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The magnetic structure and its correlation with the Jahn-Te(lr) distortion in lightly doped
La; ,SrMnO; (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 thés (x=0.11) to ferromagnetic almost
along thec axis (x=0.185) in thePbnmsymmetry.[S0163-182@09)07237-9

INTRODUCTION hoppingx, was not confirmed experimentally because only
the magnetic peaks, at either the antiferromagnéti€) po-
Structural effects, such as strong Jahn-Te(l#F) type  sition (0, m, 0) or the ferromagneti¢F) position (0, 0, 0,
electron-phonon coupling, the average ionic radius of Lavere observed® The spiral spins should produce a set of
site, and cation disorder effects, have been demonstrated fagnetic superstructure reflections which vary from @F
affect the magnetoresistive properties of the manganes@ 0) to F (0, 0, 0 depending on the period of the magnetic
oxide perovskites R;_,M,MnO; (R=La,Pr,Nd; M  superunitcel. _
=Ca, S).1"8 For stoichiometric LaMn@ the orthorhombic Neutron-diffraction studies on th_e L_aXSrX_MnOS system
Pbnmstructure belowl' =750K is characterized by a large have shown that the ferromagnetic ordering fst[%]g'Y sup-
JT distortion which breaks the degeneracy of the electroni®€SS€s the coherent JT_dlstortlon for@xlio.l?.. 'I_'h|s
configuration of the MA" ions (tggeé). La, M MnO, indicates a strong coupling among structural distortion, fer-

¢ ¢ ¢ tif e insulator 1 ¢ romagnetic ordering, and transport properties. A structural
ransforms irom an antiférromagnetic insulator 10 a 1ermo-,,aqq transition and associated insulator-metal transition in-
magnetic metal as Sr or Ca substitution is increased. Th

; N : uced by an external magnetic field was found in
ferromagnetltl:lordenng is med|ated by a double eXCha”gEal,XerMnos (x=0.17), providing evidence for strong
_mechanlsr‘r?. On substitution of La with Sr or Ca, M coupling of the local spin moments and the charge carriers to
ions change to the Mi state withouteg electrons. Thesy  the crystal latticé In addition, a relationship was estab-
electrons of the M#" ions gain kinetic energy to overcome Jished among the electronic, spin, and local MriBstortions

the loss of the exchange energy of thg spins and hop into  in La, _,CaMnO; by a recent x-ray-absorption fine-structure
the vacantey state of the MA" ions, which eventually re- study??

sults in metallic ferromagnetism. Subsequent to the pioneer- We report here detailed refinements of the ferromagnetic
ing magnetic structure study by Wollan and Koelfewho  structures for La_,Sr,MnO, (0.11<x<0.185) as a function
described several basic antiferromagnetic, cantedof both hole concentration and temperature. We show that
antiferromagnetic, and ferromagnetic structures in thehe orientation of the ferromagnetic spin moments is corre-
La; xCaMnO; system, several neutron diffraction studies|ated with the magnitude of the coherent JT distortion. For
have been performed to investigate the magnetic structurge ferromagnetic compositions, the spins are mainly pointed
for the La _,M,MnO; system'3~*° Stoichiometric LaMn@  along theb axis when the residual coherent JT distortion is
has a commensurate layer-typa-type) antiferromagnetic relatively large, and align almost along tleeaxis as the
structure with the moments parallel to theaxis and the coherent JT distortion disappears due to the hole doping.
antiferromagnetic propagation vector along tbeaxis in

Pbnm symmetry.*™ The ferromagnetic component grows  gavip| £ PREPARATION AND CHARACTERIZATIONS
gradually on theA-type antiferromagnetic matrix as the Sr or

Ca substitution increases, resulting in a canted- Polycrystaline samples of La,SrMnO; (X
antiferromagnetic phase. The ferromagnetic component sud=0.10-0.20) were synthesized using a wet chemistry
denly dominates over the antiferromagnetic component fomethod?® Stoichiometric material was obtained by firing in
x=~0.15 in La_,CaMnO;* and for x=~0.09 in  air at~1400 °C for a day, followed by a fast cooling to room
La; ,SrMnO,;.*® A recently proposed spiral spin temperature on a Cu plate. The wet-chemistry method leads
structure!’ which was thought to be energetically more fa- to dense samples with homogenous mixing of Sr and La ions
vorable than the canted antiferromagnetic state for low hol®n theA site.
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g 150f 2 § ] } } 1 E 3 tion transition ;) line. O*, O, O'*, andR
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E SPIN-CANTED  FERROMAGNETIC § FERFOMAGNETIC | 3 rhombic (o;;~0.004A), large coherent JT-
50 E Coherent-Suppressed ~ Coherent-Small . distorted orthorhombic ;~0.05A), sup-
. Jncoherent-Large  Incoherent-Small : pressed coherent JT-distorted orthorhomhigr(
0L e NP N PN R - ~0.02 A), and the rhombohedral phases, respec-
0.10 0.12 0.14 0.16 0.18 0.20 tively. o7 is the Jahn-Teller distortion parameter
X in La1_xerMnO3 defined in text.

Magnetic and resistive properties of these samples atfhe kinks in high-field magnetization appear near the tem-
small magnetic fields were reported previously and the reperatures where a decrease-magnetization anomaly was ob-
sults were combined with the neutron powder-diffractionserved at small magnetic field®.The persistence of this
data to construct a detailed phase diagram of magnetic armhomaly at high fields may indicate that it is related to a spin
structural properties as shown in Fig(ile., Fig. 1 of Ref. canting transitiort® Most probably, it is not caused by a
23). Magnetization measurements in applied magnetic fieldsharge-density wave or by domain structure changes. Be-
were performed using a Quantum Design Physical Propertiesause of the proximity of the ferromagnetic and structural
Measurement System, Model 6000, equipped with a dc magransitions at these compositions, this transition is difficult to
netometer. Figure 2 shows magnetization as a function oftudy and it is still under investigation with ac susceptibility,
temperature measured in 1, 3, 5,dad T fields for the magnetostriction, and local probe measurements.

Lag 15515 189MNO; sample. With increasing magnetic field,  The inset to Fig. 2 shows magnetization as a function of
the M (T) curves show typical features of a ferromagnet; i.e. magnetic field at 6 K for the Lgy;55r 1gMNO5; sample. For
increased transition temperatures and shapes predicted apis and similar compositions at low temperatures, the mag-
proximately by the spin-wave theof§.Similar measure- netization saturates at fields of about 3 T. Slightly larger
ments for most compositions have shown that the temperdields, up to 5 T, were necessary to achieve a full saturation
ture dependence of the magnetization belewl/2)T, at  for smallerx=0.10-0.15. Figure 3 shows the derived mag-
high magnetic fields can be very well described by the prenetic moment per Mn ion as a function xf The measured
dicted formula: magnetic moment decreases with increasing substitution by
Sr in agreement with removal of electrons from dée)rbital
M(T)=M(0)—-a(T/T,)%2 (1) that originates from the charge doping. The agreement
) among the measurddolid line) and calculatedbroken line,

However, for severgl samplgs r!eaﬁo.125, a plear k||j|_< w (calculated= (1—x)(4ug) +x(3ug)] is very good con-
at 125-145 K was visible, indicating a magnetic transition.fiyming that the spin-orbit coupling is very weak for ferro-

magnetic manganitée$.
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FIG. 2. Magnetization as a function of temperature measured in xinla Sr MnO,
1, 3,5, and 7 T for the L5515 1sdMNO3 sample. The inset shows
the magnetization as a function of magnetic fietd6ak for the FIG. 3. The derived magnetic moment per Mn ion as a function

Lag g155lp.16gMIN0O5 sample. of xin La; _,Sr,MnOs.
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refined spin orientationp (b) as a function of temperature for d-S :
- Spacing (A
LaggsS0.1iMNO;5,  Lag gSlp1MN0O3,  Lag g3s510.16dMINO;,  and (A)
Lag g15570.188VINO3. FIG. 5. The diffracted intensities above and beldy for

) ) - LaggeSro.1:MNnO;z and Lg gasSh.16dMINO3.
x=0.11, 0.13, 0.165, and 0.185 using the Special Environ-

ment Powder Diffractometer at Argonne’s Intense Pulsed,. . 18-20 .
Neutron Sourcé’ Data were collected on all detector banks, dgnor_ho_n. The rhombohedral structure with space group
but only the higher resolution backscattering dated{d  R3c in its hexagonal description appears for-0.17 for
=0.035) were analyzed. Diffraction patterns were analyzed-a1-xSxMnO;z at room temperature.

by the Rietveld method using thesas program?® In these In Fig. 1, upon decreasing temperature, the coherent JT
refinements, data were analyzed over drgpacing range of distortion transition T,7) precedes the ferromagnetic order-
0.4—4 A. The background was modeled using an eight-ternng (T.) for x<0.145, whereasT. precedesT,; for x
cosine Fourier series and diffraction peaks were describetr0.145. The two transition lines cross »at-0.145, where
using a two-sided exponential that was convoluted with &oth the coherent JT distortion transition and the ferromag-
Gaussian and a Lorentian to describe the instrumental angetic ordering appear at the same temperature. The two tran-
sample contribution to the peak profile, respectively. Latticesition lines separate four different regions where the coherent
parameters, atom positions, magnetic moments, and Debyand incoherent JT distortions form differently. For

1

Waller factors were refined. <0.145, the JT distortion is incoherent and the NMragta-
hedra are locally or dynamically distorted abdvg,2° while
RESULTS AND DISCUSSIONS below T;r, the coherent JT distortion is large abdvgbut

much suppressed beloW. . For 0.145<x<0.175, the inco-

La; _,SrMnO; (0.0sx<0.17) has an orthorhombic herent JT distortion is suppressedrat and the coherent JT
structure with space groupbnmat room temperature. The distortion transition well below ; is much weaker than that
unit cell isv2a,xv2a,X 2a, (whereap is the cubic lattice for x<0.145. Therefore for 0.145x<0.17, on cooling be-
parameter of the primitive perovskite cell. This orthorhom- low room temperature, one should observe three distinct JT-
bic Pbnm space group has one apical and two equatoriatlistorted phases, i.e., a paramagnéltic phase with a small
oxygen sites, which define a distortion of the Mp@rtahe- coherent JT distortion and a large incoherent JT distortion, a
dra and a distribution of Mn-O bond lengths, i.e., one apicaferromagneticO* phase with a small coherent JT distortion
bond (Mn-Q) and two equatorial bond¢Mn-O,; and and a small incoherent JT distortion, and a ferromagnetic
Mn-O,,). The orthorhombic structure shows a relatively O'* phase with a suppressed coherent JT distortion. The
large coherent JT distortiofthe O’ phase or very small weak coherent JT distortion transition in the ferromagnetic
coherent JT distortiofthe O* phase depending on tempera- region was not observed for>0.175 belowT, .
ture and hole concentratidt?® It was further determined Before discussing the magnetic structure, it is useful to
that the ferromagnetic ordering suppresses the coherent IEefine the coherent JT distortion parametgf:
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FIG. 6. Refined intensities and experimental data at 12 K for FIG. 7. Refined intensities and experimental data at 12 K for
models with the ferromagnetic spin direction along &, andc models with the ferromagnetic spin direction along ¢, andc
axes, respectively, for lggoSry 1/MNO;. Goodness of fit parameters axes, respectively, for lggssSry 16gMNO;. Goodness of fit param-
Rwp are shown for each fit. etersRyp are shown for each fit.

. tion (from O* to O'*) in the ferromagnetic regiof?.
o=/ 3> [(Mn—0);—(Mn—0)]?, (2)  Lagg;Sl 189MN0O, is rhombohedral at room temperature
' with a ferromagnetic ordering temperatufg=290K. The

, transition temperature from the rhombohedral to orthorhom-
where (Mn-O) stands for the three independent Mn-O bondy; sirycture is 150 K as determined in Ref. 23. From

lengths. Figure @) shows the temperature dependence ofj50_15 k| the orthorhombic structure has a very small co-

the  JT distortion parameters  oyr  fOr  perent JT distortiond ;;=0.003 A), and an additional weak
Lag goSr0.1MNOs, L3y g7S101MNO3, LA gasS0160MNOs,  coherent JT distortion transition in the ferromagnetic region
and L& g155lp.189MN0O5. Upon decreasing temperature, the s not observed.

coherent JT distortion sets in at~310 K for The magnetic structure factor can be written as

Lag goS1h.11MNn0O3, and at~280 K for La, g:SIy 1gMNO;. o371

decreases at the ferromagnetic ordering temperdiurd 70

K for Laolggsro:lanO:g and 200 K for L@87Sro_,13l\/ln03, Fm(Q)“E {qX<Sj>Xq}f(q)eiq~rje—wj’ 3)
which results in a suppressed coherent JT-distorted phase j

O’* as shown in Fig. 1. Two phases, ti@ and O'*

phases, coexist from 150-120 K ind#@Sr, 1;MnO; and the  whereS; is the spin at sit¢. The magnetic form factof(q)
data points within this range are not shown in Fige4o;;  accounts for the spacial distribution of unpaired electron
for Lag g3 16MMn0O5 is, however, much smaller;0.004 A spins and leads to a falloff of intensities at laftgé or low d

at 285 K, and stays constant Bt=255K but increases be- spacing. The vector product of the spin direct®and wave
low 160 K, indicating a weak coherent JT distortion transi-vector g in Eq. (3) determines the magnetic intensity. For
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below T, includes both the nuclear and the magnetic inten-

sities, while only the nuclear intensities contribute abdye

The magnetic intensities are thus the difference between the
total intensities and the nuclear intensities. The magnetic
peaks(020), (112, and(200) have negligible nuclear struc-

ture factors as indicated by the undetectable intensity above
T.. The ferromagnetic intensity was, however, observed to
be comparable to the nuclear intensity (802 and (110
below T, . It is necessary to measure magnetic peaks along
all of the (100), (010, and(001) directions to determine the
ferromagnetic structure according to E§).

Figures 6—8 show the refined intensities and associated
Rwp's and experimental data at12 K for models of the
magnetic structure with the spin direction along &é, and
e ] c axes, respectively, for lgggSrMnO; (Fig. 6),

Lag g35500.16MINO;3 (Fig. 7), and La g1551.16MNO;3 (Fig. 8.
The standard magnetic space groupsRbe'm’, Pb’'nm’,
and Pb’'n’m for the spins along thea, b, and ¢ axes,
respectively’® Of these models for the spin orientation, the
&, ] best agreement as indicated by the smalggh, is for spin
orientation along thé axis for La, o515 14MNO;3, along thec
axis for L@ g3Slh16aMINO3, and along thec axis for
Lag 81550 189VINO3. However, thg002) intensity is not mod-
eled well for Lg g355r 16dMINO3. According to Eq.(3), only
the a or b component of a spin vector should contribute
intensity to thg(002) peak for Lg g3s515 16aMN0O3. Indeed, an
improved refinementshown in Fig. 9 is achieved by tilting
the ferromagnetic moment by an anglegaway from thec
axis in thebc plane for Lg g3s5rh.16dMINO3. The magnetic
unit cell is depicted in the inset of Fig. 9. The magnetic space
group is constructed by using space gr&fpbecause all the
q basic orthorhombic symmetry elements are violated by our
L Bl [ "' . ferromagnetic model with tilted spins. The spin orientation
276 388 3.00 angle ¢ is defined as the angle between the ferromagnetic
_ : moment(in the bc plang and thec axis as shown in the inset
d-Spacing (A) of Fig. 9. The ferromagnetic components along thexis

FIG. 8. Refined intensities and experimental data at 12 K for2nd along thec axis are refined to b&l, andM., respec-
models with the ferromagnetic spin direction along thé, andc  tively. ¢ is then determined by ta#{=M,/M.. These re-
axes, respectively, for lga;:Sr 1dMNO,. Goodness of fit param- finements suggest that the spin orientation changes with the
etersRy,p are shown for each fit. hole concentration from=0.11-0.185 in La_,Sr,MnO; at
12 K.

As we discussed earlier, the increased hole doping leads
to a reduction of the coherent JT distortion parametgr.

One then is led to expect a correlation between the spin
orientation and the coherent JT distortion, which is indeed
the spin moment along tHeaxis in thePbnmsymmetry*>1®  revealed in Fig. 4. Figure 4 shows the refined spin arfgle
The ferromagnetic componefdlong thec axis) grows on  [Fig. 4b)] and the calculated coherent JT distortion param-
the A-type antiferromagnetic matrix as the hole concentratioreter o ;7 [Fig. 4@)] as a function of the temperature and hole
(x) increases, and the resulting magnetic space group dopingx in La; ,Sr,MnOs;. The refined spin angle and co-
Pb'n’m.'?1® The sharp crossover from the canted-herent JT distortion basically remains constant belowor
antiferromagnetic(CAF) structure to a ferromagnetitF) Lag goS1h.11MNO;, Lag §:515.1MNO3, and Lg g1551 1g9VIN0O;,
structure was reported to occur ax~0.15 for except for LagzsSlh16dMNO3 in which a weak coherent JT
La; ,CaMnOs, and atx~0.09 for La_,SrMnO;,*?re-  distortion transition occurs at 160 K. We will discuss
spectively. As the hole concentration goes beyond thé.aggssSKy 169VINO5 in detail in the next section. The spin is
CAF-F boundary, ak~0.09 for Lga _,SrMnO3, the exact aligned almost along thd axis in LageSly1{MNO; (¢
ferromagnetic spin orientation and its relation to the coherent-77°) with a residual coherent JT distortian;=0.026 A

JT distortion were not determined in previous work. We fo-at 20 K. The spin angle decreases to 57° and 40° for
cus on this issue next. Lag g:S1h.1MNO; and Lg g3556h.16gMN0O3 at ~12 K, respec-

Figure 5 shows th¢€020), (112), (200), (002, and(110  tively. The corresponding residuat;; also decreases to
reflections above and beloW, for LaggsSrh:;MnO; and  0.024 and 0.012 A for LgSrp,MnO; and
Lag g3:51h.169MINO5. It is noted that the measured intensity Lag g3551 169MN0O5 at 12 K, respectively. The spin rotates to

Intensity (arb. units)

2 Ryp = 6.09% ]
[ M/ c

2.73

example, if the spin is along theaxis, the magnetic inten-
sity vanishes at the (0P peaks.

As we mentioned earlier, LaMnhas anA-type antifer-
romagnetic structure with the propagation vedt@d1] and
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FIG. 9. Measured and calculated intensities when the spin ahglas refined to be 40° for laasSt 16dMN0O; at 12 K. The inset shows
the magnetic unit cell constructed with the space grBadp

become almost parallel to theaxis as the hole doping is La, ,Sr,Mn0,;2 indicating a Mi3*-Mn** spin superstruc-
increased tox=0.185 (¢~ 15°) where the coherent JT dis- tural configuration. We were also unable to detect any of
tortion almost disappears. It is noted that the coherent Jthese superstructure peaks, suggesting that either the peak
distortion is mainly formed in thab plane(i.e., the equato- intensities are weak or the Mi-Mn** superstructural sys-

rial plang. The spin orientation along thé axis in  tem is not completely ordered.

Lag goSlh1iMNO; at 12 K thus indicates a competition be-  Finally, we studied the magnetic structure of
tween the ferromagnetic ordering and the residual cohererita, 5,51, 15MNO3 in the rhombohedral phase. The magnetic
JT distortion. An increased hole concentration leads to &tructure in the ferromagnetic ordered rhombohedral phase in
weakened residual coherent JT distortion, and a correspond-
ing spin rotation.

Additional evidence of the correlation between the spin e 4
orientation and the coherent JT distortion is observed for
the temperature dependence ofr;; and ¢ for /‘/ « e -1
LaggzsSlh16MNOz.  Figure 4a) shows that the 1 1 b e
Lag gasShy 16dMNO; sample has a coherent JT distortion tran- o P
sition at T;7=160K in the ferromagnetic region T{ 4
=255K). It is noted that the coherent JT distortion is very c
small, o57=0.004 A, from 255-160 K. One should observe (@)x=00 14. {0) 0.0 <x<0.09
simultaneous transitions for both the spin orientation and co- a
herent JT distortion if they are correlated with one another.

Above 160 K where the coherent JT distortion is very small, % " {
the refined spin angleé is ~ 18°; thus the spins are almost
parallel to thec axis in agreement with the magnitude of spin 7 o f r P
angle for Lg g155lh.18gMNO5 at 12 K as shown in Fig. 4). e 7 i

Clear discontinuities for botl$ and o ;7 occur at the same
temperaturel ;7= 160 K. ¢ jumps to 40° at 120 K and re- b I
mains at this value to the lowest temperature, whig
reaches its maximum value at 120 K and remains constant
to the lowest temperature. Therefore the spin direction and ©x=0.11 (d)x=0.185
coherent JT distortion are correlated as a function of both

temperature and composition.

FIG. 10. lllustration of the magnetic structure unit celld¥ibnm

. . . symmetry as a function of hole concentratisnat 12 K for
We should mention that a very weak antlferromagnet|cLa17XerMn03 (0.0=x=<0.185): An Adype antiferromagnetic

component of~0.2ug/Mn, in addition to the ferromagnetic structure with the spin moment along theaxis and the antiferro-
component of-3.6ug/Mn, was reported to developz)ofar be- magnetic coupling along the axis in the Pbnm symmetry forx
low T in a single crystal study for Leg7551,129INO5. " We =0 (a); a cantedA-type antiferromagtic structure with the ferro-
did not observe this antiferromagnetic component iNmagnetic component along tieeaxis for 0.6<x<0.09 (b); a ferro-
Lag ggSMh.11MNO5 Or Lay gSr 1MNO5 at ~12 K in our pow-  magnetic structure with spin mainly along thexis (x=0.11) (c),
der patterns, probably because it is too small. In addition, @and a ferromagnetic structure with spin almost alongafais (x
polaron ordered structure was observedxat0.125 for  =0.185)(d).
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LaMnO,. 5 (6=0.15) was reported in Ref. 15, and the spinmainly aligned along thb axis in Lg goSlp 1;MNO3 when the
direction was refined to be in thab plane and alternate residual coherent JT distortion has a finite value of 0.026 A,

betweer({0 1 0] and[—1 1 0] in successive planes in tiRgc ~ While it is mainly along thec axis in L& gs50.1eMNO;
hexagonal descriptiona=v2a,, c=2v3a,, y=120. when the coherent JT distortion almost disappears. This in-
This spin configuration indicates a canted ferromagnetiglicates a correlation between the ferromagnetic spin orienta-
structure. Our refinements also show that the spin direction ion and the coherent JT distortion. The correlation was fur-
in the ab plane in the rhombohedral structure of ther demonstrated by the simultaneous transitions for both
Lag g151p.189MNO;5 (from 290—150 K, in agreement with the the spin orientation and the coherent JT distortion upon de-
previously reported resutf. However, we were unable to creasing temperature in gsSf 16MnO;. The data confirm
uniquely refine the spin direction in the second plane of thehe coupling between the structural and magnetic properties
unit cell assuming the spins in the first plane are along thén La; _,Sr,MnO; (0.11=x=<0.185).

[010] direction. Therefore whether the ferromagnetic struc-

ture is canted or not in the rhombohedral structure cannot be

determined from this powder-diffraction study. ACKNOWLEDGMENTS
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