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CrossMark
Abstract
The magnetic structure of the mixed rare-earth system Pr,Y;_Fe3;(BO3)4 (x = 0.75, 0.67,
0.55, 0.45, 0.25) was studied via magnetic and resonance measurements. These data evidence
the successive spin reorientation from the easy-axis antiferromagnetic structure formed
in PrFe3;(BO3),4 to the easy-plane one of YFe3(BO3)4 associated with the weakening of the
magnetic anisotropy of the Pr subsystem due to its diamagnetic dilution by nonmagnetic Y.
This reorientation occurs through the formation of an inclined magnetic structure, as was
confirmed by our previous neutron research in the range of x = 0.67 < 0.45. In the compounds
with x = 0.75 and 0.67 whose magnetic structure is close to the easy-axis one, a two-step
spin reorientation takes place in the magnetic field Hllc. Such a peculiarity is explained by
the formation of an interjacent inclined magnetic structure with magnetic moments of Fe
ions located closer to the basal plane than in the initial state, with these intermediate states
remaining stable in some ranges of the magnetic field.

An approach based on a crystal field model for the Pr** ion and the molecular-field
approximation is used to describe the magnetic characteristics of the system Pr,Y;_,Fe3(BO3)4.
With the parameters of the d—d and f~d exchange interactions, of the magnetic anisotropy
of the iron subsystem and of the crystal field parameters of praseodymium thus determined,
it is possible to achieve a good agreement between the experimental and calculated
temperature and field dependences of the magnetization curves (up to 90 kOe) and magnetic
susceptibilities (2-300 K).

Keywords: magnetic phase transitions, rare-earth ferroborates RFe3;(BO3)4, antiferromagnetic
resonance

(Some figures may appear in colour only in the online journal)

1. Introduction compounds with two types of magnetic ions (3d and 4f) which

exhibit a variety of magnetic phase transitions (see e.g. [1-5]).
Rare-earth ferroborates RFe3(BO3)y (R =Y, La-Lu) are Ithasbeen established that the ferroborates RFe;(BO3)4 belong
of great interest for the physics of magnetic phenomena as  to the class of multiferroics in which the elastic, magnetic and
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electrical order parameters coexist [1, 3, 4]. Crystallizing in
the non-centrosymmetric trigonal space group R32 a struc-
tural transition to P3,21 can take place on cooling at a temper-
ature depending linearly on the rare-earth ionic radius [6, 7].
Due to the polarizing effect of the iron subsystem on the rare-
earth one, the magnetic anisotropy of RFe3(BO3)4 compounds
is determined by the contributions of both subsystems. It is
known [8] that the magnetic anisotropy of the Fe subsystem
is easy plane (EP), with the magnetic moments of the Fe®*
ions lying in the basal plane. Depending on the magnitude
and the sign of the anisotropic contribution of the rare-earth
subsystem, the resulting easy-axis (EA) or EP magnetic struc-
tures can be established in the crystal4 [8—10]. As the detailed
neutron scattering and magnetic x-ray scattering results show,
however, these structures can also be slightly non-collinear
(R =Ho [8] and Er* [10]) or long-period incommensurate
(R =Nd [11] and Gd above 10K [12]).

Interest in the study of the mixed rare-earth ferroborates
RUR{ Fe3(BOs3)s, RFe;_,Ga,(BOs)s and R,Y | ,Fes(BOs)
arises from the ability to control the relative contributions
with which the R and Fe subsystems influence the magnetic
and other properties of the crystal. The magnetic anisotropy
of the mixed compounds with R = Nd,Dy;_, has been shown
to also be determined by the competition between the EP
contributions from the Nd** and Fe®* ions on the one hand
and the EA contribution from the Dy3* ions on the other. As
a result, spontaneous reorientation transitions between EP
and EA states also occur in these complex crystals with the
temperature 7sg depending on x [13].

The relation between the competing contributions can also
be changed by a diamagnetic dilution of one of the subsys-
tems reducing the contribution of this subsystem to the crystal
anisotropy. Thus, in a crystal with R = Gd, the diamagnetic
dilution of the iron subsystem with Ga’* ions reduces the
anisotropic contribution of the Fe’* subsystem. As a result,
the contribution of the gadolinium subsystem appears to be
prevalent and, in the absence of a magnetic field, the crystal
GdFe;_,Ga,(BO3)4 remains EA antiferromagnet in the entire
range of magnetic ordering [14].

If an R ion with EA anisotropy is used in diluted ferrobo-
rates R, Y| _,Fe3(BO3)4, the competition between the contrib-
utions of the iron (stabilizing EP state) and R subsystems
to the total magnetic anisotropy can cause spontaneous or
induced spin-reorientation transitions.

The Fe subsystem in pure YFe3(BOs),4 is ferromagnetically
ordered in the basal ab-plane with the magnetic moments
lying in the plane and adjacent planes in the direction of the
rhombohedral ¢ axis being antiferromagnetically aligned
[8, 13, 16]. In PrFes(BO3)y, the contribution of the Pr’* ions
to the magnetic anisotropy of the crystal is prevalent and
defines an EA antiferromagnetic structure at all temperatures
below the Neel temperature Ty = 32K [10, 17]. Thus, as a
result of the competition between different contributions to

“Table 1 of [10] contains some errors. The right-hand side (marked ‘Er’) of
the table (not the left-hand side) corresponds to PrFe;(BO3)4, and the values
of the lattice parameters given are wrong and correspond to the Ho com-
pound. The atomic coordinates and interatomic distances are correct.

the magnetic anisotropy of Pr,Y;_,Fe3(BOj3)4, a rearrange-
ment of the magnetic structure between EA and EP states
should appear.

High-resolution and temperature-dependent high-inten-
sity powder neutron diffraction studies on Pr,Y|_Fe3(BO3)4
showed that a transition from the EA to the EP structure
occurs in this family through the formation of inclined
(INC) magnetic structures in the concentration range
x = 0.67 — 0.45 [18]. This INC state had not been observed
before in ferroborates. For all compounds, a non-monotonic
change of the inclination angle with temperature was found,
but none of the samples studied displayed signs of a sponta-
neous spin reorientation in the temperature range of magn-
etic order. A calculation based on a crystal field model for
the Pr’* ions and a molecular field approximation allowed
the inclination of the magnetic moments of Fe ions from the
basal plane and their temperature dependences in the INC
state to be described.

To further study the INC phase as a new magnetic state
in ferroborates and its transformation with diamagnetic Y
dilution, we undertook a wide experimental and theoretical
investigation of the magnetic properties of Pr,Y;_,Fe3(BO3)4
single crystals with a large set of concentrations x = 1, 0.75,
0.67,0.55, 0.45 and 0.25. The data show the gradual transition
of magnetization and susceptibility curves that are typical of
the EA structure in PrFe3;(BOj3)4 to those of the EP one in
YFe3(BOs3), through the formation of the INC state in crys-
tals with intermediate concentration parameters x. An unusual
two-step spin-reorientation transition is found in the com-
pounds with x = 0.75 and 0.67 when applying the magnetic
field along the c axis. The effect is explained by the formation
of an interjacent INC state with an inclination angle that is less
than that of the initial state.

Preliminary results of the antiferromagnetic resonance
(AFMR) for compounds with x = 1, 0.75 and 0.67 that pro-
vide evidence of the INC magnetic structure in the compound
with x = 0.75 are presented.

2. Experiment details

2.1. Sample preparation

Samples were prepared at the Institute of Physics in
Krasnoyarsk. Single crystals were grown from fluxes based
on trimolibdate bismuth (100 — n) mass% {Bi,Mo3;0j, +
311B203 + 0.5[xPr,05 + (1 — X)Y203]} + n mass% Pr,Y |,
Fes(!'BO3)4 [19]. For the concentration n = 20, the saturation
temperature T was Ts ~ 950 °C and its concentration depend-
ence can be described as d7y/dn ~ 6 °C/mass%. Fluxes with
a mass of 100 g were prepared. Crystals were grown on seeds
at a starting temperature 7= T; — 7 °C, with the temper-
ature reduced by 1 °C d~! over 5 d. Single crystals of about
4—-6mm in size were grown. After completion of the crystal-
lization process the holder with the grown crystals was usually
removed quickly from the furnace, leading to a high rate of
cooling to room temperature. Only the part of the crystals with
x = 0.67 was slowly cooled along with the furnace after it had
been switched off.
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2.2. Magnetization and resonance measurements

Magnetic measurements were performed at the Institute
of Physics in Krasnoyarsk, principally using the magnetic
and physical property measurement systems MPMS-5 and
PPMS-6000 (Quantum Design). The temperature interval was
2-300K in magnetic fields of up to 50 kOe for MPMS-5 and
up to 90 kOe for PPMS-6000. Some samples were also studied
using a homemade vibrating sample magnetometer operating
in the temperature range of 4.2-300K and in magnetic fields
of up to 70 kOe.

For the preliminary study of AFMR in single crystals
at T=4.2K and in a frequency range of 25 = 110 GHz, a
computer-controlled magnetic resonance spectrometer with a
pulsed magnetic field was used.

3. Results and discussion

Before discussing the results from the magnetization and
resonance experiments we have to recall the most impor-
tant conclusions from a previous neutron diffraction study
[18]. The crystallographic structure of YFe3(BOs)s within
the paramagnetic state can be described—as expected from
the above-mentioned linear trend for the structural trans-
ition temperature—as a function of the R3** ionic radius [6]
within the space group R32 at 520K and within the space
group P3;21 at room temperature and below [8]. In accor-
dance with [6], PrFe;(BO3)4 crystallizes in the space group
R32 at all temperatures down to 1.5 K*[10]. The three mixed
compounds with x = 0.45, 0.55 and 0.67 crystallize at room
temperature in the space group R32, as expected from the
calculated average R3* size. Following [6], the x = 0.67
compound should not undergo a transition to P3;21 on low-
ering the temperature, while a transition should appear for
the x = 0.55 and 0.45 compounds at estimated temperatures
of about 65K and 140K, respectively. In contrast to this, the
crystallographic structure of all three compounds is deter-
mined as R32 in the whole temperature range, as none of
the superlattice peaks typical for the transition from R32 to
P3,21 are detected down to 3 K. Crystallographic details for
the series of Pr,Y,_,Fe3(BO3)s compounds can be found in
table 1 in [18].

In [18] it was shown that while the magnetic structure
of the x =0 compound YFe3(BO3)s consists of a collinear
alignment of the Fe moments within the basal ab-plane,
Pro67Y033Fe3(BO3)s sees a spin canting of the moments
towards the basal plane, resulting in an INC spin structure
state with magnetic moment values of = 4.2(1) pg and
1P =0.8(3) g °.The inclination of the Fe moment from the
basal plane at T = 1.5K is equal to 6¥¢ = 67(2)°.

In contrast to compound 0.67, the basal plane component

Mie in Prys5Yo45Fe3(BOs)s becomes larger than the comp-
onent in the ¢ direction ufe, and the inclination of the Fe
moment from the basal plane reduces to ¢ = 27(2)° at the

> The magnetic moment value 4" here corresponds to the magnetic moment
per actual Pr** ion present.

lowest temperature. At 1.5K the magnetic moments amount
to pf =4.5(1) pp and p" = 0.4(4) ug. As the Pr content is
further reduced to x = 0.45 it is no longer possible to detect
any magnetic moment at low temperatures on the Pr site. Only
the Fe sublattice seems to be magnetically long-range ordered
with pF®=4.2(1) pup. As expected, the magnetic structure
approaches even further than the one found for YFe3(BO3)4.
The component of the Fe moment that points in the direction

of the ¢ axis ,ufe is further reduced and the inclination angle
decreases to about ¢ = 16(4)° at 3K.

High-intensity neutron diffraction data for
Pro.67Y0.33Fe3(BO3)4 showed that both the Fe and the Pr mag-
netizations appear at the same Neel temperature Ty ~ 31K
and that their evolution seems to be steady. Only when the
individual components of the Fe moment are inspected can a
slight change in the temperature evolution of its basal plane
component be discerned at about 10K and explained by the
non-monotonic temperature dependence of the inclination
angle of the Fe moment from the basal plane. As in other
rare-earth ferroborates with a hantite structure, the long anti-
ferromagnetic order appearing in the Fe magnetic subsystem
at Ty also induces the respective antiferromagnetic order
in the Pr subsystem, leading to the common Neel temper-
ature. The other two compounds with x = 0.55 and 0.45
studied by neutrons also showed no signs of a spontaneous
spin arrangement up to the Neel temperatures Ty ~ 30.2 and
31K, respectively.

Figure 1 shows the experimental magnetization curves
M. (H) of the crystals Pr,Y;_,Fe3;(BO3)s (x=0.75, 0.67,
0.55, 0.45, 0.25) measured at T = 2K for the direction of the
magnetic field along the trigonal axis Hlle (a) and in the basal
plane H ¢ (b). The temperature dependences of the initial
magnetic susceptibility x. (7) for the corresponding com-
pounds measured in the fields H. ;| = 1 kOe are depicted in
figure 2. For comparison, the appropriate field and temper-
ature dependences for the PrFe;(BO;3)s; and YFe3(BOsj)4
compounds are also shown in figures 1 and 2. Note that the
experimental curves M. (H) and x._(7) obtained here for
pure PrFe3(BO3)s using PPMS-9 in magnetic fields up to
90 kOe generally coincide with those measured in fields up to
50 kOe with a SQUID magnetometer [17].

Analysis of both the temperature and the field dependences
shows that the curves are arranged in accordance with the
sequential change in the parameter x = 0.75 + 0.25 and are
located between the curves for compounds with x = 1 and 0.
Note that the field dependences of the magnetization meas-
ured along the trigonal axis for compounds with x = 0.75 and
0.67 (see figure 1(a)) as well as for undiluted crystals with
x =1 have a step-like form that is characteristic of a spin-
reorientation transition, indicating a resemblance between
their magnetic structures. The critical field of the spin-flop
(SF) transition in pure PrFe;(BO3)4 (=46 kOe) is much larger
than that of the other compounds, and it can be seen clearly
from figure 1(a) that in the fields H > 47 kOe the curves for
all x = 0.75 <+ 0.25 are arranged sequentially between M (H)
for x =1 and O in accordance with the rule that the higher
the Pr-content, the higher the susceptibility. In fields up to the
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Figure 1. Experimental magnetization curves M, | (H) for crystals
Pr.Y;_,Fe;(BO3)s (x =1, 0.75, 0.67, 0.55, 0.45, 0.25) for Hlle (a) and
H | ¢ (b) at T=2K. The data for YFe3(BOs3)4 were taken from [15].

spin-reorientation transition, the initial magnetic susceptibili-
ties for x = 0.75 and 0.67 are also less than that of the undi-
luted crystal.

Most likely this is due to a decrease in the contribution of
the Pr subsystem to the magnetic susceptibility of the crystal
with diamagnetic dilution. For the same reason, the total
magnetic susceptibilities of the crystals with x =0.75 and
0.67 measured in the field of 1 kOe along the trigonal axis
(see figure 2) are less than that of the undiluted crystal at all
temperatures.

An unusual two-step spin reorientation is found for the
samples with x = 0.75 and 0.67 if the magnetic field is applied
along the trigonal axis (figure 1(a)). The first pronounced
jump of the magnetization occurs in the field Hgg; ~ 21.6
kOe (for x = 0.75) or Hsg; ~ 11.2 kOe (for x = 0.67), and
then the second jump follows in Hsry ~ 29 kOe (x = 0.75)
or Hsgr ~ 21.7 kOe (x = 0.67). Both the critical fields Hsg;
and Hgg, increase with rising temperature. At T = 30K, close
to T, the magnetization curves are linear for all compounds
(see figure 3(a) for x = 0.75 and figure 4(a) for x = 0.67).

We know from the neutron data [18] that the compound
with x = 0.55 has the INC magnetic structure with the magn-
etic moments of iron being close to equidistant from both the
c axis and the basal plane. Therefore, anomalies in the magnet-
ization curves can be seen in both the Hllc and the H L ¢ direc-
tions of the field (see figure 5(a)). When magnetizing along
the trigonal axis, the jump of the magnetization due to the
spin reorientation occurs in the critical field Hsg ~ 8.4 kOe at

—— PrFe x=0.55
x=0.75 — x=0.45 A
—x=0.67 x=0.25

410 . PrFe ——x=0.55 7
x=0.75 — x=0.45
8 — x=0.67 —x=0.25 ]
—— YFe
""‘ 1 1 1 1
0 25 50 75 100
T (K)

Figure 2. Experimental temperature dependences of the initial
magnetic susceptibility x. (7) for crystals Pr,Y|_.Fe3(BO3)4
(x=1,0.75,0.67,0.55, 0.45, 0.25) for Hllc (a) and H L ¢ (b) at
H. , = 1kOe. The data for YFe3(BO3)4 were taken from [15].

T = 2K. The value of the magnetization jump is small at this
transition because due to the INC magnetic structure the mag-
netization along the trigonal axis at H < Hsg is determined by
a combination of parallel and perpendicular susceptibilities.
At the same time, if the magnetization is in the basal plane, the
magnetization behavior is typical of EP structures with a 120°
domain structure [20]. The magnetization process in fields
below 10 kOe is determined by the dynamics of the domain
structure, resulting in the nonlinear behavior of the magneti-
zation at H < 10 kOe. In the compound with a more diluted
Pr subsystem (x = 0.45) the magnetization curves only show
anomalies for H L ¢ (see figure 6(a)) with linear magnetiza-
tion curves at Hllc for all T < T\.

The Pr25Y¢.75Fe3(BO3), crystal with the most diluted Pr
subsystem shows magnetization curves that are typical of EP
antiferromagnets, and these are closest to the dependences of
the EP YFe3;(BOs), single crystal (see figures 1 and 7(a)).

The study of the gradual transformation of the magnetic
structure in the family of Pr,Y,_,Fe;(BO3)s single crystals
with a wide set of dilution parameters can be also made using
analyses of the curves for magnetic susceptibilities x. i (7)
at temperatures 7' < Ty. As for the magnetization curves,
the magnetic susceptibilities x._(7) at temperatures 7' < Tn
for x =0.25 are close to those of the EP antiferromagnet
YFe;(BOs3),. With growing x, the contribution of the Pr sub-
system to the anisotropy increases and promotes the trans-
formation of the initial magnetic state to a more pronounced
INC phase in which the magnetic moments of iron are located
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Figure 3. Experimental magnetizing curves M, | (H) for Hllc and
H L c (inset) at the indicated temperatures (a) and temperature
dependences of the normalized magnetization M, /H for T < Ty at
the indicated fields (b) for Pry75Yo25Fe3(BO3)4.

ever closer to the ¢ axis when x increases. As a result, the
curves Y., (T) for x = 0.75 almost do not differ from the sim-
ilar dependences of the EA antiferromagnet PrFe;(BO3)s. A
strong correlation between the parameter x and the suscepti-
bility behavior also persists in the paramagnetic range 7 > Ty,
where the susceptibilities x. (7) increase with growing x
because of the increasing contribution of the Pr subsystem.
The exception found for the compound with x = 0.45 is likely
due to high systematic errors, since the measurements in this
case were made on the sample with the smallest size.

Figures 3(b), 4(b) and 5(b) show the curves M. (T)/H
where the magnetization has been normalized by the respec-
tive measuring field. Some of the curves M(T) show unusually
sharp jumps of the magnetization at some temperature 7 < Tx
(see e.g. the curve for 25 kOe in figure 3(b)). A comparison
of these curves with the field dependences of the magnetiza-
tion measured at different temperatures allows us to assert that
these jumps are observed when the strength of the magnetic
field applied is close to the critical fields of the spin reorienta-
tions Hgg and that they are due to the transition occurring as
the temperature changes.

Thus, the changes in the field and temperature dependences
of the magnetization in the Pr,Y;_,Fe;(BO3)s family confirm
that the magnetic moments of iron tilt closer to the basal
plane as the praseodymium content is reduced. This fact is
illustrated in figure 8, which shows how the inclination of the

— ok '
8L . 20k
4t
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P 067Y0 33Fe (803)4
0 b i L f
0 10 20 30 40 50
H (kOe)
— . : e .
I\./.1.25 KOe ""’\.. (.3“ e
¢ RS S S
15} e .
2 - A
mE Mj KOe %;)r;(};oo
I"’O é.g;@
210} & ]
T &
o | M
s~ ]
M; Ko ProerY ol €s(BOs),
0 5 10 15 20 25 30 35

T(K)

Figure 4. Experimental magnetizing curves M, | (H) for Hllc and
H L c (inset) at the indicated temperatures (a) and temperature
dependences of the normalized magnetization M. /H for T < Ty at
the indicated fields (b) for Pry¢7Y0.33Fe3(BO3)4.

magnetic moments of the Fe subsystem relative to the basal
plane changes from 90° for x = 1 to 0° for x = 0 over inter-
mediate values as a function of x. This graph uses results from
neutron research data® [8, 10, 18], apart from the compounds
with x = 0.75 and 0.25, whose magnetic structures have not
been verified by neutron diffraction. It is not possible to estab-
lish precise boundaries between the EP, INC and EA states.
We note, however, that the magnetic data indicate a full EP
state for the x = 0.25 compound, and the AFMR data confirm
an INC type magnetic structure for the crystal with x = 0.75.

The concentration dependence of the Neel temperature is
also shown in figure 8.

Figure 9 shows the frequency-field dependences of the
AFMR measured in the magnetic fields Hllc at 7= 4.2K for
three compounds with x = 1, 0.75 and 0.67. Since the energy
gaps of the AFMR w, of all the compounds differ strongly,
the dependences are shown in normalized form: the resonance
frequencies are divided by the appropriate value of the crit-
ical frequency w,, which is measured for every compound at
T = 4.2K. Similarly, the resonance fields are divided by w./7,
where 7 is the gyromagnetic ratio. The solid and dotted lines
in the figure are the theoretical frequency-field dependences
calculated for an EA antiferromagnet in the states before and
after the SF transition, respectively [21]. It can be seen that the
frequency-field dependences of PrFe;(BO3)4, which has an EA
antiferromagnetic structure, are quite satisfactorily described
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H L c (inset) at the indicated temperatures (a) and temperature
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the indicated fields (b) for Prys5Yo45Fe3(BO3)4.

by the theoretical calculation. In particular, the oscillations in
the SF state appear in magnetic fields that exceed the critical
field of the SF transition corresponding to Hyorm = 1.

By contrast, the spinreorientationin the Pbg ¢7Y ¢ 33Fe3(BO3)4
compound with an INC structure starts at the field Hsg, marked
in this plot by the left blue arrow, which is below the expected
wc/7y value (the right blue arrow corresponds to the field Hgg»).
Furthermore, the experimental frequency-field dependence
differs strongly from that calculated for the EA state.

The resonance data for the compound with x = 0.75 are
intermediate between those of x = 1.0 and 0.67 and suggest
that the magnetic structure of this compound is also the INC
one, but with magnetic moments that are closer to the ¢ axis
than is the case in Pbg 7Y 33Fe3(BO3)4. Detailed informa-
tion concerning the AFMR in the Pr,Y;_,Fe3(BO3)4 family of
single crystals will be presented elsewhere.

4. Theory

The magnetic properties of Pr,Y|_,Fe;(BO3), crystals are deter-
mined by both the magnetic subsystems and the interaction
between them. The Fe subsystem in this compound can be con-
sidered as consisting of two antiferromagnetic sublattices. The
R subsystem (magnetized due to the f~d interaction) can also be
represented as a superposition of two sublattices. In the calcul-
ations, we use a theoretical approach that has been applied for
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Figure 6. Experimental magnetizing curves M., (H) for H L ¢ at
the indicated temperatures (a) and temperature dependences of the
normalized magnetization M. ,/H for T < Ty at the indicated fields
(b) for Pro.45Y0.55Fe3(BO3)4.

the description of the magnetic properties of RFe;(BO3), com-
pounds (see e.g. [2, 14, 22, 23]). This approach is based on a
crystal-field model for the R ion and the molecular-field approx-
imation. Effective Hamiltonians that describe the interaction of
each R/Fe ion in the ith (i = 1, 2) sublattice of the corresponding
subsystem in the applied magnetic field H can be written as

HiPr) = HE — gupdi [H+\uM; ], (D

Hi(Fe) = —goupSi [HHAM +x\ym;'],  j=1,2, j=i,
)

where H,-CF is the crystal-field Hamiltonian, g; is the Lande

factor, J; is the operator of the angular moment of the R ion,
gs =2 is the g value, S; is the operator of the spin moment of
an iron ion and My < 0 and A < O (including intrachain A\; <0
and interchain )\, < 0) are the molecular constants of the anti-
ferromagnetic interactions R—Fe and Fe—Fe, respectively. Note
that the molecular constant )y only describes the isotropic f~d
exchange interaction. The magnetic moments of the ith iron M ©
and rare-earth m; " sublattices per formula unit are defined as

M© = 3geug(Si), m;" = g ug(d)- 3)

The right part of the equation for Mfe is a relevant Brillouin
function, as it should be in the case of an equidistant spectrum
that is typical for a Fe’* ion with an orbital singlet as a ground
state (S ion).
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Figure 7. Experimental magnetizing curves M., (H) for Hllc and
H L c (inset) at the indicated temperatures (a) and temperature
dependences of the normalized magnetization M. /H for T < Ty at
the indicated fields (b) for Prg5Yo75Fe3(BO3)4.

The crystal-field Hamiltonian HF can be expressed using
the irreducible tensor operators Cg as

HF = BiC? + ByC{ + iB* (Y + )+ BSC P
+iB°3(CY+ i)+ BYC Y + €. )

For the Pr’* ion in Pr,Y;_,Fe3(BO3)s (x = 0.75, 0.67, 0.55,
0.45, 0.25), the crystal-field parameters B’; are unknown and
data on the splitting of the ground-state multiplet are unavail-
able. As the environment of the rare-earth ion depends on x,
the parameters of the crystal field for different compounds
should be slightly different.

In order to calculate the magnitudes and orientations of the
magnetic moments in the Fe and R subsystem s, it is necessary
to solve a self-consistent problem based on Hamiltonians (1)
and (2) under the condition of the minimum for the corresp-
onding thermodynamic potential (see e.g. [2, 20, 22]) for the
given temperature and field. Then it is possible to determine
the regions of stability of various magnetic phases, the critical
fields for the phase transitions, the magnetization curves, the
magnetic susceptibilities, etc.

The anisotropy energy for the ith sublattice of the
Fe subsystem for a crystal of trigonal symmetry can be
written as

Pl = K5 cos? 6; + K4S cos* 0, + Kee cos® ;. cos 6, (5)

[EP[EP? INC?)
90 — o
T=2K {38
60 | — -~ 136
= <
D 4 34|_z
30}
; 132
Q
0 o 130
0.00 0.25 0.50 0.75 1.00
X

Figure 8. Inclination angle of the Fe moments relative to the
hexagonal basal plane at 7= 2K and the Neel temperature as
functions of x in Pr,Y;_,Fe(BO3)4 (x = 1, 0.75, 0.67, 0.55, 0.45,
0.25,0).

where an anisotropy constant ng < O stabilizes the EP state, a
constant KX® > 0 stabilizes the EA state, Kfe < 0 is the aniso-
tropy constant in the basal ab plane and 0; and ¢, are the polar
and azimuth angles of the magnetic moment M,F ¢ of iron,
respectively.

The magnetization and magnetic susceptibility of the com-
pound (per f.u.) are defined as

13 . ;
M= EZ(Mfﬂ—xm,P ) Xe=Xp + XX k=a,b,c. (6)
i=1

In the ordered phase, the initial magnetic susceptibility of
the compound under consideration can be determined using
the initial linear portions of the magnetization curves calcu-
lated for the corresponding directions of the external magn-
etic field. In the paramagnetic phase where the interactions
between rare-earth and iron subsystems can be ignored, the
magnetic susceptibility of the rare-earth subsystem can be
determined using the well-known Van Vleck formula for the
energy spectrum and wave functions calculated on the basis
of the crystal-field Hamiltonian (4). For the Fe subsystem, the
susceptibility can be described in terms of the Curie—Weiss
law (with the corresponding value of the paramagnetic Neel
temperature ©).

5. Comparison of experimental data and theoretical
calculations

In order to determine the parameters BZ of a crystal-field
forming the electronic structure of a rare-earth ion, we used
the experimental data for the temperature dependence of
the magnetic susceptibility x. _(7) and existing informa-
tion on the structure of the ground multiplet of Pr** ion in
PrFe;(BO3)s [24]. The parameters determined earlier for
pure PrFes;(BO3)4 [23, 24] and other EA [2] and EP [20] fer-
roborates were taken as the initial values of the crystal field
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parameters from which the procedure for minimization of
the corresponding desired function was begun. To determine
the sets of parameters B’; that can describe the entire set of the
measured magnetic characteristics for each of the compounds
of Pr,Y,_,Fe3(BO3), with different concentrations x, we cal-
culated the magnetization curves along the trigonal axis and
in the basal plane M. (H, T) (at T =2, 8, 12, 20 and 30K
and up to 50 kOe) and determined the parameters \; and A,
defining the exchange fields Hyq; = A\ M5¢ and Hygr = oM.
For the high-field region H > Hgg, the slope of the magneti-
zation curve M. | (H) is determined by the parameter \; of
the intrachain antiferromagnetic Fe—Fe exchange interaction,
since it is the main interaction preventing the rotation of the
magnetic moments of the iron subsystem in the flop phase
toward the field direction. The parameter )\, appearing in the
Brillouin function is mainly responsible for the value of the
magnetic moment of iron at a given temperature and magnetic
field and determines the Neel temperature. It was determined
from the best agreement between experimental and calculated
magnetization curves for all temperatures.

Another important criterion for the final choice of the
crystal field parameters is the concordance of the calculated
and experimental magnetic moments of praseodymium ueirp at
low temperature found in [18] for compounds with x = 0.67,
0.55, 0.45 and in [10] *for PrFe3(BO3),4. Our calculations show
that this criterion imposes substantial restrictions on para-
meters. The calculated magnetic moment of the Pr, subsystem

/,Lf;lc depends on the crystal field parameters and the parameter
Az defining the f~d exchange field Hy; = A\y;Moy. For each of the
compounds, we defined the parameter Ay providing the exper-
imental value of Mef,)fp (within experimental error) (see table 1).

The sets of the crystal field parameters B’; for Pr,Y,_Fe;
(BO3)4 (x =0.75 — 0.25) that were determined by following

the criteria that best described the x..(7) and M. (H, T)

curves and the values of uef{p are listed in table 1. These

parameters were determined based on the ground multiplet;
therefore, they can only be considered as effective parameters
suitable for describing the thermodynamic properties of the
compound. The set of the crystal field parameters corresp-
onding to the energies of the six lower levels of the ground
multiplet of the Pr3* ion in Pr,Y,_Fe;(BO3)4 (x = 0.75, 0.67,
0.55,0.45, 0.25) are given in table 1 for H = 0. These energies
were determined for both 7= 50K > Ty and T = 3K, where
the f~d interaction was taken into consideration, resulting in
the removal of the degeneracy of the lower levels.

In our previous paper [18] a single set of parameters of
the crystal field of the pure EA compound PrFe;(BO3), was
used for three compounds with x = 0.67, 0.55, 0.45 to obtain
the exchange and anisotropy parameters. As a development of
this approach, the parameters defining the magnetic proper-
ties of every compound in the family Pr,Y;_,Fe;(BO3)4 were
determined in this study using both the broader basis of the
experimental data and the set of parameters of the crystal field
specified for every compound. Therefore, the parameters pre-
sented here in table 1 are more reliable than those given in
[18]. Table 1 also shows the parameters for pure PrFe;(BOs3)q,

which were determined from the experimental data and using
the crystal field parameters found solely for this crystal in [24].
The closeness of the values of Hyq1, Hyq» and Hy; obtained for
all the compounds (including PrFe;(BO3)4) is evidence that
reasonable crystal field parameters were determined here for
the compounds with x = 0.75 + 0.25.

In the calculations, we also used the uniaxial anisotropy
constants of iron (K5¢ and K5%) and the anisotropy constant
of iron in the basal plane (KﬁFg) from equation (5). The low-
temperature constants K5° and K4° were determined for
compounds with x = 0.67, 0.55 and 0.45 by matching the cal-
culated and experimental values of the inclination angle of the
Fe moment from the basal plane 95&,, which are known from
the neutron data [18]. Since the 0&% experimental data omit
x = 0.25 and 0.75, the anisotropy constants K5¢ and K%° used
for x = 0.25 were those of x = 0.45, representing the com-
pound with the closest composition for which the magnetic
structure had been determined by neutron diffraction. For the
compound with x = 0.75, it was possible to estimate constants
when describing the curves x._ (7) using those for x = 0.67 as
the initial ones. Then, with the chosen parameters (\;, A, and
Ara), we fitted the temperature dependences of the constants
K5 and K}°, which decrease with temperature and describe
the main features of the experimental dependences x. (7).
It can be seen that the values of the anisotropy constants K5°
and K EC of the iron ions, which are determined with individual
sets of crystal field parameters for each compound (table 1),
are noticeably smaller than those found in [18]. In particular,
use of the crystal field parameters of PrFe;(BO3)s [24] with
EA anisotropy resulted in [18] in exaggerated values of K Se.
Note that the values of the anisotropy constant K 5“' obtained
for the compounds with x = 0.45 and 0.25 are close to that of
the net YFe3(BOs),. It is important that the EA and EP states
(in PrFe;(BOs)s and YFe3(BOj3)4, respectively) can be
described using only the anisotropy constant K5, but the
description of the INC state requires both K5° and K}° con-
stants. Thus, the anisotropy constant K¢ plays an important
role in stabilizing the INC state.

As an anisotropy constant ng for the pure compound
PrFe;(BOs)s, a value is taken that corresponds to the
resulting anisotropy field for the closest composition with
x = 0.75, whose anisotropy is determined by two constants
K5 and KE*.

Table 1 shows that a significant reduction of 1", both calcu-
lated and measured, takes place as the parameter x decreases.
This has to be related to the fact that the magnetic moment ;" in
the EA, INC and EP states depends on the splitting of the lowest
energy levels of the Pr ion. Due to the f~d exchange interaction,
the Pr subsystem adds the EA contribution to the total magnetic
anisotropy of the crystal. As the diamagnetic dilution increases
with decreasing x, the magnetic moments of the iron ions tilt
progressively towards the basal plane. At the same time, the
magnetic moments of the ions Pr’* which are connected with
the iron moments by the f~d interaction tilt more to the basal
plane, thereby reducing the splitting of the lowest energy levels
of Pr** and leading to a reduction of the magnetic moment £,
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Figure 9. Frequency-field dependences of AFMR at 7= 4.2K and
Hllc in Pr,Y,_,Fe(BO3)4 (x = 1, 0.75, 0.67).

The value of the magnetic moment on the Fe site for the
doped compounds stays nearly constant with pf® ~ 4.2-4.5
up and has a similar moment value to that found in pure
PrFe;(BO3);, where uf=4.3 pug, or YFe3(BOs);, with

Fe =395 up (see table 1). The value of the magnetic
moment per Pr ion changes from ;" = 0.8(1) g inx =1 to
= 0.8(3) up for x = 0.67 and p" = 0.4(4) pp for x = 0.55
before it becomes too small to be detectable by neutron dif-
fraction in the x = 0.45 compound. It is noteworthy that in
this last compound the influence of the strongly diluted Pr
sublattice is nevertheless still visible through the non-planar
component ,ufe. The magnetic transition temperature for
1.0 £ x £ 0.25 remains constant at Ty ~ 30-34 K, notice-
ably below the Ty = 38 K found for x = 0 (figure 8). If the
transition temperature followed the dependence on the rare-
earth ionic radius exactly, as described by Hinatsu ef al [6],
one would have expected Ty to increase to about 36K in
Pro25Y0.75Fe3(BO3);.

The theoretical dependences presented below in the
figures were calculated using the parameters given in the
table 1. In the calculation for each x value, all the exper-
imental data for this compound were considered simulta-
neously, and the sensitivity of the individual experimental
dependences to the given parameters was analyzed. To calcu-
late the magnetic characteristics of Pr,Y;_,Fe;(BO3); when
the external magnetic field is directed along the trigonal ¢
axis or perpendicular to it, we used the schemes of orienta-
tion of the magnetic moments of the iron M,Ee and rare-earth
mlPr subsystems shown in figure 10. The schemes in fig-
ures 10(a) and (b) were used for the case of H = 0 (cone of
easy magnetization axes—INC state (a) and EA state (b)).
The calculations according to the schemes in figures 10(c)
and (d) were performed for a field directed along the trigonal
axis (Hllc). The schemes in figures 10(e) and (f) were used
for the case of a magnetic field oriented in the basal plane

(H L ¢). The scheme in figure 10(e) shows the projections of

(S

MFeA

e f
Fe
L60J. Ab LGOL b MIMFe
Fe -5 2(60)L
2(60)L
298 Hla
H> H Pr

mZ(;O)L
Fe
1(60)L

oy

1(60)L

H< HSR
Figure 10. Schemes of the orientations of the magnetic moments

of the iron MFe and praseodymium m " subsystems used in the
calculation of the magnetic characteristics of Pr,Y;_,Fe3(BO3)4 for
different directions of the external magnetic field: (a) H = 0 (INC
state, cone of easy magnetization axes); (b) H = 0 (EA state); (c) and
(d) Hlle (the basal plane is perpendicular to the figure plane); and

(e) and (f) H L ¢ (the axis ¢ is perpendicular to the figure plane).

the magnetic moments of the iron (M ) and rare-earth (mlPar;)

subsystems onto the ab plane in domains with the antiferro-
magnetic vector L making angles ¢; = 0 (Lo) and ¢, = £60°
(Lgp) relative to the a axis.

5.1. Magnetizing along the c axis

Since the compound with x = 0.75 had not been studied by
neutron diffraction, its exact magnetic state is not known.
The calculations offer a good description of the experimental
magnetization curves (at 7= 2K and H < 20 kOe) and the
magnetic susceptibility (at 7 < SK and H < 1 kOe) assuming
either an EA phase (9% = 90°) or an INC state with an incli-
nation angle 80° < ¢ < 90°. Taking into account that the
resonance data at 7 = 4.2 K point strongly to the existence of
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Figure 11. Experimental (symbols: green (a) and black (b), (c) for
the quenched sample and black (a) for the unquenched one) and
calculated (lines) magnetizing curves for Prg75Y25Fe3(BO3)4 for
Hllcand H L cat 7= 2K (a) and Hllc at 7= 8 (b) and 20K (¢).
The inset shows the temperature dependence of the critical field for
the quenched sample.

an INC structure, the calculations were carried out for such a
state with 0F¢ = 85° at T = 3K (scheme in figure 10(c)).

The most interesting of the experimental magnetization
curves have two magnetization jumps (see figures 11(a) and
12). Various possible origins for such a two-step reorientation
were taken into consideration, leading to the idea of the exist-
ence of some interjacent INC state which is stable in the range
of magnetic fields between Hsg; and Hsgo. The first, more pro-
nounced, jump of the magnetization at H = Hgsg, is caused
by the reorientation from the zero field INC state (scheme
a in figure 10) into the interjacent INC one with an inclina-
tion angle 6 that is smaller than that in the initial state. The
second jump at the field H = Hggy is associated with the reori-
entation into the flop state (scheme d) and is accompanied by
the respective predominant alignment of the Pr moments of
both sublattices in the field direction Hillc.

The interjacent INC state arises in some range of magnetic
fields due to competition between the Zeeman energy and the
magnetic anisotropy of the crystal which, in turn, is formed
by the competing Fe and Pr contributions. When the growing
field Hlle reaches some critical value Hgg; the energy balance

10

achieved in weak fields is broken, resulting in the reorientation
into the new INC state with another inclination angle ¥ being
stable in some range of the field until the reorientation into the
flop state occurs at H = Hgg,. As the calculation shows, the
values of these angles are close for x = 0.75 and 0.67 and are
equal to 07 ~ 23° at temperatures T = 2 — 20K.

Note that in our previous work [18] we presented magneti-
zation curves for Prg 7Y 33Fe3(BO3)4 at T= 2 and 8§ K which
showed only one jump (at Hsg =~ 11.5 kOe, coinciding with
Hggr; at T = 2K), in contrast to the two jumps depicted here in
figures 1(a) and 4(a). The reason for this is that there were two
kinds of samples with x = 0.67 at our disposal. Crystals of the
first type were cooled after the end of the crystallization process
to room temperature at a high rate and were likely quenched.
They show only the low-field jump in the field dependence of
magnetization, while the high-field one (at H ~ Hgsg») is only
slightly pronounced or completely absent. Just such data were
presented in [18]. This paper presents data for samples of the
second type, which were cooled slowly to room temperature
and experienced two-step spin reorientation, forming the inter-
jacent state. Comparison of the data shows that the critical
field of the reorientation in the quenched sample coincides
with the Hsgr; of the unquenched one. Apparently, inhomo-
geneous strain arising in the quenched samples provides the
additional contribution to the anisotropy energy and changes
the energy balance required for the formation of the interjacent
INC phase, which can only be stabilized at a definite interval
of ratios between the first and second anisotropy constants of
a crystal. As a result, the spin reorientation occurs directly into
the flop state, either throughout the crystal or in the greater part
of it, which is the most strained. A similar situation is observed
in the samples with x = 0.75; figure 11 shows the field depend-
ence of the magnetization of the quenched sample with the
conventional one-step spin reorientation at Hlle. We carried out
additional measurements solely for the unquenched sample
with x = 0.75 at T = 2K and found two well-defined magneti-
zation jumps (see black symbols in figure 11(a)), in contrast to
the single jump in the quenched one (green symbols).

The two-step character of the spin reorientation of the
magnetization M (H) in the compounds with x =0.75 and
0.67 prompted us to analyze the magnetization curve of the
PrFe;(BO3),4 single crystal more carefully. In [17] the field
dependence M. (H) had only been measured at 7T=2K in a
steady magnetic field up to 50 kOe, leaving room for the specu-
lation that a second jump could occur above this limit. Even
though a measurement in pulse magnetic fields up to 80 kOe
had also been performed at 7=4.2K in [17], revealing only
one jump, a doubt still persists, as the pulse method is substanti-
ally less sensitive than the steady-field method, and a small
jump of the magnetization could be indiscernible in this case.

Therefore we measured the field dependence of the magneti-
zation of a PrFe;(BOs)4 single crystal using a PPMS-6000 in
magnetic fields up to 90 kOe directed along the rhombohedral
c axis at T = 2K. The curve depicted in the inset of figure 1(a)
shows the standard one-step SF transition. These data, together
with the temperature dependence of the magnetic susceptibility
(also determined using a PPMS-6000), were used to find the
set of parameters for PrFe;(BO3)4 given in table 1. The absence
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Figure 12. Experimental (symbols) and calculated (lines)
magnetizing curves for Pry ¢7Y33Fe3(BO3)4 for Hllc and H Lc at
T =2 (a), 8 (b) and 20K (c).

of a second jump of the magnetization in this crystal allows us
to suggest that the necessary criterion for the formation of the
interjacent INC state at the spin reorientation is a definite rela-
tionship between the first and second anisotropy constants for
an initial magnetic structure that is INC or very close to it. Such
a situation only occurs in the case of Pr,Y;_,Fe;(BO3), at cer-
tain dilutions of the Pr subsystem, including x = 0.75 and 0.67.

The resulting magnetization along the ¢ axis is calculated
forx = 0.75 — 0.25 as follows:

I. In the initial phase for x = 0.75 — 0.45 at H < Hgg; (INC
state, scheme c in figure 10, 0; = Onc1):

1 c c
= E(Mf cos(0)) + M5

M. cos(6>) + mzpzx - mfcr*).

(N

II. In the interjacent state for x=0.75 and 0.67 at
Hgsr) < H < Hsgy according to equation (7) with
01 = Oine2 (scheme ¢).

III. For x = 0.75 and 0.67 at H > Hsg, (the flop phase) and
for x = 0.55 — 0.25 (scheme d):

1
M, E(Mfe cos(B)) + M5S cos(By) + mbs + mP™).  (8)

13

81 (a) Hllc
6L T=2K |
S Hlec
=
€
3 4t
3
= T;R 1 T;R T
2 - 1
HgR o HSR
0 f I I
g : : : 0 2 4= 6 8 10
(b) Hllc
6L T=8K |
§ Hlc
=}
-1 c
s° TSR
21 i
TéR
% } } } } }
" (c) Hilc
56 T=20K T
g . ’ Hlc
L 4t Hex , _
g ,
=
2t 4
Pr0,55Y0.45Fe3(BO3)4
O 1 1 1 1 1
0 10 20 30 40 50
H (kOe)

Figure 13. Experimental (symbols) and calculated (lines)
magnetizing curves for Prys5Yo4sFe3(BO3)4 for Hllc and H Lc at
T=2(a), 8 (b) and 20K (c).

Using equations (7) and (8), a good description of the curves
M_.(H) is achieved for all the studied ferroborates Pr,Y; ,Fe
3(BO3)4 (x =0.75 + 0.25) for all ranges of fields and temper-
atures (see figures 11-15). For compounds with x = 0.75 and
0.67, the calculations of the two-step curves M.(H) are carried
out in three stages, as described above in equations (7) and (8).
Figures 11(a) (for x =0.75 at T=2K) and 12 (for x =0.75
at T=2, 8, 20K) show that the experimental two-step peculi-
arities are well described theoretically. The further dilution of
the Pr subsystem leads to a strong smoothing of the magnetiza-
tion jumps on M (H) and to the disappearance of the discern-
ible interjacent state because the iron moments are oriented at
a small angle to the basal plane even in the initial state. As a
result, the INC structures in compounds with x = 0.55 (scheme
c in figure 10, equation (7)) transform directly into the flop state
(scheme d, equation (8)). In the sample with x = 0.45, the iron
magnetic moments are close to the basal plane (05, = 16° at
T = 3K), and there are no anomalies discernible at any temper-
ature in the experimental curves M .(H) (see figures 13 and 14).
For this reason, it appears that the theoretical curves calculated
according to equation (8) adequately describe the experimental
data in all the measuring ranges of fields and temperatures (see
figures 13 and 14). This applies even more to the sample with
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Figure 14. Experimental (symbols) and calculated (lines)
magnetizing curves for ProsY ssFe3(BO3)s for Hllc and H L ¢ at
T =2 (a), 12 (b) and 20K (c).

x = 0.25 (figure 15), where the magnetic moments of Fe and Pr
lie in the basal plane (scheme d) or very close to it.

5.2. Magnetization in the basal plane

Below the field of saturation of the domain structure (near
10 kOe), a nonlinear behavior of M (H) is observed, as
shown in figures 5(a)-7(a), for x = 0.55, 0.45 and 0.25. In
the compounds with x = 0.75 and 0.67 where the inclina-
tion angle of the Fe moments relative to the basal plane is
close to 7/2, the magnetization curves M, (H) are linear in
all the ranges of magnetic fields and temperatures used (see
figures 3 and 4).

A trigonal crystal with magnetic moments lying in the
basal plane can contain three types of antiferromagnetic
domains, with the antiferromagnetic vectors L being ori-
ented along the corresponding twofold axes due to the
weak anisotropy in the basal plane. When trigonal Pr,Y,_
«Fe3(BO3)4 crystals are magnetized in the basal plane ab in
fields lower than about 10 kOe, all three possible domains
with antiferromagnetic axes located at an angle of 120° to
each other contribute to the magnetization (see figure 10(e)).
The magnetization curves M | (H) were calculated using the
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Figure 15. Experimental (symbols) and calculated (lines)
magnetizing curves for Pry25Y¢75Fe3(BO3)s for Hlleand H L ¢ at
T =2K (a) and Hllc at 7= 8 and 20K (b).

approach proposed in [20], where the magnetization pro-
cesses occurring in EP NdFe3;(BOj)s were studied with
consideration for the possible existence of three types of
domains (see also [22]). Since the information regarding the
domain structure of the sample is absent, the domain sizes
are assumed to be equal.

During the magnetization in the basal plane for Hila the
magnetic moments of iron in the domain with the antiferromagn-
etic vector Ly, directed along the applied field (green vectors
Mf,ez(()) | in figure 10(e)) make a contribution that increases with
the field due to an increase in the inclination to the field Hlla.
Here Mﬁz(o) | denote projections of the moments of the anti-
ferromagnetic Fe sublattices MIFZ onto the basal plane in the
domain with the antiferromagnetic vector Ly ; similar notations
are used for the indices of the Pr moment. In the Pr subsystem,
the moment mf(r{)) | is directed opposite to the field direction and
decreases with increasing field. As a result, the total magnetiza-
tion of this domain increases weakly with the field. In the other
two domains with the antiferromagnetic vectors Lg directed at
an angle of £60° to the field (which are equivalent with respect
to the direction of Hlla), both the magnetic moments of iron
Mﬁez(ﬁo) | in each domain rotate toward the flop state, coinciding
with the directions of ME 5. in scheme f. Calculations show
that the moment My, | rotates slightly faster than My, , . Due
to the different rotational speed, the total contribution of these
domains to the total magnetization increases with the field.

The total magnetization for a field Hlla, H < Hgsg (scheme e
in figure 10)
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describes the experimental curve M | (H) well (see figures 13—15).
In equation (9) M 1(0) sin(6;) — M2(0) sin(f,) is the
contribution of iron to the magnetization of the domain Ly
with consideration for the projection onto the basal plane, and
Mg = M0, sin(0)) cos(g,) + Mg sin(6,) cos(y,) is  the
contribution of iron to the magnetization of the domain L,
with consideration for the projection onto the basal plane and
axis a (see scheme e in figure 10).

In the field Hsg a spin-reorientation transition into the
flop state with magnetic moments almost perpendicular to
the field takes place in the domain L,, and its magnetiza-
tion with consideration for the projection onto plane ab is
nowMke flop = 2M1F ©sin(f;) cos(¢,) (see scheme f in figure 10).
As a result, the magnetization of the compound at H > Hgg is
determined by equation (9) upon the substitution of M by MEe flop:
When the field Hlla increases further, the rotation of M1,2(60) con-
tinues, and starting from fields of about 10 kOe where the domain
structure becomes saturated, the resulting magnetization is deter-
mined as for the SF state of the entire crystal.

It can be seen from figures 13—15 that the calculated mag-
netization curves M | (H), which are characterized by the small
magnetization jumps, can describe the experimental curves
if we take into account the fact that these jumps should be
smeared out in a real sample due to the arbitrary orientation of
the field in the basal plane, which is different from that shown
in figure 10(e). Note that the rotations and jumps of the magn-
etic moments of the Fe ions in the domains are accompanied
by corresponding changes to the orientations of the magnetic
moments of the Pr subsystem.

5.3. Temperature dependences of magnetization

Both the iron subsystem ordered at 7 < Ty and the rare-
earth subsystem magnetized by the f~d interaction contribute
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to the initial magnetic susceptibility of Pr,Y_.Fe;(BO3),.
Figures 16 and 17 show the experimental and calculated
temperature dependences of the magnetization M. (T)
for T < Tx and the magnetic susceptibility x.(7) for
T =2-300K (in the insets) at H = 1 kOe. In the following
we explain in detail how the theoretical temperature depend-
ences have been calculated.

As depicted in the insets of figures 16 and 17, the magn-
etic susceptibility x.(7) measured along the trigonal axis in
compounds Pr,Y,_,Fe3(BO3), is in the paramagnetic region
T > Ty slightly higher than the perpendicular suscepti-
bility x (7). This is true for all compounds containing pra-
seodymium, including the non-doped PrFe;(BOs)s, and is
practically absent in YFe3(BOj3)4 [15]. This fact leads to the
conclusion that the weak anisotropy of the magnetic suscepti-
bility in the paramagnetic state of Pr,Y|_,Fe3(BO3), is mainly
caused by the contribution of the Pr subsystem. Our calcul-
ations confirm such a conclusion.

It can be seen from the figures 16 and 17 insets that the
agreement between the calculated and experimental sus-
ceptibilities for Pr,Y;_ Fe3;(BO3), with x =0.75 and 0.67
is good for 7> 100K and 7T < Ty, and less satisfactory on
approaching the Neel temperature. In the paramagnetic state,
the experimental temperature dependences are well described
by the theoretical ones calculated from the Curie—Weiss law at
T > 100K (see solid lines in the insets). Below these temper-
atures, the antiferromagnetic short-range correlations reduce
the magnetization and lead to a deviation from the calculated
dependences; these deviations increase when approaching 7.
It was observed that a similar effect is exerted by the short-
range correlations in other ferroborate crystals. In particular,
short-range correlations were observed via the Mdssbauer
effect in the paramagnetic state of YFe3(BO3)4 up to temper-
atures of 60K [27].

When magnetizing in the basal plane with H = 1 kOe at
T < Ty, the contributions from all the possible domains to the
magnetization M (T) are taken into account, and the magneti-
zation of Pr,Y;_,Fe;(BO3)s proceeds similarly to the mag-
netization processes described above when calculating the
magnetization M, (equation (9)).
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For the compound with x = 0.75, the theoretical curve
calculated by assuming that the EA state persists from low
temperatures up to 7y is given as a comparison in figure 16
(green dashed line). It is evident that such an assumption only
allows a qualitative description of the experimental data. The
calculations showed that the apparent discrepancies between
the calculated and experimental dependences are associated
with the INC phase and a nonmonotonic change in the incli-
nation angle 6%(T) with temperature. In the case of H = 0,
the nonmonotonic dependences of Hf,i,(T) were determined
via neutron diffraction for compounds with x = 0.67, 0.55,
0.45 [18]. The influence of an applied field Hllc or H L ¢
on 6’5,&(7’) is, however, not known. Therefore, the temperature
dependences of the anisotropy constants ng(T) and KEB(T)
that were found in [18] to reproduce the main features of
the experimental dependences of 055(7) at H = 0 were used
at the initial stage for the description of the experimental
temperature dependences of the magnetizations M. | (7). The
calculated dependences obtained at this stage did not reflect
all the peculiarities of the experimental dependences M. (T),
e.g. a slightly pronounced maximum near 12K in the exper-
imental curves M]ckoe(Y) for compounds with x = 0.75 and
0.67 (see figures 16(a) and (b)). Small corrections of ng(T)
and Kze(T) were performed to achieve the best description
of the experimental data; the calculated dependences of the
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magnetizations are shown in figures 16 and 17 (solid lines).
The calculations show that the nonmonotonic behavior of the
temperature dependences of the inclination angle should be
taken into account for the correct description of the temper-
ature dependences of the magnetizations M. (7) for all
the compounds Pr,Y;_,Fe;(BO3)s with an INC magnetic
structure.

Note that the slightly pronounced maxima near 12K in the
experimental curves Mikoe(T) for x = 0.75, 0.67, which are
explained by the nonmonotonicity of the temperature depend-
ences of the inclination angle 05&,(7’), cannot be related to a
Schottky anomaly because the splitting between the lowest
energy levels A ~ 72cm ™! at T~ 12K is too large.

Figures 16 and 17 also show the theoretical descrip-
tion of the curves M. (7T) in magnetic fields larger than
1 kOe. The nature of the observed jumps in the magnetiza-
tion becomes clear when these temperature dependences are
compared with the field dependences measured at different
fixed temperatures. For example, figure 11 shows the field
dependence of the quenched Pry75Y¢25Fes(BO3)s with the
magnetization jump corresponding to the transition between
the INC and the SF states. The inset in figure 11(c) shows the
temperature dependence of the critical field for this sample
representing the phase boundary between the states at the
coordinates ‘field—temperature’. The jump of the magneti-
zation found in the field of 25 kOe near 7'= 12K for the
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quenched sample (see figure 16(a)) is just the transition
between the SF (scheme d in figure 10) and INC (scheme c)
states occurring with changing temperature. In the phase
diagram, this transition corresponds to the crossing of the
boundary between the states along the dotted line shown
in the inset of figure 11(c). In this case the temperature
dependence M (T) was calculated using equation (8) in the
SF state below 12 K and equation (7) in the INC state above
this temperature.

The comparable but smoother anomalies present in the
curves M.(T) for compositions with x = 0.67 and 0.55 were
described theoretically in a similar way (see figures 16(b) and
17(a)).

6. Conclusions

Single crystals of the Pr,Y,_,Fe;(BOj3)s family of about
4-6mm in size were grown from the flux. The temperature
and field dependences of the magnetization were studied for
all the compounds with x =0.25 < 1. Magnetic resonance
studies were used to identify some of the magnetic states.

A gradual transition from the EA structure characteristic
of pure PrFe;(BO3) to the EP structure formed in YFe3(BOs3)4
occurs with the diamagnetic dilution of the rare-earth sub-
system. This transformation is determined by the decreasing
contribution of the praseodymium subsystem to the total
magnetic anisotropy of the crystal that occurs upon dilu-
tion. The transformation occurs through an INC magnetic
structure, which is established at intermediate values of the
diamagnetic substitution. The concentration dependences of
the Neel temperature and the inclination angle of the antifer-
romagnetic vector of the iron subsystem relative to the basal
plane measured at 7= 3K are presented.

A theoretical approach based on a crystal-field model for
the Pr** ion and the molecular-field approximation allowed us
to describe the magnetic characteristics of Pr,Y;_,Fe3(BO3)4
with good agreement between the experimental and calcu-
lated temperature and field dependences of the magnetization
curves M. | (H) and M. (7). A detailed comparison with the
experimental data allowed us to determine parameters that
characterize the exchange interaction, the magnetic aniso-
tropy of the iron subsystem and the crystal field parameters
of the Pr ion for every compound in the Pr,Y;_,Fe3(BO3)4
family. The important role of the anisotropy constant K5° in
stabilizing the INC state was established.

A reorientation into an SF phase occurs on the application
of a magnetic field along the trigonal axis of a crystal with an
EA structure where the antiferromagnetic vector in the zero
field is oriented along the trigonal axis or one that is in an
INC state with the inclination angle not too large (x = 0.55 =
1.0). The transition between these states can take place when
either the temperature or the magnetic field Hllec changes. The
magnetic phase diagram in the H-T coordinates is constructed
for one of the compounds.

A two-step jump of M (H) appears in the compounds with
x =0.75 and 0.67 that were prepared by slow cooling. Such
a two-step reorientation process into the SF state is explained
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by the emergence of an interjacent INC state that is stable in
a small range of magnetic field values. This interjacent INC
state is characterized by the magnetic moments of the iron
subsystem with a definite inclination angle to the basal plane
that is smaller than that in the initial zero-field INC state. An
inhomogeneous strain arising in the quenched samples of the
same composition prevents the formation of the interjacent
state, and the spin reorientation occurs directly into the flop
state either throughout the crystal or in the greater part of it,
which is the most strained. The magnetic moments of the Fe
and Pr ions in compounds with x < 0.45 lie in the basal plane
or close to it. Some features associated with the dynamics of
the 120° domain structure are observed in low fields while
magnetizing in the basal plane. All of these features are
well described in the framework of the proposed theoretical
approach.
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