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Abstract—The specific heat was measured in the range 0.4-300 K in YFe;(BOs)4, Y 5Gdg sFe5(BO3),, and
GdFe;(BO;), single crystals. Sharp anomalies were found at temperatures of first-order structural, second-order
antiferromagnetic, and first-order spin-reorientational transitions. A Néel temperature of about 37 K was found
to be virtually independent of presence of rare-earth ions, indicating rather weak coupling of Gd and Fe sub-
systems. The contribution of the magnetic system to specific heat was separated through the scaling procedure
allowing determination of the magnetic entropy of Fe and Gd subsystems. At the lowest temperatures, the spe-
cific heat in GdFe4(BO;), exhibits a Schottky-type anomaly, which is due to Gd** eightfold degenerate ground-

level splitting by the internal magnetic field of the Fe subsystem of about 7 T.
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The borates with the general formula RM;(BOj),,
where R stands for a rare earth or yttrium and M = Al,
Ga, Sc, Cr, Fe, have attracted a considerable attention
recently because of their good luminescent and nonlin-
ear optical properties combined with excellent physical
parameters and chemical stability. The crystals of
YAIL;(BO3), and GdAl;(BOs), doped with Nd are used
for self-frequency doubling and self-frequency sum-
ming lasers [1]. The crystals of NdAI;(BO;), are effi-
cient media for minilasers [2]. In the case of borates
with magnetic M = Cr, Fe ions, the applications for
Faraday devices are discussed. The crystals of
GdFe;(BO;), have multiferroic features, which pre-
sume the coexistence of elastic, magnetic, and ferroelec-
tric order parameters [3]. Most clearly, the coupling of
these parameters was observed in the vicinity of spin-
reorientational transition at low temperatures [4, 5].

The crystal structure of RFe;(BO;), belongs to the
trigonal system of the CaMg;(CO5), type, the cell unit
contains three formula units [6]. In rare-earth ferrobo-
rates, three kinds of coordinations with oxygen are
present: RO trigonal prisms, FeO, octahedra, and two
types of triangular BO; groups. The FeOg octahedra
share edges such that they form helicoidal chains that
run parallel to the ¢ axis and are mutually independent.
The RO are isolated polyhedra, and each of them con-

1 The text was submitted by the authors in English.

nects three helicoidal FeOg4 chains. Both BOj; triangles
and ROy trigonal prisms connect three FeOgq chains.

The structural and magnetic properties of rare-earth
ferroborates have become the subject of numerous
studies [4, 5, 7-10]. In particular, the heat capacity of
RFe;(BO;), (R =Y, La-Nd, Sm-Ho) pellet samples
was measured in [7]. At low temperatures, the Fe sub-
system in RFe;(BO;), is antiferromagnetically ordered,
while the rare-earth subsystem remains disordered. At
high temperatures, structural phase transitions occur in
RFe;(BO;), compounds with R =Y, Eu—Ho. While the
temperatures of the structural phase transition in
GdFe;(BO3), (~156 K) and YFe;(BOj3), (~445 K) differ
significantly, their antiferromagnetic phase transition
temperatures coincide (~37 K). The GdFe;(BO;), com-
pound has a unique feature that distinguishes it from
any other rare-earth ferroborate. At 9 K, it experiences
a spin-reorientational transition, the Fe moments being
oriented in the ab plane above this temperature and
aligned with the c axis below this temperature [8].

In the present work, we report on specific heat in
YFe;(BO3),, Y sGd, sFe;(BO3),, and GdFe;(BO;), sin-
gle crystals. While the C(T) dependence in YFe;(BO;),
practically reproduces that measured in [7], the C(T)
dependences in Y, sGd,sFe;(BO;), and GdFe;(BO;),
show new important features missed in previous
studies.
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Single crystals of YFe;(BO3),, Y 5Gd, sFe;(BOs),,
and GdFe;(BO;), were grown using a Bi,Mo0;0,,-based
flux [9]. The seeds were obtained by spontaneous
nucleation from the same flux. Transparent single crys-
tals of these ferroborates were green in color and had
good optical quality. The specific heat in the range 5—
300 K was measured by Termis relaxation-type micro-
calorimeter. At lowest temperatures, the specific heat
measurements were performed using a relaxation tech-
nique by a commercial heat capacity measuring system
PPMS Quantum Design. In the range of overlap, the
results obtained by two techniques coincide within res-
olution limits.

The temperature dependences of specific heat C(7T)
in YFe;(BO3),, Y 5Gd,sFe;(BO3),, and GdFe;(BO;),
are shown in Fig. 1. Sharp singularities at 156 K in
GdFe;(BO3), and at 234 K in Y 5Gd, sFe;(BO3), indi-
cate first-order phase transitions. The A-type peaks at
37 K seen in every sample correspond to a second-order
phase transition. Besides these two anomalies, a very
narrow peak manifesting a first-order phase transition
at 9 K and Schottky-type anomaly at lower temperature
are seen in the GdFe;(BO;), compound.

The A-type singularity at 37 K in the C(T) depen-
dence in YFe;(BO;), corresponds to antiferromagnetic
ordering of the iron subsystem. The magnetic measure-
ments [9] have shown that, at high temperatures, the
magnetic susceptibility of YFe;(BO;), obeys the Curie—
Weiss law with the effective magnetic moment corre-
sponding to the spin s = 5/2 of Fe3* ions. Assuming that
the total magnetic entropy of the iron subsystem S,,,,, =
3RIn(2s + 1) =44.7 J/(mol K) (where R = 8.31 J/(mol K)
is the gas constant) is released at antiferromagnetic
ordering, the lattice contribution to the overall specific
heat is fitted by the sum of the Debye function (domi-
nating at low temperatures) and four Einstein functions.
This fit is shown by the solid line in Fig. 1.

Subtraction of the lattice contribution Cj, from the
overall specific heat in YFe;(BO;), has allowed deter-
mining the temperature dependence of the magnetic
specific heat C,, shown in Fig. 2. The temperature
dependence of the magnetic entropy in YFe;(BOs),,

T
C
— mag
Sweg = |2,
0

is shown in Fig. 3. It saturates well above the Néel tem-
perature, indicating that a significant part of the mag-
netic entropy is released through short-range magnetic
correlations in FeOg chains.

In Y, 5Gd, sFe;(BO3),, a singularity at 234 K in the
C(T) dependence corresponds assumingly to a struc-
tural phase transition. This assumption is based on the
fact that the temperature of this transition is located

between the temperatures of structural phase transitions
in YFe;(BO;), (445 K) and GdFe;(BO;3), (156 K).
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Fig. 1. Temperature dependences of the specific heat in
YF63(BO3)4, Yo_SGd0_5F63(B03)4, and GdFe3(BO3)4. The

individual curves are shifted with respect to each other by
75 J/(mol K). The lattice contribution Cj, in YFe3(BO3), is

shown by the solid line.

Conag J/(mol K)

80 T T T T T
L J GdFe3(BO3)4
60 x Y0.5Gd0.5Fe3(BO3)4 -
40
20
0
0 20 40 60 80 100
T,K

Fig. 2. Temperature dependences of the magnetic specific
heat Cmag in YF63(BO3)4, YO‘SGdO.SFCB(BO3)4’ and
GdF€3(BO3)4.
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Fig. 3. Temperature dependences of the magnetic entropy in
YFe3(BO3)4, YO.SGdO.SFeS(BO3)4’ and GdFCS(BO3)4.
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Fig. 4. Temperature dependences of the magnetic specific
heat in GdFe;(BO3),. The solid line represents the Schot-

tky-type contribution to the specific heat.

Compared with a sharp anomaly at the structural phase
transition in GdFe;(BO;),, the singularity in
Y, 5Gd, sFe;(BO3), is broadened due to stochastic dis-
tribution of yttrium and gadolinium ions in the struc-
ture. These ions have slightly different radii, which
leads to local distortions of the crystal lattice.

To subtract C,,,, from the overall specific heat in
GdFe;(BO;), and Y, sGd, sFe;(BO,),, it is necessary to
estimate the lattice contribution Cy, correctly. In the
paramagnetic state, precisely this contribution repre-
sents the overall specific heat. To estimate Cj, in
GdFe;(BO;), and Y, 5Gd,, sFe;(BO5),, the lattice contri-
bution defined in YFe;(BOs;), can be used via a special
scaling procedure. This procedure is based on the
assumption that the lattice part of the heat capacity of
isostructural compounds can be expressed by a com-
mon function whose argument is 7/0, where O is the
Debye temperature. For two compounds, 1 and 2, it fol-
lows that C,(T,/0,) = Cy(T,/0,), and, therefore, T',/T, =
0©,/0, = r. Because the phonon spectra of isostructural
compounds are not strictly identical, the ratio r is not a
constant but slightly depends on temperature. For exam-
ple, the scaling parameter is r = 1.0525 — 5.1786 X
107*T + 2.5324 x T? for GdFe;(BOs),, which implies
that the corresponding Debye temperature is approxi-
mately 5% lower than that for YFe;(BOs),. The scaling
procedure employed puts into correspondence the tem-
peratures where the specific heat of GdFe;(BOs), or
Y, 5Gd, sFe;(BOs), equals Cy, in YFe;(BOj3),. There-
fore, the temperature dependence of C,, in YFe;(BO;),

as a function of rT represents the lattice contribution of
GdFe;(BO,), or Y, sGd,, sFe;(BO;),.

The temperature dependences of the magnetic con-
tribution C,,, and magnetic entropy S, in
GdFe;(BO;), and Y,sGd,sFe;(BO;3), are shown in
Figs. 2 and 3. In GdFe;(BO;),, S, saturates at
62 J/(mol K), in correspondence with the magnetic
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entropy released in both iron (44.7 J/(mol K)) and gad-
olinium (17.2 J/(mol K)) subsystems S,,,,, = Sgq + Sge =
Rin(2 x 772 + 1) + 3RIn(2 x 512 + 1). In
Y5Gd sFe3(BO3),, Sy saturates at 53 J/(mol K) due
to reduction of the entropy released in the rare-earth
subsystem; in this case, Sgq = 0.5RIn(2 X 7/2 + 1) =
8.6 J/(mol K). The observation of excessive magnetic
entropy in Y 5Gd, sFe;(BO3), as compared with that in
YFe;(BOs), does not signal the ordering in the rare-
earth subsystem, however. The fact that the Néel tem-
perature in YFe;(BOj)y, Y,5GdjsFe;(BOj),, and
GdFe;(BO;), is insensitive to the substitution of non-
magnetic yttrium for gadolinium indicates that the
Gd—O-Fe superexchange is not important for the for-
mation of the Néel order. Instead, the Gd subsystem
becomes fully polarized by the magnetically ordered Fe
subsystem.

In addition to the structural phase transition at
156 K and antiferromagnetic phase transition at 37 K, a
very sharp peak at 9 K is seen in GdFe;(BOs),. The
magnetic part of the specific heat in this compound is
shown in Fig. 4. This peak corresponds to spin reorien-
tation in the iron subsystem, which is confirmed by
magnetization measurements [8, 10].

At the lowest temperatures, the C(T) curve in
GdFe;(BO;), exhibits a Schottky-type anomaly, which
can be attributed to splitting of eightfold degenerate
levels of Gd** in an internal magnetic field of the iron
subsystem. This Zeeman splitting amounts to approxi-
mately 10 K, which corresponds to an internal mag-
netic field of about 7 T. The temperature dependence of
specific heat due to the Schottky anomaly is shown in
Fig. 4 by the solid line.

In summary, we studied the specific heat in a series
of isostructural compounds YFe;(BO5),,
Y, sGd, sFe;(BO;),, and GdFe;(BO3),, which differ by
the content of rare-earth elements. The magnetic
entropy released at this ordering contains parts related
to the iron and gadolinium subsystems. The respective
contributions differ, however, in the sense that the
exchange-coupled Fe** subsystem becomes ordered,
while that of fully polarized Gd** remains paramag-
netic. The influence of the gadolinium subsystem on
physical properties of these ferroborates is seen in a
drastic reduction of the structural phase transition tem-
perature in substituting Y for Gd. In GdFe;(BO;),,
another unique feature is observed at 9 K, a spin reori-
entation in the Fe subsystem. At low temperatures, the
Schottky-type anomaly in specific heat has allowed
estimation of the internal magnetic field in
GdFe;(BO3),.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research (grant nos. 03-02-16108 and
Vol. 102

No. 2 2006



SPECIFIC HEAT OF YFC3(BO3)4, YO.SGdO.SFe3(BO3)4’ AND GdFe3(BO3)4 265

03-02-16286). We would like to thank N.P. Kolmakova
for useful discussion.

REFERENCES

1. D. A. Keszler, Curr. Opin. Solid State Mater. Sci. 1, 204
(1996).

2. C. Cascales, C. Zaldo, U. Caldino, et al., J. Phys.: Con-
dens. Matter 13, 8071 (2001).

3. A. K. Zvezdin and A. P. Pyatakov, Phys. Usp. 47, 416
(2004).

4. Y. Fey, B. Lorenz, A. N. Vasiliev, et al., in Abstract of
APS March Meeting (Los Angeles, CA, 2005).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

5.

10.

A. K. Zvezdin, S. S. Krotov, A. M. Kadomtseva, et al.,
JETP Lett. 81, 272 (2005).

J. A. Campa, C. Cascales, E. Gutierres-Puebla, et al.,
Chem. Mater. 9, 237 (1997).

. Y. Hinatsu, Y. Doi, K. Ito, et al., J. Solid State Chem.

172, 438 (2003).

. R. Z. Levitin, E. A. Popova, R. M. Chtsherbov, et al.,

JETP Lett. 79, 531 (2004).

L. N. Bezmaternykh, S. A. Kharlamova, and
V. L. Temerov, Crystallogr. Rep. 49, 855 (2004).

A.D. Balaev, L. N. Bezmaternykh, I. A. Gudim, et al., J.
Magn. Magn. Mater. 258-259, 532 (2003).

Vol. 102 No. 2 2006



