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Magnetoelectric effect and spontaneous polarization in HoFe;(BOj3), and Ho,sNd, sFe3(BO3),
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The thermodynamic, magnetic, dielectric,

and magnetoelectric properties of HoFe;(BO3); and

Hoyg sNd( sFe3(BO;3), are investigated. Both compounds show a second order Neél transition above 30 K and a
first-order spin reorientation transition below 10 K. HoFe;(BOs), develops a spontaneous electrical polariza-
tion below the Neél temperature (7) which is diminished in external magnetic fields. No magnetic-field
induced increase of the polarization could be observed in HoFe;(BOj),. In contrast, the solid solution
Ho, sNd, sFe;(BO3), exhibits both, a spontaneous polarization below Ty and a positive magnetoelectric effect
at higher fields that extends to high temperatures. The superposition of spontaneous polarization, induced by
the internal magnetic field in the ordered state, and the magnetoelectric polarizations due to the external field
results in a complex behavior of the total polarization measured as a function of temperature and field.

DOLI: 10.1103/PhysRevB.80.104424

I. INTRODUCTION

The rare earth iron borates, RFe;(BOs), (R=rare earth,
Y), belong to the trigonal system with space group R32.!
Their structure is similar to that of the mineral CaMg;(CO3),4
(huntite), a trigonal trapezohedral structure that is one of the
five trigonal types. This class of compounds has attracted
recent attention because of a large magnetoelectric effect ob-
served in GdFe;(BO;), (Refs. 2-5) and in NdFe;(BO;),.%
The noncentrosymmetric structure makes these materials
also an interesting candidate for optical applications based
on their good luminescent and nonlinear optical
properties.” Thermodynamic and magnetic measurements
have indicated a wealth of structural and magnetic phase
transitions with ordering of Fe-spins as well as the rare earth
moments involved. The majority of the RFe;(BOs), com-
pounds exhibit a structural phase transition from the high-
temperature structure with R32 space group (No. 155) to the
low-temperature P3,21 structure (No. 152).!912 The struc-
ture change is accompanied by a distinct anomaly of the heat
capacity.'>!3 The R32+P3,21 transition temperature, T,
scales with the ionic radius of the rare earth and for some
(R=Ho, Dy and Y) this transition takes place above room
temperature. Other physical quantities, for example the di-
electric constant, exhibit distinct and sharp anomalies at
TS.S’”

Magnetic measurements at high-temperature reveal a
strong antiferromagnetic (AFM) correlation between the Fe
spins resulting in an AFM transition at the Neél temperature,
Ty, into the AFM2 phase below 40 K.!'> Again, Ty scales
with the rare earth element decreasing from 40 K (Ho) to
22 K (La). Below Ty, the magnetic interaction of rare earth
moments with the ordered Fe spins becomes stronger and
results in a magnetic polarization of the rare earth system
and, in some rare cases, in a spin reorientation transition
into the AFM1 phase at lower temperatures that is driven by
the magnetocrystalline anisotropy of the rare earth moment.
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The spin reorientation transition was originally only
observed in GdFe;(BO;), at Tgx=9 K and its magnetic
field-temperature (H-T) phase diagram was extensively
studied.>'#-1®  However, recent neutron  scattering
experiments!” have found evidence for a similar spin reori-
entation in HoFe3;(BO3), at a slightly lower temperature of
5 K. The peculiarities of the crystallographic structure, the
various possibilities for the Fe spins to interact via direct or
superexchange, and the coupling with the rare earth moments
result in complex magnetic structures and the cascade of
phase transitions upon decreasing temperature, as observed
in GdFe;(B0O;),."> The magnetic structure has been resolved
for only a few rare earth iron borates through magnetic x-ray
scattering (R=Gd) (Ref. 18) and neutron scattering (R=Nd,
Tb, and Ho) experiments.!”-1920

Since the discovery of a large magnetoelectric effect in
gadolinium iron borate,> the control of the electrical
polarization through magnetic fields in GdFe;(BOs), has
become the focus of interest. The complex magnetoelectric
H-T phase diagram was studied through polarization,
dielectric ~ constant, magnetic, and heat capacity
measurements.”>!4162! The combination of polarization and
magnetostriction experiments have proven the intimate cor-
relation of the magnetoelastic and magnetoelectric properties
of the compound.???? The sharp and sizable increase of the
electrical polarization and the magnetostriction effect is
mainly observed at the spin reorientation phase transition
between the AFM2 and AFM1 phases. The field-induced po-
larization (FIP) phase is well resolved in a plateaulike struc-
ture of the dielectric constant &(7) and the complete H-T
phase diagram was resolved for different orientations of the
external field H.> The magnetoelectric and magnetoelastic
properties of GdFe;(BO3), have been qualitatively described
by a model taking into account the symmetry of the system
and the lowest order expansion of the thermodynamic poten-
tial with respect to the magnetic exchange.?

The search for other rare earth iron borates with a signifi-
cant magnetoelectric effect has been successful and
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NdFe;(BO3), was discovered as the second candidate show-
ing a large field-induced polarization.>?! Contrary to
GdFe;(BO3), no spin reorientation transition could be de-
tected in NdFe;(BO;), through magnetization, thermody-
namic, and neutron scattering experiments.'>?2* A small
maximum of the magnetic susceptibility, observed at 6 K,
was attributed to three-dimensional AFM order of the Fe’*
and Nd** sublattices.” It is remarkable that the magnetic-
field-induced polarization in NdFe;(BO3), exceeds the value
in GdFe;(BO3), by nearly two orders of magnitude. The siz-
able magnetoelectric coupling found in GdFe;(BOs), and
NdFe;(BOs3), is the motivation for the search for magneto-
electric effects in other rare earth iron borates. Ho is an in-
teresting candidate because of a relatively large magnetic
moment of the rare earth ion. Strong interactions with the
Fe-spins and possible magnetoelectric effects are therefore
expected in HoFe;(BOs),. In fact, the magnetic order in
HoFe;(BO3), below Ty was recently explored and it was
shown to involve long range order of both, Fe spins and Ho
moments.'” At lower temperatures, HoFe;(BO5), exhibits a
spin reorientation similar to the one observed in
GdFe;(BO;),. However, investigations of the dielectric and
magnetoelectric properties have not been reported yet.

We have therefore synthesized large single crystals of
HoFe;(BO3), and of the solid solution Nd, sHo sFe;(BO3),4
and investigated their thermodynamic, magnetic, and magne-
toelectric properties. We find that, even without external
magnetic field, HoFes;(BO;), exhibits an electric polarization
below Ty which increases with decreasing temperature and
suddenly drops to zero at the spin reorientation transition.
The magnetic-field effect on the polarization and the H-T
phase diagram is investigated. Nd, sHo, sFe;(BO3), shows a
similar polarization effect upon decreasing temperature with
an even higher value of the polarization as compared to
HoFe;(BOs3),. In addition, Nd,, sHo, sFe;(BO3), also exhibits
a large magnetoelectric effect in external fields along the a
axis with high values of the induced polarization.

The paper is organized as follows: Sec. II provides the
essential information about sample synthesis and experimen-
tal equipment used for various measurements. The results are
presented in Sec. III starting with data for HoFe;(BO3),
(magnetic, thermodynamic, and dielectric data) and followed
by corresponding data for Nd, sHo, sFe;(BO;3)4. Section IV
summarizes the main results and conclusions.

II. EXPERIMENTAL

Single crystals of HoFe;(BO;3), and Nd, sHo, sFe;(BO3),
were grown using Bi,Mo;O;, based flux as described
earlier.?® The crystals were cut in different sizes and shapes
to fit the demands of the various measurements. The orien-
tation was determined by single crystal Laue x-ray diffrac-
tometry. For dielectric and polarization measurements thin
plates (0.5 to 1 mm thick) were prepared and electrical con-
tacts were attached to two parallel faces using silver paint.
For dielectric constant measurements the high-precision ca-
pacitance bridge AH2500A (Andeen-Hagerling) was em-
ployed. The electrical polarization was extracted by integrat-
ing the pyroelectric current measured by the K6517A
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FIG. 1. (Color online) Magnetic susceptibility of HoFe;(BO3),
with the field oriented along the a axis. The inset shows the deriva-
tive, dx,/dT, with the distinct anomaly at 7.

electrometer (Keithley) upon variation of temperature or
magnetic field. Temperature and field control were provided
by the Physical Property Measurement System (PPMS,
Quantum Design). The PPMS was also employed for heat
capacity experiments. The magnetization was measured in a
commercial superconducting quantum interference device
(SQUID) magnetometer (MPMS, Quantum Design). Ther-
mal expansion measurements were conducted using a home
made high-precision capacitance dilatometer.?’

III. RESULTS AND DISCUSSION
A. Magnetic phase diagram of HoFe;(BO3),

Early investigations have shown that the structural transi-
tion from R32 to P3,21 in HoFe;(BO;), happens well above
room temperature. The critical temperatures, Tq=420 K and
Ty=39 K, are among the highest of all rare earth iron
borates.!” The high magnetic ordering temperature and the
easy-plane character of the Fe** spin alignment was revealed
also in optical measurements using Er’* ions as a spectro-
scopic probe.”® The existence of a spin reorientation transi-
tion (Tsz=5 K) in HoFe;(BO;),, however, was detected
only recently in neutron diffraction experiments at zero mag-
netic field.!”

The magnetic susceptibilities of HoFe;(BO3),, measured
perpendicular (y,) and parallel (y,) to the ¢ axis, clearly
reveal the distinct anomalies at both magnetic transition
temperatures (Figs. 1 and 2). The Neél transition at
Ty=38.5 K is reflected in a minute change of slope of the
a-axis susceptibility which is clearly visible in the derivative,
dx,/dT (inset in Fig. 1). Below T the susceptibility shows a
distinct dependence on the a-axis field, H,,. x, increases with
H, below 5 kOe (Fig. 1). This behavior is similar to the T
dependence of y, of GdFe;(BO3), which was interpreted as
an effect of the in-plane ordering of the Fe spins leading to a
reduction of y, between the Neél and spin reorientation tem-
peratures at zero field.> At lower temperature, the spin reori-
entation transition is marked by a sharp step of y,. This step
is positive with decreasing 7 for low magnetic fields
H,<1.2 kOe, however, it turns negative for H, between
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FIG. 2. (Color online) Low-temperature magnetic susceptibility
of HoFe;3(BO3), with the field oriented along the ¢ axis.

1.2 and 9 kOe. The sign change of this steplike anomaly is
related to the magnetic order induced small decrease of y, in
the AFM2 phase since y, is independent of the magnetic
field in the AFM1 phase (Fig. 1). The decrease of y, at T is
different from the corresponding increase observed in
GdFe;(BO;),. The origin of this difference may lie in the
distinct magnetic structures of both compounds. The order of
the Fe spins is incommensurate with no long-range order of
the Gd-moments above T in GdFe;(BO5), (Ref. 18) but it
is commensurate with the onset of Ho-moment order at 7 in
HoFe4(BOs)4.!7 Tgg quickly shifts to lower temperatures
with increasing magnetic field and the AFMI1 phase is com-
pletely suppressed for H,>10 kOe. The derived phase
boundary between the AFM2 and AFM1 phases is shown in
Fig. 3 (bold symbols).

The c-axis susceptibility shows no detectable anomaly at
Ty and very little field dependence in the AFM2 phase. At
the spin reorientation transition y, suddenly drops by 60%
(Fig. 2). The resulting phase boundary is displayed in Fig. 3
(open symbols). The large decrease of y, in the AFM1 phase
reflects the increased correlation and stiffness of the Fe spins
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FIG. 3. (Color online) Low-temperature 7-H phase diagram of
HoFe3(BOs), with the field aligned with the a axis (bold symbols)
and the ¢ axis (open symbols). The lines serve as a guide to the
eyes.
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FIG. 4. (Color online) Comparison of heat capacities of
HoFe;(BO3),, GdFe;(BO3),, and ErFe;(BO3),. The inset shows the
low-temperature heat capacity of HoFe;(BOj3), near Tgg.

after their rotation into a collinear spin structure oriented
along the ¢ axis that is induced by the strong coupling to the
Ho moments with a large uniaxial magnetic anisotropy. The
magnetic susceptibility data reveal a minute temperature hys-
teresis of about 0.1 K at T indicating the first-order nature
of the phase transition from the AFM2 to the AFM1 phase.
The first-order nature of the spin reorientation phase transi-
tion was also suggested from the steplike change of the Ho
and Fe moments derived from powder neutron scattering
experiments.'” The phase diagram is further explored by iso-
thermal M-H measurements showing a metamagnetic transi-
tion (sudden increase of the magnetization M(H) with field)
at the spin reorientation transition. The critical fields are con-
sistent with the phase boundaries of Fig. 3 derived from tem-
perature dependent measurements. Similar to the y(7) mea-
surements the M(H) data show a small field hysteresis across
the AFM2 — AFM1 phase boundary confirming the first or-
der character of the transition.

The thermodynamic signature of the two magnetic phase
transitions is revealed in heat capacity measurements. Figure
4 shows the heat capacity of HoFe;(BOs), together with C,
of the related compounds GdFe;(BO;), and ErFes;(BO;), in a
wide temperature range. The inset displays the low-
temperature C,, of HoFe;(BOs), near the spin reorientation
transition on an expanded temperature scale. The Neél tran-
sition is characterized by a A-shaped pronounced peak of
C,(T) at 38.5 K suggesting the transition into the AFM2
phase to be a second order phase transition. This is consistent
with the steady increase of the Fe sublattice magnetization
below T, observed in neutron scattering experiments.'’
However, the derived Fe magnetic moment does not follow
closely the expected Brillouin function which was attributed
to the coupling of the Fe spins with the Ho moments leading
to a simultaneous order of both magnetic subsystems at 7.
The low-temperature peak of C, at T is extremely narrow
as is expected at a first order transition. Below T, but above
Tsg, C,/T of HoFe;(BOs), shows an enhancement with re-
spect to similar data for other rare earth iron borates, e.g.,
ErFe;(BO3), also shown in Fig. 4. This enhancement reflects
the strong coupling between the rare earth moments and the
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FIG. 5. (Color online) Dielectric constant, &,, of HoFe3(BOs),
at different magnetic fields Hlla (a) and Hllc (b).

Fe spin order resulting in the spin reorientation transition and
the order of the rare earth moments. An equivalent enhance-
ment of C,/T was also observed in GdFe;(BO,), (Fig. 4),
the second RFe;(BO;), with a spin reorientation transition.’
The increased entropy associated with the enhanced heat ca-
pacity at low T was attributed to the eightfold degeneracy of
the ground state level of the Gd** ion in the corresponding
crystal field.'"> The heat capacity data for all three com-
pounds are compared in Fig. 4. At the lowest temperatures a
Schottky-type contribution to the heat capacity is most pro-
nounced in ErFe;(BO;), and GdFe;(BO;),, but barely visible
in HOF€3(BO3)4.

B. Magnetoelectric effect and polarization in HoFe3;(BO;),
1. Dielectric constant in magnetic fields

Dielectric anomalies below the Neél transition have been
observed in GdFe;(BO;),.> A small but distinct increase of
the a-axis dielectric constant, &,, and its sudden drop at the
spin reorientation transition was explained by the coupling of
the magnetic order to the lattice. While the peaklike increase
of &, in GdFe;(BO3), is less than 1% of its value at Ty, the
a-axis dielectric constant of HoFe3;(BOs), (Fig. 5) shows a
colossal enhancement of nearly 100% below Ty. This huge
increase from &,=20 to £,=37 indicates that the spin-lattice
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coupling in HoFe;(BO;), is two orders of magnitude stron-
ger than the spin-lattice interaction in GdFe;(BOs),. With
decreasing temperature &, passes through a maximum and
drops suddenly back to its high-temperature value of 20 at
the spin reorientation transition temperature, Tz, as shown
in Fig. 5.

The peak of g, is quickly suppressed by magnetic fields
oriented along the a axis [Fig. 5(a)]. At 4 kOe, the peak
height of ¢, has dropped by 90% and at 10 kOe it is com-
pletely absent. This extraordinary magnetodielectric effect
shows the intricate correlation between the magnetic order
and the dielectric properties of HoFe;(BO3),. With the mag-
netic field oriented along the ¢ axis [Fig. 5(b)] the rise of g,
below Ty persists to higher field values, up to H.=8 kOe,
beyond the critical field above which the spin reorientation
transition is suppressed (see Fig. 3). The maximum g,=40 at
8 kOe is twice as large as its value near or above Ty. With
further increasing field, however, the maximum of ¢, de-
creases quickly but a small enhancement below T is still
detectable at c-axis fields as high as 40 kOe, as shown in Fig.
5(b). It is remarkable that the main increase of &, in the
AFM?2 phase happens well below the Neél temperature at
about 20 K and that &, suddenly decreases at T, assuming a
value in the AFM1 phase that is close to g, of the paramag-
netic phase above T). This shows that the coupling between
the magnetic order and the lattice is most significant in the
AFM?2 phase at zero magnetic field but it is negligibly small
in the AFM1 phase. The c-axis dielectric constant, g., was
also measured and it shows a similar enhancement below Ty,
however, the magnitude of the peak is much smaller and it
amounts to only 3% of its base value.

A similar large magnetodielectric effect has been ob-
served in some rare earth manganites, for example in ortho-
rhombic HoMnOj; below the Neél temperature.? It was later
shown that the sharp increase of € was associated with the
development of a spontaneous electric polarization.>* There-
fore, we decided to search for pyroelectric and magnetoelec-
tric effects below the Neél temperature of HoFe;(BO;),.

2. Polarization at zero magnetic field

The pyroelectric current measured between two parallel
electrodes attached to a sample is proportional to the change
of the sample’s polarization due to a change of temperature
or magnetic field. In general, a bias voltage can be applied
during the measurement or it can be used to align domains in
a ferroelectric state. The integration of the pyroelectric cur-
rent provides a quantitative measure of the polarization
change. However, special precautions have to be taken to
ensure that the measured current actually reflects the polar-
ization change and is free from artifacts such as electrical
transport currents or capacitive contributions due to the sam-
ple’s dielectric properties. The current measured in an ex-
periment can be expressed by Eq. (1).

i=—+C—t+—V+A—. (1)

V is the applied bias voltage, R and C are the resistance and
capacitance of the sample, respectively, and P is the intrinsic
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FIG. 6. (Color online) Polarization of HoFe;(BO3), measured
along (a): the a axis and (b): the ¢ axis in zero electric and magnetic
fields. The arrows distinguish the cooling and warming data.

electrical polarization. A is the contact area. The first term is
the resistive current that can be avoided if the sample has a
very high resistance or the measurement is conducted at zero
bias, V=0. The effects of charge trapping and release with
changing temperature usually are not significant for insulat-
ing materials. The second term is related to the charging
current of a capacitor and will be zero if the applied voltage
is constant with time. The third contribution in Eq. (1) may
cause a current if the dielectric constant (capacitance) of the
sample changes significantly with temperature (as for ex-
ample g, in Fig. 5) and a bias voltage is applied. The result-
ing current can be estimated from the dielectric data and is
negligible in most experiments. It can be avoided completely
if no voltage bias is applied. The last term of Eq. (1) is the
pyroelectric current due to the change of the sample’s polar-
ization. In the current experiments all polarization measure-
ments have been conducted at zero-bias voltage, V=0, which
ensures that the first three terms of Eq. (1) do not cause any
additional contribution to the current so that the integration
of the measured pyroelectric current yields the sample’s po-
larization change. Measurements are commonly conducted
by cooling the sample with an applied electrical bias voltage
and measuring the pyroelectric current in zero bias upon
warming.

In HoFe;(BO;), we found that even in zero-voltage cool-
ing the crystal developed a pyroelectric current arising below
Ty at about 25 K. In passing through the spin reorientation
transition the current shows a sharp negative peak indicating
a sudden drop of the polarization. Integrating the current
reveals the associated change of polarization shown in Fig. 6
[(a): a-axis and (b): c-axis polarization]| for cooling and
warming. Upon decreasing temperature, the polarizations
measured along the a and ¢ axes gradually increase in the
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AFM2 phase and reach a maximum of 60 and 90 uC/m?,
respectively, at Tgz. A sharp drop of P, . to a small value
(presumably zero, the finite value shown in Fig. 6 is within
the error limits of the measurement and integration) indicates
the transition into the AFM1 phase. The maximum values of
P, and P, are comparable with the magnitude of the polar-
ization in the ferroelectric phase of other multiferroics, for
example Ni;V,0g and MnWO,.3!*? However, there is a ma-
jor difference in the temperature dependence of the polariza-
tion of HoFe;(BO3), in comparison with the typical behavior
observed in the majority of multiferroic ferroelectric com-
pounds. In the latter compounds the ferroelectric polarization
quickly increases below a magnetic phase transition and, in
most cases, the direction of P is determined by the direction
of the bias voltage applied during electric-field cooling. In
the present data for HoFe;(BOs), there is no significant
change of P(T) right below the magnetic transition tempera-
ture (38.5 K) but P, and P, smoothly increase below a much
lower temperature (=25 K). Applying a poling voltage
(=150 V) had no sizable effect on P(T) and the polarization
could not be reversed. Pyroelectric current data measured
upon cooling with a poling voltage applied as well as upon
warming after the bias voltage was reduced to zero at 6 K are
almost identical to the zero-bias data shown in Fig. 6. This
indicates a strong preference of the direction of P, and P,
which may be determined by structural or magnetic domains
in contrast to most multiferroic ferroelectric systems. A clear
thermal hysteresis of P(T) between 15 and 25 K (indicated
by arrows in Fig. 6) provides further evidence that the value
of the polarization in the AFM2 phase is sensitive to the
magnetic domain structure.

The most dramatic change of the dielectric constant
(=100% increase, Fig. 5) was observed along the a axis. The
maximum of the polarization P,(7T) is also larger by about
50% than the maximum of P, (Fig. 6) and the thermal hys-
teresis is even more significant and extends between T, and
about 30 K. To investigate the effects of electric fields (bias
voltage) on the polarization P, the pyroelectric current was
measured upon cooling to 6 K (above the spin reorientation
transition) with a bias of =200 V applied. At 6 K the exter-
nal voltage was set to zero and, after short circuiting the
contacts, the remaining polarization was measured upon
warming from 6 to 50 K. The data shown in Fig. 7 reveal a
large apparent change of the polarization due to the external
voltage. At +200 V cooling, P,(+200 V) at 6 K is enhanced
by 50% with respect to the zero-bias P,(0 V) and at
—200 V cooling, P,(—200 V) is reduced to a fraction of less
than 20%. The solid lines in Fig. 7 represent the polarization
data obtained from integrating the pyroelectric current upon
cooling in +200 V (top line), 0 V (center line), and =200 V
(bottom line). After the release of the bias voltage at 6 K,
however, the polarization assumes the zero-bias value close
to 70 uC/m?, as indicated by the vertical dotted arrows.
Upon warming P, follows closely the zero-bias temperature
dependence (dashed lines in Fig. 7). The large change of P,
at 6 K upon release of the bias voltage seems to indicate a
significant tunability of the polarization in electric fields.

However, the dielectric constant g, also increases signifi-
cantly below Ty (Fig. 5) and the current contribution from
the third term of Eq. (1) has to be taken into account in
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FIG. 7. (Color online) a-axis polarization of HoFe3;(BOj3), mea-
sured upon cooling (solid lines) with applied bias voltage of +200,
0, and —200 V. Data upon warming (dashed lines) are collected
after release of the bias voltage at 6 K.

measurements conducted in an external bias electric field to
determine the intrinsic polarization values. From the dielec-
tric measurements we determine the capacitance increase in
the AFM2 phase as about 1 pF which results in an additional
charge of =2 107! C due to a bias voltage of =200 V.
The change of the apparent polarization at 6 K in Fig. 7
(indicated by vertical dotted arrows) amounts to 2.2 X 10710
and —2.7 X 107! C for a bias voltage of +200 and —200 V,
respectively. After correcting for these additional contribu-
tions to the pyroelectric current, the values for P, appear to
change only very little in an electric field. Therefore, we
conclude that for the ag-axis pyroelectric measurement the
zero-bias data (dashed lines in Fig. 7) are representative for
the intrinsic polarization, P,(T). All subsequent pyroelectric
measurements in magnetic fields have been conducted in
zero electric field to avoid the additional contribution from
the third term in Eq. (1) to the pyroelectric current measure-
ment. It should be noted that this problem basically does not
exist in the c-axis measurements [Fig. 6(a)] since the in-
crease of €. in the AFM2 phase is negligibly small, only 3%
of its value near Ty.

The appearance of a spontaneous polarization P(T) in the
AFM2 phase and its relative insensitivity to electric fields in
HoFe;(BOs), is unique among the rare earth iron borates.
Changes of electrical polarization in RFe;(BO3), have previ-
ously only been observed with the application and change of
an external magnetic field for R=Gd (Ref. 2) and R=Nd.®
The spontaneous polarization in HoFe;(BO5), has its pos-
sible origin in the coupling to the internal magnetic field that
is associated with the order of the iron spins as well as the
Ho moments. It should be noted that a polarized state is not
forbidden by the crystal symmetry because the P3,21 space
group is noncentrosymmetric. The magnetic order below Ty
and its strong coupling to the lattice results in the develop-
ment of a macroscopic electrical polarization. The preferred
orientation of this polarization and the observation that it
cannot be reversed by electric fields is a result of the non-
centrosymmetric structure that allows for one direction of the
polarization only within a structural and/or magnetic domain.
Magnetic domains in the AFM2 phase, however, also play an
important role as evidenced by the thermal hysteresis ob-
served in the polarization data (Fig. 6) and it lends further
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support to the role of the internal magnetic field/order and its
mutual interaction with the polarization. From the measured
polarization values along the a and ¢ axes we conclude that
the intrinsic polarization direction is between both major
crystallographic orientations, at an angle of about 55° with
the ¢ axis. The origin of the intermediate orientation must be
sought in the peculiarities of the magnetic structure. Accord-
ing to recent neutron scattering experiments'’ there exist two
inequivalent Fe sites. In the polarized AFM2 phase the
Fe(1)-spins and the Ho moments are aligned with the a axis,
however, the spins on the Fe(2) sublattice are tilted toward
the ¢ axis. The estimated values of the x and z components of
the Fe(2)-spins at 5 K are 4uy and 2.5up, respectively. The
angle of the Fe(2)-spins with the ¢ axis is therefore approxi-
mately 58°, close to the polarization orientation discussed
above. While it seems unlikely that this coincidence is acci-
dental it rather demonstrates the intricate coupling of the
intrinsic polarization with the specifics of the magnetic order,
supposedly of the Fe(2) sublattice.

The sharp drop of P, and P, at the spin reorientation
transition indicates that the observed polarization is only al-
lowed in the AFM2 phase with most of the magnetic mo-
ments oriented along the a axis (some iron spins have a ¢
axis component, however).!” In the low-temperature AFM1
phase all iron spins and half of the Ho moments are aligned
with the ¢ axis and the remaining Ho moments exhibit a tilt
toward the a axis. The particular magnetic order apparently
does not couple to the lattice to induce a macroscopic polar-
ization. The microscopic details and the symmetry con-
straints have yet to be investigated. Forthcoming studies may
also include the investigation of the dielectric relaxation be-
havior to gather complimentary knowledge about the nature
of the polarized state.*?

3. Magnetic-field effects on the polarization

To investigate the effects of external magnetic fields on
the polarization, pyroelectric measurements have been con-
ducted in zero electric field upon warming from the lowest
temperatures (2 K) in a constant magnetic field H applied
along the a and c axes. Results for the electrical polarization,
P, are shown in Fig. 8. With H oriented along the a axis P,
is quickly diminished in even moderate magnetic fields [Fig.
8(a)]. The sharp drop of P, to zero at T, persists up to the
critical field above which the AFM1 phase is completely
suppressed. At higher fields [10 kOe in Fig. 8(a)] P, remains
finite to the lowest temperatures although the overall magni-
tude is only about 15% of its maximum value at zero field.
With the magnetic field applied along the ¢ axis [Fig. 8(b)]
the spin reorientation transition is quickly suppressed at low
fields but the polarization retains its high values up to 8 kOe.
At this field P, remains large to the lowest temperatures.
Only further increasing field reduces the magnitude of the
polarization but at a lower rate as for the a-axis field. At 30
kOe the low-T polarization is still as large as 8 wC/m?. The
phase boundary separating the AFM2 and AFM1 phases as
derived from the polarization drop (Fig. 8) is in perfect
agreement with the phase diagrams shown in Fig. 3.

The polarization measured along the a axis, P,(T), is
shown for different magnetic fields oriented along a and ¢ in
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FIG. 8. (Color online) c-axis polarization of HoFe;(BO3), at
different magnetic fields H. (a): Hlla axis and (b): Hllc axis.

Fig. 9. P,(T) reveals a similar suppression in external mag-
netic fields as P.(T) discussed above. The a-axis magnetic
field has the strongest effect on reducing P, and even 2 kOe
are sufficient to decrease P, by 50%. The c-axis magnetic
field suppresses the spin reorientation transition first while
maintaining a relatively high magnitude of P, up to about 10
kOe. Only higher fields H, result in a slow decrease of P,
which reaches about 10% of the zero-field value at H,
=40 kOe. The hump of P, that develops in magnetic fields
between 15 and 20 K (Fig. 9) is associated with the tempera-
ture hysteresis in this range as shown in the zero-H polariza-
tion in Fig. 6. In magnetic fields the hysteretic region [ex-
tending from T to about 25 K at H=0, Fig. 6(a)] shifts
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FIG. 9. (Color online) a-axis polarization of HoFe;(BO3), at
different magnetic fields H. (a): Hlla axis and (b): Hllc axis.
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volume
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FIG. 10. (Color online) Thermal expansion of the a and ¢ axes
and the volume of HoFe;(BO3),. The two magnetic phase transi-
tions are marked by vertical dashed lines.

toward higher temperature. For better clarity the polarization
measured upon cooling is not included in Fig. 9. It seems
surprising that the intrinsic zero-field polarization of
HoFe;(BO3), is quickly suppressed by external fields
whereas in the related compound NdFe;(BO3), the magnetic-
field effect is significant and results in a large increase of the
polarization. The major differences lie in the magnetic order
of rare earth and iron moments below the Neél temperature.
In HoFe;(BOs), the spins on the Fe(l) sublattice are collin-
ear (oriented along the a axis) with the Ho moments but
noncollinear with the remaining spins on the Fe(2)
sublattice.!” In contrast, all Fe-spins in NdFe;(BO5), are col-
linear with an easy-plane anisotropy and the Nd moments are
noncollinear with the Fe spins.!® These differences in the
magnetic structures may be responsible for the different
magnetoelectric properties.

4. Thermal expansion anomalies

The magnetoelectric coupling in multiferroic and magne-
toelectric compounds are associated with ionic displace-
ments at phase transitions that commonly result in macro-
scopic distortions or lattice strain along the crystallographic
axes.?’31:3234.35 The relative change of the lattice parameters
and the volume of HoFe;(BO;), was therefore measured and
is shown in Fig. 10. The reference temperature for both axes
was chosen at 55 K. The dashed vertical lines indicate the
two magnetic transitions. At Ty the temperature dependence
of the a and ¢ axes both exhibit a minute change of slope, as
is expected for a second order magnetic phase transition. At
Tz, however, a sharp increase of ¢ and the drop of a are
characteristic for a first-order phase transition. The signifi-
cant changes of the lattice parameters at 7Tz are consistent
with the abrupt disappearance of the electrical polarization
and the sharp changes of the magnetic susceptibilities (Figs.
1 and 2). The large anomalies of the lattice parameters reveal
the strong magnetoelastic effect in HoFe;(BO3),. It is inter-
esting that the thermal expansivities are strongly anisotropic
and the c-axis expansivity is negative over most of the tem-
perature range shown in Fig. 10. Similar negative expansivi-
ties have been observed, for example, in multiferroic
HoMnOj; (Ref. 27) and DyMn,0s.3* It was understood as a
signature of strong magnetic correlations and spin-lattice in-
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FIG. 11. (Color online) Magnetic susceptibility of

Ho, sNd sFe;(BO3), at low temperatures in different magnetic
fields. (a): Hlla axis and (b): Hllc axis.

teractions in connection with large magnetic anisotropy. The
c-axis length exhibits a maximum at about 15 K. At lower
temperatures both, ¢ and a, decrease faster with decreasing
temperature approaching the instability of the magnetic
structure at the spin reorientation phase transition. The
relative volume change (Fig. 10) clearly shows a rapid
decrease below 15 K leading to the magnetic instability at
Tgr=4.6 K.

C. Magnetic phase diagram, magnetoelectric effect, and
polarization in Ho(sNd sFe;(BO;3),

NdFe;(BO;), does not show any evidence for a spin re-
orientation phase transition at low temperatures'>?* but it
exhibits a large magnetoelectric effect.® The solid solution of
NdFe;(BO3), and HoFe;(BOs), is therefore of interest with
regard to the magnetic phase diagram and the magnetoelec-
tric properties.

1. Magnetic phase diagram

The magnetic susceptibility was measured in
Ho sNd, sFe;(BO5), for both field orientations, H, and H..
X, and x, show a sizable steplike change at T¢,=9 K,
clearly revealing the existence of a spin reorientation transi-
tion. While the drop of yx, at T is large in passing into the
AFMI1 phase and it amounts up to 80%, the change of y, is
moderate and less than 20%, similar to HoFe;(BOs),. How-
ever, the anomaly of y, changes sign at about 2 kOe. Below
2 kOe, upon decreasing temperature, the step of x, is posi-
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FIG. 12. (Color online) Low-temperature magnetic phase dia-
gram of HOOAsNd0A5F€3(BO3)4.

tive whereas above 2 kOe it is negative. At 2 kOe the
anomaly of y, at T is a change of slope with no sudden
change, as shown in Fig. 11(a). A similar behavior is also
observed in the polarization P, in magnetic fields applied
along the a axis (next section). It is remarkable that Tgg of
Ho,sNd, sFe;(BO;), is twice as large as that of
HoFe;(BO3),. However, it is comparable with Tgp of
GdFe4(BO3) 4. The larger value of T indicates that Nd sta-
bilizes the low-temperature AFM1 phase and Ty passes
through a maximum in the phase diagram of the solid
solution Ho,;_,Nd,Fe;(BO3),. The AFMI phase in
Ho, sNd, sFe;(BO;), is also more stable with respect to mag-
netic fields as compared to HoFe;(BOj),. The magnetic
phase diagram derived from a- and c-axis magnetization
measurements is shown in Fig. 12. The phase diagram in-
cludes data of x(7) acquired upon cooling and warming and
results from isothermal magnetization measurements with
increasing and decreasing fields. In comparison to
HoFe;(BO3), the AFM1 phase of HoysNd,sFe;(BOs), is
more stable with respect to temperature as well as
magnetic field. The zero-temperature critical fields of the
AFM1 — AFM2 transition are estimated as 22 and 13 kOe
for Hlla and Hllc, respectively.

The thermodynamic signatures of both magnetic phase
transitions, paramagnetic— AFM2 and AFM2 — AFM1, are
resolved in distinct anomalies of the heat capacity shown in
Fig. 13. The A-shaped peak at 7y=32 K is characteristic for
a second-order phase transition. The first-order spin reorien-
tation transition is clearly marked by the sharp peak at about
9 K. While the peak at 75z appears on top of a broad shoul-
der there is no clear maximum of C,/T at lower temperatures
that could indicate a Schottky type anomaly as observed for
example in NdFe;(BO;), 2 or GdFe;(BO;), (Fig. 4). The
major difference to HoFe;(BO;), discussed above is the sig-
nificantly lower Neél temperature of the iron spin order and
the larger spin reorientation temperature.

2. Magnetoelectric properties of HoysNdgsFe3(BO3),

At zero magnetic field the spontaneous polarization mea-
sured along the a axis, P,(T), arises below 40 K in
Ho, sNd,, sFe;(BOs), and it reaches a maximum at the spin
reorientation transition (Fig. 14). The maximum value of
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FIG. 13. Heat capacity of Ho, sNd, sFe;(BO3),.

120 uC/m? exceeds the corresponding value of
HoFe;(BO3), by a factor of 2. The transition into the AFM1
phase is accompanied by a sharp drop of P,, however, P,
remains finite (about 40 wC/m?) in the low-temperature
AFM1 phase. This is in distinct contrast to the behavior in
HoFe;(BO5), (Fig. 9), where P, drops to zero in the AFM1
phase. With the external magnetic field applied along the ¢
axis [Fig. 14(b)], the spin reorientation transition temperature
is reduced resulting in an enhancement of the maximum of
P,T) to 160 uC/m? for fields up to 20 kOe. At higher
magnetic fields H, the polarization decreases continuously
over the whole temperature range and its maximum value
drops to 20 uC/m? at H,=7 T.

The  magnetic-field  dependence of P, of
Hog sNd, sFe;(BO;), for Hllc is qualitatively similar to the
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FIG. 14. (Color online) Temperature dependence of P (T) of
Ho, sNd, sFe;(BO3), in different magnetic fields, (a): Hlla axis and
(b): Hllc axis.
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FIG. 15. (Color online) Magnetic-field dependence of the polar-
ization P, at different temperatures. (a): Hlla axis and (b): Hl ¢ axis

field effect in HoFe;(BO;), as is also obvious from the iso-
thermal polarization measurements shown in Fig. 15(b). The
polarization P,(H,) of Fig. 15 was derived from current mea-
surements at constant temperature and increasing field. The
value of P, at zero field was determined from the
T-dependent data (Fig. 14) at H,=0 as the reference value.
At 5 K the polarization P, is finite and nearly constant for
small fields but it increases sharply at 10 kOe because of the
transition from the AFM1 to the AFM2 phase. With further
increasing field P,(5 K) decreases quickly, consistent with
the T-dependent data of Fig. 14(b). At higher temperatures
(>10 K)P, starts higher at zero field because of its larger
value in the AFM2 phase. However, the external magnetic
field H, reduces P, quickly as shown in Fig. 15(b). The
critical temperatures and fields of the spin reorientation
phase transition determined by the sharp change of the po-
larization [Figs. 14(b) and 15(b)] coincide with the c-axis
magnetic phase diagram of Fig. 12 derived from magnetiza-
tion measurements.

The effect of the c-axis magnetic field on the polarization
of Ho,sNd, sFe;(BO3), is similar to the field-induced sup-
pression of the spontaneous polarization of HoFe;(BOj3),.
However, the picture changes completely if the magnetic
field is applied along the hexagonal a axis. The polarization
P,(T) at various H, is shown in Fig. 14(a). In zero magnetic
field P,(T) arises below Ty, exhibits the maximum at Tgz and
drops sharply to a smaller value in the AFM1 phase, as dis-
cussed above. With increasing magnetic field, however, the
positive P,(T) is suppressed, it becomes negative, and passes
through a minimum with decreasing temperature, as shown
in Fig. 14(a) for H,=10 kOe. The sudden decrease of
P,(H=0) at T is inverted in fields above 2 kOe and P,
increases sharply with the transition into the AFMI1 phase.
This behavior of P, at Ty is consistent with the anomaly of
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the magnetization discussed in the previous section demon-
strating the close relation of the spontaneous polarization and
the magnetization.

With the magnetic field increasing further above 10 kOe
the polarization P,(T) starts increasing again in the whole
temperature range even above the AFM Neél temperature. P,
is all positive for H,>20 kOe and it increases to large val-
ues, P,>800 wC/m?, at 70 kOe and 2 K (Fig. 14(a)). This
high-field behavior is similar to the magnetoelectric effect
observed in NdFe;(BO;3), and can be attributed to a quadratic
magnetoelectric coupling as discussed recently.®

The complex temperature and field dependence of P,(T)
shown in Fig. 14(a) is also reflected in the isothermal polar-
ization data, P,(H,). The results at different temperatures are
displayed in Fig. 15(a). At zero and small field P, is positive
and determined by the spontaneous polarization as discussed
above. With increasing field the spontaneous P, is sup-
pressed, similar to the effect of a c-axis field [Figs. 14(a) and
15(a)] and the field effect in HoFe;(BO3), (Sec. III B). The
magnetoelectric effect, since quadratic in H,.° is negligibly
small. The steplike anomaly of P, near 22 kOe [2 and 5 K
data of Fig. 15(a)] is consistent with the temperature
anomaly of P, at Tgg [Fig. 14(a)]. However, at higher field
the magnetoelectric coupling dominates, similar to
NdFe;(BO3),. The magnetoelectric effect at first decreases
the polarization and P,(H,) changes sign and becomes nega-
tive above about 4 kOe. With further increasing H, the mag-
netoelectric effect changes sign and results in another sign
reversal of P,(H,) at about 20 kOe. This effect was also
observed in NdFe;(BO;), and it was explained by the com-
petition of the external magnetic field with the exchange
field.® The major difference of the polarization behavior of
NdFe;(BO;), and Ho, sNd, sFe;(BO;), is the existence of a
polarization P, in zero magnetic field which is aligned with
the high-field magnetoelectric polarization. The spontaneous
polarization and the field induced magnetoelectric polariza-
tion are superimposed and result in a twofold sign reversal of
the total polarization upon increasing external magnetic field
between 10 and 20 K, as shown in Fig. 15(a).

We have also conducted pyroelectric measurements along
the hexagonal ¢ axis. The detected pyroelectric current was
very small and any possible component of the polarization in
zero and high magnetic fields was beyond the resolution lim-
its of the experimental procedure.

IV. SUMMARY AND CONCLUSIONS

We have investigated the thermodynamic, magnetic, di-
electric, and magnetoelectric properties of HoFe;(BO3), and
Ho, sNd, sFe;(BOs),. Both compounds show an antiferro-
magnetic Neél transition at Ty=38.5 K (HoFe;(BO;),) and
Ty=32 K [HogsNdsFe;(BO;),4] into the AFM2 phase and a
spin reorientation phase transition at Tg; into a low-
temperature AFM1 phase. The AFM1 phase is suppressed in
external magnetic fields oriented along the a and ¢ axes. The
thermodynamic signature of both magnetic transitions is
shown in distinct anomalies of the heat capacity indicating a
second order transition at Ty and a first-order phase transi-
tion at Tgp. The magnetic phase diagram of both compounds
is completely resolved up to 70 kOe.

PHYSICAL REVIEW B 80, 104424 (2009)

The dielectric and magnetoelectric experiments on
HoFe;(BOj3), reveal giant magnetodielectric effect and the
existence of a spontaneous polarization below the Neél tem-
perature which suddenly drops to zero at Tsg. This effect has
not been observed before in rare earth iron borates. The po-
larization in HoFe;(BOs), has components along the a and ¢
axes indicating its internal orientation in between both crys-
tallographic orientations. This polarization only arises in the
AFM2 phase of HoFe;(BOs), which shows that P is tied to
the magnetic order and the resulting internal magnetic field
of this phase. In contrast to NdFe;(BO;), external magnetic
fields do mainly suppress the polarization and the magneto-
electric effect is negative, dP/dH <0. A symmetry analysis
similar to NdFe;(BO;)4 (Ref. 6) may help to clarify the ori-
gin of the zero-field polarization of HoFe;(BOs),. This
analysis has to take into account the specific magnetic order
of both, Fe and Ho subsystems, as known from neutron scat-
tering data.'’

Substituting 50% of Ho with Nd results in a reduction of
Ty to 32 K and an increase of the stability range of the
AFMI1 phase. The spontaneous polarization at zero magnetic
field is also observed, mainly along the a axis, with an in-
crease of the maximum polarization (at zero magnetic field)
by 50% as compared to the values in HoFe;(BOj3),. Similar
to HoFe;(BO3),, magnetic fields along the ¢ axis suppress
the polarization of Ho, sNd sFe;(BOs),. However, the a-axis
magnetic field couples to the polarization and the magneto-
electric effect induces large values of the polarization P, (up
to 900 uC/m? at 70 kOe). The temperature and field depen-
dence of P, is very complex with several sign reversals of
the polarization and steplike anomalies at the spin reorienta-
tion phase transition. The detailed features can be understood
as a superposition of the spontaneous polarization induced
by internal fields and the magnetoelectric effect due to
the external magnetic field. The solid solution
Ho, sNd, sFe;(BO3), combines features observed in both
parent compounds, HoFe;(BO;), and NdFe;(BO),.

Further investigations of the magnetic structure, the order
of Fe spins, Ho and Nd moments, and the magnetoelectric
interactions are necessary to gather a basic understanding of
the complex physical properties of Hog sNd, sFe;(BO3), and
related compounds. The present investigation may be ex-
tended to include the solid solution of other members of the
rare earth iron borate compounds. One interesting candidate
could be the solid solution of Ho,_,GdFe;(BO;),.
GdFe;(BOs), is the only second compound in the rare earth
iron borate system to show a significant magnetoelectric ef-
fect and, therefore, the magnetoelectric properties of
Ho,_,Gd,Fe;(BO3), should be interesting too. A thorough
investigation of Ho;_,Gd,Fe;(BO3), could even help to ar-
rive at a deeper and more comprehensive understanding of
the current results on Hoy sNd,, sFe;(BO3),.
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