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Interrelation between orbital polarization and magnetic structure in bilayer manganites
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A-site substitution effects on the magnetic and lattice structure have been investigated for bilayer mangan-
ites, (La _,Nd,); ASn_,C3)1gMn,0;, without changing theg-electron concentratiorx(0.4). The ferro-
magnetic metalli¢FM) phase of the parent LaSr; gMn,O; (Tc=120 K) is suppressed by Nd doping)( and
a paramagnetic insulatin@l) state appears abowe-0.3. The FM phase is suppressed also by Ca dopihg (
but a layered-type antiferromagnetis-AF) structure appears aboye-0.3. We have investigated the stability
of the dy2_y2 (or d3,2_,2) orbital by Madelung potential calculation based on the structural data, and have
found thatorbital polarizationgoverns the magnetic structure in bilayer manganites.
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Doped manganites with bilayer structdre, is negative.”~® Such a magnetic structure is interpreted in
La,_5,Sr 4 ,xMNn,0;, have recently attracted considerableterms of thed,2_,2 orbital polarization which causes the
interest due to their “colossal” magnetoresistance observedM double-exchange interactibhwithin the MnO, sheet
around the insulator-to-metal transition temperaturexat and antiferromagnetic superexchange coupling between the
=0.4. In this layered manganite, the MpGheets are iso- adjacent sheetsvithin the bilayej. A similar A-AF structure
lated by two L&SnO planes, keeping the two-dimensional has been observed even in the cubic mangafites,
networks of the Mn@ octahedra. Kimuraet al? have re- R;_,Sr,MnO; (R=La;_,Nd,), suggesting that the basic
ported tunneling-type magnetoresistancexat0.3, which  physics is similar between the bilayer and cubic manganites.
further attracts current interest of material scientists. On thén addition, the aforementioned crossover behavior from FM
other hand, Moritomoet al® have systematically investi- to A-AF states is qualitatively explained by mean-field cal-
gated the magnetotransport properties as well as the magulation of the double-exchange model with explicitly taking
netic structure of the Nd-doped (LaNd,),Sr; MNn,0;,  account of the degeneracy of tieg orbital and the anisot-
and have found the spin-valve magnetoresistance accompespy of the transfer integrdf The Sr-doping procedure,
nied by antiferromagnetic-to-ferromagnetic transition. Thushowever, has two effects, that i§) hole-doping and(ii)
the bilayer manganite shows a variety of magnetotranspodeformation of the Mn@ octahedra, which could not be dis-
properties as well as the magnetic structliegd is a prom-  tinguished experimentally.
ising material for a magnetoresistive device. In this paper, we have investigatédsite substitution ef-

The lattice and magnetic structure for fects on the magnetic and lattice structure for bilayer man-
La,_5,Sh + 2Mn,0; have been intensively investiga®®.  ganites, (La_,Nd,), ASr,_yCa), gMn,0;, without chang-

In this system, the Sr-doping procedure not oiily de- ing the eg-electron concentrationx&0.4). In this system,
creases the nominal concentration of é3eelectrons, butii)  we can studypurely lattice effect, excluding the hole-doping
significantly releases the static distortion of the MnO effect. We have derived a magnetic phase diagram against
octahedra: averaged distortion A  defined by Nd and Ca doping: a paramagnetic insulatiij) state ap-
(dmn-o(outy/dmn-o(iny decreases fromd=1.03 atx=0.3 to  pears above=0.3 (Nd doping, while a layered antiferro-
1.00x=0.5. Such a variation of the static distortion should magnetic stat€A-AF) appears abovg=0.3 (Ca doping.
affect the orbital character of theg electrons, and hence the We further have determined the atomic positions from the
magnetic structure. Moritonicet al. have systematically in- neutron powder patterns and investigated the orbital states by
vestigated the ground-state properties forcalculating the Madelung potentials for the twg orbitals.
(La;—,Nd,)5_5Sr 4+ 2,Mn,0; (x=0.4-0.5), and have We have found a close interrelation between the magnetic
found that the ferromagnetic metall{EM) ground state is  structure and the difference of the Madelung potentials be-
replaced by a layered-type antiferromagndg#cAF) state  tween the two orbitals. This clearly indicates that orbital po-
beyondx~0.45. In this magnetic structure, ferromagneticlarization governs the magnetic structure in bilayer mangan-
MnO, sheet alternates along thexis (intrabilayer coupling ites.
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TABLE I. Lattice constants and atomic postions at 300 K for (LNd,); ASr,_,C3)1gMn,0; determined from neutron powder

profiles.

y z a(h) c (A A2(2) 02(2) 03(2) Mn(z) Rup
0.0 0.0 3.86800) 20.10526) 0.31732) 0.19712) 0.095%1) 0.09644) 8.57
0.2 0.0 3.864@) 20.0861) 0.31743) 0.20024) 0.09613) 0.09577) 12.53
0.3 0.0 3.862®) 20.0121) 0.317%3) 0.20045) 0.09824) 0.092@9) 13.04
0.4 0.0 3.860) 19.9412) 0.31775) 0.20076) 0.10214) 0.0851) 14.23
0.0 0.0 3.8680®) 20.10526) 0.31732) 0.19712) 0.095%1) 0.09644) 8.57
0.0 0.2 3.8632%) 20.117Q7) 0.31762) 0.198@2) 0.096Q1) 0.09714) 8.52
0.0 0.4 3.855@1) 20.11219) 0.31672) 0.19843) 0.09572) 0.0985%5) 11.43

Single crystals of (La ,Nd,);ASn ,Ca),dMN,0;  examples for Lay St Ca )1 gMN,0;; open and closed
were grown by the floating-zone method at a feeding speeeircles are at 300 K and at 12 K, respectively. Several mag-
of 10-20 mm/h. Stoichiometric mixture of commercial netic reflections appear at 12(Klosed circles These reflec-
La,03, Nd,O5, SrCQ;, CaCQ, and MO, powder was tions can all be indexed by either ferromagnéiiziexed by
ground and calcined twice at 1250350 °C for 24 h. The FM) or layered-type antiferromagnetiindexed by A-AB
resulting powder was pressed into a rod with a size oktructures with spin moment along the in-plane direcfidn.

5 mm¢Xx60 mm and sintered at 1350 °C for 48 h. The in- The magnetic moments are estimated to berDdug and
gredient could be melted congruently in a flow of air. Single1.6+0.1ug for the FM and A-AF components, respectively,
crystals, typically 4 mm in diameter and 10 mm in length, by Rietveld refinemen(thin curve. The magnetization curve
were obtained with two well-defined facets, which corre-[Fig. 2(b)] at 5 K shows a ferromagnetic behavior with satu-
spond to the crystallographiab plane. However, largg-  rated momenM, of ~1.4ug, which is consistent with the
crystals fy=0.35 and 0.4Dare difficult to grow and we ob- Rietveld refinement. Coexistence of the FM and A-AF com-
tained only polycrystalline samples. Rietveld analysis ofponents can be ascribed to the spin canting or the electronic
neutron powder patterfisindicate that the investigated com- phase separatiohl. Some microscopic measurements, how-
pounds were nearly single phase. Neutron-diffraction meaever, are necessary to distinguish the two effects. In Table Il
surements were performed with the Kinken powder diffrac-are listed estimated magnetic moments for the A-AF
tometer for high efficiency and high-resolution and FM components of Lag(Sr Ca 0, gMn,0, and
measurementHERMES installed at the JRR-3M reactor at (La, Nd, 4); ;S gMn,O5. In the Ca-doped compound, the
the Japan Atomic Energy Research Institute, Tokai, Jaban. A-AF component appears at 100 K, and then the FM com-
Neutrons with wavelength 1.819 A were obtained by theponent grows below-50 K, suggesting a two-step magnetic
(331 reflection of Ge monochromater, and’i2-Sample-  transition. Consistently, we have observed a two-step transi-
18’ collimation. Melt-grown crystal ingots were crushed into tion in theM-T curve measured under a field @fH=0.1 T

fine powder and were sealed in a vanadium capsule with
helium gas, and mounted at the cold head of the closed-cycle , 4
He-gas refrigerator. The crystal symmetry is tetragonal | (a) (La..Nd,)1 »Sr1 sMny05 L (b) Lay »(Sr1,Cay); sMn0;
(I14/mmm Z=2) over the whole concentration range. The HoH=0.5T (ZFC) 1oH=0.5T (ZFC)
obtained lattice parameters are listed in Table I, together 7=0.0

with the atomic positions. Looking at Table I, one may no- ®
tice that theA-site substitution effects are different between
Nd doping(z) and Ca dopingy); lattice constana shortens

with increasingz, while ¢ shortens with increasing

First, let us show temperature dependence of the@ 2'_
in-plane componentM,, of the magnetization for
(La;—,Nd,); ASr_,Ca ), gMNn,0;. The M, was measured
under a field ofugH=0.5 T after cooling downa 5 K in
zero field(ZFC), using a superconducting quantum interfer-
ence devicgSQUID) magnetometer. Th# ,,-T curve for
La; ,Sr gMNn,O; (z=0.0) steeply rises below 120 K, and
reaches near the ideal value-8.6ug). The Curie tempera-
ture T was determined from the inflection point of tNe-T
curve, and indicated by closed circles in Fig. 1. The magni- 0 100 200 300 0 100 200 300
tudes ofM,, at z=0.2 andy=0.2 approach the ideal value Temperature(K) Temperature(K)

at low temperature, even thoughc shifts to the low- FIG. 1. In-plane component,;,) of magnetization curves for
temperature sideTc~80 K). M, is suppressed with further () (La, ,Nd,); ;S gMn,O, (cited from Ref. 16 and (b)
increasingz (or y), though theM-T curve is reminiscent of Lay S -yCa)1gMn,0;. My, was measured under a field of
ferromagnetism. uoH=0.5 T after cooling downd 5 K in zero field (ZFC). The

To investigate the magnetic structure, we have measureglosed circle represents the Curie temperaflige Note that an
neutron powder patterns. In Fig(a? are shown prototypical out-of-plane component is mixed in tlye=0.4 data.
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g 2 i ~ s 12K . -
a = pu 2001~ 4 F PI
.- [ 7
2 [ & P
zi1l < - | ]
5 ") E
g1 E
I g
PR B | g 100
0 20 30 S
2 0 (degree)
L5k (b)
o—i—a
! CooH=0.1 T (ZFC) 04
\Zcf- ’E. 1H ’ w T z Y
X s s f i FIG. 3. Magnetic phase diagram  for (a)
L . 1 = (Lag-,Nd,) 1,50 gMn,0O; and (b) La, Sr_,Ca); gMn,0;. The
0 100 200 300 open circle, closed triangle, and closed circle stand for the Curie
1 1 L T® temperaturd ., Neel temperaturdy, and critical temperaturgy
0 1 2 3 4 5 for the mixed phase, respectively. FM and A-AF stand for ferro-
Magnetic Field (T) magnetic metallic and layered-type antiferromagnetic states, respec-
FIG. 2. (@ Neutron powder profiles for tively. The closed square means that no magnetic order is observed

La; Sl Ca 4)1dMn,0; at 300 K (open circles and at 12 K down to the lowest temperature.

(closed circles The curve represents the results of the Rietveld

fitting. (b) Magnetization curve for Lg Sty ¢Cay4)1gMN,0; at 5 mainly elongatestn_o(l), and hence stabilizes thoy,2_,2

K. The inset shows the temperature variation of magnetizalon orbital. Then, the reduced transfer integral between the

measured under a field gfoH=0.1 T. Ty and Ty stand for the  neighboring Mn sites within the MnOsheet suppresses the

Neel and critical temperatures for the mixed phase, respectively. g\ phase, as observéﬁlBy contrast, complicated behaviors
are observed in the case of Ca doplfdg. 4(b)]; with in-

[inset of Flg Zb)] We have defined the Corresponding criti- Creasingy, dMn—O(l) becomes shorter, blﬂtl\/ln—O(Z) |onger_ In

cal temperatures, i.€Ty and Ty, as the maximum position other words, the Mn atom in the MpOoctahedra moves

and the inflection point of thé1-T curve, respectively. By toward the Q1) site. This is perhaps due to preference of the

contrast, the Nd doped compound shows a negligible A-AFoccupancy of smaller G4 ions in the rocksalt layefwithin

moment (0.5ug) at 15 K, perhaps due to some extrinsic the bilayej, which would deform the Mn@ octahedrort’

origin. Such an effect is considered to be unimportant in the Nd-

The critical temperatureBc, Ty, andTy, as determined doped compound.

by the aforementioned techniques, are plotted in Fig. 3. The Now, we calculate the Madelung potential for thgor-

FM ground state is suppressed with increasimigee Fig. bitals and investigate the stability of them in more detail. The

3(a)], and eventually the phase disappears. The Ca doping

[Fig. 3(b)], however, transforms the FM ground state into the 220/ (2) (Lay Nd)y 251, sMnyO; o |B) Lay o(Sty,Ca); MO ‘
A-AF + FM mixed state. In Fig. 4 are plotted three kinds of : . 1t s
the Mn-O bondlengths, i.e., out-of-planedyf, o1y and r 0, 1L /' ]
dun-o(z) and in-plane @yn.o3) bondlengths, determined - \ 1t A
from neutron powder pattern at 300 K. The data point at  >!°F 1r Mn'of,r. ]
(y,2)=(0.0, 0.0 is from Ref. 8. Nd doping[Fig. 4a)] : 1t _’,"
= I e ______ 8-

TABLE Il. Antiferromagnetic (wag) and ferromagnetic £g) g 200 -
components for (La ,Nd,); Sr_,Ca),gMn,0; determined E __________ Mn-O,
from neutron powder profiles. Spin directions are within the MnO R N 8___:‘_:—_ .‘.‘-""'“@-"‘B“El
sheet for both the components. R =~

1.90 M0, O

y z TemperaturgK) Har (ms) e (us) \‘ ;
0.4 0.0 300 — — ép
0.4 0.0 100 0.50.1 — 1.80 R — TR E—
0.4 0.0 50 2.60.1 1.6-0.1 0.4 0.2 00 0.2 04
0.4 0.0 12 2601 1.6£0.1 z ¥
0.0 0.4 300 — — FIG. 4. Mn-O bondlengths fai@) (La,_,Nd,), ,Sr gMn,O, and
0.0 0.4 15 0.50.1 — (b) La; o(Sr;—yCa)); gMNn,0;. The inset shows two Mngoctahe-

dron along thec direction.
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Madelung potential acting on a hole in thi,2_,2 and 300
d,2_,2 orbitals are given by - (Lai N, o(Sr,Cay) M0
V(dy2-y2) =V(ro+rgX), (1) i ]
and L - 3
) ) ) ) o 200 Ca0)
V(dsz2_r2) =[V(rotrgz) +V(ro—rgz)li2 , (2 g | 0.2 |
- g L 1
respectively. Here, indicates the position of the Mn ion and § | (0.2)=(0,0) ]
rq(=0.42 A) is the radius where the radial charge density of & 100k .
the Mn 3 orbital becomes maximunx andz are the unit L A-AF (20
vector along the in-plane and interplane Mn-O bonds, re-
spectively. Valences of the charge/tB, and oxygen sites
are assumed to be 2.4, +3.4, and— 2, respectively, and
the conventional Ewald method is used. Based on the struc- LW _0'_2 o
tural data obtained by the neutron-diffraction experiment, we AV (V)
calculate the difference of the Madelung potential between
two ey orbitals: AV=V(dz,2_2) —V(dy2_y2). FIG. 5. Magnetic trar_lsition temperatures against the difference
Finally, we plotted the critical temperatures, i®g, Ty,  ©f the Madelung energieAV[=V(dzz_(2) —V(dy2_y2) ], Where

and T}, againstAV (see Fig. 5. Critical temperatures from V(dsz2—r2) [V(dx2_y2)] is the Madelung energy for thes,z_

both the Nd-doped and Ca-doped compounds can be plottéaxzﬂ’z) hole. Theds,2_,2 orbital polarization increases asV in-

on the same phase diagram, as a function of the stability OT:eases. The open circle, closed triangle, and closed circle stand for
' e Curie temperatur., Neel temperaturdy, and critical tem-

the orbital. If one sees the phase diagram from right to IefperatureT,g for the mixed phase, respectively. FM and A-AF stand

(the dyo_,2 orbital polarization increasgsthe magnetic for ferromagnetic metallic and layered-type antiferromagnetic
structure changes from Pl to FM, and finally the A-AF statestates, respectively.

appears. The A-AF magnetic structure originates from the
increasedd,2_,2 orbital polarization which causes the FM M. Kubota, K. Hirota, and H. Yoshizawa for informing us of
double-exchange interaction within the MpGheet and an- unpublished structural data for Lg5r gMn,0;. S.O. and
tiferromagnetic superexchange coupling between the adjaF.A. acknowledge the financial support of JSPS. This work
cent sheets. Thus, we have confirmed without ambiguity thatvas supported by a Grant-In-Aid for Scientific Research
the orbital polarization governs the magnetic structures irfrom the Ministry of Education, Science, Sports and Culture,
bilayer manganites. from Precursory Research for Embryonic Science and Tech-
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