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a b s t r a c t   

The spin dynamics, magnetic structures and magnetic anisotropy of single crystals PrxY1−xFe3(BO3)4 have 
been studied using antiferromagnetic resonance (AFMR) in a wide range of frequencies, magnetic fields, and 
temperatures. The frequency-field dependences of AFMR for the crystals with x = 0.25 and 0.45 are char
acteristic of antiferromagnets with the easy plane (EP) anisotropy. The crystals with x = 0.75 and 1.0 exhibit 
frequency-field dependences that are typical for antiferromagnets with the easy axis (EA) anisotropy. In 
these crystals, a significant decrease in the effective anisotropy fields of praseodymium upon the transition 
to the spin-flop state has been found. It is shown that this is the main reason for the large lability intervals, 
within which the regions of coexistence of the collinear and spin-flop states overlap. In the crystal with 
x = 0.67, the magnetic field applied along the trigonal axis of the crystal leads to the spin reorientation 
transition from the EA to the EP state. A magnetic phase diagram of the states on the plane "magnetic field - 
temperature" is built. In this crystal, the effective anisotropy field of praseodymium also decreases upon the 
transition to the field-induced EP state. Diamagnetic dilution of the praseodymium subsystem leads to the 
contribution of this subsystem to the total anisotropy field depending almost linearly on the praseodymium 
concentration. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

In the last two decades rare-earth (RE) ferroborates RM3(BO3)4 (R 
= Y, La–Lu; M = Fe, Cr, Al, Ga) have attracted serious attention of 
researchers in the area of solid state physics. These compounds 
crystallize in the non-centrosymmetric trigonal space group R32; 
upon cooling, in the compounds with lower ionic radius values of RE 
ions (R = Eu, Gd, Tb, Dy, Ho, Er) there occurs a structural transition 
into P3121 with the transition temperature linearly dependent on 
the ionic radius of RE ions [1,2]. The initial interest to these materials 
appeared due to the possibilities of using them with diamagnetic 
ions in the M-position in non-linear optics and solid state lasers  
[3–5]. Later, a number of crystals of this family were found to be 
multiferroics with the coexistence of the interconnected magnetic, 
electric and elastic order parameters [see, e.g., [6–8]. 

This family of crystals is of special interest due to the study of its 
magnetic properties. This research interest is caused by the fact that 
the presence of two interconnected magnetic subsystems (3d and 
4f ions) in the crystals results in a great variety of magnetic struc
tures and phase transitions between them. The study of the mag
netic properties of yttrium ferroborate YFe3(BO3)4, containing only 
the iron magnetic subsystem [8–10], shows that this anti
ferromagnetically ordered subsystem is characterized by the easy 
plane (EP) type anisotropy with the magnetic moments of Fe3+ions 
parallel to the basal plane of the crystal. In RE crystals this sub
system has a polarizing impact on the RE subsystem; as a result, the 
latter makes an additional contribution into the total crystal aniso
tropy. Depending on the value and sign of the magnetic anisotropy of 
the RE subsystem, the resulting magnetic structure with the easy 
axis (EA) or EP magnetic anisotropy is formed in the crystal. As is 
shown by the results of the elastic neutron scattering and magnetic 
X-ray scattering, some of the magnetic structures can be weakly 
non-collinear (R=Ho [9] and Er [11]) or incommensurate ones (R = 
Nd [12] and Gd above 10 K [13]). In Gd and Ho ferroborates, the 
contributions of the RE and iron subsystems to the total anisotropy 
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have close absolute values but opposite signs and are competing. 
Due to the different temperature dependences of these contribu
tions, the total anisotropy field changes its sign at a certain tem
perature and a spontaneous spin reorientation transition between 
the EA and EP magnetic structures occurs [9,13–15]. 

There are several possibilities of regulating the total magnetic 
anisotropy in the family of RE ferroborates. One of them is to change 
the RE contribution into the anisotropy by mixing the contribution 
of different RE ions [16–18]. The ratio of the contributions of the RE 
and Fe subsystems can also change upon the diamagnetic dilution of 
one of the subsystems. For example, the diamagnetic dilution of the 
iron subsystem in GdFe3(BO3)4 by Ga3+ ions results in the fact that 
the crystal GdFe2.1Ga0.9(BO3)4 shows the EA anisotropy in the whole 
temperature region of the magnetic order [19]. On the other hand, 
the diamagnetic dilution of the gadolinium subsystem in this crystal 
decreases the contribution of the Gd3+ subsystem; as a result, the 
Gd1−xYxFe3(BO3)4 crystal is characterized by the EP magnetic ani
sotropy in the whole region below the Nel temperature [10]. 

A similar effect of the diamagnetic dilution of the RE subsystem is 
observed in the crystals PrxY1−xFe3(BO3)4. In the pure PrFe3(BO3)4 

the EA contribution of the Pr3+ ion subsystem to the total magnetic 
anisotropy prevails and determines the EA antiferromagnetic 
structure of the crystal in the whole temperature region of the 
magnetic order below the Néel temperature TN = 32 K [11,20]. The 
study using high resolution neutron powder diffraction [21], as well 
as the temperature and field dependences of magnetization [22] 
showed that, as a result of the competing magnetic anisotropy 
contribution of the subsystems, the transition from the EA anti
ferromagnetic structure to the EP one occurs in these crystals 
through the formation of inclined magnetic structures in the region 
of the praseodymium concentration x = 0.45÷0.67. Moreover, the 
angle between the basal plane and antiferromagnetic vector of the 
iron subsystem monotonously grows in this region with an increase 
in x. In [22] a theoretical description was also presented for the 
experimental results of the magnetostatic investigations based on 
the approximation of the molecular field for Fe3+ ions and on the 
crystal field model for RE ions. During the investigation of the field 
dependences of the magnetization of the crystals with x = 0.75 and 
0.67 in the magnetic field applied along the с-axis, unusual spin 
reorientations with a two-step jump of the magnetization were 
found. In [22] this effect was explained by the fact that within a 
certain range of magnetic fields between the first and second steps, 
an interjacent inclined phase is formed with the tilt angle of the 
antiferromagnetic vector different from the corresponding tilt angle 
in the initial state without the magnetic field. 

The method of antiferromagnetic resonance (AFMR) is very 
sensitive to the magnetic structure of a crystal. Antiferromagnetic 
crystals with different types of crystal symmetry (cubic, uniaxial, 
rhombic, etc.) show different shapes of the frequency-field de
pendences of AFMR. In addition, such dependences are qualitatively 
different for antiferromagnetic crystals that belong to the same type 
of the crystal symmetry, for example, uniaxial, but are characterized 
by different types of the magnetic anisotropy - EA or EP. As opposed 
to powder neutron diffraction, AFMR allows investigating the 
transformation of the magnetic structure upon changing the ex
ternal magnetic field. Another advantage of the method is the ability 
to study magnetic anisotropy (and some other interactions in crys
tals), since the corresponding effective fields determine the resonant 
frequencies of AFMR. 

The present study is devoted to the investigation of spin dy
namics, magnetic structures and magnetic anisotropy of single 
crystals of PrxY1−xFe3(BO3)4 as a function of temperature and mag
netic fields using the AFMR method. Of special interest are the re
sonant properties in the area of concentrations where there occurs 
the active transformation from the EP to EA magnetic structure, and 
inclined magnetic structures are formed. For the samples with 

x = 0.75÷1 showing the EA anisotropy, we have found large lability 
intervals in the region of the spin-flop transition. These intervals 
increase in the course of the diamagnetic dilution of the praseody
mium subsystem. In the crystal with х = 0.67 with the EA ground 
state it is found that upon reaching the critical magnetic field ap
plied along the c-axis, the sign of the total anisotropy of the crystal 
changes, which induces the spin reorientation transition into the EP 
structure. 

2. Experimental details 

2.1. Sample preparation 

Single crystals were grown from fluxes based on trimolibdate 
bismuth (100 – n) wt% {Bi2Mo3O12 + 3B2O3 + 0.5[xPr2O3 + (1–x) 
Y2O3]} + n wt% PrxY1−xFe3(BO3)4; the procedure of single crystal 
growth is described in [23]. For the concentration n = 20, the sa
turation temperature was Ts ≈ 9500 C and its concentration depen
dence can be described as dTs/dn ≈ 60 C/wt%. The crystals were 
grown on seeds at a starting temperature T = Ts – 70 C with the 
subsequent decrease in the temperature by 10 C/day for 5 days. 
Single crystals of about 4–6 mm in size were grown. 

2.2. Resonance measurements 

The AFMR study of the PrxY1−xFe3(BO3)4 single crystals was car
ried out on an original magnetic resonance spectrometer with the 
broad frequency band (25–140 GHz) and pulsed magnetic fields of 
up to 90 kOe [24]. A few measurements were carried out using a 
spectrometer with a superconducting magnetic solenoid, with the 
sample being placed into a cylindrical resonator with the H01n mode 
tuned within the range of 25÷80 GHz with n = 1÷3. 

2.3. SEM and EDS characterization 

The microstructure and local elemental composition of the 
PrxY1−xFe3(BO3)4 samples were investigated using scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). 
The SEM and EDS experiments were performed with JEOL JSM- 
7001 F equipped with an energy dispersive X-ray spectrometer 
(Oxford Instruments INCA PentaFETx3). 

3. Experimental results and discussion 

3.1. AFMR in YFe3(BO3)4 and PrFe3(BO3)4 

The spin dynamics of unsubstituted edge compounds of 
PrxY1−xFe3(BO3)4 family was partly investigated earlier. The fre
quency-field, angular and temperature dependences of AFMR in the 
single crystal YFe3(BO3)4 [10], whose magnetic structure is de
termined only by the subsystem of iron ions, confirms the formation 
of the antiferromagnetic EP structure in this subsystem within the 
whole temperature range below the Néel temperature TN = 38 K. For 
the magnetic field applied along the trigonal axis, the gap in the 
AFMR spectrum was measured which at Т= 4.2 К is equal to 
νc||= 124 GHz. The experimental temperature dependence of the gap 
along the whole temperature range of the magnetic ordering is well 
described by the Brillouin function for the spin S= 5/2, which char
acterizes the temperature dependence of the iron sublattice mag

netization m(T). Since the value of the gap = H H2c E A
Fe is 

determined by the effective fields of the magnetic anisotropy of the 
iron subsystem HA

Feand exchange HE, this temperature dependence of 
the gap evidences that both effective magnetic fields are propor
tional to m(T). Based on this dependence, in [10] a conclusion is 
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made that the magnetic anisotropy in yttrium ferroborate is mainly 
determined by a pair mechanism (anisotropic exchange and/or di
polar interaction). 

The AFMR investigation results regarding the EA antiferromagnet 
PrFe3(BO3)4 were first presented in [25], where the energy gap in the 
AFMR spectrum and its temperature dependence were determined. 

Our preliminary results on studying the frequency-field de
pendences of AFMR in PrFe3(BO3)4 at Т = 4.2 К were first presented 
in [22], and, subsequently, at the same temperature, by Bludov et al. 
in [26]. Since none of the above papers considered the frequency- 
field dependences of AFMR in PrFe3(BO3)4 in a temperature range, 
the experimental frequency-field and temperature dependences of 
AFMR for this crystal will be presented below. 

Fig. 1a shows the frequency-field dependence of AFMR in 
PrFe3(BO3)4, measured at Т = 4.2 К in the magnetic field oriented 
along the trigonal axis, Н||c. In this dependence, two regions can be 
clearly distinguished. In the region of small magnetic fields there are 
two branches of oscillations (1 and 2), whose frequencies in the 
model of the collinear two-sublattice antiferromagnet with the EA 
anisotropy linearly depend on the applied magnetic field H [27,28]: 

= + + ±

< = = = +

H H H H H

H H H H H H H H H H

[(2 ) ( /2) ] (1 /2),

(2 ) , / , (2 ) ,

E A A

sf E A A E A A C

2 1/2

2

1,2

(1) 

where Hsf is the critical field of the spin-flop transition, HC2 is the 
field of softening of the branch ν1, χ|| and χ⊥ are the magnetic sus
ceptibilities in the direction of the trigonal axis and in the basal 
plane, respectively. In this field range and in the frequency range 
covered by the spectrometer, only the branch ν1 is observed which is 
a descending branch of AFMR (the sign "-" in the formula for ν1,2). 
The frequency-field dependence is well described by Eq. (1) with the 
gap in the AFMR spectrum νc||= γ||HΔ = (138.0  ±  0.4) GHz and γ|∣ 

= (2.80  ±  0.01) MHz/Oe, HC2 = 49.3 kOe. The parameters are close to 
the ones measured at Т= 4.2 К in [26]. Theoretical dependences 1 
and 2, shown in the Figure by the solid lines are built taking into 
account the obtained parameters. The measured value of the energy 
gap in the spectrum allows calculating the effective anisotropy field 
for PrFe3(BO3)4 at Т= 4.2 К HA = 1.74 kOe, with the effective exchange 
field for the iron subsystem HE = 700 kOe being used in the calcu
lations [10]. It is clear that, in all the PrxY1−xFe3(BO3)4 crystals with 
x ≠ 0, the effective anisotropy field HA is the total field involving the 
contributions of both praseodymium HA

Prand iron HA
Fesubsystems. 

Their separation will be discussed in Section 4. 
In the region of the spin-flop transition the resonance absorption 

is found only at frequencies higher than ∼70 GHz. The bottom inset 

of Fig. 1 shows the AFMR spectrum recorded at Т= 4.2 К at a fre
quency of 77.0 GHz using the spectrometer with a superconducting 
solenoid. The red arrows indicate the resonance absorption lines; on 
the frequency-field dependence, these lines are denoted by the red 
dots. In the spin-flop state at Н > Нsf with the magnetic field or
ientation Н||c there is an AFMR branch with the non-zero fre
quency [27]: 

> =
+

H H H
H H H

H H
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where HC1 is the critical field which determines the lability interval 
HC1÷HC2, in which the collinear and spin-flop states coexist. In the 
Figure, dashed line 3 shows the frequency-field dependence built 
using Eq. (2) taking into account the critical field HC1= 43.9 kOe. Note 
that the field of the spin-flop transition Hsf= 46.4 kOe, obtained from 
the field dependence of the magnetization [22] (see the top inset in  
Fig. 1) does not coincide with any of the critical fields HC1 or HC2 and 
lies within the lability interval HC1÷HC2. In the region of the spin-flop 
transition, the calculated dependence poorly describes the experi
mental points. Apparently, the reason for this is the imprecise or
ientation of the applied magnetic field relative to the trigonal axis of 
the crystal. To calculate the frequency-field dependence of AFMR, in 
this case, use was made of the program for the numeric calculation 
of AFMR at an arbitrary orientation of the magnetic field [29]. This 
program is based on a model similar to that used in the derivation of  
Eqs. (1) and (2). Solid red line 3′ shows the frequency-field depen
dence calculated for the angle between the magnetic field and the 
trigonal axis θ = 1.8о, which best describes the experimental points. 

At the field orientation Н⊥c the resonant properties were not 
studied since, in this case, the resonance frequencies at Т= 4.2 К are 
outside the frequency range of the spectrometer. 

The temperature dependences of the resonance fields H||c mea
sured at two frequencies are presented in Fig. 1b. Both dependences 
have a specific shape due to the fact that at low temperatures the 
resonance absorption corresponds to descending branch 1 of the 
frequency-field dependence (Fig. 1а). The dependence attenuation 
corresponds to the temperature at which the energy gap is equal to 
the measurement frequency; upon a further temperature increase 
the resonance absorption corresponds to the ascending AFMR 
branch 2. 

The energy gap in the AFMR spectrum and effective field of an
isotropy for PrFe3(BO3)4 are shown as the functions of temperature 
in Fig. 2a and b. To calculate the HΔ(T) dependence, the temperature 
dependence of the resonance field at a frequency of 26.23 GHz and 
magnetic susceptibilities χ||(T) and χ⊥(T) for the Fe subsystem [20] 
were used. Here, as in the case with YFe3(BO3)4 [10], the temperature 

Fig. 1. a - frequency-field dependence of AFMR in PrFe3(BO3)4 at Т = 4.2 К, Н||c; in the insets: top –the spin-flop transition measured at T = 2 K, bottom - AFMR spectrum in the 
region of the spin-flop transition measured at a frequency of 77,0 GHz; b - temperature dependence of the resonance fields at frequencies of 26.23 and 75.05 GHz. 
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dependent exchange field which is needed to calculate HA(T) was 
considered to be determined by the magnetization of the iron ion 
sublattice mFe(T). However, one can expect that in contrast to 
YFe3(BO3)4, the mFe vs. T dependence in PrFe3(BO3)4 might be a little 
different from the Brillouin function for S= 5/2. This difference is 
caused by the additional f-d exchange interaction between the Fe- 
and Pr-sublattices even if the total moment on the Pr-site amounts 
only to about 0.8 μB. Since any experimental data on mFe(T) for 
PrFe3(BO3)4 are unknown, we used neutron data on the temperature 
dependence of the magnetic moment values of the Fe-sublattice for 
the Pr0.67Y0.33Fe3(BO3)4 crystal [21], which is close in the praseody
mium content to the pure PrFe3(BO3)4. As is expected, due to the 
dominating contribution of the praseodymium subsystem to the 

total anisotropy and the f-d exchange interaction, both HΔ(T) and 
HA(T) dependences are poorly described by the Brillouin function for 
S= 5/2. 

3.2. AFMR in the PrxY1−xFe3(BO3)4 crystals with х = 0.25 and 0.45 

For this group of crystals, neutron investigations were carried out 
only for х = 0.45 [21], the research results show that the magnetic 
structure of this crystal is close to the EP structure, which is char
acteristic for YFe3(BO3)4, the magnetic moments of Fe3+ ions deviate 
from the basal plane only by the angle ΘFe= 16°. It is reasonable to 
assume that if in the sample with х = 0.25 an inclined magnetic 
structure is formed, then the magnetic moments deviate from the 
basal plane by the angle ΘFe, which is even smaller than for х = 0.45. 
The magnetic properties of both crystals including the magnetiza
tion as functions of the temperature and magnetic fields [22] were 
also characteristic for the EP magnetic structure. 

This understanding of the magnetic structure of these crystals is 
confirmed by the AFMR investigations. The frequency-field de
pendences of AFMR for these two crystals measured at Т= 4.2 К with 
the magnetic field orientation H||c and H⊥c, are shown in Fig. 3a and 
b. In both crystals in the magnetic field applied in the basal plane of 
the crystal, one can observe the gapless branch of AFMR which is 
typical for the EP state and whose frequency ν⊥1 in the case of 
H HA E is proportional to the applied field (3) [27]: 

= + =( )H
H
H

H H H
H
H

H1
2

; 2
2

A

E
E A

A

E
0 0

2

0
21 2

(3)  

The gyromagnetic ratio takes the values γ⊥ = (2.80  ±  0.01) MHz/ 
Oe for the crystal with х = 0.25 and γ⊥ = (2.82  ±  0.01) MHz/Oe 
for х = 0.45. 

It is difficult to observe the oscillations of the second branch in 
this orientation upon field scanning, since, as it follows from (3) for 
ν⊥2, in the field range up to ∼35 kOe the resonance frequency hardly 
depends on the magnetic field. The dashed lines show the fre
quency-field dependence for this branch of oscillations for both 
crystals. It is worth noting that in the crystal with х = 0.45 in the 
intersection region of the oscillation branches ν⊥1 and ν⊥2, additional 
lines are observed, indicated by the red and blue triangles in Fig. 3b. 
The presence of these lines and their specific frequency-field de
pendence indicate that in the intersection region of the modes ν⊥1 

and ν⊥2 there occurs their interaction and formation of coupled os
cillations with the characteristic entanglement and repulsion of 
branches. This type of formation of coupled oscillations at the in
tersection of the low-frequency and high-frequency modes was 
observed in antiferromagnets MnCO3 [30] and α-Fe2O3 [31]. In these 

Fig. 2. Temperature dependences of the gap in the AFMR spectrum (а) and of the 
effective field of the magnetic anisotropy (b) for the single crystal of PrFe3(BO3)4. 

Fig. 3. Frequency-field dependences of AFMR in PrxY1−xFe3(BO3)4 with х = 0.25 (a) and 0.45 (b) at Т = 4.2 К, Н||c and H⊥c.  
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studies, it is shown that in the EP antiferromagnets upon the precise 
orientation of the magnetic field in the basal plane, the oscillation 
modes do not interact with each other upon intersecting the re
sonance frequencies, and coupled oscillations are formed at small 
deviations of the magnetic field from the basal plane. Thus, in the 
crystal with х = 0.25, in which the magnetic structure is likely to be 
very close to that of the EP antiferromagnet, at H⊥c no peculiarities 
are observed on the frequency-field dependence for the low-fre
quency branch in the region of intersection with the high-frequency 
branch. However, in the crystal with х = 0.45 due to the formation of 
the inclined magnetic structure, and deviations of the anti
ferromagnetic vector from the basal plane, the oscillating modes 
appear to interact even at H⊥c. 

If the magnetic field is applied along the trigonal axis of the 
crystal, H||c, then, in both crystals, one branch of oscillations is ob
served with the energy gap determined by the effective exchange 
and magnetic anisotropy fields [27]: 

= + =H H H H H, 2o E A

2
2 2 2

(4)  

The theoretical dependences built according to this equation 
shown in solid lines in the Fig. 3a and b well describe the experi
mental data with the parameters given in Table 1. 

In Fig. 4, the resonance fields for both crystals are given as 
functions of temperature. If the magnetic field is applied in the basal 
plane, then the resonance field is independent of the temperature, as 

it follows from (3). Upon reaching the Néel temperature TN = 33.7 K, 
the antiferromagnetic order disappears and a paramagnetic state is 
established in the crystal. At temperatures above TN, the resonant 
absorption corresponds to the electron paramagnetic resonance 
(EPR) whose frequency changes with the magnetic field, as ν = γH, 
which coincides with (3). This dependence, measured at a frequency 
of 94.26 GHz for the crystal with х = 0.25, is presented in Fig. 4. 
However, if the field is applied along the trigonal axis, the resonance 
field strongly depends on the temperature in the region of the 
magnetic ordering, forming a plateau upon reaching ТN. Eq. (4) allow 
one to calculate, based on the temperature evolutions of the re
sonance fields for both crystals for Н||c, the temperature de
pendences of the energy gaps HΔ of the AFMR spectrum and of the 
total effective anisotropy fields HA. When calculating the anisotropy 
fields HA at Т= 4.2 K for both crystals, the value of the exchange field 
HE = 700 kOe was used, which is considered independent of the 
substitution in the RE subsystem. To form the temperature variations 
of the exchange field, real neutron data on the magnetic moment of 
the Fe-sublattice mFe(T) in the compound with x = 0.45 [21] were 
used. For the crystal with the minimal content of praseodymium 
x = 0.25, the Brillouin function for S= 5/2 can be a good approxima
tion. The temperature dependences of the total anisotropy fields for 
both crystals along with the results for other crystals of this family 
are given in Fig. 5. As it is expected, for all the crystals of this family 
containing praseodymium ions, the temperature evolutions of the 
total anisotropy fields are poorly described by the Brillouin function 
for S= 5/2. 

3.3. AFMR in the PrxY1−xFe3(BO3)4 crystal with х = 0.67 

In accordance with the powder neutron investigation [21], the 
most active transformation from the EP to EA antiferromagnetic 
structure occurs in the range of the Pr-content x = 0.55÷0.67. In this 
range, the inclination angle between the antiferromagnetic vector 
and the crystal c-axis at T = 1.5 K changes from 63° to 23°. Thus, the 
crystal with x = 0.67 is of particular interest for resonance studies. Its 
antiferromagnetic structure is already close to the EA structure of 
PrFe3(BO3)4, and it would be reasonable to expect the resonant 
properties to be similar to AFMR for the EA antiferromagnet. In fact, 
in the low fields applied at Т= 4.2 К along the trigonal axis of the 
crystal, one can observe typical frequency-field dependences 1 and 
1′(Fig. 6), which are linearly dependent on the field, these being 
described by Eq. (1) with the parameters given in Table 1. The ex
pected field of the spin-flop transition Hsf≈HC2 = 19.8 kOe at Т= 4.2 К 
corresponds to the obtained value of the energy gap HΔ in the AFMR 
spectrum. Above this field in the spin-flop phase, a frequency-field 
dependence of AFMR was expected to be observed which is close to 
oscillation branch 2, shown in Fig. 6 by the dashed line. However, in 

Table 1 
Gyromagnetic ratios γ, energy gaps НΔ, total anisotropy fields НА and anisotropy fields of praseodymium HA

Pra) for the PrxY1-xFe3(BO3)4 single crystals at Т = 4.2 К.         

Content хin a charge Content,хEDS γ, MHz/Oe НΔ, kOe НА, kOe HA
Pr , kOe HA

Pr , kOeH > Hc, Hsf  

x = 0 – 2,80- H||c [10] 44.3 [10] −1.44 [10]   
YFe3(BO3)4 2,76 - H⊥c [10] 
x = 0.25 0.27 2.80  ±  0.01 - H||c 34.4  ±  0.1 −0.84 0.56 ±  0.04  

2.80  ±  0.01 - H⊥c 
x = 0.45 0.38 2.84  ±  0.02 - H||c 27.4  ±  0.2 −0.54 0.86  ±  0.04  

2.82  ±  0.01 - H⊥c 
x = 0.67 0.60 2.83  ±  0.01 - H||c, H < Hc 19.8  ±  0.1 0.28 1.68  ±  0.04 1.35 

2.83  ±  0.02 - H||c, H > Hc 11.1  ±  0.2 −0.09 
x = 0.75 0.67 2.85–2.88 - H||c 26,9  ±  0.1 0.52 1.92  ±  0.04 1.50 
х = 0.83b) 0.74 2.85–2.88 - H||c 33,2  ±  0.1 0.83 2.23  ±  0.04 1.74 
x = 1.0 – 2.80  ±  0.01- H||c 49.3  ±  0.1 1.74 3.14  ±  0.04 2.82 
PrFe3(BO3)4  

a ) – the calculation of the anisotropy fields of the Pr-subsystem will be discussed in Section 4.  
b ) – data in the crystal with х = 0.75 for the area with the greater praseodymium content (See the comments in Section 3.4); the value was recalculated from the real xEDS for 

this area, taking into account the relation хEDS/хcharge= 0.89, obtained for х = 0.75.  

Fig. 4. Temperature dependences of the resonance fields (AFMR) in the crystals with 
х = 0.25 (for H||c and H⊥c) and х = 0.45 (for H||c). 
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fact, oscillation branches 1 and 1′ are observed only up to some 
critical field Hc ≈ 12 kOe, which is far lower than the expected field of 
the spin-flop transition. Above this field, instead of branches 1 and 1′ 
or branch 2, there appears branch 3, shown in Fig. 6 by the red 
circles. The frequency-field dependence for this branch is typical for 
the EP antiferromagnet magnetized along the trigonal axis of the 
crystal and it is well described by Eq. (4) with the value of the gap 
being considerably lower than the one in the initial state (see  
Table 1). 

In [21,22] the field dependences of magnetization were given for 
the Pr0.67Y0.33Fe3(BO3)4 single crystal, measured at Т= 2 К in the 
magnetic field applied along the trigonal axis. Indeed, on this de
pendence in the field Н≈ 12 kOe, a magnetization jump was observed 
(see Fig. 6b) which was interpreted in these studies as a spin-flop 
transition. However, the resonance data obtained in the present 
study indicate that in the Pr0.67Y0.33Fe3(BO3)4 crystal, upon reaching 
the critical field Hc, the sign of the effective field of the total mag
netic anisotropy changes, which results in the spin reorientation 
transition from the EA to the EP state and in the jump of magneti
zation in Fig. 6b. 

The difference between these types of transitions is in the fol
lowing. For the spin-flop transition, it is typical that the EA anti
ferromagnet in the spin-flop phase at H > Hc does remain the EA one, 
and the loss in the anisotropic energy in this case is compensated by 
the gain in Zeeman energy due to the difference in the magnetic 
susceptibilities (χ⊥−χ||). The spin reorientation transition occurring in 
the Pr0.67Y0.33Fe3(BO3)4 crystal, has another physical nature: one of 
the contributions into the total magnetic anisotropy (apparently, 
from the RE subsystem) depends on the applied magnetic field, with 
the competing contributions from the RE and iron subsystems in this 
crystal being close in the absolute values. Thus, at some critical value 
of the external magnetic field, the total field of the resulting aniso
tropy changes its sign. A possible reason for this anisotropy depen
dence is discussed in Section 4. 

It is worth noting that anomalies in the resonance spectrum were 
also observed at the magnetic field corresponding to the critical field 

of the transition EA→EP. These anomalies are due to a change in the 
microwave signal, reflected from the short-circuited waveguide with 
the sample, in which the spin reorientation transition occurs. The 
location of this anomaly does not depend on the measurement fre
quency; it is a non-resonant response to the transition EA→EP. On 
the frequency-field dependence (Fig. 6) some points of this response 
are indicated by the triangles. 

The temperature dependences of the resonance fields for the EA 
and EP states measured at a frequency of 51.32 GHz are given in  
Fig. 7а. As in the case of the pure PrFe3(BO3)4, for the oscillations in 
the EA state (open circles), the resonance field, corresponding to 
descending branch (1), first decreases upon the crystal heating, then, 
with the transition to ascending branch (1) at Т≈ 10 К increases with 
the further heating. In the paramagnetic state above TN = 30.4 K, the 
resonance field is independent of the temperature. Based on these 
data, the effective anisotropy field calculated as a function of the 
temperature is shown in Fig. 5. As in the case with х = 0.25 and 0.45, 
this temperature dependence is also poorly described by the Bril
louin function. 

Of special interest is the temperature dependence of the re
sonance field for the magnetic field induced EP state (the open blue 
triangles for the frequency of 51.32 GHz in Fig. 7а). Upon heating the 
crystal, the resonance field increases, which is indicative of the en
ergy gap decrease for this state with the heating. This increase of the 
resonance field persists up to about 20 К, and upon reaching this 
temperature the resonance line gradually disappears. Fig. 7b shows 
the temperature evolution of the resonance spectrum for the EP 
phase upon approaching the temperature of 20 К. The spectrum 
measured at 13.8 K is a symmetric resonance line about 2.5 kOe 
wide. A wave-like anomaly is observed to the left of the line in the 
lower fields, representing the non-resonant microwave response to 
the EA→EP transition. As in the static measurements [22], this 

Fig. 5. Temperature dependences of the total anisotropy for the crystals 
PrxY1−xFe3(BO3)4; solid lines − Brillouin functions for S= 5/2. 

Fig. 6. a - frequency-field dependences of AFMR in Pr0.67Y0.33Fe3(BO3)4 at Т = 4.2 К, 
Н||c; b – magnetization as a function of the magnetic field H||c at T = 2 K [21]. 
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transition is extended in a certain field range, the center of the 
transition region being marked with an asterisk. With an increase in 
the temperature, the critical field of the transition increases, its 
temperature dependence being shown in Fig. 7a by the red triangles. 
Approaching T ≈ 20 K, the critical field overtakes the resonance line, 
which gradually disappears. Thus, the disappearance of the re
sonance absorption corresponding to the induced EP state is due to 
the fact that the resonance field for this state at a frequency of 
51.32 GHz becomes smaller than the critical field of the transition to 
the EP state at a certain temperature which is marked with an arrow 
in the Figure. Fig. 7a also shows the temperature dependence of the 
resonance field for a similar branch of the EP state, measured at a 
frequency of 53.23 GHz. Since this frequency corresponds to higher 
resonance fields, the resonance absorption also disappears at a 
higher temperature T ≈ 24 K, which is also indicated with an arrow. 

The points obtained from the magnetization measurements [22] 
at temperatures of 2 and 20 K (light green squares) are also indicated 
on the temperature dependence of the critical field. The magneti
zation data are in good agreement with the data of resonance 
measurements. The temperature dependence of the critical transi
tion field is a boundary separating the states in the "magnetic field - 
temperature" phase diagram. The EA state is located below this 
boundary while above it is the field-induced EP phase. 

3.4. AFMR in the PrxY1−xFe3(BO3)4 crystal with х = 0.75 

No neutron studies of the magnetic structure of this crystal have 
been carried out. It was assumed in [22], that the antiferromagnetic 
vector coincided with the trigonal axis of the crystal or deviated 
from the axis at a very small angle. The magnetization data [22] 
showed that, in terms of the magnetic properties, this composition 
was, indeed, the closest to pure PrFe3(BO3)4. In the studied sample of 
this composition, when the magnetic field was oriented along the 
trigonal axis at T = 4.2 K, two jumps of magnetization were found in 
the magnetic fields HC1≈ 22 kOe and HC2≈ 29 kOe on the field de
pendence of the magnetization. In [22], such a two-step field de
pendence was interpreted as a spin-flop transition occurring 
through the formation of an interjacent inclined phase in the mag
netic field range between the HC1 and HC2. 

The resonant properties were studied on the same sample 
(Sample 1) where the magnetic properties were measured [22]. The 
frequency-field dependences of AFMR of this sample, measured at 
T = 4.2 K in the magnetic field applied along the trigonal axis of the 
crystal, are shown in Fig. 8a. As is seen, there are two groups of 
dependences with different energy gaps: ∼75 GHz (blue dots) and 
∼94 GHz (red dots). Each of these groups has a shape characteristic 

of the EA antiferromagnet. The existence of two groups of frequency- 
field dependences of AFMR with different gaps suggests that the 
studied single crystal should not be homogeneous in composition. 
Apparently, it can be considered as consisting of at least two mac
roscopic regions with a different content of praseodymium. The 
groups of frequency-field dependences of AFMR, highlighted by 
different colors, refer to the crystal regions with different values of 
the effective anisotropy fields. In the area of the fields indicated by 
the arrows in Fig. 8a, for each group of dependences, spectrum 
anomalies are observed in the magnetic field, which are in
dependent of frequency. Obviously, just as in the sample with 
x = 0.67, these anomalies are a non-resonant response to the spin 
reorientation transitions occurring in the crystal in the corre
sponding magnetic fields. These fields coincide with the fields at 

Fig. 7. a - temperature dependences of the resonance fields and critical field of the EA→EP transition in the single crystal with х = 0.67; b - temperature evolution of the EP phase 
resonance spectrum. 

Fig. 8. a - AFMR frequency-field dependences in the crystal Pr0.75Y0.25Fe3(BO3)4 

(Sample 1), measured at Т= 4.2 К in the magnetic field H||c; b – magnetization as a 
function of the magnetic field H||c at T = 2 K. 

A.I. Pankrats, S.M. Zharkov, G.M. Zeer et al. Journal of Alloys and Compounds 909 (2022) 164821 

7 



which jumps were observed in the study of the field dependences of 
magnetization (see Fig. 8b) [22]. Thus, analyzing the resonant 
properties of Sample 1 makes it possible to interpret these jumps in 
magnetization as spin-flop transitions in different regions of the 
sample with different concentrations of praseodymium. 

It should be noted that judging by the resonant properties and 
field dependences of the magnetization, a nonuniform distribution 
of praseodymium was also observed in a number of other dia
magnetically dilute crystals of this family, and on one of the samples 
with x = 0.75, the field dependence of magnetization showed even 
three distinct jumps. Similar field dependences with two or even 
three magnetization jumps were also observed in other RE ferro
borate crystals with mixed RE subsystems. In particular, multistep 
magnetization curves were found in crystals with mixed Ho-Nd [32] 
and Nd-Dy [33] subsystems. In all these studies, such a multistep 
character of magnetization was also associated with the formation of 
interjacent inclined magnetic structures. However, the results ob
tained in our research suggest that in the case of other substitutions 
in the RE subsystem, the most probable cause of such multistep 
magnetization curves is the nonuniform distribution of substituting 
ions in the crystals. 

To prove the multiphase composition of Sample 1, electron mi
croscopy studies of the Pr0.75Y0.25Fe3(BO3)4 crystal surface were 
carried out, and the real Pr-Y concentration ratio was estimated 
using energy-dispersive X-ray spectroscopy. Note that the mea
surements were made on the same Sample 1 where the static 
magnetic and resonant properties were studied. Fig. 9a shows an 
electron microscopic image of the surface of one of the faces of the 
Pr0.75Y0.25Fe3(BO3)4 crystal. In the lower-left part of the SEM image 
(see Fig. 9a), there is a clear boundary between the two regions. This 
boundary represents etch pits which appeared in the area of a screw 
dislocation formed during the crystal growth. The red rectangle (see  
Fig. 9a) marks the area shown in Fig. 9b at high magnification. The 
study of the local elemental composition of the sample shows that 
the proportion of praseodymium and yttrium in the regions to the 
left and to the right of the boundary (see Fig. 9b) is different. Table 2 
shows the local elemental composition of the areas presented in  
Fig. 9b. 

Thus, the EDS analysis evidences that two regions can actually be 
distinguished in the sample with the praseodymium concentration 
in a charge х = 0.75, where the real content of praseodymium 
amounts to х = 0.67 and х = 0.74. 

We also studied AFMR on another sample (Sample 2) of this 
composition obtained by the same synthesis as the one used for the 
previous Sample 1. Fig. 10 shows the AFMR spectra for these two 
samples measured at close frequencies at T = 4.2 K in the magnetic 
field H||c. The spectrum for Sample 1, which is in full accordance 
with Fig. 8, shows two groups of lines, marked with the blue and red 
arrows, corresponding to the frequency-field dependences of AFMR 
in different regions of Sample 1. However the AFMR spectrum of 
Sample 2 contains only the lines close to those observed in the re
gions with a lower real content x = 0.67 in Sample 1. In the same 
spectrum, the black arrow marks the non-resonant response corre
sponding to the spin-flop transition in Sample 2. The frequency-field 
dependences of AFMR for Sample 2 completely coincide with those 
for Sample 1 shown in Fig. 8 by the blue triangles. 

Based on the temperature evolution of the resonance field in 
Sample 2 measured at a frequency of 46.12 GHz in the magnetic field 
H||c (blue points in Fig. 11), the temperature dependence of the total 
anisotropy field for this sample was calculated, this being also 
shown in Fig. 5. The critical field of the spin-flop transition shown in  
Fig. 11 by the red triangles is a phase boundary separating the col
linear and spin-flop states. 

4. Discussion. Magnetic anisotropy in PrxY1−xFe3(BO3)4 

When studying the resonant properties of pure PrFe3(BO3)4, an 
experimental value was obtained for the lability interval HC2eHC1 

= 5.4 kOe, which significantly exceeds the value ∼120 Oe predicted 
by the theory for a simple two-sublattice antiferromagnet, whose 
anisotropic properties were described by a single anisotropy con
stant [27]. Such a large lability interval and a significant overlap of 
the states below and above the spin-flop transition result in the 
resonance absorption being observed in the transition region only at 
frequencies above 70 GHz. A close value of the lability interval for 
this crystal was obtained in [26]. The authors in [26] believe such a 

Fig. 9. SEM images of the Pr0.75Y0.25Fe3(BO3)4 crystal at low (a) and middle (b) magnification.  

Table 2 
Local elemental composition of the Pr0.75Y0.25Fe3(BO3)4 sample, the data are not normalized.          

Pr (at%) Y (at%) Fe (at%) B (at%) O (at%) Atomic proportion  

Spectrum 1  3.19  1.60  14.13  9.98  67.40 Pr0.67Y0.33Fe3(BO3)4 

Spectrum 2  3.55  1.27  14.20  11.27  66.21 Pr0.74Y0.26Fe3(BO3)4 
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strong difference with the theoretical prediction to be due to the fact 
that the contributions to the total magnetic anisotropy of the crystal 
from the rare-earth subsystem differ in the collinear and spin-flop 
states. 

A significant increase in the lability interval was found upon the 
diamagnetic dilution of the RE subsystem. In the sample with 
x = 0.75, these intervals are 18 kOe and 13 kOe (Fig. 8) for the regions 
of the crystal with a lower and higher content of praseodymium, 
respectively. In other words, the closer the crystal is to the state of 
the mutual compensation of the Fe- and Pr-contributions to the 
anisotropy and the lower is the total anisotropy of the EA state, the 
larger is the lability interval. 

In addition to the difference in the magnetic anisotropy of pra
seodymium in the states below and above the spin-flop transition, 
another reason for the appearance of a significant lability range is 
also possible. It is shown in [28,34] that taking into account the 
second anisotropy constant for the Fe3+ ion leads to a large overlap 
interval of the collinear and spin-flop states in hematite α-Fe2O3. In 
our case, the situation is more complicated due to the presence of 

the additional magnetic subsystem of Pr3+ ions. In [21,22], when 
analyzing the temperature and field dependences of magnetization, 
the magnetic anisotropy of the PrxY1−xFe3(BO3)4 crystals were de
scribed as an additive sum of the contributions of the Pr- and Fe- 
subsystems. In this case, the contribution of the Pr-subsystem was 
calculated in the crystal field model, and when processing the ex
perimental results, this contribution can be taken into account using 
the effective field HA

Pr. The same method can be used when con
sidering the dynamic properties of the crystal. It is shown in [25,35] 
that if the characteristic oscillation frequencies of the RE subsystem 
significantly exceed the AFMR frequencies of the iron subsystem ωFe, 
then it can be assumed that the dynamic variables of the RE sub
system at frequencies of the order of ωFe immediately follow the 
magnetic moments of the iron subsystem. The oscillation fre
quencies, in this case, are determined by the iron subsystem, while 
the magnetic anisotropy, which determines the resonant fre
quencies, can be described by the effective anisotropy field, which 
includes the contribution of both subsystems. 

The magnetic anisotropy of iron ions can be considered within 
the framework of the phenomenological approach, in which the 
magnetic anisotropy energy is written as 

H = K l K l
1
2

1
2

,A
Fe

z z1
2

2
4

(5) 

where K1 and K2 are the first and the second anisotropy constants, lz 

is the component of the antiferromagnetic vector in the direction of 
the trigonal axis. The contribution of this subsystem to the total 
anisotropy can be written as a sum of the corresponding first and 
second effective anisotropy fields = =H K M H K M/ and /A

Fe
A
Fe

1 1 0 2 2 0, with 
М0 being the magnetization of the antiferromagnetic sublattices in 
the subsystem of the Fe3+ ions. 

Taking into account the contributions of the praseodymium 
subsystem and two anisotropy constants of the iron subsystem, the 
expressions for the critical fields HC1 and HC2 that determine the 
boundaries of the lability interval [28,34], take the following form: 

= +

= + +

H H H H

H H H H H

2 ( );

2 ( ).

C E Asf A
Fe

C E A A
Fe

A
Fe

1
2 Pr

1

2
2 Pr

1 2 (6)  

The frequency softening of the descending branch of oscillations 
in the collinear region occurs in the critical field HC2, while that of 
the spin-flop mode is observed in the field HC1. Expressions (6) take 
into account that the anisotropy fields of the praseodymium sub
system in the collinear state HA

Pr and in the spin-flop state HAsf
Pr may 

not coincide in the general case. 
One can see from expressions (6) that the large lability interval 

can be due both to the contribution of the second anisotropy con
stant into the iron subsystem and to the difference in the effective 
anisotropy fields of the praseodymium subsystem in the collinear 
and spin-flop states. 

For further analysis of the magnetic anisotropy in the 
PrxY1−xFe3(BO3)4 crystals, we assume that the magnetic anisotropy 
of the iron subsystem does not experience significant changes upon 
the diamagnetic dilution of the praseodymium subsystem. This 
makes it possible to independently determine the field HA

Fe
1 from the 

resonance studies of YFe3(BO3)4 [10] since it is known that the gap in 
the spectrum for the high-frequency branch of oscillations of the EP 
antiferromagnet is determined only by the first anisotropy constant  
[36]. Therefore, the effective anisotropy field measured at Т= 4.2 K in  
[10] is =HA

Fe
1 1.44 kOe. 

Consider in more detail the anisotropic properties of PrFe3(BO3)4. 
The values of the critical fields HC1 = 43.91 kOe and HC2 = 49.17 kOe at 
Т= 4.2 К do not allow one to independently calculate the remaining 
three parameters HA

Pr , HAsf
Pr , and HA

Fe
2. Therefore, to begin with, we 

assume that the effective anisotropy field for the praseodymium 
subsystem does not change upon the spin-flop transition, =H HA

Pr
Asf
Pr . 

Fig. 10. AFMR spectra for the crystals with х = 0.75 (in a charge), measured at Т= 4.2 К 
at frequencies: 74.83 GHz (Sample 1) and 74.00 GHz (Sample 2), H||c. 

Fig. 11. Temperature dependences of the resonance field H and spin-flop transition 
field Hsf, measured in Sample 2 at 46.12 GHz, H||c. 
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In this case, the overlap interval of the collinear and spin-flop states 
is determined only by the second anisotropy field of the iron sub
system: 

= =H H H H H2lab C C E A
Fe

2
2

1
2

2 (7)  

Hence, for T = 4.2 K one finds the value of the effective field de
termined by the second anisotropy constant, =HA

Fe
2 0.35 kOe, and the 

anisotropy field of the praseodymium subsystem = =H HA
Pr

Asf
Pr

2.82 kOe. The second anisotropy constant of the iron subsystem 
turns out to be positive, in contrast to the first one, and only in this 
case, the state overlap condition is satisfied HC2 > HC1. 

The obtained values of the anisotropy fields for the iron sub
system can be used to find the anisotropy field HA

Pr in the crystal with 
x = 0.75. From the resonance data for the collinear state of this 
composition in Fig. 8a (blue dots) it follows that the critical field HC2 

at T = 4.2 K amounts to HC2 = 20.5 kOe. Hence, one obtains 
=HA

Pr 1.61 kOe. However, based on the condition =H HA
Pr

Asf
Pr , then the 

critical field for the spin-flop state should be HC1 = 15.82 kOe. The 
corresponding theoretical frequency-field dependence for the spin- 
flop resonance mode, shown in Fig. 8a by the dotted line, differs 
significantly from the experimental one, and the calculated value of 
the critical field HC1 significantly exceeds the experimentally mea
sured value HC1 = 9.0 kOe. The reason for this discrepancy is that 
even if we assume that in pure PrFe3(BO3)4 the condition =H HA

Pr
Asf
Pr

is satisfied, then in the diluted crystal a significant part of the lability 
interval is due to the difference in the anisotropy fields of the pra
seodymium subsystem in the collinear and spin-flop states. Based on 
the experimental value of HC1 and the value of =HA

Fe
2 0.35 kOe, then in 

the spin-flop state the effective anisotropy field of the praseody
mium subsystem amounts to =HAsf

Pr 1,5 kOe at Т= 4.2 К. 
Similar calculations for another phase of this crystal with a 

higher content of Pr ions also show that the large overlap interval of 
states cannot be accounted for only by the contribution of the 
second anisotropy field of the iron subsystem. The calculations give 
the following values of the effective anisotropy fields of the pra
seodymium subsystem at Т= 4.2 К: =HA

Pr 1.88 kOe and =HAsf
Pr 1.74 kOe. 

Thus, it has to be recognized that the large lability interval both 
in pure PrFe3(BO3)4 and in the crystals with the diamagnetically 
diluted praseodymium subsystem cannot be explained only by the 
contribution of the second iron anisotropy field. It is also necessary 
to take into account the difference in the praseodymium anisotropy 
fields in the states above and below the reorientation transition. 
Consequently, the value of =HA

Fe
2 0.35 kOe, which was obtained 

without taking this difference into account, is overestimated, and 
the values of the effective anisotropy fields of praseodymium cal
culated with this value in mind are incorrect. The permissible upper 
limit of the effective field HA

Fe
2 can be found through the analysis of 

the anisotropic properties of the crystal with x = 0.67. In this crystal, 
the energy gap =c

EP 31.41 GHz measured in the magnetic field-in
duced EP phase at T = 4.2 K is determined only by the contributions 
of praseodymium and the first iron anisotropy constant; thus, 
one has: 

= + =H H H 0.09 kOe.A AEP A
FePr

1

However, the induced EP state is determined by the total aniso
tropy field, which also includes the contribution of the second iron 
anisotropy constant, this total field being negative: 

= + + <H H H H 0,A AEP A
Fe

A
FePr

1 2

Hence, one obtains the upper limit for the second anisotropy field 
of iron: 

<H 0.09 kOe.A
Fe

2 (8)  

Based on this upper limit, it is possible to estimate the admissible 
portion of the lability interval, which may be due to the contribution 

of the second iron anisotropy constant. From expression (7) one 
obtains that this portion does not exceed δHlab <  1.3 kOe and 
δHlab <  2.5 kOe for х = 1 and х = 0.75, respectively. Consequently, the 
main contribution to this interval is made by the difference between 
the anisotropic contributions of praseodymium in the states below 
and above the spin-flop transition. 

Since the absolute value of the second iron anisotropy field HA
Fe

2

does not exceed 6% of the value of the first iron anisotropy field, an 
average value =H 0.04kOeA

Fe
2 can be set to estimate the anisotropic 

contribution of praseodymium; in this case, the absolute error in 
estimating the praseodymium anisotropy field will not exceed this 
value. Table 1 shows the values of the praseodymium anisotropy 
fields calculated from the energy gaps at T = 4.2 K, given that for the 
entire family of PrxY1−xFe3(BO3)4 crystals the following holds: 

= = ±H H1.44 kOe and (0.04 0.04) kOe.A
Fe

A
Fe

1 2

The values of the praseodymium anisotropy fields for the field- 
induced EP or spin-flop states are also given there. For the EP state of 
the crystal with x = 0.67, this value was calculated from the energy 
gap for the EP state, and for the spin-flop states in the crystals with 
x = 1.0 and 0.75 from the corresponding values of the critical fields 
НC1. One can note a significant (up to 20%) decrease in the praseo
dymium anisotropy field in the states induced by an external mag
netic field compared to the initial phase. 

Fig. 12 shows the concentration dependences of the total aniso
tropy field and the contribution of the praseodymium subsystem at 
T = 4.2 K. Note that both fields depend almost linearly on the pra
seodymium concentration. 

Thus, the analysis of the anisotropic properties of 
PrxY1−xFe3(BO3)4 shows that in some crystals of this family the an
isotropic contribution of praseodymium to the total crystal aniso
tropy field depends either on the applied magnetic field (as in the 
case with x = 0.67), or on the state – below or above the spin-flop 
transition – of the crystal (x = 0.75 ÷ 1.0). One can give the following 
qualitative explanation of the effect of these factors on the magnetic 
anisotropy of the praseodymium subsystem. The magnetic aniso
tropy of any RE ion can be described by the crystal field model. In the 
magnetically ordered state, the level splitting of the ground multi
plet of the Pr3+ ion depends on the interaction of the ion with the 

Fig. 12. Concentration dependences of the resulting anisotropy fields (blue circles), 
anisotropy fields of Pr in the low-field (red circles) and field-induced (red triangles) 
states. 
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effective field = + =H H H H M,eff fd fd
i

i
Fe [37]. Thus, the applied 

magnetic field, along with the effective exchange field Hfd, can di
rectly affect the change in the parameters of the crystal field. Of 
course, such an effect is much weaker due to the fact that H <   < Hfd. 
However, in the region of the formation of the inclined magnetic 
structure, when there is almost complete mutual compensation of 
the contributions of the iron and praseodymium subsystems, even a 
relatively weak magnetic field can have a noticeable effect on the 
value and even sign of the total anisotropy field. Similar magnetic 
field-induced EA→EP transitions were observed in the crystals 
GdFe3(BO3)4 [10,15] and HoFe3(BO3)4 [14], in which the anisotropic 
contributions of the RE and iron subsystems are also close to mutual 
compensation. In addition, it should be kept in mind that upon the 
spin-flop transition, the vector of the effective exchange field Hfd 

acting on the Pr ions from the iron subsystem changes its orientation 
abruptly. Apparently, this can also lead to changes in the magnetic 
anisotropy of the praseodymium subsystem in the spin-flop state. 

To find the real ratio of the Pr-Y concentrations, we also carried 
out energy dispersive spectroscopy studies of the crystal surfaces of 
all the PrxY1−xFe3(BO3)4 samples with the diamagnetically diluted 
praseodymium subsystem. In most samples, the actual content of Pr 
turned out to be 85÷90% of the one in the charge. The exception is 
the sample with x = 0.25 with the maximal yttrium dilution among 
the studied samples, in which the actual content turned out to be 8% 
higher than the one in the charge. The actual concentrations of 
praseodymium are given for all the samples in a separate column of  
Table 1. In this article, for convenience of comparison with the re
sults of our previous studies [21,22], we retained the labeling of the 
samples in accordance with the content in the charge, and only the 
concentration dependence of the anisotropy fields in Fig. 12 is given, 
depending on the actual content of praseodymium found by EDS. 

5. Conclusion 

The spin dynamics of the PrxY1−xFe3(BO3)4 crystals with х = 0÷1 
were studied. The results confirm the conclusions of neutron and 
magnetization studies that, as the praseodymium subsystem is 
diamagnetically diluted, the magnetic structure is transformed from 
the easy axis to easy plane one. The temperature dependences of the 
effective anisotropy fields, determining the gap of the AFMR spec
trum, were studied. 

In the PrxY1−xFe3(BO3)4 crystals with х = 0.75 and х = 1, a large 
lability interval was found with the coexistence of the collinear and 
spin-flop states. It is shown that the existence of such an interval can 
be accounted for by the joint action of the second anisotropy con
stant of the iron subsystem and by the difference in the effective 
anisotropy fields of praseodymium in the collinear and spin-flop 
states, with the latter contribution being dominant. 

In the Pr0.67Y0.23Fe3(BO3) crystal, the magnetic field applied along 
the trigonal axis of the crystal was found to lead to an orientational 
transition from the EA to EP state. A magnetic phase diagram of 
states was built. The reason for the transition is assumed to be the 
field dependence of the effective anisotropy field of the praseody
mium subsystem, which, under the conditions of almost complete 
mutual compensation of the contributions of the iron and praseo
dymium subsystems, leads to a change in the sign of the total ani
sotropy. 

Using the resonance and electron microscopy studies, it was 
established that in the diamagnetically diluted crystals with a high 
content of praseodymium in some samples, regions with different 
Pr-Y concentration ratios were formed due to the inhomogeneous 
distribution of praseodymium. Consequently, the jumps found in the 
field dependences of the magnetization of these crystals are due to 
the spin-flop transitions sequentially occurring in the areas of the 
crystals with different concentrations of praseodymium. 

Estimates were obtained for the contributions of the praseody
mium subsystem to the total anisotropy of the crystals of this family; 
the concentration dependence of these effective fields turned out to 
be almost linear. In the crystals with x = 0.67 ÷ 1.0, a significant 
decrease in the effective anisotropy fields of the praseodymium 
subsystem in the field-induced EP and spin-flop states was found as 
compared to the collinear EA phase. 

In the PrxY1−xFe3(BO3)4 crystals, both the effective total aniso
tropy fields and the praseodymium anisotropic contribution depend 
almost linearly on the praseodymium concentration x. 
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Prime Novelty Statement 

Experimental investigations of the spin dynamics, magnetic 
structures and magnetic anisotropy have been carried out in 
PrxY1−xFe3(BO3)4 single crystals using antiferromagnetic resonance 
(AFMR). AFMR is very sensitive to the magnetic structure of a crystal. 
As opposed to powder neutron diffraction, AFMR allows in
vestigating the magnetic structure transformation upon changing 
the external magnetic field. Using the AFMR study of a 
Pr0.67Y0.23Fe3(BO3) crystal, a spin reorientation transition from the 
easy-axis (EA) to the easy-plane (EP) state has been found in the 
magnetic field applied along the trigonal axis. The reason for the 
transition is assumed to be the field dependence of the effective 
anisotropy field of the praseodymium subsystem. 

The AFMR method also makes it possible to quantitatively de
termine the total effective field of the magnetic anisotropy, as well as 
to separate the contributions of the magnetic subsystems of iron and 
praseodymium ions to the anisotropy. In the PrxY1−xFe3(BO3)4 crys
tals, both the effective total anisotropy fields and the praseodymium 
contribution depend almost linearly on the praseodymium con
centration x. 

In the crystals with x = 0.67 ÷ 1.0, a significant decrease in the 
effective anisotropy fields of the praseodymium subsystem in the 
field-induced EP and spin-flop states has been found as compared to 
the collinear EA phase. 
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