ty=0.08,), Ms monotoni- The detailed temperature and field dependence of the resis-
cally increases with increasirg. Below Ty, there exists a tivity will be discussed elsewhere.
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