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The crystal-field energy-level structure of the*Erground-state multiplet in ErVQwas investigated by
inelastic neutron scattering and magnetic susceptibility methods. The quantitative determination of the crystal-
field-level energetics in conjunction with elastic-constant data was used to carry out a detailed analysis of the
magnetoelastic contribution to the temperature dependence of the lattice parameters. X-ray-diffraction mea-
surements show that the magnetoelastic effect is small, but the anisotropy with respect to the tetragienal
is unusual among the rare-earth orthovanadate and orthophosphate series. It was concluded thattimeErvVO
sixth-order multipole contribution is essential for explaining the observed thermal-expansion anomaly. A simi-
lar situation also occurs in the case of EfP®his result is contrary to the dominating role of the quadrupole
effect found previously in many rare-earth orthovanadates and orthophosphates.
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I. INTRODUCTION interactions of theR ions and the host lattice. In this regard,
it is useful to examine the properties of tlR/O, series
Rare-earth orthovanadat&yO,, which crystallize inthe along with the isostructural families d®®PO, and RAsO,
zircon structure (tetragonal, Z=4, space groupDiﬁ or compounds since the manifestation of fRespin-lattice in-
14,/amd No. 141 throughout the entire rare-eaitR) series ~ teraction varies among different members. In general, cou-
(plus R=Y and S¢ represent an ideal system for studying pling of the elgst|c energy of_th_e magnetlg: sublattice with the
the interactions between a sublattice of magnetic ions and tH&PSt results in magnetostrictive behavior at temperatures
ligands of the host lattictEachR ion is coordinated by 8 0 WYPically below~100 K. Relatively strong anomalies in the

atoms forming two interpenetrating tetrahedra, each of whicfiemperature dependence of the lattice parameters and/or elas-

) . ) A i f ic constants inRPO, (R=Tb,Dy,Ho,Tm) andRVO, (R
is characterized by a unique V-O distance. The point-grou > pr,Nd, Tb,Dy,Ho,Tm,Yb) were analyzed by a formalism

symmetry at theR site isD,q (4m2). The principal crystal pased on ~the rare-earth  quadrupole-lattice  strain
structure can be described as a chain of alternating edg%bupling?"”ln this treatment, interactions with the higher-
sharing VQ tetrahedra andkOg triangular dodecahedra ex- order CF terms were assumed to be negligible. In general,
tending parallel to the axis, with the chainjoined laterally among phosphates and vanadates of the same rare earth, the
by edge-sharindRO; dodecahedra. ThR ions are expected second-order CF parameters have opposite signs, leading to
to retain much of the noninteracting ionic character due taan opposite anisotropy in the anomalous thermal expansion
the absence of mediation by conduction electrons in thesalong the crystallographia andc direction. Another type of
insulating materials. Therefore, to a first approximation, acoupling is a mixing of the CF and phonon states, which may
single-ion crystal-fieldCF) model containing a limited num- give rise to complex phenomena over a wide range of tem-
ber of parameters may be sufficient to account for the magperatures. An example of such a case is YpPhich ex-
netic properties. Any anomalies caused bfy gpin-lattice  hibits dynamic coupling of the Y& :2F;, upper CF states
coupling can be recognized through a comparison with th&vith optic phonons, providing evidence of monopolar fluc-
nonmagnetic analogs such as Lay@nd LuVQ, or with  tuations of the Yb orbitat>**Finally, a strong coupling may
corresponding compounds wifR partially replaced by La, lead to a cooperative Jahn-Teller transition that results in a
Lu, Y, or Sc. transformation of the crystal structure to a lower symmetry
Experimentally, the crystal-field-level structure Rfions  in conjunction with magnetic ordering of th@ spins, as
in stoichiometricRVO, can be determined by neutron spec-observed in ToPQ ThVO,, TbhAsQ,, DyVO,, DyAsQ,,
troscopy based on magnetic scattedfrirect calculations TmVO,, and TmAsQ at 2.3, 33, 25.5, 13.8, 11.2, 2.2, and
of the CF parameters using various phenomenological mods.1 K, respectively**>
els have been attempted by a number of autfiot$iow- In the present work, we show that Ery@nd ErPQ be-
ever, the results have failed to systematically explain thdong to a category that differs from the aforementioned mem-
spectroscopic data. A determination of the CF parameters bgers in its significantly smaller anomaly in the thermal ex-
first fitting the spectroscopic data and then determining theipansion. There is evidence indicating the same anisotropy in
validity by comparing the calculated and measured magnetithe magnetoelasticity of ErvVQand ErPQ in spite of the
and thermodynamic data remains a practical approach faspposite sign in the second-order CF parameters. Further-
understanding the basic magnetic properties of these sysiore, the easy-axis direction in the low-temperature mag-
tems. The next level of sophistication is the inclusion of thenetic susceptibility of ErVQ is opposite to that expected
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from the sign of the second-order CF paramé&takie report or————
the determination of the CF parameters fof Eiions in o Luvo, . *
ErvO, by neutron scattering, an analysis of the measured ‘f; p e ENO oo 1
magnetic susceptibility, and a study of the magnetoelasticity =7 4 o®
by x-ray-diffraction methods. The results of the x-ray mea- T [P, «* o
surements for the ErP(rase will also be presented. ’§= ol °° ]
S Vo o © =
[l. EXPERIMENTAL DETAILS A .
0 T T

Polycrystalline and single-crystal samples of EpO
ErPQ,, and LuVvVQ, were prepared using solution and flux- © Luvo, .

growth methods, respectively, as described previoisf). ‘f; e ENVO, . *

The inelastic neutron-scattering experiments were performed = . ¢

using the High-Resolution Medium-Energy Chopper Spec- £-10 i ) i
trometer(HRMECS at the Intense Pulsed Neutron Source 5 o © o

(IPNS) of Argonne National Laboratory. Experimental pro- = e ot

cedures were the same as those described previously in a CF wet

study of TmPQ.*® The energy resolutioffull width at half 205 700 200 300
maximum of the HRMECS spectrometer varies with energy Temperature (K)

transfer but is approximately 2—4% of the incident neutron ]

energy €,) over the neutron energy-loss spectr%Prﬂ'o ex- FIG. 1. Changes of the lattice parameters of Ej\&Dd LuvVQ,

plore fully the CF and phonon excitations up to 150 meV,€lative to the room-temperature values.
incident energies of 20, 40, 50, and 200 meV were chosen
for the measurements at selected temperatures between 7 gatline lattice gives rise to magnetoelasticity. This effect
150 K. The magnetic origin of the CF peaks was identifiedmanifests itself in an anomalous thermal expansion at low
by an examination of the temperature and momentumtemperatures that was investigated by x-ray diffraction.
transfer dependence of the observed intensities and by corvariations of the lattice parameters relative to the room-
parison with the spectra of the nonmagnetic, isostructuralemperature(300 K) values for ErVvQ (a=7.096 A, c
compound LuVQ. The data were corrected for background =6.273 A) and those for the nonmagnetic reference LyVO
scattering by subtracting the empty container runs. Measurda=7.024 A, c=6.235 A) are shown in Fig. 1. The ther-
ments of the elastic incoherent scattering from a vanadiunmal expansion of ErVQis highly anisotropic. The differ-
standard provided detector calibration and intensity normalence in the relative change between Epvénd LuvQ, at
ization. low temperatures is attributed to the magnetoelastic effect in
A ~3-mg single crystal of ErVQwas used for the mag- ErvO,. However, compared to the DyVjGnd HoVQ, sys-
netic susceptibility measurements, which were performed usems the difference in ErVQis 2—3 times smaller. The CF
ing a superconducting quantum intereference devicgpectra of ErVQ are shown in Fig. 2. The observed intense
(SQUID) magnetometer over the temperature range of 10-peak(labeled A,B at 5 meYand very weak peaké&C—F) at
320 K with an applied magnetic field of 500 G. The crystal 7 K correspond to CF excitations from the ground state. At
was mounted on a quartz fiber, and the measurements wekigher temperatures, the intensities of these peaks decrease
made with the applied magnetic-field direction both paralleland other peaks appear due to CF transitions from the popu-
and perpendicular to the fourfold crystallographiexis. lated states. The observed spectra were compared with cal-
The x-ray diffraction experiments on small single crystalsculations based on a single-ion model applying the scheme
of ErvO, and ErPQ were carried out at Keio University of intermediate coupling and using the spherical-tensor for-
using a conventional diffractometer with a ®y, radiation  malism, as employed previousi§/?*?’Figure Zc) illustrates
source. A closed-cycle helium refrigerator was employed fothe CF level structure of the &F:%l,5, ground multiplet
sample cooling. The lattice parameters were determined alerived from fitting the neutron data. The main difficulty in
selected temperatures between 10 and 300 K by measuringe fits stems from the very large difference in the intensities
the peak positions of Bragg reflections such(&B80), (008,  of transitions A,B versus C—Fa ratio of ~70:1), which
and (107). A difference of less than I¢ A was generally reduces the sensitivity in the differentiation of similar CF
observed between the lattice parameters of Ef\é3 well as  parameter sets. The derived CF parametses A), given in
between those of ErP{p, obtained by x-ray or neutron Table I, reproduce the observed spectra within experimental
diffraction. uncertainty. A comparison of the observed and calculated CF
intensities is given in Table II. Table | lists the CF parameters
Il EXPERIMENTAL RESULTS re_ported in the Iiteratur2e3 as obtained from thical stud_ie_s_, of a
dilute analog Er:YVQ,~ and from magnetic susceptibility
The EF':*l;5, ground multiplet of ErVQ is split by the  measurement$?® of single-crystal and polycrystalline
tetragonal CF into 4°g and 4I'; Kramers doublets. As the samples of ErVQ. During the search for CF parameters by
temperature decreases, the upper CF states are depopulatiiting the observed intensities with the CF model using a
Static coupling of the Er low-lying CF states and the crys-least-squares method, we identified three other sets of param-
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E (meV) TABLE Il. A comparison of the observed CF intensities with the
20 -10 0 10 20 30 40 values calculated from the CF model using parameter set A. The
' A " ErVO, observed and calculated=(A, = B)-peak intensities ta7 K were
30T (a) 150 K 4 E. = 2’0 el i scaled to the same value. Dependence of the observed intensities on
- 0~ eV 4 the Boltzmann factor and the ¥r magnetic form factor was in-
20 cluded.
:@ 10 CF peaks Calculated Observed Temperafire
5 AB 100 1045 7
_8' 0 C 0.192 0.7x0.3 7
S D 2.51 1.6:0.3 7
) 40 E 2.97 1.691 7
AB 32.5 29+1.5 150
—-A—-B 225 20-1.6 150
20 CFG 9.23 ge1 150
-F,-G 6.26 3.4:05 150
E 0.577 1.605 150
0 H,l 0.0934 0.520.5 150
J,K 4.70 1.6:0.4 150
F G
H ties observed at different incident energi@®, 40, and 50
J I meV) and temperaturegd, 40, and 100 K a self-consistency
K between the experimental data and model prediction can
Ts Iy Ty Iyl only be achieved with CF parameter A. Therefore we are
I'70g confident of using parameter set A for all subsequent calcu-

lations.

The calculated magnetic susceptibility of Ery@eter-
Fined using the CF parameters obtained here is compared
with the measured susceptibility in Fig. 3, and the agreement
is good. These experimental values of the susceptibility,
while agreeing well with those obtained by Chakrabarti and
eters that resulted in similar overall chi-square values. Thereqo—workersz,S cover more extensively the temperature range
fore we were not able to declare the uniqueness of parametgF 10-320 K.
set A solely based on the statistical results. However, subse-
guent examinations of the CF peaks C, D, and E, which
show comparable intensities despite of their much lower val- I . . .
ues than that of the AB transition, provided a means to The Hamﬂtoman for magr!etoglastu: cqupllng can .be vynt-
differentiate the effects of these parameter sets on the corré@n’ in the multipole approximation, as linear combinations

sponding transition matrix elements. A study of the intensi—of products of the strain tensor components an,d the carre-
sponding CF operators. Here the Steven's operator

TABLE I. The crystal-field parameters in units of cih Param- equivalent& are more convenient because of the conformity
eter set A was obtained from the present neutron inelastic experfQ €Xpressions in Cartesian coordinates. If onlg/ﬁéhe Isotropic
ment and was used to calculate the magnetic susceptibility an@nd tetragonal components of strains are retatred,
magnetoelastic contributions to the lattice parameter changes.

FIG. 2. Observed crystal-field spectra of Ery@btained from
neutron inelastic-scattering experiments with an incident energy o
40 meV at 150 K(a) and 7 K(b). (c) The derived Et": 1,5, level
scheme. The arrows denote crystal-field transitiohsJ) as ob-
served in the spectra i@ and (b).

IV. DISCUSSION

A B c D2 12§ ErVO4
> |

BY —207 —2056 -186 —157 ° I
B 437 364.0 280 318 E08);

0 _ _ — _ 3
Bg 599 688.0 702 656 % % X(HLo)
B} -834  +09258 890 —-788 N N
Bs 159 +315 10 121 AN

0.0 AMHIc 5 : : i

Refs. Present Kuset Chakrabarti Gueet 0 50 100 150 200 250 300

work al. (Ref. 23 et al. (Ref. 25 al. (Ref. 24 Temperature (K)

#The parameters based on Steven’s operator equivalents were con- FIG. 3. Measured and calculated magnetic susceptibility of
verted to spherical tensor representation for comparison. ErvVO,.
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Hue=— > (Bfle®+B2:2)y,07,

n=2,4,6

where BY, £, are the magnetoelastic coefficients and
strain components, respectively, amDﬂ are the product of
the Steven’s factor and operator equivalept.is relatedto | 7 Lo
the reduced matrix elementg, g, andvy; of angular mo- 006"/
mentumj for n=2,4,6, respectivel§? In most rare-earth sys-
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(1) ok ErVO4

-0.02

yn<0n°>

-0.04

0 700 500 300

tems considered in the literature, only the quadrumﬂ&was Temperature (K)
included because of its presumed dominance. However, in
the case of ErVQ and ErPQ, we shall show that the qua- FIG. 4. The calculated temperature dependence of the) (

drupolar term alone does not account for the magnetoelast
effects on thermal expansion. Instead, @@ term deter-
mines properly the temperature dependence of the lattice

parameters.

The magnetoelastic contribution to the thermal expansion
is determined from the observed temperature dependences of

the lattice constants as

multipoles f©=2, 4, and 6 for ErvVO,. Values of the fourth- and
sixth-order terms were divided by 4 ard30, respectively, in order
to display them within the same scale.

1
ngzg(cu"‘ C1,—4C31+2C3y). (10

Aly - TAIK(T) AI(T) To proceed with the analysis of the magnetoelastic effects on
T = | N 2 the lattice parameters, we have to know, with confidence, in
ME ErVO, addition to the CF parameters, the elastic constants.
We assume that the quantitpdk/l) e is a sum of the con- The elastic constants were measured by Brillouin scatter-

tributions from the ,0)-multipolar terms, i.e.,

Al (M

=z(|

ME "

(Al
I ME

where

Al (M
(I—) =An7n(OR(T)),
ME

1
(0R(M)=3 2 (v|Of|v)exp(—E, /kgT),

ing techniques using the same Ery€ingle crystalg! Since
the Brillouin data were obtained at room temperature, the
elastic constants are not influenced by the magnetoelastic
) interactions. In order to confirm the absence of an anomalous
temperature dependence of the elastic constants, we moni-
tored the thermal diffuse scattering by x-ray measurements
as the sample temperature was lowered below room tempera-
(4) ture. The intensity distribution around some Bragg reflec-
tions in the{hkO} reciprocal-lattice plane were investigated
at 300, 120, 40, and 12 K. We found that the pattern of the
diffuse scattering distribution remained the same throughout
©  the temperature range while the absolute intensity decreased
with decreasing temperature. Therefore phonons in ErVO

andZ is the partition function. The energy of the CF statp  pehave normally at low temperatures and the anomalous

is E,. For ErVQ, and ErPQ it is sufficient to include only  thermal expansion is not due to the temperature dependence
the CF states of the ground multiplet because the next mubf the phonon frequency.

tiplet is two orders of magnitude higher in enefgyFor a The temperature dependence of the multipolar terms, cal-

tetragonal system, the coefficierts for lattice parametera  culated according to Ed4), is shown in Fig. 4. First, at low

andc are, respectively,

a

BrH(Ce2+CeM2) - BRA(CgH V2 + Cg™?

n

V3[Ccges®~(C5™)?)

c

_BRN(C5*~V2C§") + Bi*(V2CE ~ C

n

V3[CgCs?-(C5™7)

C&! are symmetrized elastic constants in the absence of ma

temperatures, note the much larger magnitude of the sixth-
order term relative to the second-and fourth-order terms.
Second, the sixth-order term exhibits a gradual decrease with
) decreasing temperature throughout the whole temperature
range whereas the second- and fourth-order terms drop rap-
idly and, if scaled, their temperature dependencies are indis-
(7)  tinguishable.
It is important to point out the characteristics in the mag-
netoelastic contribution to the relative change of lattice pa-
Yameters that are unique to Ery@As shown in Fig. 5, the

netic interactions. They are related to the Cartesian E|aStiﬁ]agnitudes of the changes are smalley a factor of 2—3

constants:
1 1
Co :§(2C11+ 2C151+4C43+Cyy),
J2
C§**=— 5 (Cu+ C1~ C13= Cay),

than those of the Dy, Tb, Tm, Pr, and Ho anal8ys* Ad-
ditionally, the changes along treeandc directions are dif-

(8)  ferent by a factor of more than 2 whereas in otR&fO,
members they are comparable. Finally, the anisotropy,
(Aa/a)ye>0 and (Ac/c)ye<0 of ErVO,, is opposite to

9) those of otheRVO, compounds. The lines in Fig. 5 repre-
sent the result of a fit to the data using solely the quadrupolar
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——— TABLE lll. Prefactors and magnetoelastic coefficients obtained
i ErVO4 ® i=a from the analysis of thermal-expansion anomaly of EjV®@he
corresponding coefficients for HoVOreported by Kazei and co-
workers (Ref. 10 are included for compariso®y, and B, are in
units of 10°# and 16 K/f.u., respectively.

(M), (107

AS A5 AR AT Bst B2 B BY?

. . ErVvO, 85 7.0 16 —-1.9 33 0.16 0.099-0.32
0 100 200 300 HovO, 38 -38 —-4.4 6.7
Temperature (K) ErPQ, -—-19 23 096 —1.6

FIG. 5. The observed magnetoelastic effects on the lattice pa-
rameters of ErvVQ (symbolg and the corresponding calculated val- ) )
ues(lines) assuming only a quadrupole contribution. is the same to that oAS, and thus, the combined contribu-

tion results in significantly different magnitudes of
contribution. The fit does not follow the temperature depen-(A?_/ha)XE angA(%C/&)'\"E .d by Kazei and K&PS2 ¢
dence of lattice parameter changes over a wide temperature €A, andA, oblaINed Dy Razel and co-work or
range otherRVO, compounds all have the opposite signh and val-

Kazei and co-worket42329323%have analyzed the mag- ues much larger than the corresponding values of ErvVO

netoelastic contribution to the thermal expansion of a num—Obtalned in the present study. Typical values such as those

for HoVO, are included in Table Ill for comparison. The
ber of RVO, and RPO, compounds based on x-ray- 4 . el pa2 peal a2
diffraction results. The quadrupolar contribution alone wa magnetoelastic coefficientd; , B3", Bg , and Bg" for

found to be sufficient to explain the data of man com-SErVO"' in the units of(K/f.u.), are found to be 3100, 250, 99,
P y and —320, respectively. The constanBg® and B5? for

pounds. However, in the case of Ery@nd !ErPQ, these ErvO, are somewhat smaller in magnitude than those of
authors noted that the quadrupole moment is small and theg,[her RVO, and they have the same sign. Moreover, the
4 . ’

presented only limited data for ErRQvith no quantitative - al w2 - . !

. - __cpefficientsBg~ andBg“ play a decisive role in accounting
analysis for both compounds. Based on the aforemenuoneg)or the temperature dependence of the lattice parameters
remarks on the unique properties of the experimental datCaused b nEn)a netoelasgc effects P
and the calculated multipole moments of Er)/@he present y mag '

study shows that there is a need to invoke the sixth-order Due to the relatively Ia_lrge valug df).'J/aJ|’ the .S'X'Fh'
order term in the crystal-field Hamiltonian has a significant

term in the data analysis. Figure 6 shows the result of fittingInfluence in determining the wave functions of the CF states
the data with a linear combination of the second- and sixth- : 9 .
f ErVvO, while the CF parameters are not very different

order terms, which reveals a more satisfactory fit throughou L
the temperature range. As pointed out previously, the tem- oM those of otheRVO, compounds. The same situation

perature dependence of the fourth-order term is nearly iderCCUrS IN ErPQ. We performed similar x-ray measurements

tical to that of the second-order term. The resulting coeffi-o" ErPQ and obtained theX|/l)ye shown in Fig. 7 by the

cients of the fits are given in Table III. It can be seen that fnagnie%rgcri?grr:nizsc&bee%gtfvgonuslly f%jﬁvﬁze‘z nc_)rr;]—e
andAg are about 4-5 times smaller tha3 and A5 . How- 9 i uP :

b h | 0% is about 30 i (n,0)-multipole moments were calculated using the CF pa-
ever, because the value §f(Og) is about 30 times greater oo reported previousfyand shown in Fig. 8. The tem-

than that ofy,(O3) (see Fig. 4 it is the sixth-order term that perature dependences of the second- and sixth-order terms
dominates the magnetoelastic contribution. The coefficientgye not very different down to 50 K. However, the sixth-
Ag andAg, having opposite sign, determine the bifurcation order term was found to be essential in obtaining a good fit
of the thermal-expansion anomaly in Ery'he sign ofA;  to the experimentally obtained\{/1)ye . It is best fit with a

3 m/m— -
ol ErVO4 ® y=g ]
2 D y=c¢
o 1F e
hak S0 [
oF
AE a ,‘:‘—D’UD—
3 oo ]
= 2} o g
3 L o7 . .
~o 100 200 300 -40 100 200 300
Temperature (K) Temperature (K)

FIG. 6. The observed magnetoelastic effects on the lattice pa- FIG. 7. The observed magnetoelastic effects on the lattice pa-
rameters of ErVQ (symbols fitted with a linear combination of rameters of ErPQ (symbolg fitted with a linear combination of
quadrupole and sixth-order multipole contributidiiaes). guadrupole and sixth-order multipole contributidliaes).
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tailed measurements of the magnetic and thermodynamic
properties and data analysis. In the case of Ex;We find
that it is necessary to validate the CF parameters by an analy-
sis of neutron-scattering and susceptibility data, to indepen-
dently determine the elastic constants, and assess the phonon
contribution at low temperatures by monitoring the thermal
diffuse scattering. We concluded that Ery@&xhibits a small
but highly anisotropic thermal-expansion anomaly
300 [(Aa/a)ye>0 and Ac/c)ye<O0] that is opposite to those
observed in otheRVO, members. It is the sixth-order mul-
FIG. 8. The calculated temperature dependence of th8)( tipole rather than the quadrupole interaction that decides the
multipoles =2, 4, and 6 for ErPQ,. Values of the fourth- and magnetoelasticity of ErVQ ErvVO, and ErPQ are appar-
sixth-order terms were divided by 2 areR0, respectively, in order ently the only rare-earth compounds showing a dominant
to display them within the same scale. sixth-order multipolar magnetoelastic contribution. It is in-
teresting to note the unique property of Eryénd ErPQ by
linear combination of the second- and sixth-order terms, andomparing this result with the thermal-expansion anomalies
the result of that fit is shown as the lines in Fig. 7. Thein the Pr, Nd, Th, Dy' Ho, and Tm vanadates and phosphates
coefficients of the fit are listed in Table Ill. The fraction of where the guadrupole term was shown to be the dominant
the contribution from the second- and sixth-order terms isontribution, and with YbP@where the Yb monopolelike

100 200
Temperature (K)

comparable to that of Ervp orbital may couple dynamically with certain phonons. An
understanding of the relationship among these phenomena is
V. CONCLUSION a challenging task appropriate for future investigations.

The zircon-structur®&P0O, andRVO, compounds consti-
tute a model system that is ideal for systematic investigations
of 4f spin-lattice interactions without the complication of
conduction-electron mediation. Throughout the rare-earth se- Work performed at Argonne National Laboratory and Oak
ries, the varying strength of coupling gives rise to differentRidge National Laboratory was supported by the U.S. DOE-
phenomena, from the subtle effect of an anomaly in the therBES under contracts No. W-31-109-ENG-38 and No. DE-
mal expansion to distinct cooperative Jahn-Teller phase trarAC05-000R22725, respectively. Y.H. gratefully acknowl-
sitions and magnetic ordering. Each category requires deedges financial support from Keio Kougakukai and ANL.
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