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Correlation between coherent Jahn-Teller distortion and magnetic spin orientation
in La12xSrxMnO3
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The magnetic structure and its correlation with the Jahn-Teller~JT! distortion in lightly doped
La12xSrxMnO3 (0.11<x<0.185) have been studied as a function of temperature from 10–300 K using
neutron powder diffraction. A correlation between the ferromagnetic spin orientation and the coherent JT
distortion was observed, indicating a coupling between the structural and the magnetic properties. The arrange-
ment of the spins varies from ferromagnetic ordered mainly along theb axis (x50.11) to ferromagnetic almost
along thec axis (x50.185) in thePbnmsymmetry.@S0163-1829~99!07237-9#
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INTRODUCTION

Structural effects, such as strong Jahn-Teller~JT! type
electron-phonon coupling, the average ionic radius of
site, and cation disorder effects, have been demonstrate
affect the magnetoresistive properties of the mangan
oxide perovskites R12xMxMnO3 ~R5La, Pr, Nd; M
5Ca, Sr!.1–8 For stoichiometric LaMnO3, the orthorhombic
Pbnmstructure belowT5750 K is characterized by a larg
JT distortion which breaks the degeneracy of the electro
configuration of the Mn31 ions (t2g

3 eg
1). La12xMxMnO3

transforms from an antiferromagnetic insulator to a fer
magnetic metal as Sr or Ca substitution is increased.
ferromagnetic ordering is mediated by a double excha
mechanism.9–11 On substitution of La with Sr or Ca, Mn31

ions change to the Mn41 state withouteg electrons. Theeg

electrons of the Mn31 ions gain kinetic energy to overcom
the loss of the exchange energy of thet2g spins and hop into
the vacanteg state of the Mn41 ions, which eventually re-
sults in metallic ferromagnetism. Subsequent to the pion
ing magnetic structure study by Wollan and Koehler,12 who
described several basic antiferromagnetic, cant
antiferromagnetic, and ferromagnetic structures in
La12xCaxMnO3 system, several neutron diffraction studi
have been performed to investigate the magnetic struc
for the La12xMxMnO3 system.13–16 Stoichiometric LaMnO3
has a commensurate layer-type~A-type! antiferromagnetic
structure with the moments parallel to theb axis and the
antiferromagnetic propagation vector along thec axis in
Pbnm symmetry.12,16 The ferromagnetic component grow
gradually on theA-type antiferromagnetic matrix as the Sr
Ca substitution increases, resulting in a cant
antiferromagnetic phase. The ferromagnetic component
denly dominates over the antiferromagnetic component
x>;0.15 in La12xCaxMnO3,

12 and for x>;0.09 in
La12xSrxMnO3.

16 A recently proposed spiral spi
structure,17 which was thought to be energetically more f
vorable than the canted antiferromagnetic state for low h
PRB 600163-1829/99/60~14!/10186~7!/$15.00
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hoppingx, was not confirmed experimentally because on
the magnetic peaks, at either the antiferromagnetic~AF! po-
sition ~0, p, 0! or the ferromagnetic~F! position ~0, 0, 0!,
were observed.16 The spiral spins should produce a set
magnetic superstructure reflections which vary from AF~0,
p, 0! to F ~0, 0, 0! depending on the period of the magne
super unit cell.

Neutron-diffraction studies on the La12xSrxMnO3 system
have shown that the ferromagnetic ordering strongly s
presses the coherent JT distortion for 0.1<x<0.17.18–20This
indicates a strong coupling among structural distortion, f
romagnetic ordering, and transport properties. A structu
phase transition and associated insulator-metal transition
duced by an external magnetic field was found
La12xSrxMnO3 (x50.17), providing evidence for stron
coupling of the local spin moments and the charge carrier
the crystal lattice.21 In addition, a relationship was estab
lished among the electronic, spin, and local MnO6 distortions
in La12xCaxMnO3 by a recent x-ray-absorption fine-structu
study.22

We report here detailed refinements of the ferromagn
structures for La12xSrxMnO3 (0.11<x<0.185) as a function
of both hole concentration and temperature. We show
the orientation of the ferromagnetic spin moments is cor
lated with the magnitude of the coherent JT distortion. F
the ferromagnetic compositions, the spins are mainly poin
along theb axis when the residual coherent JT distortion
relatively large, and align almost along thec axis as the
coherent JT distortion disappears due to the hole doping

SAMPLE PREPARATION AND CHARACTERIZATIONS

Polycrystalline samples of La12xSrxMnO3 (x
50.10– 0.20) were synthesized using a wet chemis
method.23 Stoichiometric material was obtained by firing
air at;1400 °C for a day, followed by a fast cooling to roo
temperature on a Cu plate. The wet-chemistry method le
to dense samples with homogenous mixing of Sr and La i
on theA site.
10 186 ©1999 The American Physical Society
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FIG. 1. Phase diagram summarizing the ma
netic and structural properties of La12xSrxMnO3

as a function of composition, 0.11<x<0.2, and
temperature, 12<T<350 K. ~From Ref. 23.! The
solid diamond points, from~x50.10, T5150 K!
to ~x50.20, T5310 K!, form the ferromagnetic
ordering transition (Tc) line. The empty triangle
points, from~x50.11,T5310 K! to ~x50.17,T
5100 K!, form the coherent Jahn-Teller disto
tion transition (TJT) line. O* , O8, O8* , and R
stand for the small coherent JT-distorted orth
rhombic (sJT;0.004 Å), large coherent JT
distorted orthorhombic (sJT;0.05 Å), sup-
pressed coherent JT-distorted orthorhombic (sJT

;0.02 Å), and the rhombohedral phases, resp
tively. sJT is the Jahn-Teller distortion paramete
defined in text.
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Magnetic and resistive properties of these samples
small magnetic fields were reported previously and the
sults were combined with the neutron powder-diffractio
data to construct a detailed phase diagram of magnetic
structural properties as shown in Fig. 1~i.e., Fig. 1 of Ref.
23!. Magnetization measurements in applied magnetic fie
were performed using a Quantum Design Physical Proper
Measurement System, Model 6000, equipped with a dc m
netometer. Figure 2 shows magnetization as a function
temperature measured in 1, 3, 5, and 7 T fields for the
La0.815Sr0.185MnO3 sample. With increasing magnetic field
theM (T) curves show typical features of a ferromagnet; i.e
increased transition temperatures and shapes predicted
proximately by the spin-wave theory.24 Similar measure-
ments for most compositions have shown that the tempe
ture dependence of the magnetization below;(1/2)Tc at
high magnetic fields can be very well described by the p
dicted formula:

M ~T!5M ~0!2a~T/Tc!
3/2. ~1!

However, for several samples nearx'0.125, a clear kink
at 125–145 K was visible, indicating a magnetic transitio

FIG. 2. Magnetization as a function of temperature measured
1, 3, 5, and 7 T for the La0.815Sr0.185MnO3 sample. The inset shows
the magnetization as a function of magnetic field at 6 K for the
La0.815Sr0.185MnO3 sample.
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The kinks in high-field magnetization appear near the te
peratures where a decrease-magnetization anomaly was
served at small magnetic fields.23 The persistence of this
anomaly at high fields may indicate that it is related to a s
canting transition.19 Most probably, it is not caused by
charge-density wave25 or by domain structure changes. B
cause of the proximity of the ferromagnetic and structu
transitions at these compositions, this transition is difficult
study and it is still under investigation with ac susceptibilit
magnetostriction, and local probe measurements.

The inset to Fig. 2 shows magnetization as a function
magnetic field at 6 K for the La0.815Sr0.185MnO3 sample. For
this and similar compositions at low temperatures, the m
netization saturates at fields of about 3 T. Slightly larg
fields, up to 5 T, were necessary to achieve a full satura
for smallerx50.10– 0.15. Figure 3 shows the derived ma
netic moment per Mn ion as a function ofx. The measured
magnetic moment decreases with increasing substitution
Sr in agreement with removal of electrons from theeg

1 orbital
that originates from the charge doping. The agreem
among the measured~solid line! and calculated@broken line,
m ~calculated!5(12x)(4mB)1x(3mB)] is very good con-
firming that the spin-orbit coupling is very weak for ferro
magnetic manganites.26

Neutron powder-diffraction patterns were measured

in

FIG. 3. The derived magnetic moment per Mn ion as a funct
of x in La12xSrxMnO3.
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10 188 PRB 60X. XIONG et al.
x50.11, 0.13, 0.165, and 0.185 using the Special Envir
ment Powder Diffractometer at Argonne’s Intense Puls
Neutron Source.27 Data were collected on all detector bank
but only the higher resolution backscattering data (Dd/d
50.035) were analyzed. Diffraction patterns were analy
by the Rietveld method using theGSAS program.28 In these
refinements, data were analyzed over thed-spacing range of
0.4–4 Å. The background was modeled using an eight-t
cosine Fourier series and diffraction peaks were descr
using a two-sided exponential that was convoluted with
Gaussian and a Lorentian to describe the instrumental
sample contribution to the peak profile, respectively. Latt
parameters, atom positions, magnetic moments, and De
Waller factors were refined.

RESULTS AND DISCUSSIONS

La12xSrxMnO3 (0.0<x,0.17) has an orthorhombi
structure with space groupPbnmat room temperature. Th
unit cell is&ap3&ap32ap ~whereaP is the cubic lattice
parameter! of the primitive perovskite cell. This orthorhom
bic Pbnm space group has one apical and two equato
oxygen sites, which define a distortion of the MnO6 octahe-
dra and a distribution of Mn-O bond lengths, i.e., one api
bond (Mn-Oa) and two equatorial bonds~Mn-Oe1 and
Mn-Oe2!. The orthorhombic structure shows a relative
large coherent JT distortion~the O8 phase! or very small
coherent JT distortion~theO* phase! depending on tempera
ture and hole concentration.19,20 It was further determined
that the ferromagnetic ordering suppresses the coheren

FIG. 4. The Jahn-Teller distortion parametersJT ~a! and the
refined spin orientationf ~b! as a function of temperature fo
La0.89Sr0.11MnO3, La0.87Sr0.13MnO3, La0.835Sr0.165MnO3, and
La0.815Sr0.185MnO3.
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distortion.18–20The rhombohedral structure with space gro

R3̄c in its hexagonal description appears forx.0.17 for
La12xSrxMnO3 at room temperature.

In Fig. 1, upon decreasing temperature, the coheren
distortion transition (TJT) precedes the ferromagnetic orde
ing (Tc) for x,0.145, whereasTc precedesTJT for x
.0.145. The two transition lines cross atx;0.145, where
both the coherent JT distortion transition and the ferrom
netic ordering appear at the same temperature. The two t
sition lines separate four different regions where the cohe
and incoherent JT distortions form differently. Forx
,0.145, the JT distortion is incoherent and the MnO6 octa-
hedra are locally or dynamically distorted aboveTJT,29 while
below TJT, the coherent JT distortion is large aboveTc but
much suppressed belowTc . For 0.145,x,0.175, the inco-
herent JT distortion is suppressed atTc , and the coherent JT
distortion transition well belowTc is much weaker than tha
for x,0.145. Therefore for 0.145,x,0.17, on cooling be-
low room temperature, one should observe three distinct
distorted phases, i.e., a paramagneticO* phase with a small
coherent JT distortion and a large incoherent JT distortio
ferromagneticO* phase with a small coherent JT distortio
and a small incoherent JT distortion, and a ferromagn
O8* phase with a suppressed coherent JT distortion.
weak coherent JT distortion transition in the ferromagne
region was not observed forx.0.175 belowTc .

Before discussing the magnetic structure, it is useful
define the coherent JT distortion parametersJT:

FIG. 5. The diffracted intensities above and belowTc for
La0.89Sr0.11MnO3 and La0.835Sr0.165MnO3.
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sJT5A 1
3 (

i
@~Mn2O! i2^Mn2O&] 2, ~2!

where (Mn-O)i stands for the three independent Mn-O bo
lengths. Figure 4~a! shows the temperature dependence
the JT distortion parameters sJT for
La0.89Sr0.11MnO3, La0.87Sr0.13MnO3, La0.835Sr0.165MnO3,
and La0.815Sr0.185MnO3. Upon decreasing temperature, t
coherent JT distortion sets in at;310 K for
La0.89Sr0.11MnO3, and at;280 K for La0.87Sr0.13MnO3. sJT
decreases at the ferromagnetic ordering temperatureTc , 170
K for La0.89Sr0.11MnO3 and 200 K for La0.87Sr0.13MnO3,
which results in a suppressed coherent JT-distorted p
O8* as shown in Fig. 1. Two phases, theO8 and O8*
phases, coexist from 150–120 K in La0.89Sr0.11MnO3 and the
data points within this range are not shown in Fig. 4~a!. sJT
for La0.835Sr0.165MnO3 is, however, much smaller,;0.004 Å
at 285 K, and stays constant atTc5255 K but increases be
low 160 K, indicating a weak coherent JT distortion tran

FIG. 6. Refined intensities and experimental data at 12 K
models with the ferromagnetic spin direction along thea, b, andc
axes, respectively, for La0.89Sr0.11MnO3. Goodness of fit parameter
RWP are shown for each fit.
f

se

-

tion ~from O* to O8* ! in the ferromagnetic region.23

La0.815Sr0.185MnO3 is rhombohedral at room temperatu
with a ferromagnetic ordering temperatureTc5290 K. The
transition temperature from the rhombohedral to orthorho
bic structure is 150 K as determined in Ref. 23. Fro
150–12 K, the orthorhombic structure has a very small
herent JT distortion (sJT50.003 Å), and an additional wea
coherent JT distortion transition in the ferromagnetic reg
is not observed.

The magnetic structure factor can be written as

Fm~q!}(
j

$q̂3^Sj&3q̂% f ~q!eiq–r je2wj , ~3!

whereSj is the spin at sitej. The magnetic form factorf (q)
accounts for the spacial distribution of unpaired electr
spins and leads to a falloff of intensities at largeuqu or low d
spacing. The vector product of the spin directionS and wave
vector q in Eq. ~3! determines the magnetic intensity. F

r FIG. 7. Refined intensities and experimental data at 12 K
models with the ferromagnetic spin direction along thea, b, andc
axes, respectively, for La0.835Sr0.165MnO3. Goodness of fit param-
etersRWP are shown for each fit.
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10 190 PRB 60X. XIONG et al.
example, if the spin is along thec axis, the magnetic inten
sity vanishes at the (00l ) peaks.

As we mentioned earlier, LaMnO3 has anA-type antifer-
romagnetic structure with the propagation vector@001# and
the spin moment along theb axis in thePbnmsymmetry.12,16

The ferromagnetic component~along thec axis! grows on
theA-type antiferromagnetic matrix as the hole concentrat
~x! increases, and the resulting magnetic space grou
Pb8n8m.12,16 The sharp crossover from the cante
antiferromagnetic~CAF! structure to a ferromagnetic~F!
structure was reported to occur atx;0.15 for
La12xCaxMnO3, and atx;0.09 for La12xSrxMnO3,

12,16 re-
spectively. As the hole concentration goes beyond
CAF-F boundary, atx;0.09 for La12xSrxMnO3, the exact
ferromagnetic spin orientation and its relation to the coher
JT distortion were not determined in previous work. We
cus on this issue next.

Figure 5 shows the~020!, ~112!, ~200!, ~002!, and ~110!
reflections above and belowTc for La0.89Sr0.11MnO3 and
La0.835Sr0.165MnO3. It is noted that the measured intensi

FIG. 8. Refined intensities and experimental data at 12 K
models with the ferromagnetic spin direction along thea, b, andc
axes, respectively, for La0.815Sr0.185MnO3. Goodness of fit param
etersRWP are shown for each fit.
n
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below Tc includes both the nuclear and the magnetic inte
sities, while only the nuclear intensities contribute aboveTc .
The magnetic intensities are thus the difference between
total intensities and the nuclear intensities. The magn
peaks~020!, ~112!, and~200! have negligible nuclear struc
ture factors as indicated by the undetectable intensity ab
Tc . The ferromagnetic intensity was, however, observed
be comparable to the nuclear intensity at~002! and ~110!
below Tc . It is necessary to measure magnetic peaks al
all of the ~100!, ~010!, and~001! directions to determine the
ferromagnetic structure according to Eq.~3!.

Figures 6–8 show the refined intensities and associa
RWP’s and experimental data at;12 K for models of the
magnetic structure with the spin direction along thea, b, and
c axes, respectively, for La0.89Sr0.11MnO3 ~Fig. 6!,
La0.835Sr0.165MnO3 ~Fig. 7!, and La0.815Sr0.185MnO3 ~Fig. 8!.
The standard magnetic space groups arePbn8m8, Pb8nm8,
and Pb8n8m for the spins along thea, b, and c axes,
respectively.30 Of these models for the spin orientation, th
best agreement as indicated by the smallestRWP , is for spin
orientation along theb axis for La0.89Sr0.11MnO3, along thec
axis for La0.835Sr0.165MnO3, and along thec axis for
La0.815Sr0.185MnO3. However, the~002! intensity is not mod-
eled well for La0.835Sr0.165MnO3. According to Eq.~3!, only
the a or b component of a spin vector should contribu
intensity to the~002! peak for La0.835Sr0.165MnO3. Indeed, an
improved refinement~shown in Fig. 9! is achieved by tilting
the ferromagnetic moment by an angle off away from thec
axis in thebc plane for La0.835Sr0.165MnO3. The magnetic
unit cell is depicted in the inset of Fig. 9. The magnetic spa
group is constructed by using space groupP1 because all the
basic orthorhombic symmetry elements are violated by
ferromagnetic model with tilted spins. The spin orientati
anglef is defined as the angle between the ferromagn
moment~in thebc plane! and thec axis as shown in the inse
of Fig. 9. The ferromagnetic components along theb axis
and along thec axis are refined to beMb and Mc , respec-
tively. f is then determined by tan(f)5Mb /Mc . These re-
finements suggest that the spin orientation changes with
hole concentration fromx50.11– 0.185 in La12xSrxMnO3 at
12 K.

As we discussed earlier, the increased hole doping le
to a reduction of the coherent JT distortion parametersJT.
One then is led to expect a correlation between the s
orientation and the coherent JT distortion, which is inde
revealed in Fig. 4. Figure 4 shows the refined spin anglef
@Fig. 4~b!# and the calculated coherent JT distortion para
etersJT @Fig. 4~a!# as a function of the temperature and ho
dopingx in La12xSrxMnO3. The refined spin angle and co
herent JT distortion basically remains constant belowTc for
La0.89Sr0.11MnO3, La0.87Sr0.13MnO3, and La0.815Sr0.185MnO3,
except for La0.835Sr0.165MnO3 in which a weak coherent JT
distortion transition occurs at 160 K. We will discus
La0.835Sr0.165MnO3 in detail in the next section. The spin i
aligned almost along theb axis in La0.89Sr0.11MnO3 (f
;77°) with a residual coherent JT distortionsJT50.026 Å
at 20 K. The spin angle decreases to 57° and 40°
La0.87Sr0.13MnO3 and La0.835Sr0.165MnO3 at ;12 K, respec-
tively. The corresponding residualsJT also decreases to
0.024 and 0.012 Å for La0.87Sr0.13MnO3 and
La0.835Sr0.165MnO3 at 12 K, respectively. The spin rotates

r
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FIG. 9. Measured and calculated intensities when the spin anglef was refined to be 40° for La0.835Sr0.165MnO3 at 12 K. The inset shows
the magnetic unit cell constructed with the space groupP1.
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become almost parallel to thec axis as the hole doping i
increased tox50.185 (f;15°) where the coherent JT dis
tortion almost disappears. It is noted that the coherent
distortion is mainly formed in theab plane~i.e., the equato-
rial plane!. The spin orientation along theb axis in
La0.89Sr0.11MnO3 at 12 K thus indicates a competition b
tween the ferromagnetic ordering and the residual cohe
JT distortion. An increased hole concentration leads t
weakened residual coherent JT distortion, and a corresp
ing spin rotation.

Additional evidence of the correlation between the s
orientation and the coherent JT distortion is observed
the temperature dependence ofsJT and f for
La0.835Sr0.165MnO3. Figure 4~a! shows that the
La0.835Sr0.165MnO3 sample has a coherent JT distortion tra
sition at TJT5160 K in the ferromagnetic region (Tc
5255 K). It is noted that the coherent JT distortion is ve
small,sJT50.004 Å, from 255–160 K. One should obser
simultaneous transitions for both the spin orientation and
herent JT distortion if they are correlated with one anoth
Above 160 K where the coherent JT distortion is very sm
the refined spin anglef is ; 18°; thus the spins are almo
parallel to thec axis in agreement with the magnitude of sp
angle for La0.815Sr0.185MnO3 at 12 K as shown in Fig. 4~b!.
Clear discontinuities for bothf and sJT occur at the same
temperatureTJT5160 K. f jumps to 40° at 120 K and re
mains at this value to the lowest temperature, whilesJT
reaches its maximum value at; 120 K and remains constan
to the lowest temperature. Therefore the spin direction
coherent JT distortion are correlated as a function of b
temperature and composition.

We should mention that a very weak antiferromagne
component of;0.2mB /Mn, in addition to the ferromagnetic
component of;3.6mB /Mn, was reported to develop far be
low Tc in a single crystal study for La0.875Sr0.125MnO3.

20 We
did not observe this antiferromagnetic component
La0.89Sr0.11MnO3 or La0.87Sr0.13MnO3 at ;12 K in our pow-
der patterns, probably because it is too small. In addition
polaron ordered structure was observed atx;0.125 for
T

nt
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r.
l,

d
h

c

a

La12xSrxMnO3,
25 indicating a Mn31-Mn41 spin superstruc-

tural configuration. We were also unable to detect any
these superstructure peaks, suggesting that either the
intensities are weak or the Mn31-Mn41 superstructural sys
tem is not completely ordered.

Finally, we studied the magnetic structure
La0.815Sr0.185MnO3 in the rhombohedral phase. The magne
structure in the ferromagnetic ordered rhombohedral phas

FIG. 10. Illustration of the magnetic structure unit cells inPbnm
symmetry as a function of hole concentrationx at 12 K for
La12xSrxMnO3 (0.0<x<0.185): An A-type antiferromagnetic
structure with the spin moment along theb axis and the antiferro-
magnetic coupling along thec axis in thePbnm symmetry forx
50.0 ~a!; a cantedA-type antiferromagtic structure with the ferro
magnetic component along thec axis for 0.0,x,0.09 ~b!; a ferro-
magnetic structure with spin mainly along theb axis (x50.11) ~c!,
and a ferromagnetic structure with spin almost along thec axis (x
50.185) ~d!.
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10 192 PRB 60X. XIONG et al.
LaMnO31d (d50.15) was reported in Ref. 15, and the sp
direction was refined to be in theab plane and alternate
between@0 1 0# and@21 1 0# in successive planes in theR3̄c
hexagonal description~a5&ap , c52)ap , g5120°!.
This spin configuration indicates a canted ferromagn
structure. Our refinements also show that the spin directio
in the ab plane in the rhombohedral structure
La0.815Sr0.185MnO3 ~from 290–150 K!, in agreement with the
previously reported result.15 However, we were unable to
uniquely refine the spin direction in the second plane of
unit cell assuming the spins in the first plane are along
@0 1 0# direction. Therefore whether the ferromagnetic stru
ture is canted or not in the rhombohedral structure canno
determined from this powder-diffraction study.

CONCLUSION

The resulting spin arrangements for La12xSrxMnO3 (0.0
<x<0.185) are illustrated in Fig. 10. In the ferromagne
ordered region (0.09,x<0.185), the spin orientation i
.

,

v.

B

B

.

O

z,

s

ic
is

e
e
-
e

mainly aligned along theb axis in La0.89Sr0.11MnO3 when the
residual coherent JT distortion has a finite value of 0.026
while it is mainly along thec axis in La0.815Sr0.185MnO3

when the coherent JT distortion almost disappears. This
dicates a correlation between the ferromagnetic spin orie
tion and the coherent JT distortion. The correlation was f
ther demonstrated by the simultaneous transitions for b
the spin orientation and the coherent JT distortion upon
creasing temperature in La0.835Sr0.165MnO3. The data confirm
the coupling between the structural and magnetic proper
in La12xSrxMnO3 (0.11<x<0.185).
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