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dDepartamento de Qúımica Inorgánica, Universidad Complutense de Madrid, 28040
Madrid, Spain

Abstract

We present here new magnetization and heat capacity data under magnetic
field and direct measurements of the magnetocaloric effect (MCE) in the zir-
con and the new scheelite phases of RCrO4 (R = Tb, Er, Ho) from 5 K to 100
K, for magnetic fields B from 0 to 9 T. Zircons have a high MCE near their
Curie point, TC ' 20 K, reaching maximum isothermal entropy increments,
|∆ST | = 21, 19.4, and 16.2 J kg−1K−1 for HoCrO4, ErCrO4, and TbCrO4,
respectively, for an external field of 5 T. TbCrO4 has another anomaly near
TD = 60 K associated to a Jahn-Teller transition from the tetragonal zircon
structure to an orthorhombic phase. Scheelites are antiferromagnetic with
TN ' 25 K. In the Tb scheelite the rare earth is strongly coupled to Cr5+

and the MCE exhibits the typical features of an antiferromagnet, i.e. a sort
of Curie-Weiss behavior above TN and a sudden drop to small or even inverse
values below. In the Er and Ho scheelites the R3+-Cr5+ exchange coupling is
very weak and the R3+ ion behaves independently of the Cr5+. As a striking
consequence the MCE is quite stronger well below TN .

Keywords: Polymorphism of RCrO4 oxides, Magnetic meaurements, Heat
capacity and entropy, Magnetocaloric effect
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1. Introduction

Refrigeration by demagnetization of a material with strong magnetocaloric
effect (MCE) is a procedure used since the 1930’s to reach temperatures below
1 K [1]. The method was intended for reaching the lowest possible temper-
atures, with scientific purposes. Therefore, in that time paramagnetic salts5

were used. These are composed by ions of high magnetic moment separated
by many non magnetic ones preventing ordering by magnetic dipolar inter-
action, which allowed to cool down to 40 mK by routine, in a single shot.
Today there are other procedures of refrigeration, but it turns out that the
old demagnetization method is thermodynamically very efficient. Moreover,10

refrigeration at temperatures of the boiling points of helium, hydrogen or
natural gas overtakes the pure scientific research by a large amount, when
liquid helium is currently used in many scenarios, hydrogen is proposed as a
clean energy vector, and natural gas is a fuel reducing considerably the emis-
sion of CO2 to the atmosphere, with respect to other usual hydrocarbons.15

A review of materials and systems for magnetic refrigeration at cryogenic
temperatures is [2], where the full section of the volume is devoted to the
subject. A more recent review is [3].

The ideal material to use the MCE for refrigeration above 1 K would be
composed of atoms with high spin, high density of magnetic moments, low20

anisotropy, and weak exchange interactions. This is the case of the previously
studied zircon phase of GdCrO4 [4, 5, 6] where the partial polarization of the
Gd3+ ions confers to this compound a high MCE over a wide temperature
range, with |∆ST | > 20 J kg−1K−1 between 5 K and 35 K and a maximum
of 29 J kg−1K−1 at 22 K, in both cases for a field increment from zero to25

9 T. The gadolinium compound is the most evident case among the zircons
RCrO4 (R = rare-earth atom) because of the virtually isotropic behavior of
Gd3+, in the temperature range of this work, but other rare earths can be
explored. In this sense, it has been reported that other zircons RCrO4 (R
= Ho and Dy) show also large values of the magnetocaloric parameters that30

make of these oxides potential refrigerant materials [7]. Moreover, recently
the scheelite polymorphs (space group, s. g. I41/a) have been synthesized
at high pressure from the zircon phases for most R elements. These scheelite
forms are quenchable after releasing the pressure [6, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17].35
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Figure 1: Left side: Perspective view of the zircon and scheelite-type structures showing
the edge sharing chains of RO8 bisdisphenoids. Blue: Cr5+, red: O2−, orange: R3+. Right
side: Two possible R-Cr exchange pathways 1 and 2 in both structures, showing the very
different R-O-Cr angles that determine the sign of the interaction.
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Most of the zircon-type RCrO4 oxides behave as ferromagnetic (FM),
while the scheelite polymorphs are made of ferromagnetic layers, perpendic-
ular to the c-axis, coupled antiferromagnetically (AFM). The change in the
sign of the magnetic interaction can be explained by considering the changes
in the bond angles of Cr-O-R pathways through which the superexchange40

interactions take place in these two structural types, see Fig. 1. In the case
of the zircon polymorphs the pathway 1 (Fig. 1) with a bond angle near of
90◦ (94.8(2)◦ for TbCrO4 is a typical example) accounts for the observed FM
interaction, while for the scheelite polymorphs the corner sharing between
the [RO8] and [CrO4] polyhedra significantly increases that Cr-O-R angle45

(to 132.3(3)◦ for TbCrO4) and with it the type of interaction changes from
FM to AFM. In addition to the fundamental physical and chemical proper-
ties, the following features make these RCrO4 oxides suitable for potential
refrigerant in comparison with other rare earth transition metal oxides. First,
a large magnetic moment, typical of many rare earth ions, makes easier the50

polarization by a moderate external magnetic field. Second, for some rare
earths the crystal field (CF) favor the thermal population of many magnetic
states (i.e. random distribution of the magnetic moment directions above
TN or TC but still at low temperatures) at zero field. Third, the exchange
interaction with the 3d-ion, usually much higher than R−R exchange interac-55

tion, provides an internal field increasing the polarization below the ordering
temperature.

The Cr5+ ion plays an important role as promoter of the interactions in
the rare earth sublattice increasing the ordering temperatures by one order
of magnitude in comparison with the analogous RXO4 (X = P, As, V)60

where X is a diamagnetic element [18, 19]. The order temperatures in these
compounds are well below 5 K, indicating that the direct R−R interaction is
much weaker than R-Cr or Cr-Cr. On the other hand, the lower TC in the Cr-
zircons where R is not magnetic (e.g. YCrO4 [9] or LuCrO4 [8]) indicates that
the R-Cr interaction is relevant and enhances the FM coupling. Additionally,65

a ferroelectric transition near 100 K has been reported in RCrO4 (R = Y, Gd,
Ho, Sm), related to a distortion of the CrO3−

4 tetrahedra [20]. This fact opens
the possibility of changing the exchange interactions, thus a magnetoelectric
effect.

The structural and magnetic properties of the zircon and scheelite poly-70

morphs of RCrO4 (R = Tb, Er, Ho) have been discussed in a previous series
of papers [8, 9, 11, 12, 13, 14, 15, 16, 21, 22]. The heat capacity was studied
at zero magnetic field and for the scheelite TbCrO4 also at 3 T and 8 T [14].
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This work is essentially focused on the MCE of both polymorphs of RCrO4

(R = Er, Ho, Tb) oxides, by studying the isothermal entropy change, ∆ST ,75

associated to the applied magnetic field change ∆B = B − 0 (see section
2.3.1). Thus, ∆ST is obtained from isothermal magnetization, from heat ca-
pacity data at several magnetic fields and by direct measurements of the heat
released/absorbed on isothermal magnetization/demagnetization. The heat
capacity data are analysed in relation with the CF splitting of the ground80

level of each rare earth ion. A possible Dzialozhinsky-Moriya interaction in
scheelites has a too small influence in the MCE. Although it is never explictly
stated we will assume a simple Heisenberg interaction hamiltonian, as the
ansisotropy comes mainly from the CF at the rare earth ion site.

2. Experimental details85

2.1. Sample preparation

Zircon-type RCrO4 powder samples were prepared by heating the stoi-
chiometric amounts of Cr(NO3)3 · 9 H2O and R(NO3)3 · 6 H2O in an oxygen
flow according to the following thermal process: 30 min at 433 K, 30 min at
473 K and 10-12 h at 853 K. Scheelite-type RCrO4 powder samples were ob-90

tained in a belt type press from the corresponding zircon-type RCrO4 under
a high pressure of 40 kbar and 833 K for 30-40 min [12, 14, 23]. For both
polymorphs, the X-ray powder diffraction patterns obtained confirmed the
respective structures and purity.

2.2. Magnetization measurements95

New isothermal DC magnetization M data were collected using a Quan-
tum Design Physical Property Measurement System (PPMS), from 2 K to 60
K and for applied magnetic fields B up to 9 T. These measurements were used
to deduce the MCE. Only the M -data for the scheelite TbCrO4 are shown
(Fig. 7), since most of results have been discussed in previous works. We give100

the M -data in a double scale, since in µB/fu they are more directly related
to the atomic properties than in emu/g. The DC magnetic susceptibility, χ,
has been deduced as χ = M/B for low field data. The AC susceptibility has
been taken from previous works.

2.3. Heat capacity and entropy105

For the determination of the heat capacity, Cp,B, the usual relaxation
procedure is used in a PPMS at constant magnetic fields from 0 to 9 T and
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very low pressure, using a pellet of pressed powder. The accuracy is better
than 5% between 2 K and 50 K. To determine the phonon contribution of
the zircon phases the heat capacity of LuCrO4 [10] has been used, where110

Lu3+ is not magnetic and Cr5+ orders at the low TN = 9.2 K, allowing to
extrapolate the experimental higher temperature data to T → 0 by a Debye
function. For other zircons an empirical corresponding states law was used
as an estimation of the phonon contribution, i.e. Cph ' Cph(LuCrO4,T/fs)
using a proper scale factor fs ' 1. This estimation reproduces well the heat115

capacity of other zircons like YCrO4 [10] and GdVO4 [24] at temperatures
where the magnetic contribution is negligible. These compounds have no
contribution of the crystal- field either. For scheelites a corresponding states
law has been applied to the very precise, reliable and recent experimental data
of LaNbO4, by adiabatic calorimetry [25]. This law reproduces acceptably120

the experimental heat capacity of YVO4, despite of the very different atomic
masses in both compounds.

To estimate the contribution of the thermal population of the CF levels
in zircons, the isostructural RVO4 compounds [18] have been used, when the
CF is essentially produced by the charge of O2− in all cases. For the ErCrO4125

sheelite, the levels of Er-doped scheelites AMoO4 (A = Ca, Sr, Pb) [26] have
been assumed. Lacking any direct determination of the CF splitting in other
scheelite-oxides, the data of the RLiF4 [27, 28, 29, 30, 31, 32] have been
taken. Because of the higher O2− charge vs. F−, the CF splitting of the
ground free ion manifold in the fluorides must be quite smaller than in the130

orthochromates, but we assume that at least the splitting scheme is the same
in both compounds for every R.

The entropies have been determined by the thermodynamic relation

S(T,B) = S(T0, B) +

∫ T

T0

Cp,BdT

T
(1)

Here T0 = 0 is taken when a clear extrapolation of the experimental data
to T → 0 is possible (e.g. for a high applied field), assuming S(0, B) = 0.
Otherwise another different temperature T0 � 0 is taken using the experi-135

mental difference S(T0, B2)− S(T0, B1), obtained from magnetocaloric mea-
surements, for setting S(T0, B2), knowing S(T0, B1). The molar heat capacity
and entropy are given always in units of the gas constant R, that should be
not confused with the symbol for a rare earth. In these units they are di-
rectly related to atomic properties (e. g. the entropy is an experimental140
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measurement of the logaritm of the number of thermally accessible states,
per chemical unit). ∆ST (MCE) is given in double scale, per unit of mass,
and molar.

2.3.1. Magnetocaloric effect

The magnetocaloric effect is characterized by the isothermal entropy145

change, ∆ST , or the adiabatic temperature change, ∆Tad, for a magnetic
field variation ∆B = B − 0. ∆ST has been obtained at least in two of the
three following ways:
1) Directly, by the procedure described in [33].
2) From isothermal magnetization data, M , via the well-known Maxwell re-150

lation (
∂S

∂B

)
T

=

(
∂M

∂T

)
B

⇒

∆ST ≡ S(T,B)− S(T, 0) =

∫ B

0

(
∂M

∂T

)
B

dB (2)

3) From heat capacity data at several constant fields, via the deduced en-
tropies, ∆ST = S(T,B)− S(T, 0).

Usually these three methods are complementary. The values deduced
from M are not always precise or even correct. The entropies deduced from155

Cp,B frequently involve a not well determined constant and the direct de-
terminations are only possible in a narrower temperature range. The initial
field is always assumed zero throughout this work, and we write always B
for ∆B to simplify the notation. It should be noted that the results form
M should be slightly higher than form Cp,B or directly measured, due to the160

different demagnetization factor of the samples used for each experiment,
when B = µ0H is always the external field.

3. Results and discussion

3.1. Heat capacity of zircons

3.1.1. TbCrO4165

The heat capacity of the zircon TbCrO4 (Fig. 2) at zero field shows a
λ-peak at TC = 22.2(1) K in agreement with other determinations [34, 9].
This anomaly rounds off and its maximum moves to higher temperature on
application of a weak external magnetic field indicating a FM ordering, like
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Figure 2: Heat capacity of the zircon phase of TbCrO4. Continuous line: Estimation of
the phonon contribution as explained in the experimental section. Vertical lines indicate
the temperatures at which the entropy is given.

most of zircons. There is another round anomaly starting near TD = 60 K170

and downwards. We ascribe this anomaly to a co-operative Jahn-Teller (JT)
distortion (very usual also in other rare earth zircons like RXO4 with R = Tb,
Dy, Tm and X =V, As or P) from the room temperature (RT) tetragonal
zircon structure to an orthorhombic phase which has been described with
the s. g. F222 [34] and more recently with Fddd [8]. Differently of other175

Tb zircons (e.g. TbVO4 [35]) this transition does not have the typical λ
shape of the second-order transitions. In our opinion that is due to the stress
distribution in the pellet used for Cp,B measurements, since the JT transition
is very sensitive to stress [36]. In contrast, the anomaly is insensitive to a
magnetic field lower than 5 T. At zero field, the magnetic anomaly in Cp180

occurs well below TD. The much higher TD with respect to that for TbVO4

would be related to a stronger electron-phonon coupling in the Cr compound
producing a wider splitting of the ground quasi-quartet of Tb3+ as explained
in [36].

The entropy of both anomalies together (i.e. the experimental entropy185

at zero field minus the estimated normal phonon contribution), at 65 K is
Sanom/R = 2.13. To understand this value, let us consider the well known
isostructural TbVO4. It has a JT distortion at TD = 33.1 K [35, 18]. In
the tetragonal phase of TbVO4 the lowest crystal-field levels of Tb3+ are
one singlet (ground state), one doublet at 8.6 cm−1 = 12.4 K (the factor190

E(K)/E(cm−1) = 1.439 K/cm−1 will be implicitly invoked throughout this
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paper), and one singlet at 22.9 cm−1. Next level is at 91.5 cm−1, clearly
too high in energy to be thermally populated at TD. The total theoretical
anomalous entropy, considering a contribution of Cr5+ as ln(2), would be
Sanom/R = ln(2) + ln(4) = ln(8) = 2.08, very close to the observed value.195

However in TbCrO4 the anomaly in Cp at zero field occurs below 60 K.
Therefore the thermal occupation of the next excited levels at 60 K would
explain the observed excess of anomalous entropy above ln(8). Now let us
consider the entropy at 25.5 K, just above the λ-peak. Subtracting the
phonon contribution it gives Sanom/R = 1.28, slightly below 2 ln(2) = 1.39,200

which can be interpreted as the magnetic contribution of Cr5+ plus a full
thermal population of the ground CF doublet of Tb3+ in the orthorhombic
phase.

Within this interpretation, it is to be remarked that M does not reach
saturation even at 2 K for 9 T, when M = 135 emu/g = 6.64 µB/fu, while205

the moments determined by neutron diffraction [9] are µ(Tb3+) = 7.62(8) µB,
µ(Cr5+) = 0.96(3) µB, giving a saturation magnetization Ms = 8.6(1) µB/fu,
much higher than observed. The explanation is the strong anisotropy of Tb
and the random orientation of the crystallites in a powder sample, when only
the parallel component of the field to the easy direction produces a relevant210

polarization effect.

3.1.2. HoCrO4

The lowest lying CF levels of Ho3+ in HoVO4 are a non magnetic singlet
(E0 ≡ 0), with 〈Jz〉 = 0, a doublet at E1 = 19.5 cm−1, with Jz ' ±1, a
singlet at E2 = 43.2 cm−1, with 〈Jz〉 = 0 and a doublet at E3 = 44.4 cm−1

215

with predominance of the states with Jz = ±1 [37]. Next level is more than
100 cm−1 above the ground level but the high Jz = ±7 make it reachable on
application of a strong external magnetic field. Ho3+ has no moment for zero
field but the relatively near excited doublet produces magnetic polarization
by moderate magnetic fields. For a magnetic field in the ab–plane, the be-220

havior is as van Vleck paramagnet with a large susceptibility. We can assume
small changes of the crystal-field levels on going to HoCrO4. Therefore, at
first, a Schottky anomaly in the zero-field heat capacity (Fig. 3) with maxi-
mum near 13 K is expected, due to the thermal occupation of the CF levels,
in addition to the magnetic contribution of Cr5+. This latter contribution225

is related to a peak at TC = 17.4(2) K which hide somewhat the Schottky
anomaly.

The peak becomes a round anomaly under a small field of 1 T, therefore
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Figure 3: Heat capacity of the zircon phase of HoCrO4 under several applied magnetic
fields. Dashed green line: Estimation of the phonon contribution. Dotted red line: Con-
tribution of the first two crystal-field levels of Ho3+. Solid blue line: sum of phonon and
crystal-field contributions.

it is due to the FM ordering of the Cr5+ ions, as also deduced from magnetic
susceptibility [12]. The magnetic entropy just above the peak (e. g. at 26.3230

K), where the magnetic contribution of the Cr5+ ions should be Sm/R =
ln(2), is actually S(26.3 K)/R = 2.31. It turns out that the sum of the
magnetic part, plus the phonon contribution, Sph/R = 0.28, plus that of the
CF levels, SCF/R = 1.55, make a total of S/R = 2.52. The value is near
that calculated, and most probably the difference is due to a an imprecise235

estimation of the CF levels in HoCrO4, taken from HoVO4. In any case the
heat capacity at zero field can be semiquantitatively explained by the sum
of the phonon plus magnetic plus CF contributions at low temperature.

3.2. Heat capacity of scheelites

3.2.1. HoCrO4240

This compound orders antiferromagnetically as reported from χ-data [12].
However this reference gives 7.6 K as Néel temperature, although the present
heat capacity data shows a very clear λ-anomaly with the sharp maximum
at TN = 24.8(2) K (Fig. 4). If the maximum in χ is associated to weak-
ferromagnetism is to study.245

The CF of Ho3+ in LiF-scheelites has been studied by several techniques.
A recent direct determination of the CF levels by inelastic neutron scattering
in HoLiF4 is given in [32]. The ground manifold of the free ion Ho3+, 5I8,
splits into four doublets and nine singlets.
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heat capacity of LaNbO4, taken as phonon contribution. Green symbols: Magnetic heat
capacity at zero field, Cm, deduced as the experimental data minus the phonon contri-
bution. Red line: Contribution of the crystal-field levels of Ho in HoLiF4, after [28], for
comparison. Green line: Magnetic entropy.
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side scale) of the scheelite phase of HoCrO4.
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In the scheelite HoCrO4, Ho3+ is expected to be under a more intense CF250

than in HoLiF4. Moreover in the Cr-scheelite the Cr-Ho exchange, similarly
to a staggered magnetic field, polarizes the Ho3+ ions, especially the ground
doublet, mainly made of |Jz〉 = | ± 7〉 states, below TN , when the Cr5+

orders. The heat capacity has a bump with maximum at 8 K that can be
assigned to the thermal occupation of the lowest three CF levels. The phonon255

contribution is estimated as the heat capacity of LaNbO4 (i.e. fs = 1). The
magnetic contribution is deduced by subtraction of last two data sets. For
comparison, the calculated contribution for the CF levels of Ho3+ in HoLiF4

is included. The CF levels cannot be deduced from heat capacity, since a
fitting would be ill conditioned, but it is clear than the excess with respect260

to LaNbO4 is due to the thermal population of the CF levels well above
TN (i.e. say above 40 K), and to a combination of that and the magnetic
contribution of Cr5+ below this temperature. In this range only the first
three CF levels (one doublet and one singlet) are significantly populated and
the entropy clearly tends to the theoretical upper limit Sm(T → ∞)/R =265

ln(2) + ln(3) = 1.79, before the thermal occupation of higher CF levels will
become relevant. The bump near 8 K can be related to the observed increase
in susceptibility [12]. It would be due to two combined effects. First, a larger
energy difference between the ground doublet and the first excited CF level
in HoCrO4. Second, the splitting of the ground doublet by the exchange with270

Cr5+, which apparently is not intense enough to do it at TN .
Under a weak or moderate external magnetic field of 1 T, the heat ca-

pacity does not change substantially (Fig. 5), as correspond to an antifer-
romagnet. For a field of 5 T or stronger the λ-anomaly change slightly, the
maximum becoming more round and shifting to lower temperatures. Appar-275

ently, the spin-flop field of Cr5+ would above 9 T. Contrarily the bump near
8 K shifts to higher temperatures for a field of 5 T or stronger. This fact can
be understood if such external field is higher than the spin-flip value for the
staggered polarizing field produced by Cr5+.

3.2.2. ErCrO4280

This phase shows similar features to the Ho scheelite , although the CF
splitting scheme of Er3+ is quite different. A peak in the heat capacity at
TN = 24.2 K (Fig. 6) indicates an AF ordering below this temperature,
which we assign to the Cr5+ atoms, with a small contribution of the Er3+

as discussed in section 3.4. The crystal-field levels of Er3+-doped AMoO4285

( A = Ca, Sr, Pb) scheelites have been deduced from the EPR data [26].
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phonon contribution estimated by corresponding states from LaNbO4 with fs = 1.00.
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The ground free-ion manifold 4I15/2 splits into 8 Kramers doublets under
the local D2d symmetry. In these compounds the spectrum consist of a
ground doublet, two doublets at almost the same energy between 23 and
45 cm−1, depending on the compound, a fourth doublet near 50-65 cm−1

290

and the last four doublets above 245 cm−1. In ErLiF4 the splittings are
similar but the second pair of doublets lies at 18 and 20 cm−1 [29]. Therefore
only the position of the second and the third doublet change substantially
from one compound to another. In addition to this, in ErCrO4, the effective
field produced by the ordered Cr5+ ions splits each doublet. For ErCrO4,295

a simplified choice from the data for ErLiF4 is considered based on: 1) In
the range 0-50 K practically only the first four doublets contribute. 2) The
exchange with the Cr5+ ion would split each doublet. We adjust only the
splitting of the ground doublet and keep approximately the same values for
the next two doublets. 3) Upper levels practically do not contribute and we300

take the same values as for ErLiO4. That is, we take the energy levels, in
kelvin, as -7, 7, 20, 35, 50, 70, 89, 343, 404, 445, 494. The first 6 levels are
singlets (split by the exchange with Cr5+) and the last 5 levels are double
degenerate (the exchange splitting is neglected).

This estimation is somewhat arbitrary, but there are some unambiguous305

effects. First, at zero external field, the Schottky-like anomaly with maximum
near 10 K is essentially due to the thermal occupation of the first excited
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states of Er3+. Second, the low temperature tail of the anomaly cannot be
explained without considering the splitting of the ground doublet by the
effective exchange field produced by Cr5+. Third, this exchange field is much310

weaker than in zircons and the polarization of the ground doublet (most
probably all doublets) is negligible at TN or above. Fourth, an external field
up to 9 T does not changes the peak at TN = 24.1(2) K, due entirely to
the Cr5+ ions. That means that the spin-flop field for the Cr5+ ions is quite
higher than this value, as usual dealing with 3dtransition metals.315

Considering the splitting of the ground doublet, ∆E0 = 14 K, and the
experimental magnetic moment of Er3+ at very low temperature [23], µ (Er)
= 5.1 µB, an effective staggered exchange field, Bex ' ∆E0/(2µ(Er)) = 2 T, is
estimated. At very low temperature (e. g. at 2 K) an external field above this
value, applied along the easy direction would flip the Er3+ moments aligning320

along the external field. The shoulder in Cp,B with maximum near 10 K does
not change with applied magnetic fields of 1 T or less (Fig. 6). For high
fields the maximum moves to higher temperatures. This change of behavior
seems due to a spin-flip transition occurring in the Er sublattice for a field
near 1.2 T, as evidenced by a sudden slope change in the magnetization data325

against field at 2 K [23]. It should be considered that in a powder sample the
change is gradual. Therefore the maximum magnetization, measured only
up to 5 T, seems compatible with a moment of 5.1 µB.

After subtraction of the phonon contribution the entropy at zero field and
T ' 60 K is (S − Sph)/R = 2.25. The entropy of Cr5+ is surely very close to330

ln(2) = 0.693, which leaves 1.55 = ln(4.7) for Er3+, which compares with the
theoretical estimation 1.38 = ln(4). Assuming a minor contribution of the
upper doublets, it is clearly the contribution of the first two doublets, taken
at 0 and 27.5 K, since well above TN no splitting of the doublets is expected.

3.2.3. TbCrO4335

As explained below, Tb scheelite is also AFM but behaves quite differently
to Er and Ho ones. In the isostructural TbLiF4 the lowest free ion term, 7F6

splits into 3 doublets and 7 singlets, but the two lowest lying ones form a
quasi doublet, of two levels just separated by 1.4 K [30], while the next level
is about 100 K above. The wavefunctions corresponding to the two lowest340

levels are combinations of | ± 6〉 and | ± 2〉 but with the major contribution
coming from the Jz = ±6 states. Tb3+ behaves as a quasi perfect Ising ion,
with FM dipolar interaction. The magnetic moment at low temperature is
µ = 8.93 µB, slightly lower than for the free ion, µ = 9 µB. Tb3+ orders
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Figure 7: Isothermal magnetization of the scheelite TbCrO4 in emu/g (left side scale) and
in µB/fu (right side scale).
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ferromagnetically at TC = 2.86 K via dipolar interaction [30].345

These features can be transferred to some extent to the scheelite TbCrO4,
where the crystal field splitting is higher. Additionally, the main exchange
interaction is Cr5+-Cr5+. This compound has been described as AFM with
TN = 29 K and the moments along the c-axis at 2 K [14]. However, below
TN and similarly to the scheelite DyCrO4 [38], TbCrO4 undergoes a metam-350

agnetic transition. New magnetization measurements have been done with
narrower temperature step (Fig. 7), in order to deduce the MCE via the
Maxwell relation. The M -data show a sudden increase at Bsf = 2.6 T below
TN that can be associated to the spin-flip transition in an Ising system. In a
powder sample the jump in M is not discontinuous due to the random orien-355

tation of the grains. Consequently, in spite of the metamagnetic transition
M does not reach the theoretical saturation value, Ms ' 10µB/fu, for a high
field as 9 T.

The DC molar susceptibility, χ, between TN and 50 K, follows the Curie-
Weiss law, χ = C/(T + θ) with C = 21.60 µBKfu

−1T−1 and θ = −3.6360

K. For two different atoms in the formula unit (i.e. Cr5+ and Tb3+) the
Curie constant results C = NAµ

2
B/(3kB) × [g21(s1(s1 + 1) + g22s2(s2 + 1)/3],

where the divisor 3 for the contribution of Tb3+ comes from the random grain
orientation in a powder sample containing a strongly uniaxial anisotropic ion,
and assuming negligible its perpendicular susceptibility. Because for Cr5+,365

g1 = 2, s1 = 1/2, the contribution of Cr is 0.672 µBKfu−1T−1. For Tb3+,
considering an Ising pseudo-spin 1/2, g2 = 18, s2 = 1/2 accounts 18.1 µB

K fu−1T−1, the Curie constant is C = 18.8 µBKfu−1T−1. This value is
similar to the experimental one, but slightly lower since most probably the
perpendicular susceptibility is not exactly zero. In any case, the experimental370

value is far from that for free ions, obtained taking g2 = 1.5 (the Landé factor
for the term 7F6) and s2 = J = 6. Only at temperatures much higher than
the crystal-field splitting (i. e. at RT or higher) the free ion C values are
expected. This departure from the free-ion behavior occurs also in the zircon
phase and has important consequences on the MCE (see below).375

The heat capacity (Fig. 8) at zero field has a λ-type anomaly at TN =
28.2 ± 0.2 K, corresponding to an AFM ordering of both magnetic ions,
as previously reported from AC susceptibility, heat capacity, and neutron
diffraction [13, 14]. At that time there were not reliable data to estimate the
phonon contribution and no many conclusions could be extracted from heat380

capacity. Using precise measurements of Cp in the non-magnetic isostructural
LaNbO4 [25], the magnetic contribution could be deduced. If the CF levels of
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Figure 9: ∆ST of TbCrO4, zircon. Data from heat capacity, from isothermal magnetization
and directly measured.

Tb3+ in TbLiF4 would be also considered valid for TbCrO4 the total magnetic
entropy should be Sm(T >> TN)/R = ln(2) + ln(2), as the sum of the Cr5+

and the Tb3+ contributions. Actually the experimental entropy (up to 85 K)385

is Sm(T >> TN)/R = 1.81 ' ln(2) + ln(3). This entropy content indicates
that well above TN there are three populated levels of Tb3+, meaning that
a singlet has much lower energy than in TbLiF4. Under an applied field of
1 T the peak does not change, as corresponds to an AFM configuration, but
under 3 T (Fig. 3 in [14]) or higher it becomes a round anomaly according390

to the M data, showing a spin-flip transition for 2.6 T.

3.3. Magnetocaloric effect of zircons

The MCE of GdCrO4 was previously reported [4]. The anisotropy energy
of Gd3+ is about 1 K, then negligible in the temperature range considered in
this work. The exchange interaction Gd3+-Cr5+ is significantly weaker than395

the Cr5+-Cr5+ one, but much stronger than the Gd3+-Gd3+ one. In such
circumstance Gd3+ is only weakly polarized by Cr5+ at TC = 21.3 K, which
leaves room to polarize it by an external field well below TC , differently of
most ferromagnets. As a consequence, GdCrO4 has strong MCE in a wide
temperature range, overcoming 20 J/kg.K between 5 K and 35 K for B = 9400

T. Taking the data for B = 5 T as most frequently reported, the maximum
entropy change is |∆ST,max| = 19.0 J/kg−1K−1 at 22 K.

∆ST of TbCrO4 (Fig. 9) has been deduced in the three ways indicated in
section 2.3.1. The results indicate graphically the limitations of each method,
although all of them agree near the maximum. In this case the heat capacity405
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can be extrapolated to T → 0. Therefore T0 = 0 was taken in eq. (1)
and each determination is independent. For B = 5 T a moderate maximum
value ∆ST,max = 16.4 J kg−1 K−1 is obtained at 23 K. As mentioned above,
in the paramagnetic state of TbCrO4 the JT distortion near 60 K splits the
CF quasi-quartet into two quasi-doublets, the higher one being thermally410

depopulated near TC . Adding the contribution of Cr5+ that gives an initial
total magnetic entropy ∆Sini,m/R ' 2 ln(2) = 1.39. Correspondingly, this
value is an upper bound for the entropy reduction by magnetic field well
below 60 K, despite the high magnetic moment of Tb3+ (µ = 7.6 µB [9],
higher than the Gd3+ moment, but in any case quite lower than that value415

for free Tb3+, µ(free) = 9 µB) and the large angular moment, J = 6. If the
ideal zircon structure would remain down to very low temperatures the initial
entropy of Tb3+ would be near ln(4). Therefore the JT distortion makes the
entropy change quite lower than for other RCrO4 in the zircon phase.

As mentioned before, in HoVO4, Ho3+ behaves as a van Vleck paramagnet420

[18]. The ground state is not magnetic but the first excited one is a doublet
lying only 19.5 cm−1 above. It consist of two states with opposite high mag-
netic moments and thermally populated near 20 K or above. The magnetic
entropy can be deduced from heat capacity data. In the case of HoCrO4, just
above TC (e.g. T = 30 K) the initial magnetic entropy S(30 K, B = 0)/R =425

1.74 and can be understood as a contribution from Cr5+, close to ln(2), and
another one from Ho3+, estimated from experiment as 1.74 − ln(2) = 1.05.
This value is lower than in HoVO4 which indicates a higher crystal-field split-
ting in the Cr compound. For the two-level approximation (neglecting the
thermal occupation of higher levels) this entropy corresponds to a splitting430

around 45 K (31 cm−1), or lower if Sm(Cr5+)/R < ln(2).
Due to the high moment of the system this relatively high initial entropy

can be easily reduced by an external field. Consequently, the MCE (Fig.
10) is stronger than for TbCrO4, with |∆ST | reaching 30.7 J kg−1 K−1 for
B = 9 T (or 21.2 J kg−1 K−1 for 5 T), near TC . The data from heat capacity435

agree with those deduced from isothermal magnetization [7], especially when
the demagnetization factor (lower for the magnetization experiment) is con-
sidered. The maximum |∆ST,max| overcomes that of GdCrO4 at the same
temperature, but decays much faster below TC .

Due to the high anisotropy of Ho3+, there is another possible and inter-440

esting property of HoCrO4. This compound orders ferromagnetically in the
ab-plane [9] of the tetragonal zircon structure. The entropy reduction would
be strong when the field is applied in that plane, but much smaller when
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Figure 10: ∆ST of HoCrO4, zircon. Solid symbols: Data from heat capacity. Open
symbols: Data from isothermal magnetization. At T0 = 40 K, ∆ST has been taken from
the magnetization data in order to determine the absolute entropy for lower fields.

applied in the c-direction. Therefore a highly anisotropic MCE can be ex-
pected in a single crystal. The present results have been obtained in powder,445

when the random orientation of grains inhibits a complete orientation of the
moments along the field. Actually even at 5 K (T ' Tc/4), in the FM state
the saturation is not reached for a so strong field as 8 T. In a single crystal,
or in a previously oriented sample by an external field, there would be a
strong MCE by a 90◦ rotation in a constant field. This anisotropy has been450

invoked as an interesting MCE effect by rotation in a constant field (e. g. in
Dy(HCOO)3 [39]), but usually such systems are pseudo-Ising, with a modest
maximum molar entropy change of R ln(2). In HoCrO4 the presence of two
magnetic atoms and the higher initial entropy of Ho3+ would enhance this
effect.455

∆ST of the ErCrO4 zircon has been deduced from magnetization (Fig.
11). It is similar to that of HoCrO4 in spite of a quite different CF levels
scheme. In ErVO4 the free-ion manifold of Er3+, 4I15/2, splits into 8 Kramers
doublets. The first excited doublet is at 43 cm−1 [18] and is not thermally
populated. It orders AFM at 0.4 K. The close related zircon ErCrO4 is AFM460

below TN = 15 K , but the very weak spin-flip field near 0.04 T provokes a
parallel alignment of the moments with a stronger field [21]. |∆ST |, obtained
from isothermal magnetization data, shows a maximum of about 20 J/kg.K
at 15 K for a field of 5 T. Dong et al. [17] do not report any spin-flip at
low temperature and describe the transition at 15 K as FM, although the465

neutron diffraction experiment [21] shows an AFM spin configuration at 2 K
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Figure 11: ∆ST of ErCrO4, zircon from magnetization data.

and zero field. Probably the existence of a small spin-flip field or not could
be due to the external shape of the sample, via the demagnetizing field. The
moment at 5 K, for B = 5 T, µ = 7 µB/fu is largely below the maximum
for the free atom (9 µB) plus that of Cr5+ (1 µB), which makes 10 µB. This470

behavior in a powder sample seems due to the random orientation of the
grains with respect to the external field, along with a strong anisotropy as
revealed by the crystal-field splitting of the Er3+ ion. In powder, ErCrO4

has lower MCE than HoCrO4, since the ground state is a Kramers doublet
(i. e. the molar initial entropy of Er3+ is only R ln(2)) but it could be more475

anisotropic and interesting in single crystal due to a strong MCE by rotation
in a constant field.

The mean-field calculation given in [17] is made under the assumption
that Cr5+ and Er3+ behave together as an average free ion, with J = 6 and
g = 15/14, which is not physically justified. Actually for a free ion is L = 6,480

S = 3/2, J = 15/2, g = 102/85, which gives the maximum moment of 9
µB. The fair agreement of the calculated ∆ST at high temperatures with
the experimental data is due to the average over the directions in a powder
sample. But the saturation moment in the model is 6 µB/fu that is already
surpassed by the experimental magnetization data at 2 K with a field of only485

3 T, when M is far from saturation.

3.4. Magnetocaloric effect of scheelites.

The scheelites are AFM, which reduces the MCE with respect to zircons.
This fact overrides the use as practical refrigerators, but the study of their
MCE reveals interesting chemical and physical features. The most intense in-
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teraction is the AFM Cr5+-Cr5+ exchange, as revealed by compounds where
the rare earth site is occupied by a non magnetic ion. The MCE depends on
the exchange between the R3+ and Cr5+. In TbCrO4, Tb3+ orders simulta-
neously with Cr5+, as deduced by the heat capacity and isothermal magneti-
zation. Consequently the MCE is conventional for an antiferromagnet. That
is, for T > TN and moderate fields ∆ST follows a sort of Curie-Weiss law for
the entropy [24]

∆ST

R
' − [C(Tb)/3 + C(Cr)]B2

2R(T + θ)2
(3)

the Curie constants being C = NAµ
2
Bg

2s(s + 1)/3kB, as for susceptibility
(section 3.2.3), Tb3+ considered as an Ising pseudo-spin, g = 18, s = 1/2.
The quasi-Ising behavior of the Tb3+ ion and the positive value of θ ' TN =490

25 K reduces the entropy change in a powder sample with respect to other
compounds with lower atomic magnetic moment (Fig. 12). In this sense,
even for a single crystal if the field was applied in the easy direction, for
high B values ∆ST is smaller than expected for a free ion Tb3+, although
the magnetic moment is approximately the same. It is so because the lowest495

manifold term of the free Tb3+ is 7F6 with an initial entropy at zero field
Sm(Tb)/R = ln J(J + 1) = ln(42) = 3.74, instead of ln(2) = 0.69. When the
field is applied along the easy direction, the magnetization saturates easily
above the spin-flip field, that in the case of TbCrO4 is estimated in 2.6 T
(Fig. 7).500
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Figure 13: ∆ST of HoCrO4, scheelite phase.
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Quite differently, in HoCrO4 (Fig. 13) and ErCrO4 (Fig. 14) the maxi-
mum entropy change for a given field variation occurs well below TN , which
cannot be distinguished in the ∆ST data for the Er compound and with only
as a small kink in the Ho one. This behavior is very unusual in an antifer-505

romagnet and can be explained if the rare earth is very weakly polarized by
the effective exchange field of Cr5+ and the contribution of the rare earth
to the entropy is not significantly reduced by the AFM ordered Cr5+ ions.
Consequently, the rare earth behaves in a similar way to a paramagnet. Nev-
ertheless, between 5 K and 50 K, neither Ho3+ nor Er3+ do not behave as510

simple Ising systems (the ground doublet in each case). The bump in Cp,B

near 8 K in both cases indicates that upper levels, mainly the first excited
singlet, are thermally populated. Therefore the effect of an external mag-
netic field on the excited levels, especially the first excited one, cannot be
neglected. In these conditions the contribution of the rare earth to the MCE515

is much stronger than expected for an antiferromagnet below TN . Oppositely
the unchanged peak in Cp,B at TN indicates that the magnetic field affects
weakly to Cr5+ below TN .

4. Conclusions

The MCE of the zircon and scheelite phases of RCrO4 (R = Tb, Ho, Er)520

have been studied in the range 5 K - 100 K. According to the reported data
the zircons are ferromagnetic (ErCrO4 is AF with a very weak spin-flip field)
and the scheelites are antiferromagnetic. New data of magnetization and
heat capacity have been used to obtain the isothermal entropy increment,
∆ST , on application of an external magnetic field up to 9 T.525

The results can be compared with the previous ones for the zircon GdCrO4.
In this compound, where Gd3+ has no relevant anisotropy in the temperature
range of this study, the exchange with Cr5+ is moderately weak in such a
way that it is not strong enough to polarize Gd3+ but helps to an external
field to produce below TC a much stronger MCE than a paramagnet and a530

ferromagnet below TC .
The compounds presented here are in the other extreme of high anisotropy.

Speaking about zircon, the Tb compound undergoes a co-operative JT tran-
sition near 60 K. The JT transition is reflected by a jump in heat capacity
due to the change of the low lying crystal-field levels of Tb3+ from a quasi-535

quartet to two highly spaced quasi-doublets. This fact (i. e. the low initial
entropy of a system for only two levels) is the reason for the relatively low
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MCE near TC = 22 K, when |∆ST | = 16.3 J kg−1 K−1 for B = 5 T, despite
the high magnetic moment.

The scheelite phase of TbCrO4 does not undergo a JT transition. Since540

the electrostatic interaction Tb3+-O2− is stronger than Tb3+-F−, in the
scheelite TbLiF4 most probably there are several CF levels thermally popu-
lated near TN = 29 K. Due to the relatively strong exchange coupling between
Cr5+ and Tb3+ and the high moment of Tb3+ the spin-flip field is relatively
low and the MCE has the typical features of an antiferromagnet.545

In the zircon phase the MCE of HoCrO4 looks like in a conventional
ferromagnet, with a high maximum just above TC = 17 K. The lowest crystal
field levels are a non-magnetic singlet and one doublet nearly above. That
allows a relatively high initial entropy at TC . Consequently the MCE is
strong near TC with |∆ST | = 30.7 J/kg.K, but decays quickly below, when550

the only populated state at zero field is the singlet. The MCE of the zircon
ErCrO4 shows similar features to ErCrO4, although the CF splitting scheme
is different.

In the scheelite phase Ho and Er compounds behave also similarly. The
R3+-Cr5+ exchange coupling seems much weaker than in the Gd compound.555

Extrapolating from RLiF4 scheelites, the lowest CF states are two Kramers
doublets for Er3+ and a non-Kramers doublet and a singlet for Ho3+. In
both cases the heat capacity has a Schottky-like anomaly due to the thermal
population of these levels. Due to the weak R3+-Cr5+ coupling the MCE
seems to that a paramagnet. Strikingly, |∆ST | is much higher below TN ,560

where probably only Cr5+ is substantially ordered.
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uneu, J. Isasi, et al., A combined study of the magnetic properties of595

GdCrO4, Journal of Physics: Condensed Matter 18 (34) (2006) 7893.
doi:https://doi.org/10.1088/0953-8984/18/34/004.

[7] A. Midya, N. Khan, D. Bhoi, P. Mandal, 3d-4f spin interac-
tion induced giant magnetocaloric effect in zircon-type DyCro4 and
HoCrO4 compounds, Applied Physics Letters 103 (9) (2013) 092402.600

doi:10.1063/1.4819768.
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[19] E. Palacios, J. A. Rodŕıguez-Velamazán, M. Evangelisti, G. J. McIntyre,655

G. Lorusso, D. Visser, L. J. de Jongh, L. A. Boatner, Magnetic struc-
ture and magnetocalorics of GdPO4, Phys. Rev. B 90 (2014) 214423.
doi:10.1103/PhysRevB.90.214423.
URL https://link.aps.org/doi/10.1103/PhysRevB.90.214423

[20] A. Indra, K. Dey, J. K. Dey, S. Majumdar, U. Rütt, O. Gutowski,660
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Highlights 

Zircon to scheelite RCrO4 (R = Tb, Ho, Er) phase transition induced at high pressure and high 

temperature. 

 

Magnetic measurements reveal that RCrO4 Zircons behave as ferromagnetic while the RCrO4 

Scheelites are antiferromagnetic. 

 

Heat capacity, magnetization and direct calorimetric measurements had been done in order to 

determine the magnetic entropy variation for both zircon and scheelite RCrO4 oxides. 

 

Zircon RCrO4 phases show large magnetocaloric effect according to their ferromagnetic 

behavior. This effect appear to be lower than in the case of scheelite polymorphs. 
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Zircon RCrO4 phases show large magnetocaloric effect according to their ferromagnetic 

behavior. This effect as it is expected is lower in the case of antiferromagnetic scheelite 

polymorphs. 
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