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The resonant properties of gadolinium ferroborate GdFe3(BO3)4 single crystals of varying quality are compared:

nominally pure and those containing Bi3+ ion impurities. The EDS method determined that the actual bismuth

impurity content is close to the previously estimated 6% based on magnetic studies. The resonance properties

confirm that both crystals form similar magnetic phase diagrams with an orientational transition between easy-axis

and easy-plane antiferromagnetic ordering, which occurs either as a spontaneous transition at temperature TSR or

as a transition to a magnetic field-induced easy-plane state at T < TSR . Temperature dependencies of the effective

magnetic anisotropy fields and the magnetoanisotropic contributions of the iron and gadolinium subsystems are

calculated from the resonance data. It is concluded that the Bi3+ ion impurity not only suppresses the contribution

of the gadolinium subsystem, which these ions partially replace, but also causes a reduction in the contribution of

the iron subsystem. As a result, the total change in the effective anisotropy field of the crystal is rather weak.

Keywords: magnetic anisotropy, resonance properties, magnetic phase diagrams, rare-earth ferroborates

DOI: 10.61011/PSS.2025.11.62958.186-25

1. Introduction

For the last couple decades the interest continues to

grow in the study of physical properties of rare-earth (RE)
borates with the huntite structure RM3(BO3)4 (R = Y,

La−Lu; M = Fe, Cr, Al, Ga), which crystallize in a non-

centrosymmetric spatial group R32 or P3121. This interest

is explained not only by their non-linear-optical [1–3] and

multiferroic [4–6] properties, but a rich spectrum of mag-

netic structures that this class of compounds demonstrates

for M = Fe, Cr. Depending on the ion R3+ crystals may

show the properties of simple antiferromagnetics with the

antiferromagnetic axis oriented either along the trigonal

axis of the crystal (−EA — easy axis of anisotropy

for R = Tb, Dy, Pr [7–9]), or perpendicular to it in

the basal plane (−EP — easy plane of anisotropy for

R = Sm, Er, Eu [6,9]). For some RE ions the results

of elastic neutron scattering and magnetic resonance X-ray

spectroscopy demonstrate weak noncollinearity (R = Er [9]
and Ho [10]) or incommensurable nature of the magnetic

structure (R = Nd [11] and Gd above 10K [12]).

Such wide spectrum of magnetic structures is due to

the coexistence of two magnetic subsystems in the crystal.

The studies of antiferromagnetic resonance (AFMR) and

elastic neutron scattering of YFe3(BO3)4 crystal containing

only a subsystem of iron ions [10,13] demonstrated that

the magnetic subsystem of Fe3+ ions is characterized by

EP of anisotropy and at Néel temperature TN = 38K the

magnetic moments of ions are ordered antiferromagnetically

in the basal plane. The subsystem of RE ions, whose own

exchange interaction is small, is ordered antiferromagnet-

ically due to 3d-4f exchange interaction from the side of

the iron subsystem. As a result of this interaction the RE

subsystem makes its contribution to the total anisotropy

of the crystal. Depending on the sign and value of the

constant of the RE ion magnetic anisotropy this contribution

either strengthens the EP anisotropy of the iron subsystem

or competes therewith providing for a wide spectrum of

possible magnetic structures.

The most interesting and promising situation for the study

of orientation magnetic transitions in these crystals is the

situation when the competing contributions of R3+- and

Fe3+-subsystems to the magnetic anisotropy of the crystal

are close in their absolute value. In this case the difference

in the temperature dependences of the subsystem contri-

butions may cause mutual compensation of contributions

at a certain temperature and change in the sign of the

total magnetic anisotropy causing a spontaneous orientation

EA−EP transition. Besides, the weak dependence of RE

ion magnetic anisotropy on the magnetic field against a

2014



Resonant studies of the effect of... 2015

backdrop of nearly compensated total anisotropy may cause

the orientation transition not only by temperature, but also

in case of the magnetic field change. This is exactly the

case with the competition of contributions of RE ions and

Fe3+ subsystem in the RE gadolinium [13,14] and holmium

ferroborates [10,15]. In diamagnetically diluted crystals

Pr1−xYxFe3(BO3)4 at intermediate yttrium concentrations

a similar mutual compensation of magnetoanisotropic con-

tributions is also found, as well as the orientation transition

between the EA and EP states induced by the magnetic

field [16].
The AFMR method with its high sensitivity to the

magnetic structure of the crystal is a unique tool for the

study of the magnetic structures and phase transitions

between various states. This method was first used

for the crystals of the RE ferroborate group to study

the magnetic structure and phase diagram of gadolinium

ferroborate GdFe3(BO3)4 [13,14]. In these papers it was

shown, using the analysis of frequency-field dependences

of AFMR, that below the Néel temperature TN = 38K the

crystal demonstrates the established EP antiferromagnetic

ordering with magnetic moments of Fe3+ and Gd3+ ions

in the basal plane of the crystal. Further cooling was

accompanied with spontaneous orientation transition from

EP to EA antiferromagnetic structure at the temperature of

TC ≈ 8.5K. It was shown that this transition was caused

by a change in the sign of the total magnetic anisotropy,

and the temperature dependence of the contribution of the

gadolinium ion subsystem to the magnetic anisotropy of the

crystal was calculated from comparison with the resonance

properties of yttrium ferroborate.

Single crystals GdFe3(BO3)4, which were used for

resonance studies in papers [13,14], were grown by the

solution-melt method using a solvent Bi2Mo3O12-B2O3 [17].
The recent paper [18] conducted the comparative analysis

of the magnetic properties and phase diagrams
”
magnetic

field−temperature“ for GdFe3(BO3)4 crystals grown from

three different solvents, and it was found that the most

chemically pure were the single crystals obtained from the

solvent based on lithium tungstate Li2WO4-B2O3. These

crystals demonstrate the highest values of temperature of

the spontaneous orientation transition TC ≈ 10.5K. The

strongest differences of magnetic phase diagrams for the

magnetic fields H ‖ C and H ⊥ C were found in the crystals

grown basing on the trimolybdate-bismuth solvent. The

authors relate these changes to the uncontrolled admixtures

Bi3+, substituting up to ∼ 6 at.% gadolinium ions.

The objective of this paper is the comparative study

of AFMR, magnetic anisotropy and phase diagrams in

the GdFe3(BO3)4 crystals grown from solvents based on

lithium tungstate Li2WO4-B2O3 and bismuth trimolybdate

Bi2Mo3O12. The resonance data were used to calculate the

temperature dependences of the effective fields of magnetic

anisotropy and magnetoanisotropic contributions of the iron

and gadolinium subsystems. The conclusion was drawn

that the admixture of ions Bi3+ not only suppressed the

contribution of the gadolinium subsystem, which these ions

partially substituted, but also caused the reduction of the

iron subsystem contribution.

2. Samples and experimental procedure

The resonance experiments were conducted on single

crystals GdFe3(BO3)4, grown on the seed by the solution-

melt method from solvents based on lithium tungstate

Li2WO4 and bismuth trimolybdate Bi2Mo3O12, the single

crystal growth technology is described in paper [18]. The

reagents of the following qualification were used for synthe-

sis: Fe2O3 and B2O3 — (the content of the pure compound

is 99.3%), Gd2O3 — (the content of the admixture of other

RE oxides does not exceed 0.01%), solvents Li2WO4 —
(97.1%) and Bi2Mo3O12 — (97.1%). In all cases the

quantity of admixtures critical for stoichiometry in the

reagents is the fractions of percent and may not impact

the stoichiometry of the grown crystals. To control the

elemental composition of the single-crystal samples, a

local elemental composition was studied using a scanning

electron microscope (SEM) JEOL JSM-7001F with an

energy-dispersive X-ray spectrometer (EDS) Oxford Inca

PentaFetx3. Since the crystals are dielectrics, a layer

of aluminum with thickness of 20 nm was sputtered to

enable research on the sample surface under high vacuum.

These studies demonstrated that in the crystals synthesized

from lithium tungstate there were no admixtures of foreign

elements and confirmed high stoichiometry of the chemical

composition of single crystals, and the deviations from the

perfect stoichiometry were within the method error. For

a crystal synthesized from bismuth trimolybdate, the EDS-

analysis confirmed that the only foreign admixture in this

crystal was bismuth. The elemental solution of this single-

crystal sample will be discussed in section 4.

Bulk transparent crystals of green color had the shape

of a hexagonal prism with well-developed facets. In some

crystals the top of the prism had a facet in the form of a

regular triangle, the plane of which matched the basal one.

The crystals were oriented in accordance with their habitus.

For resonance studies of the crystals grown from the

solvent based on Li2WO4, two of the highest quality

single crystals were chosen with maximum dimensions ∼ 1

and 2mm with the correct habitus and without foreign

admixtures. Resonance properties of both crystals coincided

fully, therefore the main measurements were made on the

smallest sample with weight of 2.0mg, having a smooth

single resonant line in the entire studied frequency range.

The width of the resonance line did not exceed 300Oe

in the frequency range of 26GHz, such narrow line of

AFMR confirmed the high quality of the crystal. The

resonance lines for the second sample with weight of

around 5mg at low frequencies had the width of the same

order as in the small sample. However, at frequencies

above ∼ 45GHz additional peaks appeared in the resonance

spectrum, and the main line widened due to inhomogeneity
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of the microwave field in the large-size crystal. This sample

was used in the measurements requiring higher sensitivity.

For a single crystal GdFe3(BO3)4 synthesized from a sol-

vent based on bismuth trimolybdate, partially the resonance

data published previously in [14] was used. To collect

additional data, the same single crystal was used as the

one studied before in [13,14].

The studies of the antiferromagnetic resonance (AFMR)
were carried out using an original spectrometer of mag-

netic resonance that operated in a wide frequency range

(25−140GHz) and pulsed magnetic field up to 90 kOe [19].
To control magnetic phase diagrams, magnetic static prop-

erties were measured using PPMS-9 Physical Property

Measurement System, enabling measurements in the tem-

perature range of 2−300K and in the magnetic field of up

to 90 kOe.

3. Experimental results

For certainty we will use designation GdFe3(BO3)4 for

single crystals synthesized from lithium tungstate, conside-

ring them nominally pure. We will designate crystals grown

using bismuth trimolybdate and containing Bi impurities as

GdFe3(BO3)4 : Bi.

Main frequency-field and temperature dependences of

AFMR presented here for a single crystal GdFe3(BO3)4
are taken from our paper [20]. For a single crystal

GdFe3(BO3)4 : Bi we both used the resonance data pub-

lished previously in [13,14] and data obtained in process of

this paper preparation.

First of all, note that no fundamental differences were

found in the resonance properties of single crystals

GdFe3(BO3)4 grown using two different solvents. All diffe-

rences are of quantitative nature, which is quite expectable.

3.1. Magnetic field H ‖ C

Figure 1 shows frequency-field dependences of AFMR

for both crystals measured at temperature T = 4.2K in

the magnetic field H ‖ C. Two areas may clearly be

distinguished in this dependence. In the area of small

magnetic fields for each crystal there are two branches of

oscillations (1 and 1′), frequencies of which linearly depend

on the field, and line widths for both samples do not exceed

300Oe in the frequency range of 26GHz. The boundaries

of these areas in the field in Figure 1 are marked with

narrow bands of pink and blue colors for GdFe3(BO3)4
and GdFe3(BO3)4 : Bi crystals, respectively. Comparison

of the resonance properties of crystals shows that purer

crystals GdFe3(BO3)4 have higher values of the gap in the

spectrum, and higher boundary values of the field, where

the resonance absorption disappears for the branch 1.

It is obvious that the type of frequency-field dependences

of AFMR in this area for branches 1 and 1′ is specific

for EA of antiferromagnetic state [21] in the fields that are
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Figure 1. Frequency-field dependences of AFMR in single

crystals GdFe3(BO3)4 (taken from [20]) and GdFe3(BO3)4 : Bi
(taken from [14]) at T = 4.2K, in magnetic field H ‖ C.

smaller than the spin-flip fields:

v1,2

γ‖
= [(2HE + HA)HA]1/2 ± H, (1)

where vEA
‖c

= γ‖H△ = [(2HE + HA)HA]1/2 — gap in the

spectrum.

Resonance parameters for both crystals at T = 4.2K have

the following values:

vEA
‖c = (31.0± 0, 1)GHz and γ‖ = (2.60± 0.05)GHz/kOe

for GdFe3(BO3)4.

vEA
‖c = (29.4± 0, 2)GHz and γ‖ = (2.55± 0.05)GHz/kOe

for GdFe3(BO3)4 : Bi.
Let us consider in more detail the high-frequency area

of the oscillation branch 1 in the GdFe3(BO3)4 crystal.

Figure 2 shows transformation of the resonance spectrum

approaching the boundary of the EA state area. In fre-

quencies 48.05 and 49.05 GHz the resonance fields are still

rather far from the boundary of existence of the state EA

shown with a vertical dotted line. In these frequencies,

and in the boundary frequency of 50.07GHz, the resonance

lines are observed fully. In frequency 51.03GHz a part

of the resonance line disappears in the area of the field-

induced spin-reorientation transition. With further frequency

increase the resonance absorption for this branch totally

disappears. In frequency 52.08GHz only a non-resonant

response is observed — a weak anomaly provided for

by the response of the reflected microwave signal to the

change in the crystal magnetic structure. In some other

frequencies similar weak anomalies marked with an asterisk

are also noticeable against the background of the intense

main resonance line.
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Figure 2. AFMR spectra in EA phase in GdFe3(BO3)4 at

different frequencies. T = 4.2K, H ‖ C.

In the area of the fields above the boundary in both crys-

tals there is a resonance branch 2, which looks specific for

the EP of the antiferromagnetic state, which at T = 4.2K is

induced by magnetic field. Frequency-field dependence of

AFMR for this branch is as follows [21]:

(

v‖1

γ‖

)2

= 2HE |HA| + H2, (2)

v‖2=0

Here HA < 0 — field of anisotropy in the induced EP state.

Dotted lines in Figure 1 for a branch of oscillations 2

correspond to this equation with values of energy gap

vEP
‖c

= γ‖
√

2HE |HA| = (13.9 ± 0.4)GHz for GdFe3(BO3)4

and vEP
‖c

= (16.5± 0.5)GHz for GdFe3(BO3)4 : Bi. The

second branch of AFMR ν‖2 in this state is Goldstone mode.

In papers [13,14] it was shown that in a gadolinium

ferroborate crystal the spontaneous orientation transition

of EA−EP is due to the difference in temperature depen-

dences for the competing magnetoanisotropic contributions

of gadolinium and iron subsystems. Therefore, study

of the temperature dependences of this crystal resonance

parameters play a critical role, since against the background

of nearly compensated effective magnetic anisotropy of the

crystal the uncontrolled impurities may have a noticeable

effect at its phase diagram.

Temperature dependences of resonance fields of AFMR

in GdFe3(BO3)4 and GdFe3(BO3)4 : Bi single crystals mea-

sured at different frequencies are shown in Figure 3. In this

dependence you can also identify the resonance data related

to the EA (lines 1 and 1′) and EP (lines 2) states. In the EA

state, if measured at all frequencies above the gap ν‖c , the

resonance field increases with the temperature growth, this

is explained by decrease of the gap caused by decrease of

the effective field of crystal anisotropy. The corresponding

temperature dependence of the gap νc calculated from this

data for the EA state is given in Figure 4. More complex
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Figure 3. Temperature dependences of resonance fields of AFMR

in GdFe3(BO3)4 (closed symbols) and GdFe3(BO3)4 : Bi (open
symbols) single crystals at H ‖ C. Figures in dependences cor-

respond to the designations of the oscillation branches in Figure 1.

The dashed line shows a phase boundary of EA−EP taken from

paper [18].
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dependence for the resonance field when measured at the

frequency of 27.38 GHz for GdFe3(BO3)4, lower than the

value ν‖c for T = 4.2K is caused by the fact that with

the growth of temperature and decrease of the gap, a

transition from the line 1′ (Figure 1) to the frequency-

field dependence 1 occurs. Note that for any frequency

the maximum values of the resonance field observed in the

EA state are actually the critical fields of transition between

the EA and EP states.

Temperature dependences of resonance fields in the

EP state when heated decrease first with the minimum

in the area of 20−25K, then increase to the values of

the resonance field in the paramagnetic state approaching

the temperature of TN = 38K. The corresponding non-

monotonic dependences of energy gaps for this state are

also given in Figure 4 for both crystals. Temperature

areas of spontaneous EA−EP reorientation in this figure are

indicated with the blue and pink strips for GdFe3(BO3)4 : Bi
and GdFe3(BO3)4, respectively. At temperatures below the

reorientation areas in both crystals the EP state is induced

by the magnetic field.

3.2. Magnetic field H ⊥ C

The conclusion on formation of the EA state in the area of

low temperatures and small magnetic fields is confirmed by

resonance properties as well in the field oriented in the basal

plane of the crystal. Frequency-field dependences of AFMR

in GdFe3(BO3)4 and GdFe3(BO3)4 : Bi single crystals for

this field orientation are shown in Figure 5.

If the effective anisotropy is rather weak, HA ≪ HE ,

which is implemented well in gadolinium ferroborate, the

frequency-field dependences have the following form [21]:

(

ν⊥1

γ⊥

)2

= (2HE + HA)HA +
2HE − HA

2HE + HA

H2

≈ (2HE + HA)HA + H2,

(

ν⊥2

γ⊥

)2

= (2HE + HA)HA −
HA

2HE + HA

H2. (3)

Oscillations of both branches (3) are characterized by the

same value of the energy gap and are degenerate at H = 0.

Curves 1 for both crystals are described well by the first

equation with the following parameters:

γ⊥ = (2.65± 0.02)GHz/kOe and ν⊥c = (31.0 ± 0.1)GHz

for GdFe3(BO3)4 and

γ⊥ = (2.66 ± 0.02)GHz/kOe and γ⊥ = (29.0± 0.2)GHz

for GdFe3(BO3)4 : Bi. In both crystals the ν⊥c values match

the corresponding ν‖c values for H ‖ C orientation.

In H ⊥ C orientation you can also observe both the

spontaneous reorientation EA−EP transition by temperature

and the one induced by magnetic field [14,18]. In EP state
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Figure 5. Frequency-field dependences of AFMR in single crys-

tals GdFe3(BO3)4 (taken from [20]) and GdFe3(BO3)4 : Bi (taken
from [14]) in magnetic field H ⊥ C, T = 4.2K for curves 1, 3

and 4. The points in the curve 2 were obtained at temperatures of

T > TSR .

the frequency-field dependences of AFMR with neglection

of weak (according to AFMR data) magnetic anisotropy in

the basal plane have the following form [21]:

ν⊥1

γ⊥
= H

√

1 +
|HA|

2HE

≈ H

(

ν⊥2

γ⊥

)2

= 2HE |HA| −
|HA|

2Hg

H2. (4)

At T = 4.2K no oscillations of branch ν⊥1 are observed,

since in the frequency range studied in the experiment

the resonance values of the fields are below the critical

ones that are necessary for transition into the EP induced

state. Figure 5 presents the experimental points for this

branch 2, measured for both crystals at temperatures above

the temperature of the spontaneous EA−EP transition.

Let us consider the resonance properties of crystals in EA

and EP states that are described by the second branches

of ν⊥2 oscillations in equations (3) and (4) and occupy

the frequency range below the energy gap. Note that at

HA ≪ HE the functional dependences of ν⊥2 oscillation fre-

quencies on the applied magnetic field in both states agree

fully. Under the same condition in both states the resonance

frequencies ν⊥ in the area of small fields exhibit a very

weak dependence on the applied field, the steepness of this

dependence is determined by the ratio HA/2HE for EA or

|HA|/2HE for EP states. According to the estimates for the

gadolinium ferroborate, this ratio does not exceed ∼ 10−4.

In conventional antiferromagnetics the noticeable softening

of the frequency in ν⊥2 appears only when approaching the

field H ≈ 2HE , and at the scale of Figure 5 the theoretical

frequency-field dependence for the branch ν⊥2 is shown
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with the horizontal dashed-dotted line 3′. Due to weak field

dependence, the resonance absorption for these branches

is usually not detected in the small magnetic fields when

using the field sweep. However, the experiment shows

a rather strong dependence of resonance frequencies 3

and 4 on the applied magnetic field. For the first time

this result was found in paper [14] when studying AFMR

in the crystals of gadolinium ferroborate GdFe3(BO3)4 : Bi.
Such strong dependence was explained by the fact that the

effective magnetic anisotropy and, accordingly, the energy

gap depends on the applied magnetic field.

Note that the frequency-field dependence in this area of

the spectrum has a specific form: as the field increases, the

resonance frequency first decreases nearly linearly, then,

starting from a certain critical field Hc , its nearly linear

growth is observed. It is obvious that the kink of this depen-

dence occurs due to the orientation EA−EP transition, the

critical fields at T = 4.2K are ∼ 40.5 kOe and ∼ 36 kOe,

accordingly, for GdFe3(BO3)4 and GdFe3(BO3)4 : Bi. There-
fore, the branch of oscillations 3 in Figure 5 corresponds to

oscillations ν⊥2 in the EA state and is described by the

second equation in (3), and the branch of oscillations 4

is described by the second equation for ν⊥2 in (4) and

corresponds to the oscillations in the EP state.

When temperature dependence of resonance fields are

measured at H ‖ C, it was noted that for any frequency the

maximum values of the resonance field observed in the EA

state are actually the critical fields of transition between the

EA and EP states. Figure 6 shows temperature dependences

of critical fields for a GdFe3(BO3)4 single crystal obtained

from AFMR spectrum and magnetic measurements at

PPMS at the same sample (with weight of 2mg) with the

magnetic field orientation along the crystal trigonal axis.

The data of the magnetic measurements are close to the

dependence in paper [18] shown in the figure with the

dashed line, which is approximation of the dependence for

the experimental points using the power law.

At the same time the resonance measurements do show

a similar dependence, but yield values of critical fields that

are noticeably higher than those obtained from the magnetic

measurements. Apart from the causes for such difference

that are conventional for using different experimental meth-

ods (different samples, different methods to determine the

transition moment, unavoidable errors of measurement etc.),
it seems that the considerable contribution is made by

the pulse nature of the magnetic field. This reorientation

is the first-order transition, when in the critical area of

temperatures an intermediate state is formed, where EA

and EP phases co-exist. The dynamics of such transition

depends on the speed of magnetic field change, which,

when the field pulse duration of ∼ 12ms is used, is around

5 · 106 Oe/s, which is several orders of magnitude higher

than in the magnetic measurements.

This figure shows the similar dependences for a

GdFe3(BO3)4 : Bi single crystal. Experimental values of the

critical fields obtained from AFMR spectra [14] match the
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GdFe3(BO3)4 : Bi, H ⊥ C. The dashed-dotted line is drawn
”
by

eye“.

dashed curve that approximates using the power law the

experimental dependence measured at PPMS [18].

Phase diagrams of GdFe3(BO3)4 and GdFe3(BO3)4 : Bi
crystals for the case of magnetization in the basal plane are

shown in Figure 7. Critical fields of EA−EP transition in

the GdFe3(BO3)4 crystal are close to the ones measured

in [18], even though in this case in the area of intermediate

temperatures the resonance measurements show somewhat

higher values of the critical fields than in magnetic measure-

ments. Here the temperature dependences of critical fields

are also shown for a GdFe3(BO3)4 : Bi crystal taken from
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paper [18] (dashed curve), and the AFMR data [14]. The

resonance data agrees well with the results of the magnetic

measurements at T = 4.2K and in area of spontaneous

transition, but at intermediate temperatures the temperature

dependences differ significantly. Even though it should be

said that the comparison is carried out with approximation

of the experimental dependence, and the experimental

points are given in paper [18] only for temperatures of

4.2K and in close proximity to the temperature of the

spontaneous reorientation transition, and no points are

present in the intermediate area of temperatures. There-

fore, the issue of comparing the phase boundaries in the

GdFe3(BO3)4 : Bi crystal obtained by the resonance [13,14]
and magnetostatic [18] methods remains open.

4. Discussion

When analyzing the impact of Bi3+ ion impurity on

magnetic anisotropy GdFe3(BO3)4, it is reasonable to

assume that the effective field of crystal anisotropy was

due to the contributions of two magnetic subsystems of

Fe3+ and Bi3+ ions. In paper [18] an assumption was

made that the effect of impurity ions Bi3+ reduces only

to the partial substitution in the gadolinium ion subsystem

and does not effect the magnetic properties of the iron ion

subsystem. Such approach makes it possible to calculate

the contribution of Gd3+ to magnetic anisotropy, using

the data for effective anisotropy of the crystal calculated

from the energy gap of AFMR, and the data for the

magnetic anisotropy of the iron subsystem obtained from

AFMR in the YFe3(BO3)4 crystal [13], containing only

Fe3+ magnetic ions. At the same time it is important that

the YFe3(BO3)4 single crystal was grown using the same

technology as GdFe3(BO3)4 : Bi, accordingly, and in this

crystal the Bi3+ impurity ions partially substituted Y3+ ions

in the corresponding positions.

Figure 8, a shows temperature dependences of effec-

tive anisotropy fields HA for the GdFe3(BO3)4 and for

GdFe3(BO3)4 : Bi. Effective values of the crystal anisotropy

fields were calculated from the temperature dependences of

energy gaps (Figure 4) using expressions (1) and (2) using

the exchange field for the iron subsystem HE = 700 kOe at

T = 4.2K [13]. Usually, the dependence of the exchange

field on temperature was described by the Brillouin function

B5/2. Note that our paper [13] provided such temperature

dependence for the HA field in the GdFe3(BO3)4 : Bi
crystal that was a continuous function when transitioning

through the orientation transition temperature. However,

the thorough measurements for the GdFe3(BO3)4 crystal

and analysis of resonance data for GdFe3(BO3)4 : Bi demon-

strated that in both crystals the effective field of anisotropy

at the orientation transition undergoes a jump as shown in

Figure 8, a. The origin for such jump-like behavior of the

anisotropy field will be discussed in a separate article.

Based on the independence of the iron subsystem

contribution on the bismuth impurity and temperature
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Figure 8. Temperature dependences: a — of effective fields

of magnetic anisotropy HA and b — magnetic-anisotropic con-

tributions of iron — HFe
A and gadolinium HGd

A subsystems for

GdFe3(BO3)4 (red) and GdFe3(BO3)4 : Bi (blue).

dependences of effective fields of GdFe3(BO3)4 and

GdFe3(BO3)4 : Bi crystal anisotropy, we calculated the

temperature dependences of the contribution of magne-

toanisotropic contribution of the gadolinium subsystem,

the results are shown in Figure 8, b. These calculations

took into account the fact that the anisotropy field of the

iron subsystem is HFe
A = −1.44 kOe at T = 4.2K, and its

temperature dependence is described well by the Brillouin

function B5/2 [13].

The table provides the values of effective fields of mag-

netic anisotropy HA in GdFe3(BO3)4 and GdFe3(BO3)4 : Bi
crystals, and also effective fields of anisotropic contribu-

tions of iron and gadolinium subsystems at temperature

T = 4.2K. Comparison of the data shows that partial

substitution with bismuth ions in the gadolinium subsystem

of GdFe3(BO3)4 : Bi crystal caused decrease of the effective

field of anisotropy of Ha crystal only by ∼ 15Oe. If

at the same time the anisotropic properties of the iron

subsystem are considered stable, such change in the crystal’s

effective anisotropy should be attributed to the decrease in

the contribution of the gadolinium subsystem.
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Effective anisotropy fields HA of GdFe3(BO3)4 and

GdFe3(BO3)4 : Bi crystals and effective anisotropy fields for the

contributions of iron and gadolinium subsystems at temperature

of T = 4.2K

Crystals HA, kOe HFe
a HGd

a , koe

GdFe3(BO3)4 0.102 −1.44(?)/−1.52∗ 1.54/1.62∗

GdFe3(BO3)4 : Bi, [13] 0.087 −1.44 1.52

Therefore, within the framework of this model, the

decrease in the anisotropic contribution of the gadolinium

subsystem in the GdFe3(BO3)4 : Bi crystal due to impurity

substitution does not exceed 1%. At the same time,

according to the data from [18], up to 6 at.% of Gd3+ ions

in these crystals are substituted by bismuth; consequently,

the expected decrease in the anisotropic contribution of

the gadolinium subsystem is several times greater than the

estimate given above. Thus, it has been found that Bi3+ ion

impurities lead to a change in the effective anisotropy field

of gadolinium ferroborate that is several times weaker than

the expected change in the anisotropic contribution of the

gadolinium subsystem. There are two most likely reasons

for this discrepancy: either the actual content of bismuth

impurity in the crystal indeed does not exceed 1 at.%, or

this impurity also suppresses the anisotropic contribution of

the iron subsystem.

Content of Bi3+ ion impurity in a GdFe3(BO3)4 : Bi
single crystal, at which the measurements of AFMR were

made [13], was determined using the EDS method. The

spectra were surveyed in two adjacent facets of the sample,

in general around 40 spectra were obtained. Based on the

averaged data, the atomic proportion of element content was

calculated in the Gd0.96Bi0.04Fe3(BO3)4 sample. However,

there is reason to believe that the bismuth content defined

by the EDS method turned out to be slightly lower than the

actual one due to the partial loss of the signal as a result of

the sample surface irregularity (Figure 9). Most probably,

1 mm + 5.000    15.0 kV SEI    SEM    JEOL

Figure 9. SEM image of sample surface GdFe3(BO3)4 : Bi.

the actual content of Bi3+ ion impurity in respect to the

gadolinium atoms is close to the estimate of 6 at.% made on

the basis of the magnetic measurements in single crystals

from the same synthesis [18].
The above analysis makes it possible to conclude the

following. For GdFe3(BO3)4 : Bi the given temperature

dependence of the magnetoanisotropic contribution of

gadolinium may be recognized as relevant, since all initial

measurements were made on the crystals grown using the

same technology and having the same quality according to

impurity content. For GdFe3(BO3)4 the given contribution

of the gadolinium subsystem should probably be considered

underestimated. In case of the bismuth impurity content at

6% in GdFe3(BO3)4 : Bi, the value of the anisotropic con-

tribution of gadolinium in GdFe3(BO3)4 may be estimated

as HGd
A = 1.62 kOe at T = 4.2K. This value is noted with a

red asterisk in the insert of Figure 8, b.

If the iron subsystem contribution at the same time did

not depend on the bismuth impurity, from the chart you can

see that the effective anisotropy field of the GdFe3(BO3)4
crystal would nearly twice exceed the experimental value,

and the spontaneous orientation transition would most

probably be absent. Based on the experimental value

of the effective field of crystal anisotropy, you can also

estimate the magnetoanisotropic contribution of the iron

subsystem HFe
A = −1.52 kOe. Both assumed values of

magnetoanisotropic contributions of subsystems for the

GdFe3(BO3)4 crystal are given in the table and are marked

with an asterisk.

5. Conclusions

The paper compared the resonance properties of

GdFe3(BO3)4 gadolinium ferroborate crystals grown

by solution-melt technology from solvents based on

Li2WO4-B2O3 lithium tungstate and Bi2Mo3O12 bismuth

trimolybdate. Using the last solvent causes partial sub-

stitution of Gd3+ ions with Bi3+ ions. Using the EDS

method, the content of bismuth impurity was found in

the crystal synthesized using bismuth trimolybdate, it

turned out to be close to the estimate of 6 at.% from

the content of gadolinium made on the basis of magnetic

studies. The resonance properties confirm that similar

magnetic phase diagrams are formed in both crystals with

the reorientation transition between easy-axis and easy-

plane antiferromagnetic ordering, which is implemented

either as a spontaneous transition at temperature of TSR

or as a transition to the easy-plane state induced by the

magnetic field at T < TSR . The data of the magnetic

measurements is confirmed that the bismuth impurity causes

decrease of temperature of the spontaneous reorientation

transition between the states with easy-axis and easy-plane

antiferromagnetic ordering, and also critical transition fields

at T < TSR . For both crystals the magnetic phase diagrams

were built in the H ‖ C and H ⊥ C fields. It was found

that in some cases the values of the critical transition
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fields obtained from AFMR exceed the values measured

by the magnetic static method. It is assumed that this

effect is due to the high speed of field variation in the

AFMR spectrometer with the pulsed magnetic field, which

is important in the study of the first-order phase transitions.

Using temperature dependences of energy gaps in the

AFMR spectrum, temperature dependences of effective

magnetic anisotropy fields were calculated for both crystals.

Based on the analysis of bismuth impurity impact at the ef-

fective anisotropy fields of crystals and magnetic-anisotropic

contributions of magnetic subsystems, the conclusion was

made that the Bi3+ ion impurity did not only suppress the

contribution of the gadolinium subsystem that these ions

partially substituted, but also causes reduction in the iron

subsystem contribution. As a result, the total change of the

effective anisotropy field of the crystal turns out to be rather

weak.
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