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Crystallographic and magnetic transitions in CeVO;: A neutron diffraction study
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Polycrystalline CeV@ has been studied by neutron powder diffractipiPD), specific heat, and magneti-
zation measurements. CeYChecomes magnetically ordered beloWw~136 K and an anomalous-
diamagnetism effect is observed beldw~124 K under zero-field-cooling conditions. Simultaneously, a
crystallographic transition is observed by NPDTat from the high-temperature orthorhombic structure, space
groupPnma to a low-temperature monoclinic structure, space gi@@p/n. When cooling the sample across
this transition the perovskite distortion evolves from the O type, Wity 2)>1, to the O type, character-
ized byb/(c\2)<1, involving a significant increase in the distortion of the y/@tahedra. Neutron diffrac-
tion measurements revealed that, belByy, the magnetic ordering is characterized by the propagation vector
k=0, concerning only the vanadium magnetic moments, which adopt a spin arrangement given by the basis
vector (0,0G,). Thus, the magnetic moments are antiferromagnetically coupled ia-thplane, and tha-c
layers couple ferromagnetically along thedirection. At around 50 K there is a transition to a different
magnetic spin arrangement, also characterizeckby). A ferromagnetic component appears on thg"V
cations, which adopt the magnetic structufg,0,G,); on the other hand, the cerium magnetic moments also
become ordered with a spin arrangement givenfy@G.). At T=2.6 K the magnetic moments for thé'
and Cé" ions are 1.72(4)ug and 0.46(3)ug, respectively.
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[. INTRODUCTION neutrons absorptigrthe magnetic structure of the rare-earth
orthovanadates i& type, whereas from Ho to Lu and for Y
Rare-earth orthovanadates with the chemical formulahe structure is defined by the basis vedtofin both cases
RVO; form a very interesting system that exhibits outstand-within the Pnmasetting. In the ordered region, a rearrange-
ing physical properties, such as anomalous diamagnetismient of the magnetic moments has been reported for some of
and a simultaneous crystallographic-antiferromagnetic tranthe rare-earth orthovanadates. A reorientation of the mo-
sition. The compounds of this system are semiconducting oMents has been observed in Pryand NdVQ,.° In YVO,,
insulating, although some of them, such as the Mott insulatothe magnetic structure was described to change ko to
YVO; oxide, can become metallic by carrier doping. G,F, belowT,=77 K (Pnmasetting, although a subsequent
The first crystallographic studies reported in the fiftiesStudy established that the structure befbyis AzF, , and it
describecdRVO, from R=Pr to Lu as orthorhombi&3 with is defined byG,F, for Tc<T<Ty.” The ne_utron diffraction
a~c~ \/Eap andb~2a,, Pnmaspace groufithe long axis study also showed a small ferromagnetic component, sug-

parallel to theb direction), whereas LaV@ was considered gesting the presence of a weak ferromagnetism effect.

to b bic witha~ \2a, . bei the latti ter of The magnetic properties of the rare-earth orthovanadates
0 be cubic witha=y2a, , beinga, the 1atlicé parameler ol 5,6 peen well studiet?’'*the most singular feature is the

the ideal cubic perovs_kite. A subsequent work carriedlou.t O'E)resence of the anomalous diamagnetism effect. In LaVO
LavO; showed that th|s4compound is also orthorhombic, isoyeioy a characteristic transition temperatdte some de-
stryctural with QdFe@ A decrease in Fhe orth.orh.ombu.: grees belowTy, a sharp drop in the field coole@C) sus-
unit-cell volume is observed on decreasing the ionic radiugeptibility is observed, reaching a negative value. A similar
of the R®* cation, as expected by the lanthanide contractiorhehavior takes place in the zero field cool@FC) suscep-
effect. tibility in CeVOs3. This anomalous diamagnetism is associ-
Below the magnetic ordering temperature, wit rang-  ated with a reversal of the weak ferromagnetic component
ing from 137 K for LaVQ, to 101 K for LuVQ;,° the mem- caused by a cooperative first-order magnetostrictive
bers of the series adopt an antiferromagnetic-canted magistortiort®?° at T,. Although in polycrystalline samples of
netic structure. Below , only the \2" ions contribute to the  YVO, the anomalous diamagnetism phenomenon is not ob-
long distance ordering, which exhibit a magnetic momentserved, in single crystals, a reversal of the ferromagnetic
value in good agreement with tha3 electronic configura- component with respect to the applied magnetic field is dis-
tion S=1. From La to Dy(except for Sm, Eu, and Gd whose played in the temperature interval ZT<95 K.1° The mag-
magnetic structure has not been determined due to the stromgtostrictive distortion is related to a crystallographic transi-
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H=50 Oe

tion that occurs a few degrees beldw . The orthorhombic
magnetic structure becomes monoclinic, as it has been de-
scribed for LavQ,* YVO3,2! and for YbVQ,.2° The crys-
tallographic transition is clearly observed in the specific-heat
measurements of these three rare-earth orthovanadates.
On the other hand, for the rare-earth orthovanadates formed
with the lighter rare-earth atoms, the crystallographic transi-

tion is accompanied by a change in the type of orthorhombic & 10 O s . -
distortion. At room temperature the structure is O orthorhom- E st 50 Qe ZFC 11
bic with b/(y/2c)>1, whereas the distortion becomes 3 ne g ]
0’, b/(y/2c)<1, (Pnmasetting in both casgsbelow the & §18° 1
crystallographic transition. = 3175 /" {1
A detailed study of the subtle structural changes experi- oL @ = ]

N
[=]
—
o
A
']

enced by RVQ perovskites for the lighter terms of the series
is lacking. In this work we have followed the structural tran-

sition experienced by CeVOfrom neutron diffraction. We 0 .
also present accurate structural data at RT 2K from high T T

resolution neutron diffraction data. On the other hand, a 0 50 100 150 200 250 300
magnetic structure and its thermal evolution bel®y has T (K)

also been investigated. The characterization of the sample

has been completed with susceptibility and specific heat FIG. 1. Thermal evolution of the dc susceptibility measured
measurements. under a 50 Oe magnetic field, in zero field-cooli@gC) and field-
cooling (FC) conditions. Inset{a) Thermal evolution of the suscep-
tibility (ZFC) below 150 K;(b) Inverse of the susceptibility in the

Il. EXPERIMENTAL temperature range 230T<270 K (ZFC).

CeVO; perovskite was prepared in polycrystalline form
by soft-chemistry procedures. Stoichiometric amounts ofitting, the profile was simulated by a pseudo-Voigt function
analytical grade Ce(N§);-6H,0 and NHVO; were dis- and the bz_ickground was adjusted with a fifth-degree polyno-
solved in citric acid; the citratenitrate solutions were Mmial function.
slowly evaporated, leading to an organic resin containing an
homogeneous distribution of the involved cations. This resin IIl. RESULTS FROM MAGNETIC AND SPECIFIC HEAT
was first dried at 120 °C and then slowly decomposed at MEASUREMENTS
temperatures up to 800 °C in air, for 2 h. This treatment gave
rise to CeVQ, conformed as a highly reactive precursor
material. The final reduction process was performed at The thermal evolution of the zero field coolifgFC) and
1160 °C for 12 h in a K/N, (15%/85% flow. the field cooling(FC) susceptibility curves obtained under a
The susceptibility measurements were performed in &0 Oe magnetic field are shown in Fig. 1. The ZFC and the
commercial SQUID magnetometer. The dc susceptibilityFC curves coincide at high temperature and split out below
curve was obtained both under zero-field cooli@&C) and 136 K, indicating the appearance of a magnetic order with
field-cooling (FC) conditions, and in both cases under a 50Ty~136 K. On decreasing temperature beldyy a change
Oe magnetic field and for temperatures ranging from 1.8 tdn the slope of the susceptibility of the FC curve occurs at
300 K. The specific heat measurements were carried out in@oundT;~124 K. Simultaneously, the ZFC susceptibility,
semiadabatic He calorimeter with ¥He insert, using the that decreases on decreasing the temperature bBlovbe-
heat-pulsed method for temperatures going from 0.35 to 160o0mes negative beloW, [see inse{a) in Fig. 1], what im-
K under a zero and 10, 30, 60, and 90 kOe magnetic field.plies a reversal of the magnetization with respect to the ap-
High-resolution neutron powder diffractiotNPD) pat- plied magnetic field. This behavior of the magnetic
terns were collected at room temperature ah@ & at the  susceptibility is in good agreement with previous experimen-
D2B diffractometer of the Institut Laue-Langevin in tal measurements presented by Nguyanal!’ The ZFC
Grenoble(France, with a wavelength of 1.59 A. A set of magnetization decreases monotonically with temperature,
NPD patterns were also dynamically acquired between 2.@xperiencing a more pronounced variation below 50 K. Be-
and 300.5 K at the high-flux D20 diffractometer, with a low 7 K the susceptibility tends to saturation. In the para-
wavelengthh =2.40 A. The data were acquired in the heat-magnetic region, the inverse of the dc susceptibility does not
ing run[1 K min (Ref. 1)], being the counting time of 5 min present a linear behavifinset(b) in Fig. 1], therefore, in the
per diagram. The sequential NPD patterns were used to studgmperature interval 2K0T<<270 K, and in a first approxi-
the magnetic structure and its thermal evolution, as well as tanation, the dc susceptibility is fitted according to the Curie-
follow the subtle changes in the crystallographic structureWeiss lawy=C/T—0®p) + xo. C is the Curie constan®)
The neutron diffraction data were analyzed by the Rietvelds the Weiss temperature, ang is the temperature indepen-
method?® using theFULLPROF prograni’ for the refinement dent term. The fitting give€=2.04(2) emu K/mol, a para-
of the crystallographic and the magnetic structures. In thenagnetic temperatur® = —206(3) K andy,=0.0010(3)

A. Magnetic measurements
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FIG. 2. Temperature dependence of the specific heat without FIG. 3. Temperature dependence of the specific heat under dif-

magnetic field. Inset: Magnetic contribution to the specific heat. €r€nt applied magnetic fields. Inset: EnhancemenCgfversus
max-

emu/mol K. They, term is mainly due to the Van Vleck— o

type contribution caused by the influence of the crystal field~50 K and another one at aroufi¢e~20 K. As it will be

on the Cé&" ions. The Curie constant implies an effective Shown in the magnetic structure resolution, the transition at
magnetic momeni;=4.0(1) ug. The system is composed Tce co_rresponds to _the ordering_ of _the ?Ces_,ublattice. As

of two different sublattices of spins® and Cé" and, ina regarding the transition at., as it will be pointed out later
first order approximation, by considering them as two non-0n, it is due to a transition between the two lowest doublets
interacting systems of isolated spins, the effective magnetiéf the three Krammers doublets associated with thé*Ce
moment can be estimated through the relatiorf§ifi;  i0N. The entropy change that takes place in the temperature
= [ er(VE) PP+ [ er(CET)]% On assuming that both range 3.XT<150 K and that has been estimated with the
sublattices of spins are in the ground state, witfy(V")  expression (Cpag/T)dT, is AS=18.26 J/mol K.

=2.83up (spin only, S=1)and  u(CE™) The specific heat curves measured under different mag-
=2.54up (2F5/2), an effective magnetic moment value of netic fields are represented as /T versusT in Flg 3. Ac-

3.80 ug is obtained, which is in good agreement with the cording to Fig. 3, there are no significant differences between
experimental value. the different curves, except in the Schottky anomaly. This

anomaly is associated with the eions. The ground state

of the Cé" ion is 2F 5, with a J="5/2 multiplet, that, for an

odd number of electrons, splits into three Kramers doublets,
The thermal variation of the specific he2¢ under a zero due to the crystal field effect. The ground state is a doublet

magnetic field is represented in Fig. 2. On decreasing thand as the Schottky anomaly appears at very low tempera-

temperature, a sharp anomaly is observed, which is formedire, it can be assumed that only this doublet is involved in

by the convolution of two peaks. The high temperaturethe Schottky effect. The two levels of the doublet are sepa-

shoulder corresponds to the onset of magnetic ordering withated either because of the internal magnetic field originated

Ty=~136 K, whereas the second one, with a maximum aboth for the Ce-Ce and Ce-V exchange interactions or be-

aroundT;=124 K, corresponds to a crystallographic transi-cause the presence of an external magnetic field. The specific

tion, as it will be shown from the neutron diffraction data. heat for the two level Schottky specific h&sis

Both anomalies are in good agreement with the results of the

susceptibility measurements. On the other hand, as it is

B. Specific heat measurements

2 AT
clearly shown in Fig. 3, in the lowest temperature region the Cochomem pR( é) Y% e 0
specific heat curve exhibits the characteristic behavior given Sehottky T/ 01 1 90\ a7 :
by a Schottky-like anomaly. In order to estimate the mag- + g, €

netic contribution to the specific heat curve under a zero

magnetic field, the contribution due to the lattice vibrations,nere p is the number of atoms in a molecuReis the gas
must be evaluated. The specific heat of the nonmagnetic anghnstant A is the energy separation between the lowest a
isostructural compound LaSg0Omeasured in the tempera- fjst excited level, and, andg; are, respectively, the degen-

ture interval 1.8<T<164.8 K is shown in Fig. 2. On assum- gracy of both energy levels. The maximum value of the spe-
ing that the lattice contribution to the specific heat in CeVO (jfic heat happens &z,

is the same as in LaSgDthe magnetic contribution can be

estimated by a simple subtraction of both cureset in

Fig. 2) with the corresponding weigh factors. In the curve %eA/Tmax: (A/Tman) +2 )
corresponding to the magnetic contribution of the specific g1 (A/Tmax) —2

heat(inset in Fig. 2, in addition to the anomalies &i, and

T;, another two anomalies are observed, one at ardigad and atT,,, the maximum value of the specific heat is
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TABLE I. Analysis of the Schottky specific heat anomaly. applying a magnetic field, in contrast with the variation
found in the Schottky anomaly at much lower temperatures.
B (T) Tm(K) A(K) AS(J/molK) This feature can be associated with the fact that this anomaly
is meanly due to the energy separation between the center of
0 0.43 0.88 0.57 . ; . .
1 0.65 136 0.74 gravity of both doublets, which is only determined by the
' ' ’ crystal field. This mechanism would be possible if the energy
3 1.46 3.04 a . .
5 270 5 62 119 separation between the doublets is much greater than the
' ' ‘ splitting of the excited Krammers doublet. By considering a
9 4.40 9.20 1.00

two level scenario, and from the values observed irGhg,,
gurve (inset Fig. 2, the center of gravity of both doublets

#The temperature range is not enough for a correct evaluation of th
would be separated by &~47 K energy.

entropy
P A2 IV. NEUTRON DIFFRACTION MEASUREMENTS
CSchottk)(maX): 4 (T n) —4]. ©)
ma A. Crystallographic structure
For the C&" ions,p=1 and @,/g;)=1, so on consid- The refinement of the crystal structure at room tempera-

ering the experimental .., and Cschony (MaX), the energy  ture was carried out from a high resolution neutron diffrac-
split between both levels has been determined for the differtion pattern acquired with a wavelengi=1.59 A. The
ent specific heat curves measured under different magneti8ragg reflections of the pattern could be indexed by consid-
fields (see Table)l The entropy content for the specific heat, ering an orthorhombic unit cell, space grotqmma This
calculated through the expressi¢r{C,/T)dT, is included structure contains a single position for V atoms, and two
in Table I. The theoretical entropy content of the Schottkyindependent positions for oxygens Olcf4and O2 (&I).
curve can be evaluated if it is taken into consideration thaffhe lattice parameter values obtained in the fitting are pre-
there are two levels, henc®S=RIn(2)=5.76 J/mol. The sented in Table Il. The atomic positions and some selected
experimental values are below the calculated one. atomic distances are listed in Tables Il and 1V, respectively.
For a better comparison, the Schottky curves are plottedhe good agreement between experimental and calculated
as Cp versusT/T. (inset of Fig. 3. For T<T,. the NDP profiles after the Rietveld refinement is displayed in
specific heat decreases with temperature and it tends towaréfég. 4@). No extra peaks were detected in the NPD pattern
zero; however, forT>T,.. Cp decreases on increasing that could indicate the presence of impurities in the sample.
temperature only under a low magnetic fieB= 0, 1 T); for A set of sequential NPD patterns collected between 2.6
B=3, 6, and 9 TCp tends to increase above a critical tem- and 300.5 K with a wavelength=2.40 A, were considered
perature that for higher magnetic field is closer to Thg,.  to analyze the crystal structure evolution across the anomaly
This behavior can be accounted for, on considering the twobserved aroundy . On decreasing the temperature below
level Schottky specific heat. For the low magnetic field Ty some changes in some of the Bragg reflections are symp-
curves both thd ., and the energy split of both levelsis  tomatic of a crystallographic phase transition, happening at
small, so the Schottky behavior dominates. Fer T, the  relatively high angles that exclude the presence of a mag-
ground state tends to be the most populated in such a wayetic contribution. This is illustrated in Fig. 5, where the
that, on decreasing temperature, the thermal energy is ndtermal variation of the nuclear peak located betweén 2
enough to populate the excited level: therefore the specifie=60.5° and B =63.7° is given. In the space grolfnma
heat tends to zero. FGr> T4, ON increasing temperature, this peak is formed by the reflectio(@11), (112), and(031);
both levels tend to be equally populated and the specific hesome degrees beloW, the peak spreads out, indicating the
tends to decrease. For high magnetic fiellig,, andA are  appearance of new Bragg reflections that correspond to a
much higher, hence foF > T ., the contributions of the lat- symmetry lowering. The low-temperature crystal structure
tice and magnetic excitations to the specific heat increase ar@n be defined in the monoclinie2,/n space group; in
hide the Schottky behavior. particular, in the angular range 6820 <63.7 the new re-
Under a zero magnetic field, the thermal evolution of theflections(21-1), (11-2), and(130) explain the broadening of
magnetic contributiorinset in Fig. 2 shows a Schottky-type the diffraction peak shown in Fig. 5.
behavior abog 4 K with a maximum at arount@icg~ 20 K. The refinement of the monoclinic structure was performed
This can be associated with a transition to the first excitedrom a high resolution NPD pattern collectetlzaK with A
Krammers doublet, which could start to participate in this=1.59 A. The pattern was fitted with tmﬂl/n(cgh) mono-
temperature range. However, this anomaly does not vary odlinic space groujthe twofold axis parallel ta), with unit-

TABLE Il. Lattice parameter for CeVQ

Space group a(A) b(A) c(A) a(®) \Vol(A 3)
RT Pnma 5.53762) 7.78643) 5.50392) 90 237.392)
T=2K P2,/n11 5.57304) 7.70385) 5.51483) 89.9549) 236.713)
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TABLE Il

Structural parameters obtained from the Rietveld

PHYSICAL REVIEW B 68, 144429 (2003

refinement of the high resolution NPD pattern with 1.59 A. 5 So°of RT  (a)
)
Atoms Positions RTPnma T=2K(P2,/n11) ;E; 400}
=1
X 0.03748) 0.039410) 8 200}
Ce y 0.25 0.2522) §
z 0.990714) 0.990510) g
B(A?) 0.537) 0.479) 800
X 0.50 0.50 ~
Vi y 0.00 0.00 3 seoof
z 0.00 0.00 2 wool
B(A?) 0.4 0.20 §
X 0.00 s 200}
V2 y 0.00 ';3:)
z 0.50 z [ 11 IR e s e
B(A?) 0.20 oYy MRS
X 0.48447) 0.48707) 20 40 60 80 100 120 140
o1 y 0.25 0.246514) 20 (Degrees)
z 0.07728) 0.07688) FIG. 4. Observedsolid circles, calculatedsolid line), and dif-
B(A?) 0.766) 0.345) ference(bottom line NPD patterns(a) NPD pattern at room tem-
X 0.28865) 0.275611) perature andb) NPD pattern aff =2 K. The first row of tic marks
02 y 0.04123) 0.003638) correspond to the Bragg reflections of CeyGn (b) the second
z 0.71175) 0.710315) row corresponds to the magnetic peaks.
B(A?) 0.684) 0.345)
X 0.197713) cell parameters related ta, (ideal cubic perovskitea,
03 y 0.952410) ~3.8A) as a~ \2a,, b~2a,, c~2a,. In the P2;/n
z 0.210315) phase there are two crystallographlcally mdependent V posi-
B(A?) 0.3405) tions (V1 and V2, as well as three kinds of nonequivalent
oxygen atoms(O1, O2, and OBall in general positions.
Rp 4.2% 5.0% V10s and V2Q octahedra alternate along the three direc-
Discrep. Rup 5.2% 6.5% tions of the structure, in such a way that each Y1®tahe-
factors Reragg 7.1% 9.4% dron is linked to six V2Q octahedra, and vice-versa. The a
X 11 18 parameter, characterizing the low-temperature monoclinic

distortion[89.9549)° at 2 K], slightly deviates from 90°,
indicating a strongly pseudo-orthorhombic metric, which en-
forces the use of very high resolution tools. The quality of

TABLE V. Selected interatomic distancém A). V1 is at (1/ the fit is shown in Fig. &) and the characteristic parameters

2,0,0 and V2 at(0,0,1/2. after the refinement are presented in Tables Il, Ill, and IV.
RT(Pnma T=2K(P2;/n11) = o
Ce-O1 2.3969) 2.4047) a lt; _
Ce-01 2.5206) 2.5397) tadg
Ce-02(x2) 2.4055) 2.46111) sz =¢
Ce-02(x 2) 2.6346) 2.62211) -
Ce-02(x 2) 2.7485) 2.71113) / //// -
Ce-03 2.33112 h / @
Ce-03 2.63012) ///f/////;////;//////////////
Ce-03 2.75113) V. /j%////////// _
(Ce0) 2.5612) 2.55d11) M,/ // ///
V-01(x 2) 1.994310)  V1-01(x2)  1.94710) ////j .. 63
V-02(X 2) 1.9943) V1-02(x 2) 2.0487) 100 9
V-02'( X 2) 2.0043) V1-03(x 2) 2.0787) /\/4_ 200 Oeg‘ee
V2-01(x2)  1.99910) 7 00\
V2-02(X2) 1.9457)
V2-03(X2) 1.9768) FIG. 5. Thermal evolution of the NPD patterns in the tempera-
(V-0) 1.99955) 1.9998) ture range 2.8 T<<300.5 K and for 60.5:20 <63.7 collected in

D20 in the heating run with =2.40 A.
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FIG. 6. Thermal variation of the lattice parameters. For30 FIG. 8. Thermal variation of the V-O atomic distances. In the
<300.5 KPnmaspace group and for 26T<50 K P2;/n space calculations it has been considered that the crystallographic struc-
group. ture is orthorhombicPnmaspace group.

The analysis of the thermal evolution of the crystallo- the P h lini e i |
graphic structure has been carried out by sequentially refin- ePnmaspace grougithe monoclinica angle is very close

ing the NPD patterns collected in the temperature range 2.60 90°). Although the structure is monoclinic in this tem-

300.5 K. The thermal variation of the lattice parameters isoc_erature range the resolution of the NPD patterns collected

presented in Fig. 6. An important change in the lattice paWVith A =2.42 A is not high enough to enable a full refine-

rameters takes place between 100 and 150 K. These varifi€nt in theP2,/n space group, which would give rise to
tions also originate important changes in the unit-cell vol-/2r9€ €rrors in the V-O distances. The thermal variation of the
ume, as it can be seen in Fig. 7. The volume, that uniformeV'O distances dett_armmed m_thls way is presented in Fig. 8.
decreases on cooling from room temperature, undergoes &'€ Short equatorial V-O2 distance in the plane and the

steeper decrease at arouhg~ 136 K, and then experiences Y}'Ol d:;tancg ?Iong b are Eim“ﬁr at high Lemper?jt_ure, but
an abrupt increase at aroufig~127 K. On the other hand, they splitoutbelow 150 K. The changes in the V-O distances

there is also a change in the type of the orthorhombic distori@k€ Place between 120 and 150 K. Let us point out that the

tion in CeVO,, defined as a function of the rati(cy2). axial V-O1 distance along b undergoes an abrupt increase at

" . around 50 K. The short V-O2 equatorial distance also suffers
}Abovet tz(/e tm\/§r13£ufng{(tc \/E)b>ll (Ot-rt]ypte, W.?.'Ch_ t rat? St-h a change at around this temperature. We will show later that
orms tob/(cv2) . ( . ype) below the transition; in O this structural change is correlated to a magnetic transition
cases thé®nmasetting is used. Although the transformation
- , that takes place at around 50 K.

starts to be noticed at around 220 K, the rati¢c2) suf-
fers the most important decrease between 100 and 150 K.

The thermal evolution of the atomic distances, in particu-
lar the V-O bond lengths, has also been studied. Belpw

the fitting of the NPD patterns has also been carried out in_ UPon cooling below 140 K, thé100+(001) and the
(120 +(021) Bragg reflections, that are forbidden by the

T T[T Pnmaspace group, start to be obsergsde Fig. 9, indicat-
ing the appearance of a magnetic ordering belby; in
good agreement with the magnetic measurements. The mag-
netic structure is defined by the propagation vektef, and
only those magnetic reflections witk=2n and h+1=2n

B. Magnetic structure resolution

234.8

. 234.4

+1 are observed. As temperature decreases, the intensity of
e the magnetic peaks increases until nearly achieving satura-
g tion, but at around 50 K some new changes are observed in
= the NPD patterns. As shown in Fig. 9, the intensity of the
> 5340 observed magneti€100)+(001) reflections decrease below

this temperature, and in another case, such as(iR6)
+(021)+(02-1) reflections, increase with a steeper sl¢pee
Fig. 9. On the other hand, new reflections appear, as shown
Lo, L in Fig. 10 for the (10-1)+(101)+(020 and (200+(002
50 100 150 200 250 300 +(121)+(12-1) reflections. This reveals the establishment of
T K a new magnetic arrangement. In the new magnetic structure,
the magnetic unit cell also coincides with the chemical one
FIG. 7. Thermal evolution of the unit cell volume. Insé¢&) (k=0); now the observed magnetic reflections are those with
thermal variatiorb/(\/f). (b) Thermal evolution fora. k=2n.

233.6 Lt
0
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60000 T T ] TABLE V. Basic vectors for the ¥ ions, which has been taken
PS8 (a) from Ref. 15.
2 50000 ¢ - '. L
5 40000} 7 . 1 V1 V2
8 a0k (100)+(001)
-%’ s0000l ¢ 2(1/2,0,0 3(0,1/2,1/2 1(0,0,1/2 4(1/2,1/2,0 EQ. mom.
o
= 10000f ° 1 I 717 (1] 1] 1] (F.A)
of Sotmsopterile T T T (C,.Gy)
-10000 4 4 + + + + _ _ _
80000 gy (b) | [1] 1] L 1] 1] (C,.G)
= 5.
g 00T e, (120)4(021)+(02-1) | I 1] 1] (1] 1] (GG
§ 40000} \ ] 1 1 1 1 (Fy.A)
2 . 1 1 (F,.A)
§ 20000 b J - L1] ali L1] 27z
£ .
o} SOl o Pputd
ettt ettt ettt moments pecome ordered 3a;nd the spin {irrangemgnt i_s given
T by the basis vector (0,G,).>” The G, basis vector implies
that the coupling among the magnetic momentsmis=
FIG. 9. Thermal variation of the magnetic pea$0) +(001) —m,,= Mg, = —M,,; the notation for the position of the V
and (120 +(021)+(02-1). atoms is given in Table V. For this coupling, only the reflec-

tions with k=2n andh+1=2n+1 are allowed. The good
In the resolution of the magnetic structure, we have takemgreement between the observed and calculated NPD pat-
into consideration those solutions that are compatible witderns atT=64.8 K is presented in Fig. 1d). As it is indi-
the symmetry of the space group and that are presented trated in Table VII, afT=64.8 K the refined magnetic mo-
Tables V and VI. For the V atoms, we have considered thosenent for the ordered vanadium atomsuis-1.31(3) ug.
solutions with equal moments for both vanadium sites V1 In the temperature range<50 K, the fitting of the ex-
and V2. Let us point out that in the temperature range 124erimental data is only acceptable if we assume that both
<T<136 K, the structure is orthorhombitspace group V3' and CE" ions participate in the magnetic ordering. The
Pnma and there is only a site for the V atoms; in this case,spin arrangement is given by{,0G,) and (,,0,G,) for
all the solutions deduced by the group theory analysis implthe V" and Cé" ions, respectively. The ferromagnetic
the same magnetic moment for all the vanadium at¥ms.  component for the G& ions is negligible, for instance at
In the temperature range §0r<136 K, and after check- T=2.6 K the ferromagnetic component value is 0.11(5).
ing all the different solutions, the best agreement with then contrast, at the same temperature, for th& \ons the
experimental data is obtained if only the vanadium magneti¢erromagnetic component value is 0.87(6) . The results
of the fitting atT=2.6 K are listed in Table VII and the good

30000 v v v v v v agreement between the calculated and observed NPD pat-
\ (a) terns can be seen in Fig. (bl. The thermal evolution of the
) N magnetic moments in all the temperature range is shown in
2 20000k ] Fig. 12. The magnetic structure in both temperature ranges is
2 * represented in Fig. 13.
2 ° (10-1)+(101)+(020)
c L]
g
= ooook !!‘ % - .o V. DISCUSSION
[ ]
50000 . :.‘-_ .‘5':?5.‘ ?.~.§S_i.9, The magnetization and specific heat measurements have
’ ’ (.b) ’ ’ ’ confirmed that CeV@becomes magnetically ordered below

2 50000 B 1 TABLE VI. Basis vectors for the C¢ ions. The notation for
é | 3 ((212?)):(822:; the posicions are X(y,z),6(x+1/2y+1/22+1/2),7(,y,z) and
- [3 -
Z 40000} . 8(x+1/2y+1/2z+1/2).
g [
£ .\f . Ceb Ceb Ce7 Ce8

30000} o San a® S5 1 — —

. “_ """‘_""l_!.'.~ . ot Iy [1119 21213 (111 q111]  (F'%.G'y.G')

0 50 100 150 200 250 300 r, [111] [111] (111]  [111] (A',.C'y,C")
TK A A 2 ’ ’
w0 Ty [110 (111 [210  [111] (G, F'y.F)

FIG. 10. Thermal variation of the magnetic pe&k8-1)+(101) r, (111 [111] [111] [11%] (C'x,A'y,A")
+(020 and(200)+ (002 +(121)+(12-1).
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' naege r r r r
R (]
40000 T=64.8 K é (@) 15p 0% .
3 2=2.40 A *3%5
£ 20000 H |
3 A A ANLA}\_AA 2 " s 2 ]
c | I | I | LI T O | (ARl N + %
5] £ <
g O [ | 1 | I | | L1 T A | Lewnannm I. Ce ;
§ | 0 5 QQQQ\ £ -
QQ§ 0 25 5 75 100 125 150 E

-20000 p+—t— + + + T®

40000 $ b 0.0 M §§§-$ N N N
= T=26K ﬁ (b) "o 25 50 75 100 125 150
s A=2.40 A H TK
£ 20000} ] . .
3 »\H A FIG. 12. Thermal evolution of the magnetic moments for the
c A pmrNi V3 and Cé&" ions. Inset: Thermal evolution of the individual com-
9 | I | I I LI T A O | (ARl NI ponents for the v Sublattlce
a O i 1 | I O | L1 T A | Lo I. . i i i
z . The ordering of the C¥ ions is clearly observed in the

- - e X NPD data, since important changes in the thermal evolution
-20000 =z 25 30 20 of the magnetic reflections appear at around 50 K, which

cannot be explained by a change in the arrangement of the

magnetic moments of the®/ ions. At low temperature, the
FIG. 11. Observedsolid circles, calculated(solid ling, and ~Magnetic moments of the® and C&" ions, and also, the

difference(bottom lin@ NPD patterns(a) For T=64.8 K and(b) ~ ferromagnetic component in the3V ions seem to attain

for T=2.6 K. The first row of tic marks correspond to the Bragg Saturation. The saturation of the ferromagnetic component

reflections of CeV@, the second row to the magnetic peaks and thecan account for the saturation observed in the FC suscepti-

third row to the vanadium sample holder. bility below 7 K.
It is worthwhile to compare the entropy change that ap-

Tn~136 K. Neutron diffraction measurements have show ezf;égéhﬁeelsdpecﬁlr\l,c;ﬁ:hb?:]?ﬁﬁggielgigngﬁé_fOFrotp ?hz%fc)
that immediately belowTy, only the vanadium moments cations, the expected entropy change for spin @yl is
participate in the magnetic ordering, adopting a spin arrangex s, = Rin(2S+1)=9.13 J/mol K; the ground state of the
ment given by the basis vector (G)). On the other hand, ce&* cations is®Fs, with a J=5/2 multiplet, what would

at T;=~124 K the sample undergoes a crystallographic tranimply an entropy changd S=RIn(6)=14.90 J/mol K. So,
sition from a high-temperature orthorhombic structure, spacene total expected entropy change is 24.03 J/mol K. The total
group Pnma to a low-temperature monoclinic structure, change in the entropy observed experimentally below 150 K,
space grougP2;/n. The anomaly observed in the specific if the entropy change in the Schottky anomaly is included, is
heat measurements at around 50 K corresponds to the ap9.83 J/mol K. This value is slightly below the expected one.
pearance of a ferromagnetic component alongathi@ection  The Cé™ ions order at around c.=50 K, which is a rela-

on the vanadium atoms, and to the simultaneous ordering afvely high temperature. The ordering can be due either to the
the Ce atoms. The spin arrangement for the Ce atoms ige-Ce exchange interactions or to the Ce-V interactions, but
given by ,,0G,); this basis vector belongs to the sameon considering that af=50 K the ordering in the V sublat-
irreducible representation than that defining the magnetitice is well established, and as the ordering of the Ce subla-
structure for the V atoms. tice is given by the basis vectors of the same irreducible

20 (Degrees)

TABLE VII. Results from the magnetic structure determination. In the refinement, it has only be consid-
ered the angular range €20 <94°.

T=64.8 K T=26K
V3+ Ce'3+ V3+ Ce’3+
Solution (0,0G,) (F..0G,) (Fy,0G))
MB [0,0,1.313)] [0.876),0,1.493)] [-0.11(5),0,-0.453)]
|m| (ug) 1.313) 1.724) 0.463)
Discrep. Rg(nucleaj=4.7% Rg(nucleay=6.9%
Factors Rg(magnet)=6.5% Rg(magnet.=10.5%
x’=2.8 x?=3.1
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(@) W) 2
L 2.048
7
oV - 1.94 1
4 e ocCe y 1976
P a3
Uy 4 b 2.078 c
T '"';' é"; -
A 1.976

s
‘]_._ % 2,078

y=1/2 2043
FIG. 13. A view of the magnetic structure of CeYQa) for 1 oas
50<T<136 K and(b) for T<50 K. py

FIG. 14. Schematic representation of the V-O bofMsatoms
representation, it can be assumed that the ordering is mainpfe the dark circlgs displaying the alternation of short and long
caused by the Ce-V exchange interaction. This interactioRonds that suggests an orbital ordering eff@ete text Distances
would originate a molecular field at the Ce positions, thatn A.
would split the ground Kramers doublet into two levels,
which would cause the Schottky anomaly observed in th
specific heat. Ifu is the effective magnetic moment of the
cet ions in the ground state, the effective molecular fieldThe octahedral distortion experienced below the crystallo-
can be estimated from the energy separation between the tvgsaphic transition accounts for an additional splitting of the
levels of the doublet determined from the Schottky anomalyglectronic levels into a singlet and a doublet. For a O'-type
since A(0)=2uB. In the presence of an external mag- distortion, withb/(cy2)<1, the ground state is the sindfét
netic field it is verified that\(B)=2u(B+B,y). From the whereas for the O distortiom/(c\2)>1, the ground state
data obtained aB=0 T andB=1 T an effective magnetic is the doublet. Therefore, beloW; (O’ type) one of thed?
momentu =0.36 ug andB;=1.8 T is obtained. This effec- electrons occupy the singlet and the other is in one of the
tive magnetic moment is very close to the magnetic momenlevels of the doublet.
obtained from the neutron diffraction measurementsT at In the transition from the orthorhombic to the monoclinic
=26 K, u=0.46(3)ug. By assuming that the molecular structure, a dramatic change takes place in the lattice param-
field does not change with the magnetic field, it is possible teeters of the unit cell, although they start to experiment im-
estimate the effective magnetic moment for the other curveportant variations at the magnetic transitidy, some de-
by taking into consideration the splitting of the two levels. grees abové&,. This indicates that the magnetic transition is
The different effective magnetic moments ®r=3,6, and 9 accompanied by a magnetostrictive effect. Whereasd c
T are, respectivelyu=0.47, 0.53, and 0.G3;. These val- unit-cell parameters increase when cooling across the transi-
ues are coherent with the magnetic moment obtained in th#on, b notably decreases, which gives rise to the decrease
neutron diffraction measurements. observed in the unit-cell volume. At room temperature the

The anomalous diamagnetism observed in the Rg@n-  observed O-type distortion is very small, what implies a
pounds belowT, has been associated with an antiparallelsubtle distortion of the V@ octahedra, which in fact could
orientation of the weak ferromagnetic component of thebe considered as pseudo-regular octahedra. However, below
canted antiferromagnetic structure with respect to the exterf; the O’-type distortion is much stronger, evolving with
nal magnetic field®1"?°The magnetic structure determined temperature: a minimum ib/(c+/2) is reached below 70 K.
by neutron diffraction belowT; for the V sublattice is The two kinds of VQ octahedra in the monoclinic phase are
(0,0G,); the presence of a very weak ferromagnetic compo-alternately compressed along the axial b direction (Y1
nent, below the detection threshold of NPD, cannot be exelongated along the same axial direction (\{2CLooking at
cluded. In fact, below 50 K the ferromagnetic component issuccessive-c planes, across thedirection, we observe that
already detectable by NPD, in a magnetic arrangement dén the y=0 layer, all the V atoms have the long-bond and
fined as £,,0,G,) for the \¥* moments. The abrupt increase short-bond V-O pairs along tHa0-1] and[101] directions,
of the ferromagnetic component below 50 K accounts for thaespectively, whereas in the= 1/2 layer, the long-bond and
fact that the magnetization observed in the ZFC susceptibilshort-bond pairs are along th&01] and [10-1] directions,
ity becomes more negative. Let us point out that the anomarespectively(in the orthorhombic phase, the arrangement of
lous diamagnetism is associated with an antiparallel orientathe long-bond and short-bond is the same in yke0 and
tion of the ferromagnetic component with respect to they=1/2 layers. This arrangement, displayed in Fig. 14, sug-
magnetic field. gests the presence of an orbital ordering, which can be de-

The magnetic moment determined for the V atoms in thescribed as follows: thel,, orbital associated with the singlet
magnetic structure resolution, 1.72¢49 at T=2.6 K, sug- is occupied at every V position, with theandy axes taken
gests that the electronic configuration for the vanadium catalong the[101] and[10-1] directions. According to Sawada
ions is d?, which implies a 3-oxidation state. In the V) et al. Ref. 33, the twod,, and dy, orbitals, associated with
octahedra, the crystal field splitting of the \d Drbitals de-  the doublet, withz taken along th¢010] direction, would be

Sermines atggeg electronic configuration for the 3/ ions.
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occupied depending on the orientation of the long-bond pair. VI. CONCLUSIONS

The d, Qrbltal would be preferentlally occupied a_t thg v The magnetization and specific heat measurements have
atoms with a V-O long-bond pair along the x direction, ¢onfirmed that CeV@ undergoes magnetic ordering below
whereas for thel,, orbital the long-bond pair should be in Ty~136 K. A negative value in the magnetization is ob-
they direction. So, the occupied orbitals for the V atoms 1, 2,served in the ZFC susceptibility curve beloly~124 K,
3, and 4(defined in Table ¥ would be, respectivelyd,,; indicating the presence of an anomalous diamagnetism. Neu-
dyz, dyy; dyz, dyy; dyy; @anddyy; dy,. tron diffraction measurements have shown thatT at the
With respect to the magnetic structure, the spin arrangesrthorhombic structure observed at room temperature, space
ment for the \** ions is given by (0,83,) in the tempera- group Pnma becomes monoclinic, space grow2;/n.
ture range 58 T<136 K, what implies that the coupling Across the crystallographic transition there is also a change
between the ¥ ions in thea-c plane is antiferromagnetic, 1N the distortion of the V@ octahedra: at room temperature
and that the coupling between tiaec planes along thé  the distortion is O type, W't”"/(‘?ﬁ)?l and it changes to
direction is ferromagnetic. By contrast, in the heavier rareO’ type with b/(c\2)<1, what implies a change in the or-
earth orthovanadates, the magnetic structure is usually givepital ordering. - _
by the basis vectoA, which implies an antiferromagnetic _ 11€ magnetic structures are characterized by the propaga-
coupling between tha-c layers along thé direction. On the  tion vectork=0; immediately belowTy the spin arrange-
other hand, in the temperature raripe 50 K, the magnetic ment is given by the basis vector (@), concerning only
structure is £,,0.G,) and E,0G’) for the V" and C&" thg vanadium moments. The anomaly observed in the spe-
. Xz oz . cific heat measurements at around 50 K corresponds to a
lons, respectlyely. For the v sublatt|ce_, the new ordering magnetic transition to another magnetic spin arrangement,
implies a reorientation of the moments in the a-c plane. Con

) < ' - ° also characterized witk=0; on the one hand, a ferromag-
cerning the ordering _of the é_é ions, it is very likely due t_o netic component appears on the vanadium atoms, which
the V-Ce exchange interaction, as the symmetry of spin arygopt the magnetic structuré(,0,G,), and, on the other

rangement of the Cé sublattice is the same as the"V  hand, the cerium atoms order with a spin arrangement given
sublattice. Let us point out that the Ce atoms are arranged ipy (F.,0G.). At T=2.6 K the magnetic moment for the
a-c planes, and every Ce layer is between two V layers along/3+ gnd c&* ions are 1.72(4)ug and 0.46(3)ug , respec-

Itis remarkable that the ordering of the rare-earth ions hag|ong thea axis of 0.87(6)ug, Whereas the ferromagnetic

Only been detected in some members of the 8\(%1: 5) components for the G& ions is very weak.
family, in particular those rare-earth cations with strong mag-
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