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Magnetoelastic properties and level crossing in HoVO4
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The rare-earth oxide compound HoVO4 (tetragonal zircon structure) is investigated in the extended
susceptibility formalism, which includes all the features of the crystalline electric field in the analysis of
the magnetic, rnagnetoelastic, and elastic properties as a function of temperature. The characteristic
behavior of the first-order magnetic susceptibility allows us to refine the values of the crystalline
electric-field parameters and to determine the strength of the magnetic interactions. The magnetoelastic
coefficients are then found from third-order magnetic susceptibility, parastriction, and elastic-constants
measurements for the different symmetry modes. Their coherency with values determined for TbPO4 is
then emphasized: They have the same sign and order of magnitude; in particular the magnetoelastic
coefficients for the tetragonal symmetry are sizable in these rare-earth oxides in contrast to the case of
rare-earth intermetallics. The unusual temperature dependence of the third-order magnetic susceptibili-
ty along the tetragonal axis is a precursor of the level crossing in high magnetic fields associated with a
magnetization jurnp of about 8p& at 11.4 T, which we study as a function of temperature down to 0.1 K.
The existence of a two-step jurnp of the magnetization at low temperatures, if not driven by mechanical
stresses, remains an intriguing result.

I. INTRODUCTION

HoVOz belongs to the group of rare-earth (R) oxide
compounds RXO4 (X =As, P,V), which possess a tetrago-
nal zircon structure (space group I4, iamd) at room tem-
perature; the symmetry of the R sites is 42m. ' R zircons
are known to be archetype Jahn-Teller (JT) compounds, a
number of which (DyVO4, TbVO4, TmVO4, TbPO4) ex-
hibit a spontaneous tetragonal-orthorhombic transition.
R zircons have several features including their tetragonal
local symmetry and the presence of equivalent sites for
the R ions, which make them particularly appropriate for
theoretical and experimental investigations of the out-
standing problems in the sphere of JT interactions.
Thanks to their optical transparency, numerous light
scattering experiments have been performed, and reliable
spectroscopic information is available on the wave func-
tions and energy levels determined by the crystalline elec-
tric field (CEF). The magnetic exchange and dipolar in-
teractions are weak (the highest magnetic ordering tem-
perature does not exceed 3.5 K), so that the quadrupolar
effects are not overshadowed by the magnetic ordering
and quadrupolar orderings may occur in the paramagnet-
ic phase. As a rule, the interaction between JT ions via
the long-wavelength acoustic phonons (or strain modes)
has been established to prevail for most of the R zircons.
The short-range effects are not very important for these
systems and the structural phase transitions are described
quite perfectly in the mean-field approximation.

Historically the pseudospin formalism, which considers
simplified wave functions for only a limited number of
low-lying energy levels, has been used to derive the
analytical description of the physics. This approach

focuses on the dominant JT mode and fails to explain the
detailed behavior due to CEF peculiarities or less active
JT modes. It does not permit one to trace the variation
of the interaction constants through the R zircon series
nor give a full knowledge of the JT couplings.

More recently, an extended magnetic and quadrupolar
susceptibility formalism based on the actual wave func-
tions and level energies has been successfully applied to
study the quadrupolar interactions in a large number of
R intermetallics with cubic and tetragonal structures.
This approach, based on perturbation theory in the disor-
dered phase, allows one to determine for all the symmetry
modes both the one-ion magnetoelasticity and the qua-
drupolar pair interactions, starting from the ordinary
(magnetic, magnetoelastic, and elastic) experimental data.
The knowledge of these different couplings combined
with self-consistent diagonalization of the full Hamiltoni-
an then allows the properties in the ordered phase or in
high magnetic fie1ds to be determined.

We here propose an application of this susceptibility
formalism to HoVO4. The procedure follows that was
used previously for TbPO4, another complicated system,
and will allow a preliminary comparison of magnetoelas-
tic couplings between the R vanadates and phosphates.
In HoVO4, the JT interactions are not large enough to
drive a quadrupolar ordering, but nevertheless give siz-
able effects. According to the spectroscopic investiga-
tions of HoVO4, the ground multiplet I8 of the Ho +

ion splits in the tetragonal crystal field into a 1"
&

singlet, a
I 5 doublet at 21 cm ' above, and a I 4 singlet accidental-
ly degenerate with a second I 5 doublet at 47 cm '. The
first excited doublet at 21 cm ' in the concentrate system
HoVO4 shows clearly a small zero-field splitting of about
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(2.3+0.1) cm ' at temperatures lower than 20 K. This
splitting seems to be due to some cooperative effect since
it is not present in dilute system Hop iYp 9VQ4. Further-
more a number of different experiments have so far failed
to reveal evidence for any corresponding static symmetry
lowering: the splitting of this excited doublet has thus
been assumed to be dynamic or to result from an artifact
of the optical absorption spectrum.

Another interesting result from the light scattering
studies is the dependence of the low-lying levels in a high
magnetic field applied along the c axis. ' Indeed a cross-
ing is observed at around 12 T between the I i singlet,
which remains field independent and a sublevel of the I ~

doublet. A strong ( —175) enhancement of the effective
nuclear moments of the Ho ions in the (001) plane is asso-
ciated with Van Vleck behavior at low temperature, ' so
that HoVO4 is a suitable candidate for enhanced nuclear
cooling experiments. " Magnetic susceptibility following
demagnetization cooling reveals that the hyperfine
enhanced nuclear moments of ' Ho antiferromagnetical-
ly order at about 4.5 mK. " '4

The temperature dependence of some elastic constants
measured below 250 K indicate that they contain sizable
magnetoelastic contributions, which drive a softening of
about 11 and 6% for the y and 5 elastic modes around
15 K, which stiffen at still lower temperatures towards a
Van Vleck plateau. ' This corresponds to a transfer of
population from the quadrupolar I ~ doublet in favor to
the nonquadrupolar I i singlet. The nondivergence of the
associated strain susceptibilities clearly agrees with the
absence of a spontaneous quadrupolar ordering.

Thus though, at first sight, HoVO4 is not dominated by
strong JT correlations as, for example, in TbVO4,
DyVO4, and TmVQ4, it exhibits several features that are
not adequately explained and it appears to us a good can-
didate for a reinvestigation using the susceptibility for-
malism. After a brief recall of this treatment in the fol-
lowing section, we analyze the CEF properties in Sec. IV.
The magnetic, magnetoelastic properties, and the level
crossing induced by a magnetic field applied along the c
axis are discussed in Sec. V. A comparison with TbPO4
is then given in Sec. VI.

II. F(ORMAI. ISM

The magnetic properties of the 4f shell are described
with the following Hamiltonian using the equivalent
operator method' and the mean-field approximation
(MFA): '

with P, =
—,
'.(J,J~+J,J;) (i,j=x,y, z) (see also Ref. 3).

The B"'s are the magnetoelastic coefficients, which are
temperature independent. The related elastic energy is

1 Cal (
al )2+ Ca12 al a2+ 1 Ca2( a2)2

el I p

+—'Cg(E~) +—'C (E ) +—'C'[(E') +(E') ] (4)

The e" strains and the C)p lattice background elastic con-
stants are given in Refs. 4 and 7. Within the MFA, the
two-ion quadrupolar terms are written as

K& O', —&O', K&& 0',—&O', K'& P„—&P„

K'[&P„—&P„+&P,.&P„] . (5)

E(2 and EM in Eq. (1) are the quadrupolar and bilinear
corrective energies associated to the MFA. Minimizing
the free energy with regard to the strains gives the equi-
librium strains as functions of the expectation values of
the corresponding quadrupolar operators. Replacing
these e"'s makes &ME [Eq. (3)] indistinguishable from &(1
[Eq. (5)] and leads to total quadrupolar coefficient:

(B")'6"= +K" (tu, .=y, 5, c. )
CP

and

(Bal )2Ca2 2BalB a2Ca12 + (Ba2)2Cal
6cl— +K . (6')

( al( a2 (( a12 )2
p p 0

In insulating systems, the two-ion quadrupolar terms
originate essentially from phonon couplings. In the
presence of only acoustic phonon exchange, the pair in-
teraction coefficient K" is negative and a relation is ex-
pected between K" and the magnetoelastic contribution
to 6",6QE=(B") IC~0.

field, H, corrected for demagnetizing effects and the
Heisenberg-type bilinear interactions, characterized by a
8* magnetic interaction temperature. Only magnetoelas-
tic contributions linear in strain and restricted to
second-rank terms are considered here. They read in
symmetrized notation as

(Bal al+Ba2Ea2)00 B y y02
ME 2 2

(3)

~cEF+~M+AME+~g+E 1+EM+Eg (1)

The CEF term, REF, is written within a system of x,y, z
axes parallel to the [100], [010],and [001] axes of the lat-
tice cell, respectively,

&CEF=aJV202+ p~( V404+ V404) +yq(V606+ V606),

Q& are the Stevens operators, VI the CEF parameters,
aJ, PJ, yJ the Stevens coefficients. The magnetic terms
in &M are the Zeeman coupling to the applied magnetic

This ratio is close to that observed, for instance, in
TmVQ4, and appears as a general feature for rare-earth
zir cons.

In the presence of small external stresses, perturbation
theory can be applied very fruitfully to the disordered
phase. It is then possible to obtain analytical expressions
for the free energy associated with each of the symmetry
lowering modes and then to describe the corresponding
couplings. For example, the third-order magnetic sus-
ceptibility, i.e., the coefficient of the H term in the field
expansion of the magnetization reads as
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(2)B" Xp 0
C~o (1—neo) (1—G"y„)

(9)

Each of the c"'s can be determined from the combina-
tions of A, changes of length induced by a (a,aza3)

P)P2P3
1 2 3

magnetic field and measured in appropriate (P&13+3)
directions. Extensive applications of the susceptibility
formalism in tetragonal symmetry can be found in Ref. 6
for TmAg2. After the determination of the CEF and of
the single-ion susceptibilities, the fit of the first-order
magnetic susceptibility along the [001] axis and in the
basal plane provides us with the bilinear temperature, 0*.
The other experiments (third-order susceptibility, elastic
constant, and parastriction) give the diff'erent pairs of 8"
and E"coefFicients.

III. SAMPLES AND EXPERIMENTAL TECHNIQUES

The well-known method of spontaneous crystallization
from solution was used to grow the single crystals of
HoVO4 with molten PbO-PbF2-V2O, -H3803 as the sol-
vent. The crystals were transparent and slightly colored,
their length was about 2 or 3 mm in each direction of the
crystallographic cell. The magnetization measurements
were performed using two different magnetometers in
steady magnetic fields up to 80 and 160 kOe. The tem-
perature ranges were 1.6—300 K and 0.05 —1.6 K for the
He -He dilution refrigerator. The temperature was re-
gulated within +0.01 K and the accuracy of the magneti-
zation was around 0.02pz. Magnetostriction deforma-
tion was measured by resistive strain gauges both parallel
and perpendicular to the external magnetic field, which
pointed along one of the principal symmetry axes of the
crystal. The absolute accuracy of the magnetostriction

2G ~(~~z~)z
(3)+ a

[1—(6'*/C)Xo]' 1 —G X.
2G p(~(2) )2

P

1 —6"yP

Only the a mode is present for H parallel to the [001]axis
with the y and 5 modes active for H along the [100] and
[110]directions, respectively. yo is the first-order suscep-
tibility, which is anisotropic between the [001] axis and
the basal plane. Three anisotropic single-ion susceptibili-
ties are introduced, which are known as soon as the CEF
is determined: yo

' describes the initial curvature of the
magnetic response in the absence of any magnetic in-
teraction. The strain susceptibility, y„=B(O~z)/BE", is
responsible of the softening of the associated elastic con-
stant,

(&")'y
C"=C~o- P

(1—K"y )

y„' '=B(O&z) /BH is the quadrupolar response to a mag-
netic field and determines the parastriction: the strain in-
cludes the renormalization of the applied field by the bi-
linear interactions and of the quadrupolar response by
the quadrupolar pair interactions:

measurements was about 2X10 in the liquid-helium
temperature range and 10 at high temperatures.

IV. THE CRYSTALLINE ELECTRIC FIELD

Since the exact knowledge of the CEF is a prerequisite
to the use of the susceptibility formalism, we tried to im-
prove its determination for HoVO4. Previous studies in
the literature give somewhat different sets of CEF param-
eters. In addition to the studies of Battison et al. and
Bleaney et al. , CEF parameters were derived from the
absorption spectra investigations in the near-infrared re-
gion by Bischoff et al. Table I shows that both sets of
parameters are relatively close to each other. Andronen-
ko et al. ' used the CEF parameters found for Er + in
YVO4 multiplied by a factor of 1.2. As indicated in Ref.
9, the parameters from Goto are different and not mutu-
ally consistent. '

Thus, to our knowledge, there exist at least four
different sets of crystal-field parameters which each de-
scribe more or less correctly one type of experiment. To
improve the determination of the CEF parameters, we
used our magnetic susceptibility data together with the
spectroscopic results.

A. Magnetic susceptibility measurements

TABLE I. CEF parameters from the literature.

V2 (K) Vq (K) V4 (K) V6 (K) V6 (K)

Ref. 9
Ref. 20
Ref. 21

—127
—131
—173

57
66
73

—1114
—1087
—1395

—61
—65
—72

112
132
151

Isothermal magnetization curves were collected along
the [001], [100], and [110] directions in fields up to 76
kOe and temperatures ranging from 1.5 to 300 K. Addi-
tional measurements were performed also with a He -He"
dilution refrigerator in temperatures down to 100 mK.
The first-order magnetic susceptibility was deduced from
the M/H versus H plots; the zero-field extrapolation of
these plots provides us with the magnetic susceptibility,
the initial slope with the third-order component. Mag-
netic susceptibility in the basal plane is isotropic within
the experimental accuracy. A large anisotropy of the
first-order susceptibility is observed in favor of the basal
plane, in particular at low temperature. Measurements of
the weak signal along the c axis are delicate: CEF calcu-
lations have shown that, below 5 K, a 1' or 2 misalign-
ment of the external magnetic field out of the [001] axis
leads to a contribution from the basal plane comparable
with the c-axis magnetic susceptibility. Sequences of
measurements on four different samples gave reciprocal
susceptibility values ranging at low temperature from 400
to 600 kOe/ps; only the sequence giving the smallest sus-
ceptibility will be considered in the following.

The temperature variation of the reciprocal susceptibil-
ity is drawn in Fig. 1. Above 100 K, the variation is close
to a Curie-Weiss law, with slightly different slopes along
the c and a axes, which indicates that CEF effects are still
present at room temperature. As temperature decreases,
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predicted in Ref. 4, but has been never observed. For a
magnetic field along the c axis, the third-order suscepti-
bility may be marked by quadrupolar interactions within
the u symmetry only. Contrary to the case of Tbp04,
their inclusion in the calculations does not improve the fit
as will be discussed later.

A similar study was performed in the basal plane for a
magnetic field applied along [100] and [110] directions
(lower part of Fig. 2). The third-order magnetic suscepti-
bility is negative and anisotropic; the absolute value for
the [110] direction is three times larger than that for
[100], which indicates that the easy magnetization direc-
tion is the [100] axis. Along the [110]axis, g~i' calculated
without any quadrupolar and bilinear interactions, i.e.,
p0, does not closely describe the data. However consid-
ering 6 quadrupolar interactions does not strongly
change the calculated dependence owing to the small
values of the 5 susceptibilities present in Eq. (7). We have
to note the fit here is worse than usually observed in R in-
termetallics such as TmAgz. Along the [100] axis, the
shift between y~' and y0

' vanishes if the latter is renor-
malized by quadrupolar terms with a G~ coefticient of 1.4
mK. A small discrepancy is still present below 5 K, the
origin of which is unexplained. The shift of y~' towards
positive values due to y quadrupolar terms increases then
the anisotropy in the basal plane in favor of the [100]
axis.

100 150

o 20 ~

+
p 10—

20

Hovo
HO[001]

e* =Or.

10
8

0
0 50 100 150

FIG. 3. The temperature variation of the parastriction within
the a tetragonal symmetry for a [001] magnetic field (upper
part, a1 mode; lower part, a2 mode). The solid curves are cal-
culated dependences.

B. Parastriction

To obtain all the magnetostrictive modes the changes
of length parallel and perpendicular to the magnetic field
directed along the [001], [100] and [110] axes have been
measured in isothermal conditions. The change of length
was always quadratic in the applied field, for tempera-
tures above 20 K up to 50 kOe and, for lower tempera-
tures up to fields of 10 kOe at least for the easy magneti-
zation direction.

stants and the magnetoelastic coeKcients, B ' and B

B 'C0 —B C0'
ga1

Cal ga2 ( Ca12 )20 0 0

and

Ba2C a1 Bal C a12

g lX2— 0 0

Calca2 ( Ca12 )20 0 0

1. a mode

The magnetic field was applied along the [001]axis, the
changes of length, A, ~001~ and A.~100~, lead to the tetragonal
symmetry modes g =A, I1j+ 2I 1~ and
E =k(oo, )

—A, (,oo). According to Eq. (9), the temperature
variations may be linearized, at least at high temperature,
by plotting M/I A, (oo, ) +2&„oo)I

'"
as done in Fig. 3. The accuracy of the mea-

surements is higher for the c. mode than for the c '

mode since systematic errors cancel in the first case.
However, both modes display the same temperature vari-
ation with a vanishing of the strain at low temperature.
Indeed in the absence of bilinear interactions, the calcu-
lated behaviors are given by '

(10)
' and 2 depend on both the background elastic con-

The fit to the data leads to A ' and 3 values given in
Fig. 3. Note that the negative sign observed for c, cor-
responds to a negative value of A since y' ' is calculat-
ed to be positive. Introducing G values in Eq. (10) is not
necessary. In order to determine 8 ' and B,we use the
values of the elastic constants from Ref. 15. The hy-
pothesis of C13=C12 leads to the symmetrized elastic
constants C0'=24, C0 =11, and C0' =1.6 in 10 K
units. We obtain 8 '=9 K and 8 = —15 K and then a
magnetoelastic contribution GME =0.26 mK [Eq. (6')].
As discussed in Refs. 4 and 7, the existence of a magne-
toelastic couplings acting on the nonzero (Oz ) quadru-
polar component, already ordered by the CEF, has to be
considered ab initio in the diagonalization of the starting
hamiltonian. We have checked that a G value around
0.2 mK does not drastically change either the single-ion
susceptibilities themselves or the fits (see, for instance, in
Fig. 2 the effect of G on y~' along the c axis). As the
modification (in general an improvement) of the fits is less
than 3%, the effect of the cx quadrupolar pair interactions
will be not considered in the following (G =0 K).
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2. 5 and y modes

IC. Elastic constants

The above determinations have been completed by the
analysis of the elastic constants measured by Goto
et al. ' The C~=C&& C]2 C =2C66 and C'=2C44
normal elastic modes were measured below 250 K. As in-
dicated by the authors, the data around this temperature
seem to be questionable. The thermal variation of the C'
mode is very similar to the background lattice contribu-
tion, which indicates a nonmeasurable 8' magnetoelastic
coeKcient in agreement with our parastriction measure-

I

HoVO

100 150 200 250

Owing to the singlet ground state, the orthorhombic
symmetry modes exhibit a Van Vleck-type behavior at
low temperature. Over all the temperature range investi-
gated, c =k[»o] ~[—»o] and &~=~[&oo] A, [ohio] are posi-6

tive and negative, respectively. The temperature varia-
tions of the reciprocal parastriction are given in Fig. 4.
Since the quadrupolar field susceptibilities, g„' ', are posi-
tive, the two magnetoelastic coefficients are of opposite
sign. The adjustments of the experimental and calculated
behaviors leads to 8 = 54 K and 8 ~ = —30 K for back-
ground elastic constants, ' Co = 19.5 X 10 K and
C( =96X10 K, respectively. The following values are
then deduced for the magneto elastic contributions:
GME =15 mK and GQE =0.9 mK. For the 5 symmetry
mode, as observed for the third-order susceptibility, the
parastriction does not strongly depend on quadrupolar
pair interactions and, here too, it is not possible to direct-
ly determine the 6 value with accuracy. To the con-
trary, the presence of a 6~ contribution introduces a shift
of the calculated behavior (low part of Fig. 4) and a value
of 6~ around 1 mK agrees with the determination from
the third-order susceptibility (Sec. V A).

ments. For C~ and C, a minimum is observed around
15 K and the softening reaches 11 and 6% of the max-
imum value, respectively.

The best fit of the temperature dependence of C~ is ob-
tained with the absolute value ~Br

~

=33.5 K for the mag-
netoelastic constant, and a quadrupolar pair coeKcient
Kr= —0.3 mK (Fig. 5). The values deduced, GEE=1.2
mK and 6~=0.9 mK, are in full agreement with deter-
minations from the third-order susceptibility and para-
striction. For the 5 symmetry, a worse fit to the C data
is obtained, in particular above 100 K, where some spuri-
ous contributions are believed to take place. The ~B

~

ab-
solute value (around 85 K) is clearly larger than the one
determined by parastriction, as will be discussed in the
conclusion.

D. Level crossing

The very small first- and third-order magnetic suscepti-
bilities observed along the c axis in Secs. IV A and V A
indicate that the ground-state energy is not shifted with
field at low temperature. The condition for the existence
of a crossing with an excited magnetic level in a realiz-
able magnetic field can be fulfilled only if the magnetic
excited level is not too energetic. This is the case in
HoVO4 around 11 T as observed by spectroscopic investi-
gations of the Zeeman effect: the ground-state singlet
shows little magnetic field dependence whereas the first
and especially the second excited doublets at 31 and 66 K
split significantly. The wave function of the new ground
state above the crossing has a dominant ~7) component
as the second excited doublet in zero magnetic field. ' To
study the crossing and the induced magnetic moment as
functions of temperature, magnetization measurements
have been performed in magnetic fields up to 15 T ap-
plied along the c axis.

Examples of isothermal magnetization curves are re-
ported in Fig. 6 for different temperatures. It is seen that
the low-temperature magnetization is very small below 10
T and rapidly increases at the critical field of 11.4 T.
Above this, the magnetization saturates at the value of
8.2p~. The magnetization jump becomes sharper as the

100

5
CO
C0

o

0
0

8~= -30 K

[100]

T (K)

3

CO

54 K

I 0—
25 50

90
I

TH

II

SO

C
0

[B~i = 33.5 K
I I

100 150 200
T (K)

250

FIG. 4. The temperature dependence of the parastriction for
the y and 5 orthorhombic symmetries. Curves are calculated
with the parameters indicated.

FIG. 5. The temperature dependence of the C~ elastic con-
stant. The data are from Ref. 15. The curve is calculated with
the parameters indicated.
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12 25

HoVA
[001]

10

7.5—

~ 0.1 K
-0.3 K

2.5
I

8
f IT XI

9 10 11 12 10
H. , (T)

FIG. 6. Isothermal magnetization curves along the c axis, the
applied field is corrected for demagnetizing e6'ects. The dashed
and solid curves are calculated in the presence of only the crys-
talline electric field at 0.3, 12 K and 0.1, 4 K, respectively.

12 13

~ ~

temperature decreases down to 1.S K, whereas the criti-
cal field corresponding to the inflection point does not
change noticeably. The hysteresis between the variations
of the magnetization in increasing and decreasing fields is
small, less than 1 kOe. Below 1.5 K, two different steps
are clearly observed with a linear magnetization depen-
dence in between. Thus the width in field of the transi-
tion never decreases to less than 1.5 T.

Above 3 K, the curves calculated with the same set of
CEF parameters and coupling constants as previously,
describe the experimental ones except that the magneti-
zation calculated above the critical field is overestimated
by 0.2pz and the calculated magnetization slope at the
crossing is slightly too high (Figs. 6 and 7). Including an-
tiferromagnetic interactions reduces the value of the field
felt by a given 4f ion in the paramagnetic state and a
value 0* about —1 K, sufticiently small not to affect the
measurements of Sec. IVB, would remove the gap be-
tween the experiment and calculation. It would not
reduce sizably the magnetization calculated in high fields.
However we have checked that the diminution of the cal-
culated slope by the negative bilinear interactions would
be compensated by considering the G =0.2 mK contri-
bution, which acts in sense of increasing the slope.

Thus the width in field of the transition cannot be ex-
plained by this way. This is due to the double profile of
the experimental transition. Below 3 K, the resolution
into two steps is well emphasized by the two peaks in the
derivative, split symmetrically with respect to the unique
calculated peak, which becomes narrower and narrower
(0.2 T at 0.1 K), according to the thermal depopulation of
the upper level on both sides of the crossing (Fig. 8).
Note that the peaks have, in the limits of the experimen-

tal accuracy, a width and a thermal variation of the same
order as the calculated one. The double transition may
result from mechanical stresses. Because of the torque in
hi h magnetic fields applied along the hard axis, we failedig m
to measure the magnetization in a free sample, which had
to be inserted into a drop of epoxy to prevent it from
breaking. At the critical field, sizable magnetostriction
changes occur: on both sides of the magnetization jump,
the quadrupolar components are calculated to be
(0 ) =74 (high magnetization state) and —67 (low mag-2
netization state) and the free energy at 0.1 K changes at
the critical field by 1.56 K for G =0.2 mK. The varia-
tion of the quadrupolar component (b.(Oz) =141) and
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FIG. 8. The field derivative of the magnetization as a func-
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FIG. 7. The field derivative of the isothermal magnetization
as a function of the internal field. The solid curves are calculat-
ed in the presence of only the crystalline electric field. Each
variation is vertically shifted as indicated in parentheses.
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the magnetoelastic coefficients B ' and B determined
by parastriction give the magnetostrictive changes

=0.66X10 and EE = —2. 12X10, which im-
plies AA't00&]

—1.35 X 10 and 5A,
~ )00j

= 1.25 X 10
These deformations may give rise to strong and inhomo-
geneous stresses in the clamped sample and thus be re-
sponsible for the double feature of the transition at low
temperatures. However, if not fortuitous, the symmetri-
cal shape of the magnetization curve as well as of its field
derivative is surprising and there may exist other ex-
planations (see discussion).

VI. DISCUSSIQN

Our susceptibility measurements have confirmed the
CEF parameters proposed in Ref. 9. They also show the
bilinear interactions between magnetic moments to be
weak. In the paramagnetic range, they are characterized
by a 0* temperature slightly negative ranging from 0 to a
minimum of —2 K. This agrees with the magnitudes of
the Neel temperature in isomorphous compounds (for in-
stance, 3.5 K in DyVO4).

The magnetoelastic couplings associated with the a
tetragonal symmetry (change of the c/a ratio and change
of the volume) are sizable, although weaker than in
TbPQ4. Their consequences have been found to be quite
important in TbPO4 due to the close vicinity of the low-

lying levels. In HoVO4 they are not as drastic owing to
the large spacings (31 and 66 K for the first two excited
levels) and may be neglected in the fit of all the other
properties. With the assumption of C» =C,2, the mag-
netoelastic coefficients B '=9 K and B = —15 K have
been determined. As for all the magnetoelastic
coefficients, B ' and B are simply the strain derivatives
of the second-order CEF parameter. They thus behave
as any CEF parameter and after normalization by the
second-order Stevens coefficient, may be compared from
one compound to the other or from one series to another
isomorphous one. In HoVO4, the following ratios are ob-
tained: 8 '/aJ = —4050 and 8 /az =6300 K, reminis-
cent of values —7000 and 4600 K obtained in TbPQ4.
These values are about 20 or 50 times larger than in
tetragonal R Ag2. The quite sizable magnitude of these a
magnetoelastic modes seems to be general to the R zir-
cons, contrary to the case of R intermetallics, for which
the a modes are dominated by the symmetry-lowering
modes.

For symmetry-lowering modes, the normalization by
the Stevens coefficient of the magnetoelastic coefficients,
B =54 K and B = —30 K, leads to B /aJ= —24300
and B /az = 13 500 K, compared to —14 400 and 9900 K
in TbPO4. For each mode, the sign is the same for both
compounds and the absolute values are not very difFerent,
although the magnetoelastic coefficients for the symmetry
lowering modes appear larger in RVO& (preliminary re-
sults in other isomorphous systems confirm this tenden-
cy). This latter feature supports the more frequent oc-
currence of structural transitions in the second series, al-
though it is not the main reason: the ground state and
low-lying levels exhibit intrinsic quadrupolar components

more often in RVO4 than in RPO4. This is in particular
due to the fact that, whereas the fourth- and six-order
CEF coefficients are similar, the large second-order ones,
Vz, are of opposite sign, which reverse the order of the
CEF levels. Thus changing V to P inside the oxygen
cages of the zircon cell strongly modifies the Vz
coefficient, but not its strain derivatives, which are ob-
served here to behave as the fourth and sixth-order CEF
coefficients. Systematic determinations across the two
series will allow us to state this result precisely. When
confirmed, this will give a general model for all the R zir-
cons governed by the CEF and its magnetoelastic modu-
lation.

The determinations of the magnetoelastic couplings, in
particular for the y symmetry, are coherent between the
various experimental probes. The total quadrupolar
coefficient G~ ranges from 1.4 to 0.9 mK, its magnetoe-
lastic contribution, GQE, from 0.9 to 1.2 mK. The best-
fit parameters for the temperature variation of the elastic
mode C~ lead to quadrupolar pair interactions, which
have a —

—,
' ratio with respect to the magnetoelastic con-

tribution, as expected in the case of an acoustic phonon
coupling. However some shifts from this theoretical
value to account for particular experimental conditions
are possible as it can be deduced from the parastriction
values (Gi'= 1, GorE =0.9 mK). A similar analysis is not
possible for the 6 symmetry due to the small quadrupolar
susceptibilities, which limit the experimental sensitivity
and accuracy: the temperature variation of both the
third-order susceptibility and the parastriction does not
lead to a well-defined G value. From the magnetoelastic
coefficient, B =54 K, deduced from the parastriction,
the magnetoelastic contribution is estimated as G ME

= 15
mK, and, with the assumption of only an acoustic pho-
non exchange, a value of about 10 mK is found for the to-
tal quadrupolar coefficient, G . Obviously since G"
varies as (8"),i.e., as az from one compound to another,
the values determined here, although larger, show the
same trend as the ones observed in TbPOz (Gr=7 mK
and G =70 mK). Note that the difFerence between the
values for the two symmetries comes from the elastic
constant C0, which is five times smaller than C$ in the R
zircon series.

All these couplings are too small to drive an ordering
of the corresponding order parameter owing to the Van
Vleck behavior of the first-order magnetic susceptibility
as well as of the strain susceptibilities, y and y&. In par-
ticular, y& is very small and the temperature variation of

exhibits a minimum around 13 K, which corresponds
to an overly large G critical value of 350 mK. For the y
symmetry, the yz variation also has a minimum at 13 K
with a 8.4 mK critical value, larger than the observed
one. As previously stated the extremum of the strain sus-
ceptibilities is due to the quadrupolar nature of the first
excited doublet. By analogy to the case of TmPO4, it
could be speculated that a magnetic field may suppress
the Van Veck behavior and restore a quadrupolar order-
ing. We have checked that in such a situation, which is
just the present case of level crossing, the Zeeman term
overwhelms any other interactions and enforces a simple
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polarized magnetic phase.
Although the Ho + system remains undercritical, the

large sensitivity of the first excited doublet to y quadru-
polar coupling, illustrated by the fact that the yz strain
susceptibility is much larger than the y& one, is confirmed
by the study of Ho-doped DyVO4 and TbVO4 crystals.
The DyVO4 and TbVO4 lattices are known to distort at
TD =14 K (Ref. 23) and at TD =33 K, where the dom-
inant couplings are, respectively, y(B,s) and 5 (Bzg).
The y quadrupolar field in DyVO4 splits the Ho + first
excited doublet by I4.5 cm ' at 7 K, an order of magni-
tude more than any other doublet in the Ho + spectrum.
Its response to the 5 quadrupolar field in TbVO4 is clearly
sma11er, although the quadrupolar temperature, thus the
quadrupolar field are at their maximum.

The level crossing at 11.4 T has been thoroughly stud-
ied as a function of temperature. To our knowledge, such
a magnetization jurnp of about 8@~ has never been ob-
served in the paramagnetic phase. Its general description
starting from the CEF is quite good with however two
unexplained features; the high-field magnetization and
the field width of the crossing. The 0.2p~ overestimation
of the high-field magnetization is particularly hard to un-
derstand since the calculated moment does not drastically
depend on reasonable shifts of the CEF or of the G
coefficient from their most likely values. Second, it is
possible that the two-step nature of the crossing revealed
at low temperature may be explained in terms of mechan-
ical stresses in the clamped sample, although the sym-
metric nature of the transition seems somewhat unlikely
by chance alone. The coexistence of the two features
may lead one to suscept other origins in addition to
mechanical stresses, such as, for instance, the existence of
inequivalent 4f sites. This hypothesis may be supported
by electric susceptibility measurements in the neighbor-
ing compound DyVO4, which reveals an anomalous in-
crease of the dielectric constant along the c axis near the
Jahn-Teller transition. This increase was understood as
a possible consequence of the onset of an antiferroelectric
ordering, driven by the softening y strain mode. Thus
complementary studies of the static and dynamic physi-
cal properties near the level crossing, as well as in the
temperature range of the broadening of the first excited

doublet may be fruitful.
To summarize our results on HoVO4, the CEF from

Ref. 9 is confirmed, with very small modifications to fit
our magnetic susceptibility data. This has allowed us to
describe the spectroscopic, magnetic and magnetoelastic
properties. The magnetoelastic coefficients have been
determined by the extented susceptibility formalism in
order to consistently analyze the third. -order magnetic
susceptibility, parastriction, and elastic constant mea-
surements for the difFerent symmetry lowering modes,
which have then been compared with analogous deter-
minations in TbPO4. The magnetoelastic modulations of
the CEF are very similar in these two compounds, which
belong to difFerent series and the strengths of the quadru-
polar couplings are also comparable with the occurrence
of a Jahn-Teller transition for a given rare earth essential-
ly depending on the characteristics of the low-lying lev-
els, i.e., on the CEF in association with the P, V, or As
element. This comparison constitutes the first coherent
analysis of the large family of R zircons, for which a
great variety of magnetic and magnetoelastic properties
of which seems to be ruled essentially by the CEF. Ongo-
ing studies in other isomorphous systems will allow us to
confirm this picture.

The most interesting peculiarity of HoVO4 is the level
crossing induced by a magnetic field along the c axis.
The transition field as well as the Spz magnetization
jump have been described in detail. The two-step nature
of the transition is intriguing, especially if, as we have
suggested, its origin might be other than a by-product of
mechanical stresses acting within the sample.
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