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1. INTRODUCTION

Borate compounds with the general formula
RA3(BO3)4 (R3+ is a rare�earth ion or Y3+ and A = Al,
Ga, Sc, Cr, Fe) have attracted attention as a medium
for nonlinear optics and laser technology [1–3]. They
are crystallized in trigonal syngony and have the struc�
ture of the huntite mineral with a high�temperature
space group R32 that transforms into P3121 for crystals
with a small ionic radius R3+ as the temperature
decreases. In crystals with A = Fe and R = Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, and Er, the properties of multi�
ferroics were found [4–7]. The magnetoelectric effect
is possible only for a certain magnetic structure that, in
the case under consideration, is determined by the
coexistence of two magnetic subsystems of iron ions
and rare�earth ions coupled by the exchange interac�
tion. This stimulates interest in investigating the
dependence of the magnetic properties of rare�earth
ferroborates on the R3+ ion.

Antiferromagnetic�resonance (AFMR) studies [8]
and neutron studies of the magnetic structure [9] in
YFe3(BO3)4 show that the iron subsystem is an easy�
plane antiferromagnet with the Neél temperature
TN = 38 K. In the rare�earth subsystem, the exchange
interaction is weak, but magnetic order in both sub�
systems sets in simultaneously due to the interaction of
rare�earth ions with Fe3+ ions [8, 10]. The anisotropy
energy of the rare�earth subsystem can have the same
sign as the iron one, but it can be an easy�axis one.
This makes it possible to realize a number of magnetic
crystal structures depending on the R3+ ion. Ferrobo�
rates with R = Cd, Ho are particularly interesting in

this respect. In gadolinium ferroborate GdFe3(BO3)4,
the contributions from the rare�earth and iron sub�
systems are opposite in sign and close in absolute value
[8, 11]. Therefore, the magnetic structure of this crys�
tal is very sensitive to the action of such factors as the
temperature, the magnetic field, and the substitution
by ions of a different type in both subsystems, which
change the ratio of the contributions to the total
anisotropy. The difference between their temperature
dependences (AFMR data [8]) leads to a spontaneous
spin�reorientation transition in GdFe3(BO3)4 with
TSR = 10 K. The magnetic phase diagrams of this crys�
tal for magnetic fields oriented along the crystal axis
and in the basal plane were constructed from AFMR
data [11], magnetic [12], magnetostriction and mag�
netoelectric measurements [4]. In HoFe3(BO3)4, the
spontaneous reorientation transition occurs at TSR =
4.7 K [9]; the magnetic phase diagrams are given in
[13].

The magnetic properties of the gadolinium sub�
system in GdFe3(BO3)4 partially or completely substi�
tuted by the diamagnetic Y3+ ion were studied in [8].
Studying the influence of the substitution of the iron
subsystem by a diamagnetic impurity is of consider�
able interest, because, in this case, not only the contri�
bution from this subsystem to the magnetic anisotropy
of the crystal but also the exchange interaction
changes. The latter is fundamentally important for the
establishment of magnetic order in the crystal. The
static magnetic properties of gallium�substituted gad�
olinium ferroborate GdFe0.9Ga2.1(BO3)4 were investi�
gated in [14]. An anomaly whose nature was not
explained was detected in the temperature depen�
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dence of magnetization near T = 15 K. Here, we inves�
tigate the magnetic resonance and heat capacity of the
compound GdFe2.1Ga0.9(BO3)4. An anomaly of the
heat capacity caused by the transition to the magneti�
cally ordered state of a diamagnetically diluted iron
subsystem was detected near 17 K. We established that
the crystal remains an easy�axis one in the entire
domain of magnetic order. In a magnetic field applied
along the trigonal axis of the crystal, we detected the
transition to an induced easy�plane state and con�
structed the phase diagram for this field orientation.
We estimated the effective magnetic anisotropy and
exchange interaction fields for a diluted iron sub�
system.

2. EXPERIMENTAL RESULTS

The GdFe2.1Ga0.9(BO3)4 single crystals were grown
using the technology described in [15]. The AFMR
spectra were measured on well�faceted samples up to
3 × 3 × 3 mm3 in size. A face in the form of an equilat�
eral triangle coincident with the crystal basal plane was
used to orient the crystals. The resonance properties
were studied in the frequency range 25–80 GHz in the
range of temperatures 4.2–60 K in magnetic fields
H || c and H ⊥ c on a magnetic resonance spectrometer
with a pulsed magnetic field [16]. The heat capacity
was measured on a 2 × 2 × 1 mm3 single�crystal sample
on PPMS�8.

In GdFe2.1Ga0.9(BO3)4, the same oscillation
branches (Fig. 1) as those in unsubstituted
GdFe3(BO3)4 [11] are observed at a temperature of
4.2 K for a magnetic field oriented along the trigonal
axis. The frequency–field dependences of the AFMR

spectra in GdFe3(BO3)4 are also presented in Fig. 1 for
comparison. In the range of weak fields, the two oscil�
lation branches LO�1 and LO�2 with a linear depen�
dence of the frequencies on magnetic field are the
oscillations of an easy�axis antiferromagnet. When
some critical field Hc indicated in Fig. 1 by the dash–
dotted lines is reached, the resonance branches LO�1
and LO�2 vanish and only one oscillation branch with
a gap that changed insignificantly compared to the gap
in the unsubstituted crystal is observed in fields H > Hc
instead of them. This oscillation branch cannot be
considered as the spin�flop mode of an easy�axis anti�
ferromagnet, because the frequency of this mode is
nonzero in the transition field and the branch itself lies
not below the linear frequency–field dependence for
the paramagnetic resonance (the dashed line in the
figure), as should be for the spin�flop resonance, but
above it. This behavior of the resonance is typical of
the range of fields above the critical ones in both pure
and diamagnetically diluted gadolinium ferroborates.
It gives empirical grounds for identifying this reso�
nance mode as the oscillations of an easy�plane anti�
ferromagnet with some new value of the effective
anisotropy field.

Thus, the phase transition at H = Hc may be con�
sidered as the spin�reorientation transition from an
easy�axis state to a field�induced easy�plane one.

The critical field of the spin�reorientation “easy
axis–easy plane” transition as a result of dilution by
gallium at T = 4.2 K increased from Hc = 6 kOe to
Hc = 9.3 kOe. As we see from Fig. 2, a new oscillation
branch, LP�3, appears above this field (Fig. 1). This
branch is close to the oscillation branch in the induced
easy�plane state in GdFe3(BO3)4 with the virtually
unchanged initial splitting.

Figure 2 shows the change of the AFMR spectra in
GdFe2.1Ga0.9(BO3)4 with temperature in the range
4.2–12 K at a frequency of 25.56 GHz in a magnetic
field H || c. Two resonance absorption lines are
observed at a temperature of 4.2 K. The designations
near the lines correspond to those on the frequency–
field dependence in Fig. 1. The resonance field of the
line LO�1 gradually decreases with rising temperature
to zero at T ≈ 5 K (Fig. 3). The resonance field of the
line LO�2 that appears above T = 5 K gradually
increases almost to the resonance field of the para�
magnetic state (Fig. 3). The line LP�3 at low temper�
atures is outlined incompletely, because the corre�
sponding absorption is cut off in the critical field Hc.
For this reason, it is difficult to determine the reso�
nance field at these temperatures. This feature in the
form of a line break for the gallium�substituted crystal
is observed up to a temperature of 12 K owing to the
large width of the resonance absorption line (ΔH ≈
1.5 kOe at T = 4.2 K) and the very weak temperature
dependence of the transition field Hc. It can be con�
cluded from the temperature dependence of the reso�
nance fields for the lines LO�1, LO�2, and LP�3 that
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Fig. 1. Frequency–field dependences of the AFMR at T =
4.2 K for H || c: curves 1, 2, 3 are the branches for
GdFe3(BO3)4 [11]; LO�1, LO�2, LP�3 are the branches
for GdFe2.1Ga0.9(BO3)4. The dashed line is the paramag�
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2 and LO�1, LO�2 in the region of initial spectral splitting.
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the gap decreases monotonically with rising tempera�
ture for both easy�axis and easy�plane states.

Having analyzed the magnetic resonance spectra,
we constructed the temperature dependences of the
resonance field for the branches LO�1, LO�2, and
LP�3 and the critical field of the “easy axis–easy
plane” transition in Ga�substituted GdFe3(BO3)4 for
H || c (Fig. 3). The data for unsubstituted GdFe3(BO3)4
taken from [11] are also shown here for comparison.
We see that the critical field of the transition to the
induced easy�plane state for this magnetic field direc�
tion increased compared to unsubstituted gadolinium
ferroborate. In addition, since the phase boundary in
GdFe2.1Ga0.9(BO3)4 has a very weak temperature
dependence compared to the unsubstituted crystal, no
tendency toward the spontaneous spin�reorientation
transition to the easy�plane state was found in this
crystal. The temperature dependence of the resonance
field in the easy�axis state (curve 3) measured at a fre�
quency of 25.56 GHz is similar in form to the depen�
dence for unsubstituted gadolinium ferroborate [11].
The frequency dependence of the resonance field in
the field�induced easy�plane state for H || c near the
transition temperature is similar to the dependence for
the electron paramagnetic resonance (EPR). There�
fore, the temperature dependence of the resonance
parameters for this oscillation branch (line 4 in Fig. 3)
exhibits no features, except the line broadening during
the transition to the paramagnetic state.

The temperature dependence of the resonance
field in GdFe2.1Ga0.9(BO3)4 for a magnetic field H ⊥ c
is shown in Fig. 4. For comparison, the same figure
presents the temperature dependence of the resonance
field in GdFe3(BO3)4 taken at a close frequency [11].

We see that a jump in resonance field caused by the
transition to the induced easy�plane state is observed
in GdFe3(BO3)4. For GdFe2.1Ga0.9(BO3)4, the situa�
tion is different: no jump is observed, the resonance
field gradually reaches a plateau at T ≈ 16 K and does
not change as the temperature rises further.

Figure 5 shows the temperature dependences of the
heat capacity of GdFe2.1Ga0.9(BO3)4 for various mag�
netic fields. We see from the figure that the anomaly of
the heat capacity at a temperature of about 17 K has
the typical form of a λ peak and is virtually indepen�
dent of the magnitude and direction of the magnetic
field.

3. DISCUSSION OF RESULTS

Since only one λ peak is present in the range of
temperatures up to 300 K, it can be said with confi�
dence that 17 K is the Neél temperature for the com�
pound under consideration. The temperature depen�
dence of the heat capacity for pure GdFe3(BO3)4 is
given in [17]; comparison shows that the Neél temper�
ature upon dilution of the iron subsystem decreased
from 38 K more than twofold. This conclusion is con�
firmed by magnetization measurements, in which an
anomaly is observed at a temperature close to 15 K and
no anomalies have been detected above this tempera�
ture [14]. The temperature dependences of the reso�
nance fields also exhibit a plateau near 16 K corre�
sponding to the EPR line. The decrease in Neél tem�
perature is quite natural; it is attributable to a
reduction in the exchange field for the iron subsystem
upon diamagnetic dilution. Such a situation was
observed upon diamagnetic dilution in other crystals
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(e.g., in Rb2MnxCd1 – xCl4, the Neél temperature
upon dilution to x = 0.7 decreased from 56 to 10.7 K
[18]).

The magnetic phase diagram (Fig. 6) in
GdFe2.1Ga0.9(BO3)4 for H || c constructed from heat�
capacity, resonance, and magnetic measurements
contains three states: the paramagnetic one above
TN = 17 K and the easy�axis and induced easy�plane
ones, respectively, below and above the phase bound�
ary. Thus, dilution not only reduced the Neél temper�
ature but also changed significantly the phase diagram
for GdFe3(BO3)4. The main distinction is the absence
of a spontaneous “easy axis–easy plane” transition,
while the spontaneous transition is observed at T =
10 K in pure gadolinium ferroborate (Fig. 3). The
phase boundary between the induced easy�plane and

easy�axis states lies higher (at T = 4.2 K, Hc = 10 kOe
in GdFe2.1Ga0.9(BO3)4 and Hc = 6 kOe in
GdFe3(BO3)4) and, in contrast to GdFe3(BO3)4, has a
very weak temperature dependence. In a diluted crys�
tal for a magnetic field H ⊥ c, no induced easy�plane
state was detected in fields up to 60 kOe. All these facts
are indicative of a great change in the internal effective
exchange and anisotropy fields, which can be esti�
mated by analyzing the magnetic�resonance and mag�
netization data.

It should be noted that as yet there is no consistent
model for the description of field�induced spin�reori�
entation transitions in gadolinium ferroborate, in both
pure and diamagnetically diluted ones. Therefore, the
identification of states in the phase diagram presented
here is based on an empirical approach. As has been
noted above, the total magnetic anisotropy of the
GdFe3(BO3)4 crystal is determined by the competition
between the contributions from the subsystems of Fe3+

and Gd3+ ions that are close in absolute value and
opposite in sign. In this case, even a slight change in
one of the contributions leads to a significant change
of their balance. Therefore, the magnetic structure of
gadolinium ferroborate is very sensitive to both mag�
netic field and diamagnetic substitution in one of the
subsystems. A similar situation is observed in holmium
ferroborate, in which the competition between the
contributions close in magnitude also leads to the
spontaneous transition between the easy�axis and
easy�plane states at TSR = 4.7 K and the dependence of
the transition temperature on the magnetic field
applied along the crystal axis and in the basal plane [9,
13]. The authors of [19] managed to quantitatively
describe both spontaneous and field�induced spin�
reorientation transitions between the easy�axis and
easy�plane states in HoFe3(BO3)4 in terms of the crys�
tal�field model for Ho3+ and the molecular�field
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approximation. The calculations performed in the
above paper show that the magnetic�anisotropy con�
tribution from the holmium subsystem depends on the
applied magnetic field, which causes the sign of the
total crystal anisotropy in the critical field to change.
A similar spin�reorientation transition mechanism
probably also works in gadolinium ferroborate.

The magnetic resonance in gadolinium ferroborate
in the region of magnetic order is determined by the
coupled oscillations of the magnetic moments of Fe3+

ions and the magnetic moments of Gd3+ ions polar�
ized by the exchange interaction with the ordered iron
subsystem. However, the eigenfrequencies of the iron
and gadolinium subsystems are spaced widely apart
(according to the data of [20], the eigenfrequencies of
the iron and gadolinium subsystems lie in the range
420–510 GHz). Therefore, the resonance response
observed in our case is determined predominantly by
the iron subsystem and it is quite admissible to use the
expressions for a classical two�sublattice antiferro�
magnet [21] to describe the oscillation branches, as
was done in [11]. In this case, the role of the rare�earth
subsystem is reduced to the fact that its contribution
changes the total effective magnetic anisotropy field.
The branches LO�1 and LO�2 of the frequency–field
dependence (Fig. 1) in a magnetic field H || c observed
in fields below the critical one (H < Hc) are well
described by the expressions for an easy�axis antiferro�
magnet:

(1)

As regards the oscillation branch LP�3 in fields
above the critical ones, in accordance with the above
empirical grounds, these oscillations were approxi�
mated by the formula for an easy�plane antiferromag�
net:

(2)

The following notation is used in the formulas: H0

is the external magnetic field strength, HA and  are
the effective magnetic anisotropy fields relative to the
crystal c axis that have different signs and values in the
easy�axis and field�induced easy�plane states, HE is
the exchange field, γ is the gyromagnetic ratio, χ|| and
χ⊥ are the magnetic susceptibilities along the principal
axis and in the basal plane. In Fig. 1, the solid lines
indicate the theoretical dependences (1) for the oscil�
lation branches LO�1 and LO�2 with the following
parameters: νc = 30.0 GHz and γ||(1 – χ||/2χ⊥) =
2.0 MHz Oe–1. If we use the value of γ|| =
2.808 MHz Oe–1 obtained from the EPR at room tem�
perature, then the susceptibility ratio χ||/(2χ⊥) = 0.29
(this is close to the experimental value of 0.3 from the
data of [14]). This value is considerably higher than
that in unsubstituted GdFe3(BO3)4, where this ratio is
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0.083. Both the large difference in χ||/(2χ⊥) and the
decrease in Neél temperature are related to the reduc�
tion in exchange field upon diamagnetic dilution.

In the easy�axis state, the initial spectral splitting νc
in GdFe2.1Ga0.9(BO3)4 at a temperature of 4.2 K
increased only slightly, by about 1 GHz, compared to
gadolinium ferroborate. This can be qualitatively
explained as follows. In the easy�axis state, the contri�
bution from the gadolinium subsystem to the total
crystal anisotropy does not exceed the contribution
from the iron subsystem in absolute value, while par�
tial substitution of iron ions by diamagnetic Ga3+ ions
additionally reduces this contribution, causing the
total anisotropy field to increase. On the other hand,
diamagnetic substitution of the iron subsystem
reduces the exchange field. As a result of the competi�
tion between these two factors, the energy gap upon
dilution remains virtually unchanged, but the temper�
ature dependence of the gap changed. Let us compare
the temperature dependences of the resonance field in
Fig. 4 in pure and Ga�substituted GdFe3(BO3)4 for the
field orientation H ⊥ c. For unsubstituted
GdFe3(BO3)4, the temperature dependence of the res�
onance field exhibits a jump near 8 K corresponding to
the transition from the easy�axis state to the easy�
plane one [11]. Thereafter, the resonance field does
not change, because the frequency–field dependences
for this AFMR branch and the EPR coincide. In
GdFe2.1Ga0.9(BO3)4, the resonance field gradually
increases to a value corresponding to the EPR in the
temperature range 4.2–16 K. Thus, the energy gap
gradually decreases with rising temperature, reaching
zero at the Neél temperature. The absence of a jump in
resonance field suggests that no transition to the
induced easy�plane state is observed in the
GdFe2.1Ga0.9(BO3)4 crystal for a magnetic field H ⊥ c,
at least in magnetic fields up to 60 kOe. The weak tem�
perature dependence of the critical field for the transi�
tion to the induced state for H || c up to the Neél tem�
perature suggests the absence of a spontaneous “easy
axis–easy plane” transition, which is confirmed by
magnetic measurements [14].

Let us estimate the anisotropy and exchange fields
in GdFe2.1Ga0.9(BO3)4 at a temperature of 4.2 K using
magnetic�resonance data and static magnetic mea�
surements [14]. The exchange field for the iron sub�
system can be obtained from the expression for the
magnetic susceptibility χ⊥ of an antiferromagnet

(3)

To determine the susceptibility of the diamagneti�
cally diluted iron subsystem in GdFe2.1Ga0.9(BO3)4,
we used static magnetic measurements in the
GdFe3(BO3)4 [14] and YFe3(BO3)4 [6] crystals. The
total magnetization of gadolinium ferroborate (curve 2
in Fig. 7) is the sum of the magnetizations of the iron
and gadolinium subsystems, μFeGd = μGd + μFe.

χ⊥
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The field dependence of the magnetization of the
iron subsystem μFe(H) measured in YFe3(BO3)4 [9] has
a considerably smaller slope (Fig. 7, curve 1) than the
total magnetization in GdFe3(BO3)4, suggesting a sig�
nificant contribution from the gadolinium subsystem
μGd(H). The exchange field calculated from μFe(H) is

 ≈ 700 kOe; the magnetic susceptibility for the iron

subsystem is  ≈ 0.107 × 10–3 cm3 g–1 [6]. Taking this
value into account, we obtain the magnetic suscepti�

bility for the gadolinium subsystem  ≈ 0.96 ×
10⎯3 cm3 g–1 from the field dependence of the magne�
tization of GdFe3(BO3)4; the field dependence of the
gadolinium subsystem is also presented in the figure.
Assuming that the contribution from this subsystem
μGd(H) in GdFe2.1Ga0.9(BO3)4 does not change, we
obtain the field dependence of the magnetization of
the diluted iron subsystem μFeGa(H) (curve 4 in Fig. 7)
from the total magnetization of this compound
(curve 5 in Fig. 7) [13]. The corresponding magnetic

susceptibility is  ≈ 0.85 × 10–3 cm3 g–1, whence

the exchange field  ≈ 63 kOe. When calculating
this value, we used the saturation magnetization of the
iron subsystem Ms = 51 G cm3 g–1 calculated by taking
into account the diamagnetic substitution.

We obtain the anisotropy field  ≈ 0.95 kOe
from the expression for the energy gap νc = 300 GHz.
Assuming that the magnetic anisotropy field of the

gadolinium subsystem  = 1.52 kOe [11] remained
unchanged, we obtain the magnetic�anisotropy con�
tribution from the diamagnetically diluted iron sub�

HE
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χ⊥

Fe

χ⊥

Gd

χ⊥

FeGa

HE
FeGa

HA
total

HA
Gd

system  = ⎯0.57 kOe. Compared to  =
⎯1.44 kOe for unsubstituted GdFe3(BO3)4, the anisot�

ropy field  decreases approximately by a factor
of 2.5. Note that this method of estimating the
exchange and anisotropy fields is approximate,
because the magnetizations of the iron and gadolin�
ium subsystems are assumed to be independent here,
i.e., the exchange interaction between the subsystems
is disregarded. Nevertheless, it is clear that diamag�
netic dilution of the iron subsystem reduces its contri�
bution to the magnetic anisotropy of the crystal. In
turn, this causes the total anisotropy of the crystal sta�
bilizing the easy�axis state to increase. Probably for
this reason, the GdFe2.1Ga0.9(BO3)4 crystal remains an
easy�axis one in the entire domain of existence of
magnetic order, while the critical field of the transition
to the induced easy�plane state increased almost two�
fold compared to the unsubstituted crystal.

4. CONCLUSIONS

Our investigation of the AFMR and heat capacity
in GdFe2.1Ga0.9(BO3)4 shows that diamagnetic dilu�
tion of the Fe3+ ions by gallium ions leads not only to
a decrease in the exchange field and a reduction in the
Neél temperature but also to a significant change in
the magnetic phase diagram. Compared to unsubsti�
tuted GdFe3(BO3)4, the critical field of the phase tran�
sition to the induced easy�plane state for H || c
increased significantly and has a weak temperature
dependence. The phase transition to the induced easy�
plane state in a magnetic field lying in the basal plane
is not observed, at least in fields up to 60 kOe.

The Neél temperature determined from the heat
capacity is 17 K; this value is confirmed by magnetic�
resonance data and magnetic measurements. Our esti�
mates show that the exchange field in the iron sub�
system decreases as a result of diamagnetic dilution
from 700 to 63 kOe, while the contribution from this
subsystem to the magnetic anisotropy also decreased
from 1.44 to 0.57 kOe. This decrease in the magnetic�
anisotropy contribution from the iron subsystem
increased the total anisotropy field of the crystal. As a
result, there is no spontaneous transition to the easy�
plane state in GdFe2.1Ga0.9(BO3)4 and the crystal
remains an easy�axis one in the entire domain of exist�
ence of magnetic order.
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