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X-ray diffraction study of superstructure in GdBaCo ,05 5
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A single crystal of GdBaCfDs 475, has been studied by means of x-ray diffraction. Below the first-order
metal-insulator transition, a continuous transition to a phase with a doubled orthorhombic unit cell is discov-
ered atTo=341.57) by the appearance of very weak superstructure reflections. The critical exponent for the
order parameter is found to h@=0.3288), indicating an Ising pseudospin ordering in a 3D system. The
systematic extinction of the superstructure reflections evidences the crystal symmetry chanBenfranto
Pmma which explains the existence of a spontaneous moment. The integrated intensities are used to calculate
the atomic displacements from their positions in the high-temperature phase. The cobalt-ligand distances in the
ordered phase are discussed in terms of possible spin-state and/or orbital orderirg ioh€o
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Since the discovery of giant magnetoresistivity in theof RBaCg0Os5 with a spontaneous moment existing in a
oxygen-deficient layered double perovskitB8aCog0s.,,, narrow range just below the ordering temperatdré’ This
whereR is a rare eartA,these materials have attracted high moment of about 0.4/ Co is aligned along thgl,0,0 axis,
interest. Their orthorhombic structurexat- 0.5 with the unit  as measuréd on a detwinned single crystal of GdBagl <
cell ay =~ ay, a,~ 2a, az~ 2a,, wherea, is the pseudocubic at T=260 K. Following the argumerttén Ref. 14, the C&"
perovskite cell parameter, is usually described byRiemm  jons in octahedral and pyramidal sites are considered to be in
space group-> One can imagine the structure as a sequencehe LS and the IS states, respectively, with the moments be-
of stacking plaind CoG,][BaO][Co0,][RO,] along[0,0,1],  ing ordered ferromagnetically along thi#&,0,0] axis in one
which results in two types of the cobalt environment: GoO pyramidal plane(0,1,0 and antiferromagnetically between
pyramids and Co@octahedra. The nominal valence of co- the nearest pyramidal planes. The ferromagnetic interaction
balt atx=0.5 is 3+. It is knowh that the C8" ion has a in one plane is explained by the chessboardlike, or ladder
nonmagnetic, or low-spin ground stdteS), ty.e), S=0], as  order of thee, orbitals(322-r?) and (x*-y?). In Ref. 12, the
well as two excited states, the intermediate-s[?plﬁ), tggeé, neutron-diffraction data for the H®b) materials have been
S=1] and the high-spifi(HS), tggeé, S=2]. The energy dif- explained by the ordering of LS and IS states in octahedra in
ferences are small enough to gain the excited states by thethe rows along[0,0,1] alternating in the[1,0,0] direction,
mal fluctuations or due to the lattice change, which results iwith all pyramidal Cé* ions being in the IS state.
spin-state transitions. All models of spin-state and/or orbital ordering mentioned

A metal-insulator(MI) transition has been discovered, above should result in distortions of the coordinating oxygen
with the transition temperature for GdBa@h., polyhedra and, as a consequence, in superstructures due to
350 K< Ty, <370 K being dependent on the oxygen contentthe atomic displacement¢see Ref. 15 and references
of 0.4<x<0.471289 The transition is of the first order, therein. In all of the cases, perhaps with an excepfibthe
which is indicated by a hysteresis of 8 K in the resisti%ity superstructure should double the shortest exjgef the unit
for ToBaCqOs 4 as well as by a step change of the thermalcell; i.e., the wave vector 18 k,,=(7/a;)[1,0,0]. The ob-
expansiofat T=359 K for GdBaCegOs 45 A spin-state tran-  jective of our experiment is a search for the superstructure
sition coupled with the orbital degrees of freedom is sugreflections(h/2,k,l) corresponding td, that should allow,
geSted to be a driVing force for the MI transition. The distri- if any, to make some conclusions on the possib|e conse-
bution of the IS ey orbitals (3x*~r?) in pyramids and quences of this ordering. The difference of the*Celec-
(3y?-r?) in octahedral sites on cooling has been suggested agonic structure and the ionic radii are too weak effects to
an origin of the transition on the basis of structural studies remarkably influence the intensities of the fundamental
of ThBaCgOs 5. On the other hand, it has been conclutled Bragg reflections in x-ray diffractioff. However, the super-
from the structural data that the transition from an insulatingstructure reflections, being explicitly due to atomic displace-
to a metallic phase in GdBa@0s s is due to the excitation ments, may give very precise data on the shape of the coor-
of the LS-state electrons into & band of the Co HS-state dinating polyhedra that contain more information than the
in octahedra, with Co in pyramids having IS on both sides ofionic radii themselves.

Twi- This conclusion has been made because of an octahe- Our experience in similar investigatidis® shows that
dron expansion of about 0.063 A and a simultaneous superstructure reflections with the intensity of 4010 of
pyramid shrinking. The density-functional-theory calcula-the basic ones can be measured with a good-enough preci-
tions suggest that below the MI transititgy (xy/x2) orbital  sion using a conventional x-ray tube with Ag, or Mo K,
ordering occurd?! radiation in the transmission geometry. A platelike crystal of

Spin ordering at 280—300 K has been found for a serieshe optimal thicknessabout 0.07 mm and~3x 3 mn?
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wide) allows us to measure a sufficient number of reflec- (201)  k(h)
tions, with the beam of 0.5 mm in diameter being always ¢ ; 2
completely caught by the crystal. We have found that this _
method gives quantitative results, since all the corrections\%
are well known, unlike resonant scatterif@@mpare Refs. 20 2 4l T

and 2. No doubt, the latter is preferable in special cases, fors
instance, to distinguish magnetic scattering. Certainly, the

measuring time in our case is much longer than with reso-
nant scattering on a synchrotron, but the signal-to-
background ratio is good, and the time of experiment is not |
strictly limited as on a synchrotron. In our experiment, the J |
x-ray beam from a 2 kW tube with a Mo anode was mono- 0 Nagerceocasactonomis’ Buncsoasttseooosogl e
chromated by a PG cryst@l =0.71 A). To avoid ax/2 con- 2.0 25 3.0 3.5 4.0 h
tamination, the high voltage on the tube was kept less than
the threshold of tha /2 excitation in the white spectrum.

A platelike (2x2x0.2mn?) single crystal of
GdBaCgOs,, with a[0,0,1] axis perpendicular to the plate
was grown from the high-temperature flux melt using an
off-stoichiometric mixture of corresponding oxid®3he as-  a,=3.87 738 A2,=7.82 690 A,a;=7.53 487 A from Ref. 2
grown crystal was annealed for several days at 600 °C undégr the orientation matrix.

3 bar of oxygen pressure and then cooled down to room The condition of capturing the entire beam to obtain a
temperature. Twinned structures of ti1,0 type in the  quantitative set of integrated intensities restricted the number
oxygenated crystals were clearly seen with the Faraday imof independent superstructure reflections to 24. All of them
age in the normal-reflection mode. The crystal phase puritys well as the 11 fundamental ones were measured at room
and its cationic composition were checked by x-ray diffrac-temperature by means of t#e-2¢ scans. Unfortunately, be-

tion and x-ray fluorescent analyses. The oxygen content igause of the crystal's fragility, we failed in decreasing the
the crystal that was grown and oxygenated in the same batcltystal thickness to the optimal value, and the transmission
was determined by iodometric titration to be 527 The  was rather low, varying from I8 to 5x 1072 for the reflec-
magnetic and transport properties were investigated for @ons measured. Nevertheless, with the thickness dispersion
similar crystal. In agreement with Refs. 9 and 14, the magof our crystal being about810°3 mm, the precision of the
netization data clearly show significant anisotropy of thetransmission correctiofEq. (8), Ref. 29 was about 3%. The
magnetic response. The spin-ordering transition alow transmission simply increased the counting time. To get
Ty=275 K to the phase with a spontaneous moment is folreasonable statistics the counting time in each point when
lowed by a second transition @t=250 K to a purely anti- scanning across the superstructure peaks was equal to 900 s,
ferromagnetic phase and then by a third transition arélind whereas a total scan across the strongest fundamental peak
~150 K to another antiferromagnetic state. The first-ordetook about 30 s. A typical scan is shown in Fig. 1. It is
MI transition reveals aly, =365 K in the resistivity and the worthwhile to note that the average intensity of the super-
magnetization. structure reflections is 2—4 orders of magnitude less than that

The crystal was mounted on four-circle diffractometer,of the fundamental ones, and it is very sensitive to spurious
and the thermocouple was safely stuck together with theffects. This is why all of them were checked by rotation
crystal to ensure a good thermal contact. The temperaturground the scattering vector for possible contribution of mul-
difference between the thermocouple and the sample was n@iple scattering or occasional reflections from small crystals
more than 0.5 K. The temperature was changed in the rangsf erroneous phases.
of 130-440 K by means of a nitrogen-gas flow with a tem-  The temperature dependence of the integrated intensity of
perature stability better than 0.5 K. the superstructure pedR,1,1) is shown in Fig. 2. A change

A number of weak superstructure reflectidifsg. 1) due  of the peak width was not detected. Having a precision of the
to unit-cell doubling were observed at room temperaturesample temperature better than 1 K as indicated above, one
The twinning is shown schematically on the reciprocal latticecan conclude that the superstructure reflections appear about
inset in Fig. 1. The indiceén,k,1), with h being odd for the 25 K below the metal-insulator transition, everTjf, varies
superstructure reflections, refer to the unit ¢@ly,a,,a3).  among the crystals from the same batch. Moreover, the new
However, a wide x-ray beam used for luminosity improve-transition is continuous, while the Ml one is of the first order,
ment spoils the resolution, and the reflectigikl), (khl) as mentioned above. Hence, we conclude that an additional
cannot be resolved, sinca2= a,. Therefore, only the super- second-order transition witk,o=(7/a;)[1,0,1] is discov-
structure reflections with odd andk are not superimposed ered in betweef, andTy.
onto the fundamental ones. With the resolution available, all The temperature dependence of the intensity shown in
the spots resulting from splitting of a reciprocal-lattice pointFig. 2 was corrected for the critical, diffuse scattering, using
participate in a single Bragg peak, and one has to averagée intensities above the critical poifit and assuming the
properly over different twins when processing the data. Pooratio of the critical amplitude€*/C =2 in the mean-field
resolution is also a reason to choose the lattice parameteapproximatior?® Intensities thus corrected for a current criti-

2k

Intensity

FIG. 1. A scan alongh,h,0] through the superstructure reflec-
tion (3,1,1). The insert shows schematically the twins for a recipro-
cal lattice layett # 0. The fundamental and the superstructure points
are described by big and small circles, respectively.

184105-2



X-RAY DIFFRACTION STUDY OF SUPERSTRUCTURE

12t 53

— 3,1,1)
< 10F

ol

SN .

8

5 8r— To=3415K

8 2 2B = 0.66(3)
S 6

ES

= 4}

3

= 2k 1

-log
150 200 250 300 350
Temperature (K)

FIG. 2. Temperature dependence of intensity of (&d,1) su-

PHYSICAL REVIEW B 71, 184105(2005

=0 were also detected, but their intensities strongly changed
when the crystal was turned around the scattering vector,
which evidences that they were due to multiple scattering.
This systematic extinction indicates a change of the space
group. According to Ref. 25, the highest subgrougPaimm

for the superstructure wave vectoy, that has the extinction
law observed iPmmawith the origin of the doubled unit
cell at the point(-1/4,0,0. The atomic positions can be
expressed through the mean coordina¥gsY;, Z in the
high-temperaturémmmphase and the displacememtsy;,

z (Ref. 26, as shown in Table I. Unlike space groBpnmm
where equivalent positions in the doubled unit cellZatz

and Z-z have the same coordinat&sandY, in Pmmathey

are transformed by the glide plaaewith a difference in the

X coordinate being equal té. This means that the same
states of C&" (spin or orbita) are not arranged in the rows

perstructure reflection. The insert shows the log-log plot of the in-2long[0,0,1], but are ordered in a chessboardlike manner in

tensity versus the reduced temperatare

cal pointT; were fitted by the power functioh () « rfﬁm,
wherer;=(T¢i—T)/Tc;, andg; is the critical exponent for the
order parameter correspondingTg. Then the entire proce-
dure was repeated at anoth&g;. The final values of
Tc=341.57) K and 8=0.3288) have been chosen using cri-
teria of the residual least-squares minimum. The valug of
is in excellent agreement with=0.3251) for the Q1) sym-

both the octahedral and the pyramidal planes.

The scale factor for the calculation of atomic displace-
ments has been obtained from the basic Bragg intensities,
using forX;, Y;, Z; the data in Ref. 4, but there is no signifi-
cant difference in the scale factor obtained with the set of
data in Ref. 2. All necessary corrections of the intensity have
been made for transmissidas mentioned aboyepolariza-
tion, and the Lorentz factor. The extinction correctibhas
been found insignificant even for the fundamental reflec-

standard deviations witg=0.3651) for O(3) symmetry, as
obtained from the field theory in three dimensidhsihe

ously negligible. The superstructure intensities were cor-
rected in the same way, except extinction, and were used in

peak intensity follows this power law down to about 280 K, the refinement of the atomic displacements at the fixed value

i.e., roughly to the spin-ordering transition.
The agreement ofs with the (1) scenario indicates a

of the scale factor. The contribution from the twifisg. 1)
was assumed to be equal. The values of the displacements

transition, which is analogous to the ordering of an IsingYi» % aré small, and therefore an expression for the intensity
pseudospin. One may assume that the superstructure refldéd) of & superstructure reflection with the Miller indicks

tions arise due to the atomic displacements, which presu
ably accompany a spin-state and/or orbital orderifithe
primary effect itself is too weak to explain their intensitjes.

nk | can be simplified. Developing the structure factor into a

series to the first order in displacements from the mean
atomic positionsx;, Y;, Z; one can write

We have tried to reconstruct this possible ordering on the )
basis of the atomic displacements calculated from the inten- (@ > {Z27f(@)(hx +ky; +Izj)cog2m(hX; + KY; +1Z; J}*,

sities of the superstructure reflections. Out of 24 reflections (1)
measured at room temperature, only 11 reflections with

|#0 have intensities nonequal to zero, i.e., stronger thathereq=siné/\, f(q) is the atomic form factor, foX;, Y;, Z;
three standard deviationsSome very weak reflections with the datd are used, and the sum is taken over all the atoms of

TABLE |. Distribution of atoms over the positions of the space gré@upma The symbols Py1, Py2, Ocl, Oc2 are used for Co ions in
the polyhedra Pyramid 1, 2 and Octahedron 1, 2. The data from Ref. 4 are uséPfd)=0.2522,Z(Py2)=0.7478,Z(0Oc1)=0.2561,
Z(0c2=0.7439, Z(01)=0, Z(02)=0, Z(03)=0.5, Y(Ba)=0.2500, Y(Gd)=0.2722, Z(01)=0, X(04)=0, Z(04)=0.3132, X(05 =0,
Z(05)=0.5,Y(061)=0.2450,2(061)=0.2992,Y(062) =0.2450,Z(062 =0.7008.

Atoms Site 1 2 3 4
2Py1, 2Py2, 201 e 1/4,0,(Z+2) 3/4,0, (Z+2)
20c1, 20c2, 202, 203 f2 1/4,1/2,(Z+2) 3/4,1/2,4Z+2)
4Ba 4 0, (Y+y), 0 0, (Y+y), 0 1/2,(Y+y), 0 1/2, Y+y), 0
4Gd h 0, (Y+y), 1/2 0, {Y+y), 1/2 1/2,(Y+y), 1/2 1/2, Y+y), 1/2
404 4 (X+x), 0, (Z+2) -(X+x), 0, (Z+2) 1/2+(X+x), 0, (Z+2) 1/2-(X+x), 0, (Z+2)
405 4 (X+x), 1/2,(Z+2) —=(X+x), 1/2, (Z+2) 1/2+(X+x), 1/2, HZ+2) 1/2-(X+x), 1/2,(Z+2)
4061, 4062 & 1/4,(Y+y), (Z+2) 1/4, «Y+y), (Z+2) 3/4, Y+y), =(Z+2) 3/4,(Y+y), =(Z+2)
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611 Y 5a 021 { a
2ay FIG. 5. Spin-state and/or orbital ordering in the octahedral
012 022 (Oc11-Oc22 and pyramidalPy11-Py22 sites. The orbitale, are
described on the background of dﬁgandtgg ones, with the former
FIG. 3. Displacements of atoms in tfiRmmaphase from their  being less shadowed.

mean positions in thmmmphase shown for half a unit cell. The
origin is at the point—1/4,0,0. The arrow lengths are approxi- 2(0621), and y(0621) should be statistically significant,
mately proportional to the displacementg(O11)+2z(021) even with doubled uncertainties. Using these displacements
=0.0112) A, z(031)=-0.0081) A, x(044)=0.03045) A, and taking into account the relations between the coordinates
x(054=0.04377) A, y(0611)=0.00115) A, Z(0611) of equivalent atoms given in Table I, we shall try to repro-
=0.0312) A, y(0621)=-0.00435) A, z2(0621)=0.0364) A. The  duce the spin-state and/or orbital ordering, which is assumed
last figure of an atom number corresponds to the column number ito be the reason for the atomic displacements, as discussed
Table I. above.

When analyzing the displacements in terms of possible
doubled unit cell that participate in the structure factor. Forspin-state and/or orbital ordering of the Tdons one may
instance, the atoms of Ba and Gd should be excltifedall ~ consider as a crude approximation only half-fillggdorbitals
reflections(hkl) with h=2n+1. SinceX(04)=X(05)=0, the and assume that thg, ones are qlose to spherical symmetry.

z displacements of these atoms do not participate in the inThen a ligand between two Co ions should be shifted to one
tensity. The disp'acemenﬁol)’ 2(02) cannot be distin- with thelleSS eXtendedg orbital. Shown in F|g 3, the shifts
guished and should be varied as one parameter. As a resulff the ligandsx(043=-x(042), 2(0614=2(0613, and,
there are 12 independent displacements, as follows fro¥ith less significancey(0621)=-y(0622 indicate that the
Table I. Having the intensities of 11 superstructure reflec€ €lectrons of C¥' in the Py12 site should be extended in
tions, we are obliged to make some reasonable assumptiori§ree directions; i.e., most probably there are gyorbitals,
We assumed at the beginning thatPyD)|~|z(Py2)| and (x*-y?) and(3z*-r?), resulting in the HS state, which have
|2(0c1)|~ |2(Oc2)|, which finally became zeros in the limits been observéd for S,CoO;Cl. The CJ* ion in the equiva-
of the standard deviations, and we are left with 7 variableslent position Py11 should have the same electronic configu-
The results of the refinement are shown in Fig. 3, and théation. If the shiftsx(053 =x(051) =-x(052=-x(054) as
agreement between the calculated and observed intensitiesi¢ll as y(0621)=-y(0622=-y(0623=y(0624 are also
displayed in Fig. 4. The least-squares residuajis2.5. taken into account, one may assign ejeorbitals (x*~2%)
Uncertainties of the variables indicated in the caption to Figand(y>-z?) to the C3" ions in the positions of Oc11, Oc12
3 include only a standard deviation and are definitely underand Oc21, Oc22, respectively. Finally, one has nothing to do
estimated. Nevertheless, the shift©44), x(054), (0611,  but the assign the, orbital (3z2-r?) to Cc® in the sites
Py21 and Py22. The suggested spin-state and/or orbital order
is described in Fig. 5 on the background of the pseudospheri-
cal tyy orbital shadowed, depending of the number of elec-
trons. Therefore, two C8 ions out of four in the pyramidal
sublattice and entire octahedral sublattice are in the IS state.
Apparently both the HS and IS states are mixed with the LS
ground state.

The assumptichthat orbital ordering exists only in the
pyramidal sites is not consistent with our results. According

[ ® to Ref. 4, the octahedral bions should be in the LS state

—— below the MI transition, while in our case they are in the IS

S S g @fzZ e ge state, probably with an admixture of the LS state. From our

ST T T T T data we can say nothing as to thg, (xy/x2) orbital

ordering*!

FIG. 4. Comparison of the calculatét,.) and observedl 9 Some of the above-mentioned models of ordering can be

intensities of the superstructure reflections. checked even without numerical results. The ordering of LS
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and HS states in octahedfais described by space high-temperature phase. The atomic displacements are ob-
group Pmmm while the orbital ordering in pyramis tained from the intensities of the superstructure reflections.
results in the vanishing of some superstructure reflectionsfhese displacements may be explained by the HS-IS order-
Therefore, these two models can be ruled out. Another iming in the pyramidal planes, while all the Co ions in octahe-
portant conclusion that can be made on the basis of qualitatra| planes are in the IS state. The orbital order should be
tive results concerns the nature of a spontaneous momerfyesent in both the pyramidal and octahedral planes. Similar

Until now, the unit-cell doubling was considered to be aregyits, which will be published elsewhere, are also obtained
result of antiferromagnetic ordering with the wave vectory,, DyBaC0s &,

koo=(m/ay)[1,0,0 (Refs. 12 and 18 In the unit cell,
doubled because of atomic displacements, the wave vector of This work was carried out in the framework of the INTAS
the magnetic structure is equal to zero, which is an obligaproject (Grant No. 01-0278 We would like to thank the
tory condition for the appearance of a spontaneous momenproject coordinator Professor A. Furrer for many fruitful dis-
In conclusion, a second-order transition atcussions and his excellent management. We are grateful for
Tc=341.57) K is discovered to a phase with the symmetry partial support from the Russian Foundations for Fundamen-
Pmma The a; edge of the high-temperature unit cell tal ResearchefProject No.(Grant No) 02-02-16981, by
(Pmmm is doubled. This superstructure explains the exis-Grant No. SS-1671.2003Russia, and by the NATO Grant
tence of a spontaneous moment in the magnetically ordergdo. PST CLG 979369.

1C. Martin, A. Maignan, D. Pelloquin, N. Nguyen, and B. Raveau, Groups edited by H. T. Stokes and D. M. Hatdsordon &
Appl. Phys. Lett.71, 1421(1997). Breach Science Publishers, Switzerland-USA, 1993

2M. Respaud, C. Frontera, J. L. Garcia-Mufioz, Miguel Angel G.1"P. G. Radaelli and S.-W. Cheong, Phys. Rev.6B, 094408
Aranda, B. Raquet, J. M. Broto, H. Rakoto, M. Goiran, A. Llo- (2002.
bet, and J. Rodriguez-Carvajal, Phys. Re\68 214401(2002. 18y, Plakhty, A. Stratilatov, Yu. Chernenkov, V. Fedorov, S. K.

3s. Roy, M. Khan, Y. Q. Guo, J. Craig, and N. Ali, Phys. Rev. B Sinha, C. K. Loong, B. Gaulin, M. Vlasov, and S. Moshkin,
65, 064437(2002. Solid State Commun84, 639(1992.

4C. Frontera, J. L. Garcia-Mufioz, A. Llobet, and M. A. G. Aranda, 1°V. P. Plakhty, A. B. Stratilatov, and S. Beloglazov, Solid State
Phys. Rev. B65, 18040%R) (2002. Commun. 103 683(1997).

5C. Frontera, J. L. Garcia-Mufioz, A. Llobet, LI. Mafiosa, and M. 2°F. Yakhou, V. Plakhty, H. Suzuki, S. Gavrilov, P. Burlet, L. Pa-
A. G. Aranda, J. Solid State Chenmi.71, 349 (2003. olasini, C. Vittier, and S. Kunii, Phys. Lett. 85 191 (200J.

6M. A. Korotin, S. Yu. Ezhov, I. V. Solovyev, V. I. Anisimov, D. I.  2T. Nagao and J. Igarashi, J. Phys. Soc. Jp.2381(2003.
Khomskii, and G. A. Sawatzky, Phys. Rev. B}, 5309(1996. 22|nternational Tables for X-Ray Crystallographgdited by J. S.

7K. Asai, P. Gehring, H. Chou, G. Shirane, Phys. Rev.4B, Kasper and K. LonsdaléKynoch Press, Birmingham, England,
10982(1989. 1967, Vol. Il, p. 291.

8A. Maignan, C. Martin, D. Pelloquin, N. Nguyen, and B. Raveau, 23E. Brezin, J. C. Le Guillou, and J. Zinn-Justin, Bhase Transi-
J. Solid State Chem142, 247 (1999. tions and Critical Phenomen¥ol. 6, edited by C. Domb and M.

9Z. X. Zhou, S. McCall, C. S. Alexander, J. E. Crow, P. Schlott-  S. Green(Academic, London, 1976 Vol. VI.
mann, S. N. Barilo, S. V. Shiryaev, G. L. Bychkov, and R. P.?4). C. Le Guillou and J. Zinn-Justin, Phys. Rev. Le®9, 95
Guertin, Phys. Rev. Br0, 024425(2004). (1977).

10y, Moritomo, T. Akimoto, M. Takeo, A. Machida, E. Nishibori, 25V. E. Naish, S. B. Petrov, and V. N. Syromyatnik@uybgroups of
M. Takata, M. Sakata, K. Ohoyama, and A. Nakamura, Phys. the space group. Il. Subgroups with changing unit.cRéport

Rev. B 61, R13325(2000. No. 486-77, Dep{(Institute of Metal Physics, RAS, 19Y.7In
11H. Wu, Phys. Rev. B64, 092413(2001). Russian.
12F, Fauth, E. Suard, V. Caignaert, and |. Mirebeau, Phys. Rev. BInternational Tables for X-Ray Crystallographgdited by N. F.

66, 184421(2002. M. Henry and K. LonsdaldKynoch Press, Birmingham, En-
13M. Soda, Y. Yasui, T. Fujita, T. Miyashita, M. Sato, and K. Kaku-  gland, 1967, Vol. I.

rai, J. Phys. Soc. JpriZ2, 1729(2003. 27p, J. Becker and P. Coppens, Acta Crystallogr., Sect. A: Cryst.
14A. A. Taskin, A. N. Lavrov, and Y. Ando, Phys. Rev. Let@0, Phys., Diffr., Theor. Gen. CrystallogB0, 129 (1974.

227201(2003. 287 Hu, H. Wu, M. W. Haverkort, H. H. Hsieh, H.-J. Lin, T. Lo-
15D, I. Khomskii and U. Low, Phys. Rev. B9, 184401(2004). renz, J. Baier, A. Reichl, I. Bonn, C. Felser, A. Tanaka, C. T.

160. V. Kovalev, inRepresentations of the Crystallographyc Space Chen, and L. H. Tjeng, Phys. Rev. Lef2, 207402(2004.

184105-5



