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Monoclinic structure of La;_,Sr,Mn,O5; (x=0.212,z=0.958
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Single-crystal x-ray diffraction is used to show that the crystal structure @fgkdrg 21 Mng 95403 IS mono-
clinic at room temperature. The Curie temperature of this sample is 324 K. The space group is determined as
I2/c with lattice parametera=5.4863(3) A, b=5.5361(3) A, c=7.7941(4) A, and 8=90.74(2)°. The
crystals are found to be multiply twinned with nonequal volume fractions of the twin domains. A structure
refinement against the diffraction data of a twinned crystal convergdd=e2.040. The structure model
involves the same pattern of tiltings of the MgOctahedra as was found in the rhombohedral structure. The
principal distortions of the monoclinic structure as compared to the rhombohedral structure are deviations of
the O-Mn-O bond angles within the Mpctahedra from 90°. It is argued that the small size of the mono-
clinic splitting and the very weak additional reflections might not have been visible in neutron diffraction. Our
finding of monoclinic symmetry for this compound calls for a revision of the phase diagram of$aMnO;
compounds (8x<1).
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I. INTRODUCTION 0.1=x=<0.16 the phas®©* is stable, which has the same
orthorhombic symmetry a®’, but with a much smaller JT
The compounds La ,Sr,MnO; have been studied exten- distortion. Forx>0.16 the rhombohedral phaseis stable

sively as one of the classes of compounds in which the coyith space groufR3c and without JT distortions. Again de-

lossal magnetoresistand€MR) effect has been f_ounjdz-_ pending onx several phase transitions have been found as a

Depending onx, they have various properties, including ¢,nction of temperaturd Structurally, they have been char-

CMR, a metal-insulator tranS|t|on,.d|fferent magnetically or- acterized as transitions between the phadés O, and

de[ﬁ? st?tets, an% cr]argela'n(_j orbg%”g?der. the doubl R.1213 However, monoclinic and even triclinic phases have
€ first _model expiaining was the double- o en reported tot:~17 A structure with space group2;/c

exchangdDE) mechanisnf.However, more recent work has , . o
shown that CMR as well as the other properties cannot b@nd lattice constantg2a,x y2a,x 2a., with 5~90.1° (a,

explained by the DE mechanism alone, and other interad2€ing the lattice constant for'the ideal, cubic peroy$khas
tions, like superexchange, are important $0bThe charge been reported for samples with Sr concentrations in t_he range
and spin degrees of freedom interact with both static anét=0.11-0.125. The same samples are orthorhorRitiam
dynamic structural distortiorfswhich need to be taken into at high temperatures and they become triclinic at low
account for an explanation of the physical properties of thestemperatures? A similar monoclinic structure was observed
compounds. With the regular perovskite structure as referfor a sample LggCa gMnO; at room temperaturjer’. A
ence, the modes of distortions involve a Jahn-Tél@) dis-  monoclinic structure with the same space gr&y /c but
tortion of the MnQ octahedra and different patterns of tilt- with different lattice constants &x2a.X2a, with g
ing of these octahedra. Both distortions are correlated with=91° has been observed for samples with Sr concentrations
the valence state of the Mn atoms. Because the principad<0.1 that were synthesized at low partial oxygen pressures
effect of the substitution of trivalent La by divalent Sr is to [P(O,)<3x 10 2 atm].!® The third monoclinic structure
oxidize a fractionx of the M®* towards M, the distor- has been reported to have lattice constagifa.X \2a,
tions will depend orx. Alternatively, the distortions deter- x 2a, and 8~90.7° (no space group is gived’ It differs
mine the size of the cavity in which the LaSr, atoms are from the monoclinic structure reported by Cetal* by the
located, and the distortions thus depend on the average sirelatively large deviation of the monoclinic angle from 90°.
of La; _,Sr,. Again this average size is determined by the In addition to the structures listed above, Jirak and
value ofx. Furthermore, the magnitudes of the magnetic in-co-workerd® reported a tetragonal structure for
teractions depend on the mode of distortion. Lay Sy sMnO5. Furthermore, superstructures have been re-
Structure refinements based on x-ray and neutron diffracported that would correspond to the formation of charge-
tion data have been used extensively to characterize therdered state¥
phases and phase transitions of CMR compodnfiszor In the present contribution we report a structural analysis
La; —,Sr,MnO; at room temperature three phases have beeof Lay 75651, 21MnNg 95805 by single-crystal x-ray diffraction.
established:™ For very smalix the structure has orthorhom- We find that the true symmetry of this compound at room
bic symmetryPbnm with a large JT distortion. This phase temperature is monoclinic, space grou@/c, with lattice
has been denoted &' in the literature. For approximately constants close to those reported by Mokarl.!” and we
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report its crystal structure. A detailed comparison is made

between this new structure model and tR8c structure, (Rqé s _/
which was previously reported for similar compositions. The I 14 1
new possibilities for the structural rearrangements at the / / I
phase transitions and their implications for the understanding / | /
of the magnetic and electronic properties are discussed. o{_ - _o ;
1] o-- — — A
Il. EXPERIMENT I 7 ! /‘
' l /7 l /
A cylindrical rod of single-crystalline LgsSr, ,MnO; was

grown by the floating zone technique with radiation
heating®®?! Feed rods were prepared from My, SrCQ;,
and LaO; powders, which were mixed in accordance with FG. 1 The lati (L ith th
the desired metal composition g5, ,Mn, o. The mixture - 1. The lattice of Lg7aeSlo21MNooss With the

. i : : o F-centered (thin lineg, I-centered (thick lineg, and primitive-
was milled and subsequently calcinated at 1100°C. Th . . -

. L . . .. Thombohedraldashed linesunit cells indicated.

product was milled again, isostatically pressed into cylindri-

cal rods of 6 mm in diameter and 80 mm in length, and then o
sintered at 1400 °C for 24 h to produce the feed rod. symmetry operator of the structure may become a twinning

The magnetization of the single crystal was measured pd2perator. Taking into account the lattice symmetry this al-
tween T=4.2 K and T=400 K in magnetic fields ranging lows us to compute the expected splittings of the reflections
from 0.05 to 55 kOe. The Curie temperature was determineéP! €ach possible space group of the low-symmetry phase

from the temperature dependence of the magnetization 44@P!€ ). The comparison with the observed splittings shows
T.=324 K 22 that the true lattice symmetry of the investigated crystal is
. .

The metals composition was determined by electron miC-centered monoclinic. An equivalent description is obtained

croprobe experiments, using a Cameca instrument. Mixe¥ith the I-centeredy2a.x \2a,x 2a. unit cell that we will
oxides of the metallic elements were used as standards. TIglopt here.

ratio La : Sr : Mn= 0.788(2) : 0.212(1) : 0.963 1) was _Assuming the monoclinic symmetry to be a subgroup of
determined by averaging the results of independent measur®3c leads to the space grou@/c. This space group was
ments at nine different points of the sample. confirmed by the structure refinements. Further evidence for

For the x-ray diffraction experiments several samples othe monoclinic symmetry was obtained from the complete
sizes of approximately 0.2 mm were cut off the rod. Diffrac- data collectiongsee below.
tion experiments were carried out on a Nonius MACH3 four-  Previously, the space grouR3c was proposed as the
circle diffractometer with rotating anode generator, graphitesymmetry for this phase. We have observed 34 weak reflec-
monochromatofMo K« radiation, and single-point detec- tions violating the extinction conditions implied by the glide
tor. All samples showed multiply splitted Bragg reflections in yjanes inR3c. These intensities remained when the x-ray
the x-ray diffraction. One sample with the shape of an almosjiffraction was measured with a reduced voltage of the x-ray
hexagonal prism was selected for more extensive diffractiofpe. This showed that these reflections were not due to dif-
experiments. _ _ fraction of \/2 radiation, contrary to intensities observed at

In first approximation all Bragg reflections could be in- positions violating theF centering, which disappeared on
dexed on anF-centered A.x2a.x2a. supercell of the reqycing the voltage. Another origin for these weak reflec-
primitive cubic lattice of the perovskite-type structure. Alter- g might be multiple scattering. Therefoie scans(scat-
native settings for this lattice include a primitive rhombohe-iq aq intensity as a function of the azimuthal arfle were
dral unit cell witha, = \2a, anda,~60°, and ari-centered made for several of these reflections. Figur@) learly
”Mn't cellfmthBlattlce pfelxra{peter@acx \/E?Cﬁzac l(.,'[:'.g' di). inShows that the "(11)R reflection, violating the extinction

any otthe sragg reieciions appearea to be Spii, Incicatin ules of R3c, is present for all values o¥, and that this

that the true lattice symmetry is lower than rhombohedra floction | d itin| ind@h bscrinR
and that the crystal is twinned. In order to characterize thé® ection is not due to multiple scattering. € subscrip
twinning the diffracted intensities of a few selected reflec-Indlcates the indexing with respect to the primitive rhombo-

tions were measured in dependence on the crystal orientatidifdra! lattice; see Fig. lFigure 3b) shows the dependence
(w and y angles and on the diffraction angle @. Figure on ¥ of the intensity of the reflection (1), which is an
2(a) gives the intensity of th€110), reflection as a function allowed reflection in space grouR3c. The observed varia-

of w and # [the indices fkl). refer to the primitive cubic tions of intensities witil" are almost equal for both reflec-
cell]. It is clearly seen that there are four maxima occurringtions. This strongly suggests that variations in absorption are
at different scattering angles and different orientations of theesponsible for the variations in the intensities with Thus
crystal. Multiple maximd&splitted reflectionshave also been we have observed 34 reflections that violate the extinction

observed for th¢100). and (111} reflections(Fig. 2. conditions of the space grouR3c. They can all be ex-
Any symmetry operator of the cubic point grooj8m of  plained by one of the orientations of a monoclinic structure
the perovskite structure type that does not correspond to &ith space group?2/c.
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FIG. 2. Reflection profiles as a function of half of the scattering ang)eand of the crystal orientations(). (8) w-6 section of the
(110), reflection,(b) projection ontod of the scattered intensity around tfe10), reflection,(c) around(100),, and(d) around(111),.

Integrated intensities were measured for all Bragg reflecdata reduction with usual corrections was made using the
tions in a half sphere with sifj/A<1.0. A large detector computer programHELENA, > and the absorption correction
window was selected, in order to measure the sum of intentu=23.79 mm ) was made with aid of the computer pro-
sities of the components of each split Bragg reflection. ThegramHABITUS.?* A total of 2047 reflections were measured,

TABLE I. Splitting of Bragg reflections in 2 (the scattering angléor the (100),, (110),, and (111}
reflections. The expected numbers of split components are given for various symmetries of the low-symmetry

phases.
Point group Lattice type Number of twin domains Number of differetvalues
(100), (110), (111),
1 P 24 3 6 4
2/m P 12 3 4 2
2/m C 12 2 4 3
mmm P 6 3 3 1
mmm C 6 2 3 2
4/mmm P 3 2 2 1
3m R 4 1 2 2
Present experiment on }.ageSty 21 MnNg 95603 2 4 3
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TABLE Il. Experimental data. Standard deviations are given in
4004 () AT parentheses.
360 1 TemperaturgK) 300
S
B 3004 a (A) 5.4863(3)
2 b (A) 5.5361(3)
|_||_J 250 c(A) 7.7941(4)
< 200- B (deg) 90.74(2)
V (A3 236.7
150 w Space group 12/c
Pcalc. (g/cn‘?) 6.496
100 Number of measured reflections 2047
50 0 50 100 150 200 250 300 350 400 Number of ob§ewed reflgctlons 1320
Number of unique reflections 1249
v )
Refinement
45000 _ Number of parameters 32
wooo] ® e x (110 R 0.040
/ /’ - wR 0.048
35000 1 4 #\ Twin volume fraction 1 0.595
E 30000 / ./’ * Twin volume fraction 2 0.0687)
2 ff \ Twin volume fraction 3 0.0397)
Lll_J 250001/ g * . Twin volume fraction 4 0.1771)
> Jad d Twin volume fraction 5 0.1214)
20000 . / 4
- 1 . F Occupation Mn-site %) 0.958(8)
15000 | \,\ / Occupation La-sitey() 0.998(7)
10000 | v Composition L@.788510.21MNg 95403
-0 0 50 100 150 200 250 300 350 400 fact that the measured intensities are the sum of intensities
b4 from different twin domains, thus averaging out the effect of
- _ ] the lower point symmetry. Nevertheless, our observation of
FIG. 3. Intensities of(a) the (111)g reflection and(b) the

scattered intensities at points forbidden by tR&c space
group and our observation of split Bragg reflections defi-
nitely showed that the true symmetry of our sample was
monoclinic. All structure refinements were performed with
JANA20002°

of which there were 1320 observed reflections with Refinements of a structure model with monoclinic sym-
=30 (l). Because different volume fractions were found for metry | 2/c were performed starting from the rhombohedral
the 12 possible twin domains, the diffraction symmetry wasstructure. The measured integrated intensities of the Bragg
only 1.25 This symmetry was used for averaging the reflec-reflections were considered to be sum of intensities of Bragg
tion intensities, resulting in 1249 unique observed reflectiongeflections of the various twin domains. The refinement con-
that were used in the refinements. The interRalfactor,  verged to a fit withR=0.040. It was found that only 5 out of
describing the disagreement of measured intensities fdhe 12 possible twin domains did have significant volume
symmetry-equivalent reflections, wdg =0.049. Alterna- fractl_ons. ) _

tively, averaging the reflections inng leads to 266 unique 't IS known that the oxygen content might deviate from

observed reflections witlR, =0.088. The crystallographic the nominal composition and that it depends on the precise
data are summarized in Table II circumstances of the crystal growth. Usually up to a few

percent of excess of oxygen is found, and the chemical com-
position can be represented by LaSr,MnOs, s with §
<1.1® Structurally, the excess of oxygen is accommodated
by fully occupied oxygen sites and vacancies on the La and
Mn sublattice$”?® Then, the composition can be described
as (La_«Sr)yMn,0;3. Because intensities of Bragg reflec-

(1TO)R reflection as a function of the crystal orientatiob @ngle.
Note that the (11)R reflection violates the extinction rules of the
space groum3c while the (1I))R is allowed withinR3c.

IIl. STRUCTURE REFINEMENTS

The diffraction data can be reasonably well fitted with a
structure model ilR3c symmetry. The refinement converged
at R=0.059 for the data averaged in symmetry, and it  tjons in x-ray diffraction are only sensitive to the total num-
converged aR=0.025 for the data averaged im3symme-  ber of electrons on each site, the parametemnd y are
try. The apparently good fit can be explained by the fact thatorrelated and they cannot be varied simultaneously. There-

the monoclinic structure can be described as a relativelyore, we fixed the value ok=0.212 towards the value ob-
small distortion from the rhombohedral structure and by theained from the microprobe experiment. Structure refine-
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TABLE IIl. Atomic coordinates(relative to the cell axgsand
equivalent isotropic temperature parametérs, (A?) obtained
from the final refinement.

Atom X y z Uqq

Mn 0 0 0 0.00392)
La/Sr 1 0.0003(1) z 0.0071(1)
o1 1 0.550(1) 3 0.012(1)
02 0.2249(7)  0.2759(8) 0.52535)  0.011(1)

ments were performed including the variation of the site
occupanciey andz. The result shows that the La site is fully
occupied and that the Mn site contains vacan€ieble II).
The composition as obtained from the refinement is in good

agreement with the values determined by the microprobe ex- o o ° (%) °
periment. The structure parameters corresponding to the best
fit are summarized in Tables Il and lII. FIG. 4. Projection of the monoclinic structure of

Lag 78651 21MnNg 95403 along(001) [corresponds to (0§)) . Large

circles represent Mn, small circles represent O, and medium-sized
IV. DISCUSSION . : ’ .
circles represent La/Sr. Mn-O bonds are shown as sticks.

The crystal structures of (La,Sr),Mn,O; manganites

can be described as distorted perovsiiBO; type struc-  with much smaller values in the directions of the Mn-O
tures (A=La; _,SK,). The A cations occupy cavities of the ponds than perpendicular to thefig. 5). This suggests the
three-dimensional3D) network of vertex sharing BQocta-  apsence of large incoherent JT distortions as Wehe near
hedra. The size of the cavity in the undistorted perovskitgypsence of JT distortions can be explained by the high frac-
structure depends on the B-O bond length. Tilting of the;BO tjon of Mn** ions that exist due to vacancies on the Mn site.

A-type cation. Itis well known thaA-type cations of various  py gp MnO; t003°

sizes are _a_ccommodated in the structure by different magni- "previous investigations on compounds with similar com-
tudes of tilting of the Mn@ octahedra. Different patterns of hositions have found them to be in the ferromagnetic state at
tilting correspond to different superstructures of the cubicoom temperature. For these compounds rhombohedral sym-
perovskite structure typ®, including theR3c and Pbnm metry was reported with only small incoherent JT
structures as have been reported fof L&r,Mn0;.2® For  distortions® Presently, we find similar properties for
the monoclinic structure presented here we find that the patay 75856 21MNg 95405, albeit with a different symmetry of
tern of tilting is similar to that of the rhombohedral structure the structure. Apart from an, at most, very small coherent JT
reported previouslyFig. 4). It is described by a rotation of distortion, the monoclinic structure is distinguished from the
the MnQ; octahedral groups approximately about théd 1], rhombohedral structure by further distortions of the MnO
direction over 17°.

A second type qf distortion that_ has been observed in rare 1ag| E |v. Interatomic distanceéA) and bond angleédegrees
earth manganites is the JT distortion of the Mmiatahedral ¢, the final structure model. The number of equivalent bonds of
groups. It stabilizes the Mi oxidation state, and it is €x- aach type is given in square brackets.
pected to be zero for M. Structurally, the JT distortion is

characterized by two long and four short Mn-O bohtn Atoms Value
pure LaMnQ all Mn atoms are in MA" state. In
(Lay —xSK),Mn,0; compounds both replacement of*’aby Mn - O1[2] 1.9681(8)
Srt? (x) and cation site vacanciey @ndz) create MA™ on Mn - 02[2] 1.966(3)
Mn sites. In this way each of the parametgyy, andz will Mn - 02[2] 1.972(4)
influence the crystal structure, including the Mn-O bond Mn-0O1 - Mn 163.8(3)
lengths, JT distortions, and tilting schemes of the M®- Mn - O2 - Mn 163.6(2)
tahedral groups. La/Sr - 01[2] 2.7569(5)
For the rhombohedral structures the coherent JT distortion La/Sr - O1 2.49055)
is zero as determined by symmetry. The monoclinéc La/Sr - O1 3.0475)
symmetry allows a JT distortion, but we find that all Mn-O  La/Sr - 02[2] 2.488(3)
bonds have approximately equal lengtfable V). This re- La/Sr - 02[2] 2.760(3)
sult establishes that there is at most a very small coherent JT La/Sr - 02[2] 2.756(3)
distortion in La 7585l 21MnNg 5403 at room temperature. La/Sr - 02[2] 3.049(3)

The temperature factors of the oxygen atoms are anisotropie
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responds to an essentially different pattern of tiltings than the
rhombohedral structur®. The phase transition that occurs
below room temperature has been described previously as a

transition fromR3c towards Pbnm symmetry. If true, it

would correspond to a sudden rearrangement of the pattern
of tiltings of the MnQ; octahedra. Thé2/c monoclinic sym-

metry provides for an alternative interpretation of the phase
transitions as continuous structural transitions. A possible
high-temperature transition would be between phases with
rhombohedral and monoclinic symmetries, respectively. Be-

causel 2/c is a subgroup oR3c, this can be a continuous
transition. The low-temperature transition would be between
phases with symmetrid®/c andPbnm respectively. There
is no subgroup-supergroup relation, but the pattern of tilts
can be changed continuously going from one symmetry to
the other. An intermediate monoclinic structure was also ob-
served between the rhombohedral and tetragonal phases of
Pbzr _,Ti,0;.%
FIG. 5. Perspective view of the monoclinic crystal structure of |t might be the case that the symmetry of
Lao.788570.21MNo.05¢03. Thermal ellipsoids are drawn for all atoms. (La,; _,Sr,),Mn,O3 will depend not only on the dopinghe
parameterx) but also on the oxygen content or on the va-
octahedral groups. This is exemplified by deviations of thecancies at the cation sitéhe parametergandz). However,
O-Mn-O bond angles from 90°, with values between 88.97%he | 2/c monoclinic symmetry has not been reported before
and 88.83° in the2/c structure.(The three O-Mn-O angles for any composition of théLa,Sp manganites. We consider
of 180° retain this value exactly because of the symmeltry. it unlikely that compositions similar to the composition of
is likely that these small distortions do influence the state othe present single crystal would not have been studied be-
the manganese ions and thus indirectly influence the magore. On the other hand, the relatively small sizes of the
netic coupling in the structure. splittings of the Bragg reflections might have been easily
We have determined that b.aeSrh.21MNoesdOs has a  overlooked in previous experiments. In the case of neutron
monoclinicl 2/c structure at room temperature. A monoclinic diffraction or x-ray powder diffraction using a standard labo-
lattice has been reported previously for this composition, butatory diffractometer, the widths of the peaks might be larger
without giving the space group or structure motleThe  than the splittings, and it would have been impossible to
I2/c monoclinic structure differs from the rhombohedral observe splittings of sizes similar to the ones reported here.
structure model by small distortions only. The monoclinic The good fit to the intensity data by a structure model with
structure reported for L,a,SLMnOs, 5 with x<<0.15 has a R3¢ symmetry will not have given any incentive to search
dn‘ferentl Al"’l‘g'ce and different symmetryspace group o structures with lower symmetries. Of course, the fit of the
P2,/c), and obviously is not directly related to the . . L= s
present structure. intensity data inR3c disregards the spllttlng_s of the reflec-
tions as presently observed. These splittings and the ob-
served(weak intensities at positions forbidden R3¢ pro-
V. CONCLUSIONS vide conclusive evidence for the monoclinic symmetry of the

We have established that ¢ .1 Mngosd; has  Present single crystal. We think that the phase diagram of
monoclinicl 2/c symmetry in its ferromagnetic state at room Lai1-xSxMnO; needs to be reconsidered, taking into account

temperature. The space grollic is a subgroup oR3c, and the 12/c monoclinic symmetry.
the monoclinic crystal structure represents a small but defi-
nite distortion away from the rhombohedral structure that
was previously reported for similar compositions. On the Financial support by the German Science Foundation
other hand, the low-temperature, orthorhombic structure coDFG) is gratefully acknowledged.

ACKNOWLEDGMENT

*Permanent address: Molecule Structure Research Center National (1950.
Academy of Sciences RA, Azatutyan 26, 375014 Yerevan, Repub-°B. Dabrowski, X. Xiong, Z. Bukowski, R. Dybzinski, P. W. Kla-

lic of Armenia. Electronic address: rafael@msrc.am mut, J. E. Siewenie, O. Chmaissem, J. Schaffer, C. W. Kimball,
TCorrespondence author. Electronic address: smash@uni- J. D. Jorgensen, and S. Short, Phys. Re60B7006(1999.
bayreuth.de 4C. Zener, Phys. Re82, 403 (1951).
1G. H. Jonker and J. H. van Santen, Physigmsterdam 16, 337 SA. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett.
(1950. 74, 5144(1995.

23. H. van Santen and G. H. Jonker, Phygiémsterdam 16, 599 6A. J. Millis, J. Appl. Phys81, 5502(1997.

224111-6



MONOCLINIC STRUCTURE OF La ,SrtMn,Os. . . PHYSICAL REVIEW B 66, 224111 (2002

7J. B. Goodenough, J. Appl. Phy&1, 5330(1997). 20p. Shulyatev, S. Karabashev, A. Arsenov, and Y. Mukovskii, J.
8J. S. zZhou and J. B. Goodenough, Phys. Rev6& 024421 Cryst. Growth198199 511(1999.
(2002). 21A. M. Balabashov, S. G. Karabashev, Y. M. Mukovskii, and S. A.
%Y. Tokura and Y. Tomioka, J. Magn. Magn. Mat&600, 1 (1999. Zverkov, J. Cryst. Growtii6, 36 (1996.
0A, P. Ramirez, J. Phys.: Condens. Mat$er8171(1997). 22/ E. Arkhipov, V. P. Dyakina, S. G. Karabashev, V. V. Marchen-
1A, Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and kov, Y. M. Mukovskii, V. E. Naish, V. E. Startsev, E. P. Khlybov,
Y. Tokura, Phys. Rev. B1, 14 103(1995. and A. Chopnik, Phys. Met. Metallogg4, 632 (1997).
124, Kawano, R. Kajimoto, M. Kubota, and H. Yoshizawa, Phys. 2>A. Meetsma and T. Spek, computer progragLENA, University
Rev. B53, 14 709(1996. of Groningen, 2000.
1L, Pinsard, J. Rodriguez-Carvajal, and A. Revcolevschi, J. Alloys®*W. Herrendorf, Ph.D. thesis, University of Karlsruhe, 1993.
Compd.262-263 152 (1997. 3R, Tamazyan, Y. Malinovskii, and V. Simonov, Bull. Soc. Cat.
¥D. E. Cox, T. Iglesias, E. Moshopoulou, K. Hirota, K. Takahashi, ~ Cien.12, 221 (1991).
and Y. Endoh, Phys. Rev. B4, 024431(2001). 26\, Petricek and M. Dusek, computer programna200q, Institute

SM. V. Lobanov, A. M. Balagurov, V. J. Pomjakushin, P. Fischer,  of Physics of the Academy of Sciences, Praha, Czech Republic,
M. Gutmann, A. M. Abakumov, O. G. D’yachenko, E. V. Anti- 2000.
pov, O. |. Lebedev, and G. van Tendeloo, Phys. Re§1B3941 273. A. M. van Roosmalen, E. H. P. Cordfunke, R. B. Helmholdt,

(2000. and H. W. Zandbergen, J. Solid State Chart0, 100 (1994.

163, F. Mitchell, D. N. Argyriou, C. D. Potter, D. G. Hinks, J. D. 28J. A. M. van Roosmalen and E. H. P. Cordfunke, J. Solid State
Jorgensen, and S. D. Bader, Phys. Rev6436172(1996. Chem.110 106 (1994).

17C. V. Mohan, M. Seeger, H. Kronmuller, P. Murugaraj, and J.2°A. M. Glazer, Acta Crystallogr., Sect. B: Struct. Crystallogr.
Maier, J. Magn. Magn. Matefl83 348(1998. Cryst. Chem28, 3384(1972.

187, Jirak, J. Hejtmanek, K. Knizek, V. S. M. Marysko, and R. 3°C. Ritter, P. G. Radaelli, M. R. Lees, J. Barrat, G. Balakrishnan,
Sonntag, J. Magn. Magn. Mat&x17, 113 (2000. and D. M. Paul, J. Solid State CheiR7, 276 (1996.

19Y, Yamada, J. Suzuki, K. Oikawa, S. Katano, and J. A. Fernandez:'B. Noheda, D. E. Cox, G. Shirane, R. Guo, B. Jones, and L. E.
Baca, Phys. Rev. B2, 11 600(2000. Cross, Phys. Rev. B3, 014103(2000.

224111-7



