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Abstract

We present the results of the magnetic and heat capacity study of a magnetic phase diagram of a
HoFe;(BOs3)4 single crystal. Two magnetic phase transitions are found in the low-temperature
region. The transition from the paramagnetic to easy-plane antiferromagnetic state occurs at

Tn = 37.4 K and is independent of an applied magnetic field. The sharp heat capacity peaks
and magnetization jumps corresponding to the spontaneous and field-induced spin-reorientation
transitions between the easy-axis and easy-plane states are observed below 4.7 K. Also, the
additional heat capacity peaks, which can be attributed to the Schottky anomalies with the
field-dependent characteristic temperatures, are found. According to the magnetic and thermal
measurement data, the magnetic phase diagrams of HoFe;(BO3),4 for the magnetic field parallel

and perpendicular to the crystal axis are constructed.

1. Introduction

The family of rare-earth ferroborates with the general formula
RA3(BO3)4 and huntite structure where R3% is a rare-earth or
Y3t ionand A = Al Ga, Sc, Cr or Fe have drawn the attention
of researchers primarily as a medium for nonlinear optics
and laser techniques [1-3]. However, the coexistence of two
magnetic subsystems of iron and rare-earth ions coupled by
the exchange interaction in RFe3(BOs3)4 causes the interesting
magnetic properties of this family of crystals. The competition
of magnetic anisotropies of these subsystems provides a rich
variety of magnetic structures for the crystals with different
rare-earth ions. The AFMR investigation [4] and neutron
study of the magnetic structure [5] showed that, in the case
of nonmagnetic Y3* ions, the magnetic properties of the
crystal are determined only by the iron subsystem, which
represents an easy-plane (EP) antiferromagnet with the Néel
temperature 7y = 38 K and magnetic moments lying in the
basal plane. In NdFe;(BOs)4, the magnetic anisotropy of
Nd** ions stabilizes the EP magnetic structure with Ty =
30.5 K and, in accordance with the neutron data [6], below
19 K the incommensurate spiral magnetic configuration with
the magnetic moments parallel to the basal plane occurs. In
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the crystals with R = Tb [7, 8], Dy [9, 10] and Pr [11], the
easy-axis (EA) magnetic structure is established due to the
prevailing magnetic anisotropy of these rare-earth ions. In
gadolinium ferroborate GdFes;(BOs3)4 where, as follows from
the AFMR data [4, 12], the contributions of the rare-earth
and iron subsystems have the opposite signs and are close
to the absolute value, the difference between the temperature
dependences of the contributions induces the spontaneous spin-
reorientation transition between the EA and EP states with
Tsg = 10 K. The temperature of the transition depends on
the strength and orientation of the magnetic field. Using
the AFMR data [12] and the results of the magnetic [13]
and magnetostrictive measurements [14], the magnetic phase
diagrams of this crystal were constructed for the magnetic
fields oriented along the crystal axis and in the basal plane.
The common property of all the RFe;(BO3)4 crystals is
that the exchange interaction in the rare-earth subsystem is
weak; however, due to the exchange interaction with Fe3* ions,
the magnetic order in both subsystems occurs simultaneously.
Some crystals of this family with R = Gd, Nd and
Pr reveal the multiferroic properties [11, 14, 15] but the
magnetoelectric effect is found only in those crystals with
certain magnetic structures. This fact also stimulates interest

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Magnetic field dependences of HoFe3;(BOs),
magnetization measured along the crystal axis at different
temperatures. Inset: M (H) dependence enlarged over the
low-temperature range.

in the dependence of the magnetic properties of the crystals on
the rare-earth ions.

The magnetic structure of HoFes;(!'BO3); similar to
that of GdFe;(BO3)4 was established by neutron scattering
in our previous work [5]. In particular, the spontaneous
phase transition between the high-temperature EP and low-
temperature EA magnetic phases was found to occur at
Tsr = 5 K. In the mentioned study, the preliminary magnetic
measurement data confirming the results of the neutron
measurements were also reported. The obtained data allowed
us to assume that, at temperatures below Tsg, the crystal can be
transferred from the EA state to the EP state which is induced
by magnetic field.

In the present study, we consider in detail the
low-temperature magnetic phase diagram of HoFe3;(BOj3)y.
According to the data of magnetic measurements, the
temperatures of the spin-reorientation transitions between the
EA and EP states decrease with an increase in magnetic
field applied both along the trigonal axis and in the basal
plane. Sharp heat capacity anomalies corresponding to the
spontaneous phase transition at Tsg = 4.7 K in zero magnetic
field and to the magnetic-field-induced phase transitions are
found. On the basis of the heat capacity and magnetic
data, the magnetic phase diagrams of HoFe;(BO3)4 for both
orientations of the magnetic field are constructed.

2. Samples and experimental methods

HoFe;(BO3), single crystals up to 5 x 5 x 5 mm? in size

were grown using a Bi,Mo3;0j;-based flux [16]. The same
process of synthesizing was applied for crystals used in neutron
experiments [5]. The single crystals had pronounced grown
edges, one of which had a regular triangular shape and was
perpendicular to the crystallographic threefold axis. For the
measurements, samples about 2 x 2 x 2 mm? in size were cut.

The magnetic and thermal properties were investigated
with a Quantum Design Physical Properties Measurement

Hlc

H,T

Figure 2. The magnetic field dependences of magnetization of
HoFe;(BO3), measured in the basal plane at various temperatures.
Inset: M (H) dependence enlarged in the low-temperature range.

System (PPMS 6000) in magnetic fields up to 9 T at
temperatures down to 1.9 K. For the preliminary study of
magnetic resonance in HoFes;(BOs3)4, a computer-controlled
magnetic resonance spectrometer with a pulsed magnetic field
was used.

3. Experimental results

The temperature dependences of magnetic susceptibility of the
HoFe3;(BO3)4 single crystal for the magnetic fields H || ¢ and
H L c coincide with our SQUID magnetometer data reported
in [5]. The measured values of magnetic susceptibility are
caused by the contributions of the magnetic subsystems of iron
and holmium ions; the values of paramagnetic temperatures 6
and 0, averaged over both subsystems and effective magnetic
moments /| and | are close to those measured in [5].

The field dependences of magnetization m) measured
along the crystal axis are depicted in figure 1. The inset shows
the portions of the dependences enlarged over the field range
near the spin-reorientation transition for several temperatures.
The magnetization jumps are related to reorientation of the
magnetic structure from the EA to EP state and are determined
by the difference between magnetic susceptibilities x; and
x1. in the appropriate states. The critical field of the
phase transition decreases as the temperature increases and
approaches the spontaneous reorientation temperature; at 7 =
5 K the transition is not observed. Small magnetic hysteresis
which is found to occur upon spin reorientation at 2 and 4 K
suggests the first-order character of the phase transition (the
hysteresis was not studied at 3 K).

The magnetization in the basal plane behaves similarly
(figure 2). The m, jumps observed at temperatures below
5 K also correspond to spin reorientation between the EA
and EP states. At such orientations of the magnetic field,
magnetization is determined by perpendicular susceptibility in
both states. The minor difference between the EA and EP
susceptibilities caused by uniaxial magnetic anisotropy yields
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Figure 3. Temperature dependence of heat capacity taken in zero
magnetic field and in a field of 6 T along the crystal axis. Inset: the
portion of the dependence near the Néel temperature.

a small magnetization jump during the phase transition. The
critical fields are higher than those at parallel orientation of
the field for the same temperatures and also decrease as the
temperature of the spontaneous transition is approached.

The phase transitions were studied also by thermal
measurements. The temperature dependences of heat capacity
measured in zero magnetic field and in an external magnetic
field of 6 T applied along the crystal axis are presented in
figure 3. The heat capacity peak of a typical A form at
T = 37.4 K is related to the onset of the long-range magnetic
order in the crystal and corresponds to the Néel temperature of
the iron subsystem. Such a value of Ty coincides with that
found in neutron scattering measurements [5]. The phonon
contribution to heat capacity calculated using the Debye model
with Op = 290 K is shown by the solid line in the figure. From
comparison with the experimental data one can see that the
magnetic fluctuations due to the occurrence of the magnetic
order begin at 7 =~ 60 K and are built up as the Néel
temperature is approached. The inset shows the enlarged area
of the magnetic phase transition. No shift of this peak in an
external magnetic field of 6 T is observed in HoFe;(BO3)4
as well as in the related NdFe;(BO3)4 crystal [6], in contrast
to TbFe;(BO3)4 [8], where the Néel temperature exhibits an
appreciable dependence on applied magnetic field.

The temperature dependence of heat capacity presented
in figure 3 differs from that measured for polycrystalline
HoFe;(BOs3)4 in [17] by the presence of an additional sharp
low-temperature peak with a width of about 0.5 K. The low-
temperature portions of HoFe3;(BOs3)4 heat capacity measured
without a magnetic field and in the external field applied
along the crystal axis are shown in figure 4. The sharp
peaks correspond to the spin-reorientation phase transitions
between the EA and EP states. This peak was missed in [17]
apparently because of the temperature step exceeding the width
of the peak. The spontaneous transition in zero magnetic field
occurs at the temperature Tsp = 4.7 K. Similar to the results
of the magnetic measurements, the temperature of the phase
transition decreases with an increase in magnetic field.

0,03 —

0,02 -

CP, J/g’K

0,01

0,00 LT

T,K

Figure 4. Low-temperature portion of heat capacity measured in
different magnetic fields applied along the crystal axis.
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Figure 5. Low-temperature portion of heat capacity measured in
different magnetic fields applied in the crystal basal plane.

The temperature dependences of heat capacity measured
in a magnetic field lying in the basal plane are similar; their
low-temperature portions are shown in figure 5. The sharp
peaks of heat capacity are observed upon spin reorientations;
critical temperatures of transitions decrease with an increase in
magnetic field.

4. Discussion

The spin-reorientation phase transition between the low-
temperature EA and high-temperature EP states in both
HoFe;(BO3); and gadolinium ferroborate GdFes;(BOs3)y
originates from the competition of the contributions of the iron
and rare-earth subsystems to the total magnetic anisotropy of
the crystal. The magnetic anisotropy of the iron subsystem
stabilizes the EP magnetic structure [4]. The contribution
to the total anisotropy made by the holmium subsystem
obviously has the opposite sign which corresponds to the EA
structure. The close absolute values of both contributions
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Figure 6. Magnetic phase diagrams for HoFe;(BOs), in magnetic
fields applied parallel and perpendicular to the crystal axis.

and their different temperature dependences result in the spin-
reorientation transition.

As for the ratio of magnetic anisotropies of Gd** and
Ho?* ions, the preliminary AFMR? study of the HoFe3(BO3),
single crystal shows that the energy gap in the EA state
spectrum at 7 = 4.2 K is v, &~ 80 GHz. Since the magnetic
anisotropy of the iron subsystem does not change, the increase
in the energy gap as compared to gadolinium ferroborate (v, =
29.4 GHz) is caused by the fact that the magnetic anisotropy
of Ho*" ions exceeds that of Gd** ions. At the same time,
the temperature of HoFe;(BOs), spontaneous reorientation
4.7 K at which the total anisotropy of the crystal
changes its sign is considerably lower compared to Tsp = 10 K
for GdFe;(BOs3)4. It implies that the temperature dependence
of the anisotropy field for Ho®* ions at low temperatures is
stronger than that for Gd**.

Since the contributions of both subsystems to the total
anisotropy of HoFe;(BO3)s compensate substantially each
other, the magnetic structure appears very sensitive to the
effect of the external magnetic field, temperature and doping
by other rare-earth ions. In particular, spectroscopic studies of
HoFes3(BO3), were performed using an Er’™ ion as a probe.
The spin-reorientation transition is not observed in the crystal
doped by 1% of Er** with the EP anisotropy, at least down to
the temperature 7 = 4.2 K [18].

The temperature dependences of the critical fields of the
transitions between the EA and EP states in HoFe3;(BOj3),4 for
both orientations of the magnetic field are plotted using the
data of magnetic and thermal measurements. Figure 6 showing
these dependences presents the HoFe;(BO3)4 magnetic phase
diagrams in the corresponding magnetic fields. The EA and
EP states are arranged under and outside the appropriate phase
boundary, respectively.

Now let us pass to the discussion of heat capacity. The
temperature dependences of parameter C,/T (see figure 7)
exhibit wide heat capacity peaks at temperatures of 5 and

Isp =

3 The AFMR experimental data for HoFe3(BO3)s will be published
elsewhere.

-3 2
C/T, 10°V/gK

Figure 7. Temperature dependence of parameter C,,/ T taken in zero
magnetic field and in a field of 6 T along the crystal axis.

15 K in zero magnetic field and at 6 T, respectively. In
addition, on approaching the temperature 1.9 K heat capacity
measured in a magnetic field of 6 T starts increasing sharply,
testifying to the existence of one more heat capacity peak
at lower temperature. This feature is observed for both
orientations of the magnetic field and is clearly seen in the
inset of figure 4. Most likely, such a behavior can be
attributed to the Schottky anomalies depending on the applied
magnetic field. The similar field dependence of the Schottky
anomaly was observed in TbFe;(BOs)s [8]. Apparently,
the existence of several Schottky anomalies in HoFe3;(BO3)4
points to the specific structure of Ho’* ion energy levels
containing a set of relatively low-lying levels [19]. Indeed,
the optical spectroscopic study of HoFe;(BO3)4 at T = 50 K
reveals a set of low-lying Ho®" singlets at 0, 8.5, 14.1, 18.3,
etc cm~!' [20]. It is obvious that the positions of the energy
levels change under the applied magnetic field, which results in
the field-dependent characteristic temperatures of anomalies.
In addition, below the Néel temperature the molecular field
from the Fe3* subsystem is added to the external magnetic
field.

Figure 7 shows that the wide heat capacity peak observed
in the area of the spin-reorientation transition in zero magnetic
field looks much sharper as compared to the Schottky anomaly
at 15 K in a field of 6 T. Seemingly, in this case, the Schottky
anomaly and the additional heat capacity peak related to
spin reorientation are superimposed on one another. Upon
cooling the sample below the transition, heat capacity drops
much faster than it does above the transition. As follows
from figures 4 and 5, this feature is observed not only in
zero magnetic field but also in relatively small fields in the
area of the phase transition. As a result, the heat capacity
values measured at the same temperature in different magnetic
fields and, hence, in different magnetic states are substantially
different. Heat capacity of the EA state appears lower than
that of the EP state at the same temperature. It implies that
the degree of the low-temperature EA state ordering is higher
as compared to the EP state. It can be explained by the fact
that, in accordance with the neutron data [5], the magnetic
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structure of the Fe’* subsystem, which is mainly responsible
for the magnetic order of the crystal, is collinear and weak
noncollinear in the EA and EP states, respectively.

The additional wide heat capacity peak related to the spin-
reorientation transition remains even in the applied magnetic
fields which are above the phase boundary but rather close to
it. In particular, as is seen in figures 4 and 5, the wide peaks
are present in magnetic fields of 0.6 and 0.9 T applied along
the crystal axis and in the basal plane, respectively.

5. Conclusions

The magnetic and thermal studies confirm the existence
of the two low-temperature magnetic phase transitions in
HoFe;(BOs3)4, specifically the transition from the paramag-
netic to EP antiferromagnetic state at 7y = 37.4 K and sponta-
neous spin reorientation to the EA state at Tsg = 4.7 K, which
is explained by the competition of the magnetic anisotropies
of the iron and holmium subsystems with the opposite signs.
The magnetic resonance data suggest the strong temperature
dependence of the holmium contribution to the total magnetic
anisotropy.

The Néel temperature 7Ty of HoFes;(BOj3)4 is found to
be independent of the applied magnetic field. The low-
temperature data on heat capacity exhibit broad peaks due
to the Schottky anomalies with the critical temperatures
depending on the applied magnetic field and the narrow (about
0.5 K) peaks corresponding to the spin-reorientation transition.

The phase transitions from the EA to field-induced EP
state are found below Tsg in external magnetic fields H | ¢
and H L c; the critical temperatures of the phase transitions
decrease with an increase in magnetic field. The magnetic
phase diagrams of HoFes;(BOs)4 are constructed for both
orientations of magnetic field.
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