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Phase transitions, noncollinear magnetism, and magnetoelectric symmetry
in gadolinium tetraboride
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Resonant x-ray Bragg diffraction data for gadolinium tetrabo(@dB,), gathered at the Gd; edge above
and below a transition temperatufg=42 K, is shown to imply that a structural phase transition occurs at
temperatures above the onset of long-range magnetic order in the Gd moments. Specifically, the room-
temperature tetragonal structuPd/mbmwould appear to change to orthorhomi#2,2,2, which is a con-
tinuous structural phase transition in Landau and renormalization-group theories. Bglaveonfiguration of
Gd moments is established, which is consistent with the magnetic Shubnikov B29R{2, where moments
are constrained to lie in the plane normal to thaxis. The crystal structure and magnetic point symmetry
(222 inferred, is one of the class of 58 magnetic groups that can show the magnetoelectric effect.
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Many materials owe their usefulness to a special combiabove and below the magnetic ordering temperaflye
nation of their crystal structure and symmetry properties=42 K, as evidence of a coherent interference between mag-
One example is the magnetoelectfME) symmetry, which  netic and charge contributions to the total scattering ampli-
allows magnetism to be induced by the application of artude, which is revealed in the azimuthal-angle dependence of
electric field, that exists in crystal structures supporting parintensity gathered at the2n+1 0 0 reflections’ The origin
ticular motifs of magnetic momentsThe magnetic Shub- of the interference is a 90° relative phase shift between the
nikov group of such solids may either not contain the time-magnetic and charge amplitudes. It arises in Gf8 the
reversal transformation at all, or may contain it only in thesame symmetry reasons that cause it to appear in antiferro-
form of a combination with other symmetry elemefits. magnetically ordered @Dz (Ref. 8 (spherical neutron po-
Cr,04 is a paradigm ME materidl. larimetry has been exploited with £3;, to accurately mea-

Rare-earth-boridéR-B) compounds offer a wide spec- sure the magnetic amplitudésecause of a 90° relative phase
trum of fascinating properties, to which we now add ME shift between nuclear and magnetic contributions to the total
symmetry in GdB. Other, previously established, properties amplitude for neutron diffraction, and the contributions are
of this class of compounds include various magnetic phasi# quadrature in the measured intengitysing the aniso-
transitions, heavy fermion behavior, mixed-valence phenomtropic tensor susceptibility formalisfhand a configuration
ena, and superconductivityAmong the different R-B com- of Gd moments inferred from susceptibility measurements
pounds, the RB series has been investigated most thor-on a single crysta? together with the comparison with the
oughly with many studies performed on single crystatg¢.  other RB, compounds} they find agreement between the
room temperature, RBcompounds adopt the tetragonal X-ray data and calculated intensitieslowever, we demon-
ThB4-type structure, belonging to the space grédpgmbm strate here that the interpretation by the authors of Ref. 7 is
Most RB, compounds order antiferromagnetically. The ex-not well founded and, thereby, essential properties of dB
ceptions are CeBand YbB,, which do not order, and PyB  are missed in their interpretation, including coupled struc-
which is a ferromagnet. Moreover, the magnetic orderingural and magnetic phase transitions at low temperatures and
temperatures do not follow the de Gennes $amd the mag- the magnetoelectric symmetry. According to the Landau
netocrystalline anisotropy is quite important. Within the or-theory the collineaB-type ordering of Fig. Xin contrast to
dered phase, this anisotropy is always present, even in tibe A-type ordering requires that a structural phase transi-
S-state ion compound GgBwhere it is due mostly to aniso- tion occur at a temperature above the magnetic ordering tem-
tropic exchange interactions. peratureTy.

GdB, has not been studied by magnetic neutron diffrac- We will describe each resonant Gd ion by an atomic,
tion, presumably because of the high neutron absorption bgpherical tenso(Tﬁ), whereK is the rank, K<q<K, and
naturally occurring Gd and B. Recently, the body of experi-the angular brackets denote the mean value of the enclosed
mental data on GdBhas been enriched with results from quantum-mechanical operator. If a resonant ion occupies a
resonant x-ray Bragg diffraction experiments at the lGd site with inversion symmetry, there is a one-to-one corre-
edge’ The authors of Ref. 7 present their data, gatheredpondence between the parity and time-reversal signatures,
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FIG. 1. Schematic representation of the Gd magnetic moments gig. 2. Azimuthal-angle scans for GgBt T=99 K for (100)
in the ab plane of the unit cell for tetragonal noncollinedstype  and(300) reflections. The data were taken fromedial? Full curves
and orthorhombic collinea-type orderings. correspond to the mathematical expressiolFof, |2 [Eq. (4)] fitted

to the data.

namely, oddeven-rank tensors are time od@ver). In the
absence of magnetic order, odd-rank tensorg are zero. WK =[1 - (2| gdh 4+ (- 1)qe—i¢h]<TK>1’ (3)

In the space groug?4/mbm which describes a GdB 4 q
crystal at room temperature, Gd ions are at sit@p &ith  where¢$=2nmx andK is an even integer. Note that the struc-
low point symmetrym2m(C,,). The four positions of the Gd ture factor(3) vanishes foq=0, which is signature of space-
atoms in the unit cell are{x,%ﬂ,o), (—x,%—x,o), (% group forbidden reflections. This finding tells us that, for the
-x,x,0), and(%+x,—x,0), with x=0.317 462),*2 and we la-  reflections in question, diffraction is caused by a few elec-
bel them 1, 2. 3, and 4, respectively, as shown in Fig. 1. Tons in anisotropic valence states at Gd sites. Since the ten-

Let us construct the corresponding unit-cell structure facSOr With K=0 must haveq=0 there is no contribution to
tor for x-ray diffraction, which we denote by. There is no  diffraction by the tensoK=0. Diffraction at(2n+10 0 by
pre-edge feature in the measured Gdx-ray absorption Paramagnetic Gdpis described by tensors with ramk=2,
spectroscopyXAS) spectrum? that would indicate an elec- Which are often referred to as quadrupole momeQtsand
tric quadrupole(E2) event. Thus, we may attribute the ob- the corresponding projectiomhas a magnitude =2.
served diffraction pattern exclusively to &1 event, which ~_Absorption at the @ edge and arel event makes the
is described by tensors with rame0,1, and 2. Theondi-  diffracted signal sensitive td-like, and presumably strongly
tion of the beam is described by a spherical tenébrF is a to 5d, valenc_e states and mean values (_)_f atomic tensors are
scalar product oK and a quantity?, which is a linear com- calculated with just these states. To facilitate the interpreta-

bination of Gd atomic tensors with the usual spatial phas&iOn of our calculated structure factors, we express them in
factors as coefficients ferms of Cartesian tensors, or moments. For exan@lg,is

the aB Cartesian component of the quadrupole moment with
K oK d-like character.
F=2 (- 1)Qx_qqu 1) In the following development, the Bragg angle is denoted
Ka by 6. Rotation of the crystal around the Bragg wave vector is
measured by an angl (azimuthal anglgwhose origin co-
incides with the crystab axis parallel to the plane of scat-
tering. States of linear polarization are labeled dwand 7
lpgzz eiTRi(T§>i, (2)  which, respectively, are normal and parallel to the plane of
i scattering. On using the results in Ref. 14, we find that the
E1 structure factors appropriate for the room temperature,
The sum is over all resonant ions in the unit cell, anidthe  tetragonal crystal structure with diffraction at reflections
Bragg wave vector labeled by a set of Miller indices. (2n+100 in channels with rotated#' o) and unrotated
Atomic tensors at the different positions in the unit cell (¢’ o) polarization, are
are derived from the atomic tensor at positiom'@l, by the

with

application of symmetry operations in the space group. Us- Faro =~ 8 cos6 codhg)sin yQap, (4)
ing the information on the crystal physics involving the Gd
ions, atomic tensors at positions 2, 3, and 4 are obtained by F,o=0. (5)

rotations of «,—7/2, and /2 about thec axis: <T§>2
=(=1)UTK K\ — ai(mf2)q/ 7K Ky — omi(m/2)q K These results are consistent with the work oftlal,” as it is
( 1) <Tq>11 <Tq>3 el <Tq>lv <Tq>4 e <Tq>l' The

point-group symmetry at sites occupied by Gd ions containshown in Fig. 2, and we gdd to it the important information
a diad which lies along the axis, and diads which lie along that the order parameter is the quadrupole monigpt

. — Below Ty, odd-rank tensors are no longer zero andEfe
the Q|agor_1aI$110]-and[110]. Together these sy}znmetry 9P~ structure factor will contain indirect information on the mag-
erations (i) restrict th2e values ofq in (Tg) 10 0 petic configuration of the Gdf4magnetic moments. For or-
=0,+2,+4..., andii) (T;;) must be purely imaginary while  gering of the Gd # moments will be mirrored in thel-like

(Tg) must be purely real. valence states to which @l event is sensitive. In the ab-
For reflections(h 0 0) with h=2n+1 the structure factor sence of any direct information on the magnetic structure of
qu for the resonant Gd ions is GdB,, we rely on the allowed symmetries of RBragnetic
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structures? and in the fact that susceptibility measurements
on a single crystaf indicate that the magnetic moments lie
in the ab plane.(The x-ray data also rules against a configu-
ration of Gd moments parallel to the axis, because the
corresponding structure factor is proportional to ginMag-
netic moment configurations with symmetry lower than the
chemical one may occur.

It is well known that the determination of the magnetic
structures of Gd-based compounds is not an easy*fa3k-
ing to the weak crystal anisotropy for the Gd ion, anisotropy
in the exchange coupling can lead to the existence of a pre-
ferred direction for the magnetic moments different from the
other rare earths within the same series. We have examined
various model structures, all derived frdpd/mbm and they
are labeled\, B, andC. The models are defined by the Shub-
nikov groupsP4/m’b’m’ (model A), Pb’a’m’ (model B)
andP2,2,2 (modelC). The Shubnikov groups have magne-
toelectric symmetry, and8 and C are orthorhombic. The
model A corresponds to the noncollinedrtype magnetic
ordering of Fig. 1, while modelB andC are associated with . ‘ . ‘ . s
the collinearB-type ordering. In the same way as we treated 300 30 60 90 120 150

- Azimuthal angle (degrees)

the paramagnetic phase, we can calculate structure factors
for the rotated and the unrotated channels for the magnetic FIG. 3. The panels show data collected in azimuthal-angle scans

modelsA, B, andC. performed at Bragg reflectiond00), (300), and (500) of GdB, at
For modelA, we find 5 K with a primary x-ray energy of 7.246 keV, aftereli al.” Full
curves correspond to the structure fadtey.,|? given in (8), and

F (A =F_ - 2\s’ESir(h¢)Cos 0 cos M, (6) }/iiaslues of the atomic moments {0) and(11) are derived from the

2

Intensity (10 arb. units)

Intensity (10 arb. units)

FUIO-(A) = Fo”a" (7) Fa"o’(c) =0. (9)

Note that there is no information in the structure factors

Here, M, is the Cartesian component along thexis of the  about thea component of the Gd moment. Absence of inver-
dipole moment in the valence states at a Gd $itg,, and  sion symmetry at the Gd sites in mod&8sfndC means that
F, .. respectively, are the structure factors in E@.and  associated atomic tensors of rank 2 may have a contribution
(5). Prior to commenting on Eq¢6) and(7) for modelA we  that is magnetic. The magnetic contributionKe2 is ex-
give the corresponding results for mod&sndC. pected to be very smalland it is not included in our present

In magnetic modeB the space group i®bam and Gd calculation. As in the corresponding structure factors for
atoms are at @) positions: (x,y,0), (-x,-y,0), (%—x,y Cr,0O4, time-even and time-odd contributions to the structure
+%,0), and (%+x,%—y,0). A diad lies along thec axis. factors for modelsA andB are in phase. In modé there is
Atomic tensors for sites 2, 3, and 4 obtained from the sym& 90° phase shift betwed®,. andQ,,, and the momerivy,
metry operations of the space groBpamare, respectively,, ~ The data gathered on Ggield belowTy (Ref. 7) were
(_]_)Q<T§>l, (_1)K+q<-|-§q>l, and(—l)K<qu)1. Structure factors fitted to the expressions of the diffraction intensity for mod-
are found to be identical to those corresponding to médel €!SA B, 2andC. Model C leads to a beztter fit than modets
[Egs.(6) and (7)]. andB (x :_4.8 for modelC, whereasy :_6.3 for modelsA

In magnetic modelC, Gd atoms are at(4) positions: andB). Using the structure factdg) we find

(x,¥,2), (-x,-y,2), G-x,y+3,-2, and(3+x,3-y,-2). As

M
the operations relating the atomic tensors for each site could 2Qb =-47%0.2, (10
be taken to be similar to those Bbam spherical tensors for ab
the different sites are the same as for mdgleHowever, the
Gd sites have no symmetry and gllare allowed. An addi- Qac =_278+0.17. (12)
tional term associated wit,; appears in the structure factor Qap
and we find

For the modelsB and C, it is worth noting that below the
temperature associated with the structural phase transition,
F. ,(C)=-2 cosd4i sin(h¢)cos Q.. where a distortion from tetragonal to orthorhombic symme-
) = . try occurs, the system breaks up into domains or twins. In
+4 coghe)sin ¥Qqp + V2sinhg)cos yMy], this way, the results for the orthorhombic mod8sand C
(8) depend on the domain distribution originated. The distorted
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crystal might then consists of four twins corresponding towith an observation of two phase transitions at around 50
signs of Qup and Q,¢ (++,+—,—+,and—+. The results of and 42 K in the electrical resistivity measured by Lazorenko
Egs.(10) and(11) assume that a single twin is present. et al!® The first transition could be related to a structural
~ The best fits to the data shown in Fig. 3, utilize a robustphase transitioiP4/mbm— P2,2,2), where for the tetrago-
simplex algorithn® for carrying out the optimization. The o) space groug0,k,| +0) reflections withk=odd are for-
good quality of the fits shown in Fig. 3 and the derived bidden, while these reflections are allowed in the orthorhom-

ﬁﬁggg?c(ltg) rgggeglelrzt ?ﬁfﬁ%ﬁ;@gﬁgﬁg cl)rf] é%%%@i&ff bic one; and the second transition is associated with the onset

(10) implies that the dipole magnetic moment is large com-Of @n antiferromagnetic ordering. The magnetic structure is
pared to theab-quadrupole moment, and that bafly, and ~ described by the Shubnikov grolg2,2,2. In the magneti-
Q,c are essential properties of thidike valence states. cally ordered phase, Gd moments lie in a plane normal to the
The established magnetoelectric materiaj@Gris an in- ¢ axis with components parallel to theaxis. The descent
sulator, whereas the temperature dependence of the electridedm the tetragonal room-temperature structure to the ortho-
resistivity of GdB, below Ty appears to be that of a rhombic low-temperature structure is a continuous phase
conductor® However, the magnetic spin disorder resistivity transition. The structure of the low-temperature phase we
of this material is of the order of 1a{) cm, while that of  deduce for GdB has magnetoelectric symmetry.
HoB, is only of the order of 0.7u() cm. Further experi-
ments will be needed to ascertain the bearing of these find- One of us(J.F.R) thanks the Spanish MECD for a gradu-
ings on the magnetoelectric property of GdB ate grant. Financial support has been received from EU-01-
In conclusion, we have demonstrated that recently availHPMF-CT-00461 and Spanish MCyT Grant Nos. MAT2002-
able experimental data on GglRef. 7) imply that magnetic 04178-C04-01 and MAT2002-11621-E. S.W.L. has benefited
and structural phase transitions occur at low temperature§rom discussions with L. Bouchenoire, S. Brown, and A.
Our deduction based on the analysis of x-ray data does flRogalev.
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