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Abstract—The magnetic properties of a ferroborate single crystal

of substituted composition

Sm ;H, 3Fe;(BO3), with competing Sm—Fe and Ho—Fe exchange interactions are studied. The measured
properties and effects are interpreted in terms of a general theoretical approach based on the molecular field
approximation and calculations using the crystal field model for a rare-earth ion. The experimental temper-
ature dependences of the initial magnetic susceptibility in the temperature range 2—300 K, the anomalies in
the magnetization curves for B || c and B L ¢ in fields lower than 1.2 T, and the field and temperature depen-
dences of magnetization in fields lower than 9 T are described. The crystal field parameters and the parame-
ters of the R—Fe and Fe—Fe exchange interactions are determined during the interpretation of the experi-

mental data.
DOI: 10.1134/S1063776112100020

INTRODUCTION

Trigonal rare-earth ferroborates RFe;(BO;), (R =
Y, La—Lu) are of particular interest for the physics of
magnetic phenomena as f—d compounds with a spe-
cific interaction of their rare-earth and iron sub-
systems. Modern intense interest in the ferroborates is
caused by the multiferroelectrical properties detected
in them [1—3]. Since the discovery of new ferroborates

of substituted compositions R; _ R Fe;(BO,),, new

possibilities for composition variations appeared and
resulted in a variety of physical properties [4—9].

The iron subsystem in ferroborates becomes
ordered at Néel temperatures 7y ~ 30—40 K. Their
rare-earth subsystem is magnetized by an f—d interac-
tion and makes a significant contribution to magnetic
anisotropy and the orientation of magnetic moments.
Ferroborates can be easy-axis (magnetic moments of
R = Pr, Tb, Dy, Fe are oriented along the ¢ axis of a
crystal) or easy-plane (magnetic moments of R =Y,
Nd, Sm, Eu, Er, Fe lie in the ab plane of a crystal)
compounds or can pass spontaneously from the easy-
axis to the easy-plane state, as in GdFe;(BO;), and
HoFe;(BO,), (see, e.g., review [3]).

The belonging of the ferroborates of substituted
composition R, _, R} Fe;(BO;), to the class of multi-

ferroics is being established [4, 6—8], and the effects
caused by the competition of contributions, e.g.,
spontaneous reorientation transitions between the
easy-axis and easy-plane states, can appear if compet-
ing R—Fe and R'—Fe exchange interactions are
present in them [4—8].

The available spectroscopic [10], magnetic, mag-
netoelectric, and magnetoelastic [3, 11—13] informa-
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tion indicates that the magnetic moments of iron in
SmFe;(BO;), are antiferromagnetically ordered at
Tn = 32—33 K and lie in the ab basal plane. Moreover,
the magnetic moments of samarium magnetized by
the exchange field of iron also lie in the basal plane.
The magnetic moments of iron in HoFe;(BO,), are
antiferromagnetically ordered at Ty = 38 K and lie in
the basal plane when the temperature decreases to
Tsr=4.7 K, as in the case of the magnetic moments of
Ho3* ions. A spontaneous spin-reorientation transi-
tion takes place at Tz = 4.7 K; as a result, the magnetic
moments of the Fe and Ho subsystems become ori-
ented along the trigonal ¢ axis [14—16]. Thus, sponta-
neous and magnetic field—induced spin-reorientation
transitions from axis c to plane ab, which are similar to
those detected recently in Nd, _,Dy, Fe;(BO;), (x =
0.1,0.15,0.25) [4, 17, 18], can result from the compe-
tition of the contributions of Sm** and Ho*" ions to
the magnetic anisotropy of substituted ferroborate
Sm, _ Ho,Fe;(BO;),.

Deep interest in the SmFe;(BO;), ferroborate is
also caused by the fact that it exhibits a giant magneto-
dielectric effect [12]. A giant (more than threefold)
decrease in the permittivity takes place in a magnetic
field of about 5 kOe applied in the basal plane of a
crystal. The spontaneous and magnetic field—induced
(B || a) spin-reorientation transitions in HoFe;(BO;),
and the spin-flop transition at B || ¢ in it were theoret-
ically studied in [19]. The spontaneous spin-reorien-
tation transition was shown to be a magnetic analog of
the Jahn—Teller effect, and the crystal field parameters
for the Ho** ion in HoFe;(BO;), and the parameters
of the exchange Ho—Fe and Fe—Fe interactions were
determined.
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The purpose of this work is to study the low-temper-
ature magnetic properties of Sm,,Ho,;Fe;(BO;),
experimentally and theoretically, to compare the
obtained experimental data with the results of calcula-
tions performed in terms of a general theoretical
approach, and to determine the compound parameters.

EXPERIMENTAL

Single crystals were grown from solution melts
based on bismuth trimolybdate 80 wt % {Bi,M0,0,, +
3B,0; + 0.6[(1 — x)Sm,0; , Ho,O5]} + 20 wt %
Sm, _,Ho,Fe;(BO;), in accordance with the tech-
nique described in detail in [5]. The crystals were
simultaneously grown in a 150-g solution—melt on
four seeds with a volume of approximately 1 mm?
under identical hydrodynamic conditions. The crystal
holder was reversibly rotated at a speed of 30 rpm and
a period of 1 min. The supercooling corresponded to
an increase in the crystal height less than 1 mm/day.
After the end of growth, the crystal holder was lifted
above the solution—melt, and the crystals were cooled
to room temperature in a switched-off furnace. The
grown crystals with a height of 6—10 mm had a small
triangular {0001} pinacoid face perpendicular to the C;
axis. Samples of the required orientations were pre-
pared according to the crystal morphology. They had a
good optical quality and had no visible defects. The
samarium and holmium contents in a crystal were
determined by X-ray spectral fluorescent analysis.
Magnetic measurements were performed on a Physi-
cal Properties Measurement System (Quantum
Design) device in the temperature range 2—300 K and
magnetic fieldsupto 9 T.

COMPUTATIONAL TECHNIQUE

The magnetic properties of Sm; _,Ho,Fe;(BO;),
ferroborates are determined by both magnetic sub-
systems, i.e., the rare-earth (samarium and holmium)
subsystem and the iron subsystem, which interact with
each other. The interaction within the R subsystem
can be neglected, since none of the ferroborates and
isostructural aluminoborates exhibits self-ordering in
the R subsystem. The iron subsystem can be consid-
ered as a set of two antiferromagnetic sublattices. The
R subsystem magnetized due to the f/—d interaction
can also be represented in the form of two sublattices.

In our calculations, we used the theoretical
approach that was successfully employed for pure fer-
roborates RFe;(BO;), with R = Tb [20], Nd [21], Dy
[22], Pr[23], Ho [19], and Er [24] and for ferroborates
with substituted compositions Nd, _,Dy,Fe;(BO;),
[17, 18] and Tb, »sEr, ;5Fe;(BO;), [24]. This theoreti-
cal approach is based on the crystal field model for the
R subsystem and the molecular field approximation.

Based on the magnetic structure and the hierarchy
of the interactions in Sm,_ ,Ho,Fe;(BO;),, we can
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write the effective Hamiltonians of an R/Fe ion of the
ith (i =1, 2) sublattice in magnetic field B in the form

FAR) = ;" + g ugd B +AgM; ], (1)

H(Fe) = gsupS,[B+AM;

+ (1= m"™ + x\f'm! ], 2
j=12, j#i.

Here, #CF is the crystal field Hamiltonian, gf is the

Lande factor, J ,R is the angular momentum operator
for the R ion, gg¢ = 2 is the g factor, S, is the spin

moment operator for the Fe ion, and l}t, <0and A <0

are the molecular constants of the R—Fe and Fe—Fe
antiferromagnetic interactions.

The magnetic moments of the ith iron (MiFe) and

rare-earth (m,R ) sublattices per formula unit are deter-
mined by the following relationships:

= gusID. O

M = —3ggup(S), m;

The right-hand side of the equation for M,AFe is the
Brillouin function that forms in the case of an equidis-
tant spectrum of the Fe** Sion for thermal mean (S,) .
The Fe3* ion in RFe;(BOs;), is in a high-spin state [25],
which gives the maximum magnetic moment of the
ion (5up).

The local symmetry of the environment of the
Ho3" ion in HoFe;(BO;), at high temperatures is
described by point group D;. A structural transition
takes place in HoFe;(BO;), near T=420 K [25]; how-
ever, the related decrease in the symmetry is likely to
affect the thermodynamic properties of HoFe;(BO;),
weakly, as in the case of the structural transition in
GdFe;(BO5), at T = 156 K [26]. SmFe;(BO;), does
not exhibit a structural transition with a decrease in
the symmetry. There is no information on the exist-
ence of a possible structural transition in ferroborates
Sm, _,Ho Fe;(BO;),. Then, for Sm,;Ho, ;Fe;(BO;),
we may assume that, as the temperature decreases, the
noted symmetry is retained or the appearing devia-
tions from symmetry D; are too small to affect the
thermodynamic properties. In the Wybourne setting
for group D; (where axis c is a trigonal axis and a two-
fold axis coincides with axis a) [27], an expression for
crystal field Hamiltonian #F in terms of irreducible

tensor operators CI; has the form

H" = BoCo+ ByCy+ By(C'5 - C3) + B3C,

(4)
+ B(C°5 = C3) + Bg(C% + Co).
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Crystal field parameters BI; for the Sm?** and Ho**
ions in Sm,_ Ho,Fe;(BO;), are unknown. Exact
information concerning the splitting of the ground
multiplet of the Sm?" and Ho?*" ions in
Sm, _,HoFe;(BO;), is not available either. It is
known from the spectroscopic studies [10] that the
splitting of the ground doublet of the Sm3* ion in
SmFe;(BO;), is A = 13.2 cm~! and that the lower part
of the Sm3* ion is characterized by energies of 0, 135,
and 220 cm~!. The crystal field parameters for the
Ho?** ion in HoFe,;(BO,),, which were used to describe
extensive experimental data on the magnetic proper-
ties, we found in [19]. Note that crystal field Hamilto-
nian (4) for the Sm3* ion only has three terms (with

2 pd 4y .
By, B,, and Bj), since the matrix elements are non-

zeroonly at k <2/, i.e., in the case of Sm (/= 5/2) k<
5 (see, e.g., [28]).

The computation of the values and orientations of
the magnetic moments of the Fe and R subsystems in
solving the self-consistent problems using Hamilto-
nians (1) and (2) at the minimum of the corresponding
thermodynamic potential makes it possible to calcu-
late the stability regions of various magnetic phases,
the phase-transition fields, magnetization curves, the
susceptibility, and so on. In terms of the standard ther-
modynamic perturbation theory described in mono-
graph [21] for f~d compounds, the thermodynamic
potential can be written as

2
O(T, B) = %Z[—(l — x)ky TInZ(Sm)

i=1

~xky TInZ)(Ho) + (1 -x) 38" iy (I A5 M

338 M (LMY = 3k TInZ(Fe) — (5)

¥ §3gsug<s,-><xM,~Fe (1= m
Fxh ooy 4 cp;n],

where Z(R/Fe) are the partition sums calculated with

Hamiltonians (1) and (2) and q);n is the anisotropy

energy for the ith sublattice of the Fe system, which is
much lower than the exchange energy and, hence, can
be written as an additive term. For a crystal of trigonal
symmetry (see, e.g., [29]), this energy is

@' = Kisin’9, + K;sin'9, + K;sin’ 9, ©

F .3 . Fe . 6
+ K33 c089,sin” 9;sin3¢; + K¢ sin' 3,cos6¢,,
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where anisotropy constant K§ ¢ <0 stabilizes the easy-
plane antiferromagnetic state; constants Kfe >0 and

K;° >0 stabilize the easy-axis state; Kiy <0and Kig <

0 are the anisotropy constants in the ab basal plane;
and 9, and ¢; are the polar and azimuth angles of mag-

. Fi . .
netic moment vector M;° of iron, respectively.

Three types of domains can exist in a trigonal crys-
tal with magnetic moments lying in the basal plane.
The magnetization of Sm, _ Ho, Fe;(BO;), (per for-
mula unit with allowance for possible existence of
three types of domains, n =1, 2, 3) is

3 2
M= %Z%%Z(Mf%u-x)m?mmm?"). %)
n= i=1

The rare-earth and iron subsystems contribute to the
magnetic susceptibility of Sm, _,Ho,Fe;(BO;), as fol-
lows:

T = e+ (=" +x0°, k=abe. (8)

In the ordered phase, the initial magnetic susceptibil-
ities of the compound can be found from the linear
segments of the magnetization curves calculated for
the corresponding directions of an external magnetic
field. In the paramagnetic region (where the interac-
tion between the R and Fe subsystems can be
neglected), the magnetic susceptibility of the R sub-
system can be calculated using the well-known Van
Vleck formula, the energy spectrum and wavefunc-
tions for which are calculated using crystal field

Hamiltonian (4). Susceptibility y,° of the Fe sub-

system can be described by the Curie—Weiss law with
the corresponding paramagnetic Néel temperature ©®,

XFe _ uiff
? 3kg(T-0) )

Wl = 10502 for S = g

RESULTS AND DISCUSSION

To determine the parameters of the crystal field
(which forms the electronic structure of a rare-earth
ion), we used the experimental data for the tempera-
ture dependences of the initial magnetic susceptibility
of Smg ;Ho, ;Fe;(BO;), along the trigonal axis and in
the basal plane %, ,.(7) in the paramagnetic range
from Ty = 35 K to Ty = 300 K. As the initial values of

crystal field parameters BI; , we took the parameters for
ferroborate HoFe;(BO;), studied earlier [19]. For

each of the found sets of B'; parameters, we chose
those that describe susceptibilities x.(7) and x, (7) in

Vol. 115 No.5 2012
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Table 1. Energies of the lower levels of the ground multiplet
of the Sm3* (six levels) and Ho®" (nine levels) ions in
Sm, sHoq 3Fe;(BO3), that are split by the crystal field (param-
eter (10)) with allowance for the f/~—d interaction at B= 0 in
the paramagnetic and ordered temperature ranges

R T A=E; —E,,cm™ (5™ =6, iH°=9)

T>Ty
T=2K
T>Ty
T=2K

0,0, 145, 145, 153, 153

0, 10.6, 145, 151, 157.4, 165
0,4.3,4.3,34.8,37.8, 37.8, 134, 166, 166
0,7.8,13.7,37.8,42.8, 47.8, 139, 167, 176

Sm

the paramagnetic region best of all. The paramagnetic
Néel temperature for the Fe subsystem was found to be
approximately the same, ® = —170 K. To determine

which of the found sets of BZ parameters can describe

the entire set of the measured magnetic characteristics
of Sm,, ;Ho, ;Fe;(BO;),, we calculated the magnetiza-
tion along the trigonal axis and in the basal plane

(M, ,.(B)) at T'=2 K to choose parameters 7»/2, (anti-

ferromagnetic Sm—Fe and Ho—Fe interactions) and
A, (intrachain antiferromagnetic Fe—Fe interaction).

Thus, following these criteria of describing the
A, 1(T) and M, | (T) curves and a small difference
from the parameters from [19], we chose the set
among the crystal field parameters found at the initial
stage that ensures the best description of the experi-

mental data (B’; ,incm™),
B, = 612, B = -2270, Bi = -825, (10)
B = 490.

B =200, B = -55,

These parameters were determined in the calculations
based on the ground multiplet; therefore, they can be
treated only as effective parameters suitable for
describing the thermodynamic properties of
Sm, ;Ho ;Fe3(BO;),.

The set of parameters (10) corresponds to the ener-
gies of the lower levels of the ground multiplet of the
Sm** and Ho*" ions in Sm,;Ho, ;Fe;(BO,), that are
given in Table 1 for B = 0. These energies are given for
T > Ty and with allowance for the /~d interaction at
T =2 K. As follows from Table 1, taking into account
the f—d interaction at T'< Ty removes the degeneracy
of the lower levels of the Sm3* and Ho3* ions, and the
low-temperature splitting of the ground doublet of the
Sm3* ion in Smy,Ho,;Fe;(BO;), (A = 10.6 cm™)
agrees with the splitting of the ground doublet of the
Sm3** ion in SmFe;(BO;), (A = 13.2 cm™!) [10, 13].
Note that A = 13.2 cm~! in [10, 13] was presented for
easy-plane SmFe;(BO;), and that the comparison is
correct when Sm, ;Ho, ;Fe;(BO5), is also in the easy-
plane state (the splittings at 7= 2 K in Table 1 are
given for a state that differs from the easy-plane state;
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see text below). In the easy-plane state of
Sm, ;Ho, ;Fe;(BO;),, parameters (10) correspond to
the low-temperature splitting of the ground doublet of
the Sm?* ion A = 12 cm™!, which is closer to A =
13.2 cm~! from [10, 13]. The energies of the lower lev-
els of the ground multiplet of the Ho** ion in
Sm,, ;Ho, ;Fe;(BO;), are also close to those found for
the Ho** ion in HoFe;(BO;), in [19].

The calculated magnetic characteristics presented
below in the figures were calculated for the parameters
given in Table 2, which also gives the parameters of
HoFe;(BO;), [19] and the well-known reported data
for SmFe;(BO;), [10—13] for comparison. Parameter
A, in Table 2 enters into the Brillouin function, is
responsible for the magnetic moment of Fe (at given 7'
and B), and determines the Néel temperature, since
the three-dimensional order in the structure of a fer-
roborate cannot exist without the exchange interac-
tion between Fe** ion chains. The value of parameter
A, was chosen from the condition of the best agree-
ment between the calculated and experimental
M. | .(B) curves at all temperatures. In the calcula-
tions, we also use the uniaxial anisotropy constants of

iron (Ky* = —3.75T pg, K;° =441 T pg, K© =
0.57 T pgat T=4.2 K) and the anisotropy constants of
iron in the basal plane (Ky = —0.69 T g, Ky =
“1.35% 102 T pp) [21].

As follows from Table 2, the /~d exchange interac-
tion field for the Sm  subsystem in

Smy;Ho, ;Fes(BO3), (By' = 36 T) and the corre-

sponding constant X}Q',;" = —2.4 T/ug are higher than
those in the ferroborates studied earlier (see [20, 23]
and the tablesin [17, 22, 24]). This difference is caused
by the specific feature of the ground multiplet of the
Sm3* ions, namely, a low Lande factor (g3m =2/7)
and, hence, a weakening of Zeeman splitting

(g?mpBJ ismB) and the effect of the f~d exchange field

(see Hamiltonian (1)). Moreover, B;;,” = 36 T also

yields a splitting of A = 12 cm™! for the ground doublet
of the Sm?*" ion in the easy-plane state of
Sm, ;Ho, ;Fe;(BO;),, which agrees with the splitting

of the ground doublet of the Sm3* ion in easy-plane
Sm, ;Ho, ;Fe;(BO;), [10, 13].

Note that the critical field in which the sign of elec-
tric  polarization and  magnetostriction  in
SmFe;(BO;), changes is 30 T [11] (the sign changes at
the fields that are equal to the f/~d exchange interac-
tion field [2]) and that this field agrees with the f—d
exchange interaction field found for the Sm subsystem
in Sm, ;Ho, ;Fe;(BO;), (B/S-d;n =36 T). In this case, the
field of 30 T for SmFe;(BO;), was obtained using the
Jf—d exchange interaction field in NdFe;(BO;),, which
Vol. 115

No.5 2012
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Table 2. Parameters of Smg ;Ho, ;Fe;(BO3),, HoFe;(BO3), [19], and SmFe;(BO;), [10—13]

COmpOund SmFe3(BO3)4 Sm0'7H00'3FC3(BO3)4 HOFC}(BO3)4
del = 7\.]M0, T 595 84
2o, T/Mg —3.97 56
de2 = 7\,2M0, T 27 27
Yors T/ ~18 ~18
R 36 (Sm)
Byy=hpyMo, T 30 1] 2.85 (Ho) 23
R —2.4(Sm)
Ara> T/ ~0.19 (Ho) —0.16
~ B 13.2 (EP) [10] ~10.6 (CEMA) Sm ~7.7 (EA)
A = Hp8lAz Mo, cm 132 (EP) [13] ~7.8 (CEMA) Ho ~3.4 (EP)
T=2,Slz630 TSRz47K
9,, deg (B =0) 9, - 90° T=42,9,~655° 9,50 (T< Tsp)
T= 30, 91 ~ 700 81 —> 900 (T> TSR)
32+ 1[10]
T, K 3 [10) 35 38 [14]
0, K ~170 —210

Note: B, (intrachain Fe—Fe), B, (interchain Fe—Fe), and de are the low-temperature exchange fields corresponding to molecular

R . . . . . .
constants A, A,, and kfd, respectively. Az, is the low-temperature splitting of the ground state of an R ion due to the f/—d interaction

in the following states: a cone of easy magnetization axes (CEMA), easy-axis (EA) state, and easy-plane (EP) state. 9 is the angle

of deviation of Mll:e from axis c. O is the paramagnetic Néel temperature for the Fe subsystem. My = |[M(T =0, B=0)| = 15pg is

the magnetic moment of iron per formula unit.

is 5T (see Eq. (3) and the related conclusions in [11]).
If we substitute the f—d exchange interaction field for

NdFe;(BOs), from [21] (By;' = 7.1 T) into Eq. (3)
from [11] (we use the theoretical approach from [21]
in this work for Sm,, ;Ho,, ;Fe;(BO5),), the critical field
of changing the sign of electric polarization and mag-
netostriction in SmFe;(BO;), is 42.6 T, which also
agrees with the field found for Sm,-,Ho, ;Fe;(BO;),

(B =36T).

To calculate the magnetic characteristics of
Sm,, ;Ho, ;Fe;(BO;), in a magnetic field applied along
and perpendicular to trigonal axis ¢, we used the
scheme of the orientations of the magnetic moments

of iron (M[Fe) and rare earth (m,R) shown in Fig. 1.

The calculations according to the schemes in Figs. 1a
and 1d were performed for a field directed along the
trigonal axis (B || ¢). The schemes in Figs. 1b and le
were used for the case of a magnetic field oriented in
the basal plane (B L ¢), and the scheme in Fig. Ic is
shown for the case of B = 0 (cone of easy magnetiza-
tion axes). The directions of the resulting magnetic

moments of the R subsystem (m; = (1 — x)m,-Sm +

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

xmiHO) and their projections along the field direction
(m,,;,, m;,, m;) are shown. We also depict the projec-
tions of the magnetic moments of Fe onto the ab plane

(M%) in domains with antiferromagnetism axes
making angles ¢; = 0° (L,) and 60° (L) with the a
axis.

The low-temperature magnetic state of substituted
ferroborate Sm;Ho, ;Fe;(BO;), is unknown. It is
known that, at B> 1.5 T, ferroborate HoFe;(BO;), isin
the flop phase and behaves like a single-domain com-
pound and that the magnetic moments of the Fe and
Ho subsystems lie in the ab basal plane [19]. Then,
allowing for an easy-plane character of the magnetic
subsystem of SmFe;(BO;),, we first consider the mag-
netic properties of Sm,,Ho,;Fe;(BO;), in fields
higher than 1.5 T (single-domain state) and assume
that its magnetic subsystem at B> 1.5 T exhibits easy-
plane properties (Fig. la for B || ¢ and Fig. 1b for
B L ¢). In this state, the magnetic moments of the Fe

sublattices MlFe and M§e bend toward the field direc-
tion, manifesting susceptibility in the perpendicular
direction (which is temperature independent for a typ-
ical antiferromagnet, and the component of the mag-

Vol. 115 No.5 2012
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Fig. 1. Schematic diagrams for the orientations of the mag-

. . F
netic moments of iron (M; e) and a rare-earth element

R . .
(m;" ) used to calculate the magnetic properties of

Smg sHo 3Fe3(BO3)4 for various magnetic field direc-
tions. m;., m;,, and m;,;, are the projections of the magnetic
moments of the R subsystem along the field direction. (a),
(d) B || ¢ (plane ab is perpendicular to the figure plane);
(b), (e) B || a (axis c is perpendicular to the figure plane);
(c) B =0 (cone of easy magnetization axes).

netic moment of the R subsystem along the field direc-
tion increases.

As is seen from the experimental and calculated
M.  (B) magnetization curves of
Sm, ;Ho, ;Fe;(BO;), at T = 2 K (Fig. 2), the M (B)
and M, | .(B) curves increase monotonically with the
field and demonstrate a low anisotropy along the B || ¢
and B L c directions. In HoFe;(BO3),, the M, | (B)
magnetization curves in the field range 1-5 T also
almost coincide [14, 16]. A low anisotropy during
magnetization along B || c and B L ¢ was also detected
in SmFe;(BO;3),at B> 1T [30].
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M, ., pp/formula unit

T T T T

3r —o— B¢

1 1 1

8B, T

0 2 4 6

Fig. 2. Magnetization curves of Sm ;Hog ;Fe3(BO3), for

B | cand B L cat T=2 K: (symbols) experimental data
and (lines) calculation.

Figures 3 and 4 show the experimental and calcu-
lated magnetization curves for fields up to 9 T along
the trigonal axis (M.(B), Fig. 3) and in the basal plane
(M| .(B), Fig. 4) in the temperature range 7= 5—40 K.
As the temperature increases, the M, | .(B) magnetiza-
tion curves are seen to become less sharp and to
change because of a decrease in the magnetic
moments of the R and Fe subsystems. The characters
of magnetization of Sm, ;Ho, ;Fe;(BO;), in the basal
plane and along the trigonal axis differ weakly, which
indicates a weakly anisotropic contribution of the
rare-earth subsystem induced by the crystal field of the
samarium—holmium ferroborate. As follows from
Figs. 2—4, the calculations on the assumption of the
easy-plane state of Sm,;Ho,;Fe;(BO;), at B> 15T
can correctly describe the behavior of the M, | .(B)
curves and their temperature dependences, which are
similar to the experimental dependences.

The initial magnetic susceptibility  of
Sm, ;Ho, ;Fe;(BO;), is contributed by both the iron
subsystem ordered at 7'< Ty and the rare-earth sub-
system magnetized by the f—d interaction (predomi-
nant contribution from the Ho subsystem). The
Xe. 1c(T) curves of SmFe;(BO;), almost fully coincide
with the magnetic susceptibility of YFe;(BO;), [3],
which points to a low magnetic contribution of the Sm
subsystem to the magnetic characteristics. Figure 5
shows the experimental and calculated temperature
dependences of the initial magnetic susceptibilities
Ye, 1(T) of Smy;Ho,;Fe;(BOs),. The unique weakly
anisotropic behavior (which differs from all ferrobo-
rates under study) of the experimental ., (7) curves
is clearly visible. The almost isotropic behavior of the
Xe,1(T) curves detected in Sm,,Ho,;Fe;(BO,),
occurs over almost the entire temperature range
except for the lowest temperatures at 7< 10 K.
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M., pg/formula unit
3 F T T T T —

8 B, T

Fig. 3. Magnetization curves of Sm( 7Ho ;Fe;(BO3), for

B || ¢ at the given temperatures: (symbols) experimental
data and (lines) calculation.

The y. ,(T) curves exhibit a weak anomaly at T ~
35 K, which is caused by antiferromagnetic ordering in
the Fe subsystem. It is also seen in Fig. 5 that the Néel
temperature calculated near Ty is slightly higher than
the experimental value, which is the well-known dis-
advantage of the molecular field approximation. On
the whole, the susceptibility curves calculated in the
high-temperature range 7y = 35—300 K well describe
the weakly anisotropic ¥, ,.(7) experimental curves.

The calculations demonstrate that the significant
increase in the y. ,.(7) curves at 7' < Ty detected
experimentally is related to the contribution of the
holmium part of the R subsystem in
Sm, ;Ho, ;Fe;(BO;),. Such an increase in the y,. | (7)
curves at 7' < Ty was observed in HoFe;(BO;), [14,
15], in contrast to SmkFe,(BO;),, where ¥y, (7)
decreases sharply and y.(7) increases weakly with
decreasing temperature [3, 11, 30]. On the whole, an
increase in y.(7) with decreasing temperature begin-
ning from Ty is characteristic of the easy-plane mag-
netic anisotropy of the compounds.

The inset to Fig 5 shows the low-temperature
regions (for 7'< Ty = 35 K) of the experimental and
calculated magnetic susceptibility dependences
Xe. 1(T). A trigonal crystal with magnetic moments
lying in the basal plane can contain three types of anti-
ferromagnetic domains, antiferromagnetism vector L
in each of which is oriented along the corresponding
twofold axis. During magnetization in the basal plane
at B=0.01 T, all possible domains contribute to mag-
netic susceptibility y,.(7) and the magnetization of
Sm, ;Ho, ;Fe;(BO;), occurs similarly to the processes
described in [21] for easy-plane NdFe;(BO;),. Since
information on the domain structure of the sample was
absent, the domain sizes were assumed to be the same.
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M, ., pg/formula unit

3L

Fig. 4. Magnetization curves of Sm( ;Ho 3Fe;(BO3), for

B L c at the given temperatures: (symbols) experimental
data and (lines) calculation.

For a field along axis c, the sample is in the flop phase
and behaves like a single-domain sample (Fig. 1a).

The dashed y, ,(7) curves shown in the inset to
Fig. 5 were calculated on the assumption of a retained
easy-plane character of the magnetic subsystem of
Sm,,Ho, ;Fe;(BO;s), at the lowest temperatures.
Although the M, | (T) magnetization curves were suc-
cessfully described over wide field and temperature

%> W/ T formula unit

0.6

0.4

0.2

—O— Al

0 50

100 150 200 250
T,K

Fig. 5. Temperature dependences of the initial magnetic
susceptibility of Sm( 7Ho 3Fe;(BO3), for magnetic field

directions B || c and B L ¢ at B= 0.1 T: (symbols) experi-
mental data and (lines) calculation. (inset) Low-tempera-
ture region of the . | (7) curves at T'< Ty. (dashed lines)

Xe, 1c(T) curves calculated on the assumption of an easy-
plane anisotropy.
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Fig. 6. Temperature dependences of (a) the angle of devia-

. . . F L
tion of the magnetic moment of iron M, ® from axis ¢ in
different domains at B || ¢ and B L ¢ and (b) the anisotropy

. F
constants of the iron subsystem K, e4 6 (D).

ranges, the calculated susceptibility . ,.(7) curves
(dashed lines) are seen to describe the experimental
data only qualitatively despite the fact that even the
Schottky-type anomaly near 7= 5.5 K in the y, (7)
curves is reproduced. The quantitative difference
between the calculated and experimental results is
most pronounced at the lowest temperatures.

The bad description of the experimental y,. | .(7)
curves is assumed to be related to the misorientation of
the sample in the experiment. Indeed, it is clear from
an analysis of the y,. , (7) curves that, in the case of a
misorientation in the experiment and field B deviating
from axis ¢ through several degrees, the y,.(7) curve
runs slightly lower because of the appearance of a
component perpendicular to axis ¢. Similarly, if a mis-
orientation also take place in measuring y . (7), the
%.(T) curve runs higher due to the appearance of a
component parallel to axis ¢, which improves the
agreement between the calculated and experimental
data. However, the calculations performed with allow-
ance for the misorientation showed that the misorien-
tation angle should be at least 15° to improve the
agreement between the calculated and experimental
results, which is unlikely.
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When calculating numerous magnetic phases that
could exist in Sm,;Ho, ;Fe;(BO;), at various orienta-
tions of the magnetic moments of the Sm, Ho, and Fe
subsystems, we assumed that the substantial discrep-
ancy between the calculated and experimental data in
Fig. 5 can be caused by an off-easy-plane state of the
magnetic subsystem at low temperatures. To explain
the interesting steplike anomalies in the magnetization
and susceptibility curves of Nd, _ Dy Fe;(BO;), (x =
0.15, 0.25) in [17], we assumed the presence of a low-
temperature magnetic state consisting of a weakly
noncollinear antiferromagnetic phase with the mag-
netic moments of iron deviating from axis c¢. As a
result, using the same set of parameters, we were able
to achieve agreement between the calculated and
experimental data for the entire set of the measured
characteristics of Nd, _ Dy, Fe;(BO;), [17]. Note that
the authors of [31] studied GdFe;(BO;), exhibiting a
spin-reorientation transition and concluded that the
magnetic moments of iron deviate from axis ¢ in the
easy-axis phase through high angles changing with the
temperature and magnetic field (see Fig. 6 in [31]).

The calculations demonstrate that an antiferro-
magnetic phase with the magnetic moments of Fe
deviating from axis ¢ through an angle 3, ~ 63° (for

Mfe at T'=2 K) and a cone of easy magnetization axes

(Fig. Ic) can appear in a trigonal Sm,, ;Ho,, ;Fe;(BO;),
crystal at low temperatures. This possible state can be
caused by the competition of the contributions of the
Sm, Ho, and Fe subsystems to the total anisotropy of
Sm, ;Ho, ;Fe;(BO;),. The magnetic anisotropy of the
iron and samarium subsystems stabilizes an easy-plane
magnetic structure (the contribution of the Sm sub-
system is very low). At Tz = 4.7 K, HoFe;(BO;),
undergoes a spin-reorientation transition, which
results in an easy-plane magnetic structure at 7'< 7 'g.
In the case of substituted holmium—neodymium fer-
roborate Ho, sNd, sFe;(BO;),, the spin-reorientation
transition temperature increases noticeably to 7z =
9 K. Thus, allowing for a weaker (as compared to the
Nd subsystem in Ho,, sINd, sFe;(BO;),) easy-plane con-
tribution of Sm to the magnetic anisotropy of ferrobo-
rate Sm, ;Ho, ;Fe;(BO;),, we assume that the contribu-
tion of the Ho subsystem to Sm, ;Ho,, ;Fe;(BO;), stabi-
lizes an easy-plane magnetic structure at least to
temperatures higher than 9 K.

We now consider the low-temperature specific fea-
tures of the susceptibility curves of
Ho, sNd, sFe;(BO;), detected in [15]. It is seen in
Fig. 11b from [15] that, as the field increases, temper-
ature Tgz in Ho,sNd, sFe;(BO;), decreases and the
shape of the susceptibility y.(7T) curve changes. The
%A(T) curve at H = 12 kOe and, especially, 13 kOe
tends toward the transition from the easy-plane to the
easy-axis state and exhibits a broad peak near 7'= 3—
4 K rather than decreasing sharply at 7gz and tending
to zero at T'= 0 (which is characteristic of the easy-axis
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state). Note hat the broad peak in the y.(7) curve in
[15] resembles the anomaly detected in the y (7) curve
of Smy ;Ho, ;Fe;(BO;), (see Fig. 5). Thus, the broad
peak in the % .(7) curve of Sm,,Ho,;Fe;(BO;), near
T=5 K and the subsequent decrease in y(7) at T— 0
can be explained by the tendency toward a change
from the easy-plane into the easy-axis state.

The calculations of the y. .(7) curves with the
magnetic moments of Fe deviating from axis ¢c demon-
strate the possibility of solving the problem related to
the substantial discrepancy between the calculated and
experimental data on the assumption of an easy-plane
state in Sm ;Ho, ;Fe;(BO;),. It is seen in Fig. 5 and
the related inset that the calculated . ,.(7) solid
curves well describe the experimental data at all tem-
peratures 7'< Ty. The solid y.(T) curve was calculated
using the scheme in Fig. 1d, where a weakly noncol-
linear antiferromagnetic structure forms as a result of
the action of field B || ¢. When an applied magnetic
field lies in the basal plane, the contributions of all
three domains to susceptibility y, .(7) should be taken
into account, and the calculation was performed
according to the scheme shown in Fig. le. The Schot-
tky-type anomaly in the experimental y | .(7) curve near
T = 5.5 K is related to the redistribution of the lower
level populations for the ground multiplet of the Ho**
ion in Sm,, ;Ho, ;Fe;(BO;),, and a correct calculation of
the magnetization processes reproduces this effect.

The calculations demonstrate that the R and Fe sub-
systems in different domains give contributions with
different temperature dependences. For example, for
%.(T), a domain with an antiferromagnetism axis along
an applied field (Ly, @ = 0) exhibits a nonmonotonic
dependence with the Schottky-type anomaly near T =
9.5 K for the rare-earth subsystem. In this case, the Fe
subsystem demonstrates a usual parallel antiferromag-
net susceptibility increasing with temperature.

The temperature dependences of the contributions
of the R and Fe subsystems in domains with antiferro-
magnetism axes directed at an angle of ¢ = 60° to the
field (Lq,) are slightly different. The Schottky-type
anomaly for the rare-earth subsystem is much weaker
and the susceptibility decreases with increasing tem-
perature. The susceptibility of the Fe subsystem is
nonzero at low temperatures and decreases with
increasing temperature. The calculation of ¢, (7)
shows that field B, = 0.1 T tends to rotate Ly, domains
toward the flop state as the temperature increases (see
the scheme in Fig. le and the text below), and the

deviation of vectors M|° and M}° from strict col-

linearity (in plane ab for their inclination to axis a)
changes and is 0.10° at 7= 4.2 K and 0.06° at 7 =
30 K.

The calculations also demonstrate that the devia-

. . . F F
tion of antiferromagnetic vectors M,° and M, from

strict collinearity at B = 0.01 T for the calculation of
the y,(7) (in domain L;) and y%.(7) dependences
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increases weakly with the temperature from 0.045° at
T=2K1t00.06° at T=30 K (due to a decrease in the
total effective anisotropy constant of the compound).

The calculations indicate that the rotation of the

magnetic moments of iron M,l-:e is different in different

domains when the temperature increases and Ty is
approached. Figure 6a shows the temperature depen-
dence of the angle of deviation of magnetic moments

M|® from the trigonal axis (3,) in different domains at

B || c and B L c. It is seen that the easy magnetization
axis direction changes nonmonotonically with the
temperature beginning from 9, ~ 59° (at B=0.01 T,
T=0.1 Kforboth B| cand B L ¢). For B || ¢, the mag-
netic moments of iron tend to be oriented normal to
the field with increasing temperature, and this behav-
ior almost coincides with the character of rotation of
the domain with antiferromagnetism axis L, at B L c.
At T>20 Kand B L ¢, domain L, tends to be oriented
into the plane faster than two other domains with anti-
ferromagnetism axis Lg,. Note that the character of a
nonmonotonic change in the 3,(7) dependence for
B || ¢ at low temperatures mainly determines the result-
ing shape of the calculated y.(7) curve (in particular,
the broad peak near 7= 5 K). The tendency toward the
manifestation of an easy-plane character of the mag-
netic subsystem of Sm,, ;Ho, ;Fe;(BO;), with increasing
temperature (see Fig. 6a) agrees with the results for
HoFe;(BO;), and Ho, sNd, sFe;(BO;),, where an easy-
plane magnetic structure forms with increasing temper-
ature after the spin-reorientation transition.

Figure 6b shows the calculated temperature depen-
dences of the anisotropy constants of the iron sub-

system K5 (T), K, (T), and K;° (7). The magnitude,

sign, and character of the Kg’l ¢ (1) dependences
demonstrate that the state of a cone of easy magneti-
zation axes (see Fig. 1¢) can form at B = 0 and that the
angle of deviation of the magnetic moments of iron
from axis ¢ can change in weak fields B||cand B L ¢
(the character of the 3,(7) dependence at B=0.1T is
shown in Fig. 6a). The calculations demonstrate that
the anisotropy constants of the iron subsystem in the

basal plane (1(3}:3e and K§§ < ng ) should be taken into
account at low temperatures in fields B< 1 T to com-
pute the M .(B) magnetization curves. The analytical
form of the K;Z’G (7) temperature dependences was

found from the condition of the best agreement
between the experimental and calculated characteris-
tics %, 1(7) at T< Ty and M, | (B) at B< 1T The

found KQFe (7) dependence agrees with the Akulov—

Zener law
Fe 3
5~ (D)
M (0)
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M, ., pp/formula unit

T T
dM/dB, ng/T formula unit

0 0.4 0.8 1.2

Fig. 7. Low-field region of the experimental magnetization
curves of Smy ;Ho 3Fe;(BO3)4 forB|cand B Lcat T=
2 K. (inset) Differential magnetic susceptibility
nd, Le/dB(B) at T = (open symbols) 2 and (solid sym-
bols) 5 K.

(see, e.g., [32]). We have |K}| /K;* =0.85at T=4.2K

and ‘ng /Kf:e = 1.13 at T=20 K. Note that the exper-
imental characteristics of Sm, ;Ho, ;Fe;(BO;), can be

described at lower values of constants ‘Kﬁ and Kfe

and without regard for Kg ¢ using a similar temperature
dependence. However, this decrease requires a further

. F F F .
decrease in ‘Kze ; as a result, the Kf/’l(ze ratio

increases sharply and reaches 9—10 at low tempera-
tures.

We now dwell on the low-field region of the exper-
imental M, , (B) magnetization curves at 7= 2 K,
which is shown separately in Fig. 7 (the curves in Fig. 2
are shown in fields up to 9 T). It is seen that the M.(B)
and M, (B) curves are intersected interestingly (they
intersect each other three times with allowance for the
high-frequency intersection at B = 5 T). If the low-
temperature M, | (B) curves are differentiated, the
inset to Fig. 7 shows that the curves of differential
magnetic susceptibility dM, ,./dB(B) exhibit clear
peaksat B=0.4and 0.8 T (at 7= 2 K, open symbols)
and near B=0.36 and 0.6 T (at 7= 5 K, solid sym-
bols). A broad peak near B= 1.2 T is also visible in the
dM. ,./dB(B) curve at T'=2 K.

The calculations demonstrate that the detected
intersections of the low-temperature M, | .(B) curves
at B< 1.5 T are caused by the spin-reorientation tran-
sitions in the iron subsystem of Sm,,Ho, ;Fe;(BO;),
from the weakly noncollinear state at an angle to axis ¢
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Fig. 8. Low-field region of the experimental magnetization
curves of Sm 7Ho 3Fe3(BO3), forB|cand B Lcat T'=
2 K: (symbols) experimental data and (lines) calculation.
(dot-and-dash lines /) Easy-axis state and (dashed lines 2)
easy-plane state.

(Figs. 1d, le) to the flop state (Figs. la, 1b), which
take place in close but different critical fields at differ-
ent directions of an applied magnetic field. At T=2 K,
the flop phase for the B L ¢ direction forms earlier (at
Bgg = 0.4 T) than for the B || ¢ direction, for which par-
allel susceptibility stabilizes the initial phase to a
higher field (Bgz = 0.8 T).

Calculated dot-and-dash lines 7 for B || ¢ (Fig. 8a)
and B 1 ¢ (Fig. 8b) illustrate the magnetization of
Sm, ;Ho, ;Fe;(BO;), on the assumption of the easy-
axis state in low fields beginning from B = 0. It is seen
that, in the easy-axis state, the magnetization at B || ¢
is significantly lower and the magnetization at B 1 cis
significantly higher than the experimental magnetiza-
tion. If Sm,, ;Ho, ;Fe;(BO;), is in the easy-axis state at
B = 0, the calculated magnetization (Fig. 8, dashed
lines 2) corresponds to the calculated . | .(7) suscep-
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tibility curves (inset to Fig. 5, dashed lines) and lies
above the experimental curve for B || ¢ (Fig. 8a) and
below the experimental curve for B | ¢ (Fig. 8b). It is
seen from Figs. 8a and 8b that the M, .(B) solid curves
calculated on the assumption of a weakly noncollinear
antiferromagnetic phase with the magnetic moments
of iron deviating from axis ¢ (Figs. 1d, 1e) well describe
the experimental data during magnetization in both
field B || c and field B L c.

When Sm, ;Ho, ;Fe;(BO;), is magnetized in the
basal plane in fields lower than about 1 T, all three pos-
sible domains with antiferromagnetism axes located at
an angle of 120° to each other contribute to the mag-
netization. The M| .(B) magnetization curves at B <
1 T were calculated using the approach proposed in
[21], where the magnetization processes occurring in
easy-plane NdFe;(BO;), were comprehensively stud-
ied with allowance for the possible existence of three
types of domains.

During the magnetization in the basal plane for
B || a, the magnetic moments of iron in the domain
with antiferromagnetism axis L, along an applied field
(L, is the projection onto the ab plane (Figs. Ic, 1e))
make a contribution increasing with the field due to an
increase in the inclination to field B || a. Magnetic
moment m, ,, directed opposite to the field in the rare-
earth subsystem decreases. As a result, the total mag-
netization from this domain increases weakly with the
field and repeats the experimental M .(B) depen-
dence. In two other domains with antiferromagnetism
axes Lg, located at an angle of @ = 60° to the field
(which are equivalent with respect to the field direc-

tion B || a), both magnetic moments of iron M ", in
each domain (L, rotate toward the flop state
(Fig. 1e). The contribution of the L, domain to the
magnetization increases due to different rates of

Miezab rotation (different lengths of the arrows indi-

cating the direction of Miezab rotation in Fig. le cor-

responds to different rates of rotation). The total mag-
netization for field B || a

M, = 3| 3045+ (L=, +xm]S,)

(11)
#2055+ (1=, 4 xm),) |
well describes the experimental M, .(B) curve
(Fig. 8b). In Eq. (11),
M," = M°sin%, - Misin9,

is the contribution of iron to the magnetization of the
L, domain with allowance for the projection onto the
ab plane, and

Fi Fe . Fe .
Mg = M, sin3,cosp, + M, sin3,coso,
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Fig. 9. Calculated field dependences of the components of
the R and Fe subsystems in Smg 7Ho 3;Fe3(BO3), along

axis ¢ in the initial and flop phases at 7= 2 K for B || ¢. Ini-

tial weakly noncollinear phase (B < Bgg): mlf is the mag-

. . R . .
netic moment opposite to the field, m, is the magnetic
moment along the field, and M, is the resulting magnetic

moment in the initial phase. Flop phase (B > Bgg): m?

F L .
and M Ce are the projections of the rare-earth and iron

subsystems along the field, respectively, and My, is the
resulting magnetic moment. (inset) Field dependence of
the energies of Sm( ;Hog ;Fe;(BO3)4 in (solid line) initial
weakly noncollinear state and (dashed line) flop phase at
T=2KandB| c.

is the contribution of iron to the magnetization of the
L 60 domain with allowance for the projection onto
the ab plane and the a axis.

In a field Bgz = 0.4 T, domain L, undergoes a spin-
reorientation transition into the flop state, and its
magnetization with allowance for the projection onto
the ab plane is now

M§§p = MlFesinSICOS(p, +M2Fesin82005(—(pl)
(see Fig. 1b). As a result, the total magnetization for
B> Bggis

Ma = %[%(Mgzp + (1 _x)mls,n;a +xm]:020)
(12)

2 Fe Sm Ho
+ g(Meo +(1=x)m| 5, +xml,20):|'

When the field increases further, magnetic moments

MlF,eZa , continue to rotate in domains L, the rate of
rotation increases with the field (as shown by the cal-
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Table 3. Magnetic moments of the Sm, Ho, and Fe subsystems in the phases in the low-field range at 7=2 K (B|| c, (p::e =0,

(sz ‘= 180°): B =0 (initial collinear phase at an angle of Fe to axis ¢), B= 0.75 T (weakly noncollinear phase at an angle of

Fe to axis ¢), and B= 2 T (flop phase)

R
m; (a, b, c), upg
mf s M,-Fe
B=0 B=0.75T B=2T
—— (—0.2607, 0.01, —0.0066) | (—0.2608, 0.01, —0.0062) (—0.264, —0.01, 0.001)
mye? (0.2607, —0.01, 0.0065) (0.2609, —0.01, 0.0065) (0.264, —0.01, 0.001)
mee (—1.72,0.25, —0.83) (—1.73,0.12, —0.37) (—1.75,—0.35, 1.11)
e (1.72, —0.25, 0.83) (1.71,—0.33, 1.14) (1.75, —0.35, 1.11)
e 9., ML= M cos9, (M,° =15pg, ¢ =0)
1
62.857°, 6.843 1, 63.031°, 6.803p 89.125°, 0229y,
9y, MyS = Micos 9, (M5 = 15pg, @5° = 180°)
MFe
2
117.143°, —6.843p 115.881°, —6.553p .
(180°— 9, — 9,=0) | (180°—9,— 9, = 1.088°) 89.125%, 0.229u3

culations), and the resulting magnetization becomes
close to the flop-phase magnetization beginning from
a field of about 1 T. The inflection point in the
dM, /dB(B) curve near B= 1.2 T at T=2 K (Fig. 7,
inset) is likely to be related to the transition of L,
domains into the flop state. Note that the rotations
and jumps of the magnetic moments of iron in
domains are accompanied by changes in the compo-
nents of the magnetic moments of the rare-earth sub-
system. These components were calculated using the
generally accepted formalism described in Section 3,
which takes into account that an R ion undergoes the
action of the crystal field and is magnetized by the
exchange field of iron and applied magnetic field B.

The weak magnetization jump in the M.(B) curves
at a field Bgz = 0.8 T in Fig. 8a is caused by the spin-
reorientation transition in the iron subsystem from the
initial weakly noncollinear phase (Fig. 1d) into the
flop phase (Fig. 1a) and is accompanied by the reori-
entation of the magnetic moments of the Sm3* and
Ho?" ion sublattices along field B || ¢. Figure 9 shows
the field dependences of the components of the mag-
netic moments of the R and Fe subsystems in
Sm, ;Ho, ;Fe;(BO;), along axis c at T=2 K for B || c.

These dependences are presented for mﬁ, (magnetic

moment opposite to the field direction) and m?c

(along the field), and the resulting magnetization is
shown for the initial phase,

M, = %(M],:ecos\‘}, + Mgecos{}2

+(1 —x)mls’“;(, +xmﬁgc)

and the flop phase,
1 € m o
Migy = S (M5 (1= X))+ Xm15).

The small difference between the values of M, and
My, inafield Bgg~ 0.8 T is mainly caused by a change
in the contributions of the Ho and Fe subsystems.
Table 3 gives the magnetic moments of the Sm, Ho,
and Fe subsystems in the phases under study in the
low-field range at 7=2 K, B || ¢, (pi:e =0, and (p? =
180°. The second column contains the magnetic
moments at B =0 in the initial collinear antiferromag-
netic phase at an angle to axis ¢ (Fig. 1c). The third
column gives the magnetic moments in the weakly
noncollinear antiferromagnetic phase at an angle to
axis ¢ for B=0.75 T (Fig. 1d). The last column pre-
sents the magnetic moments in the flop phase at B =
2 T (Fig. 1a).

The inset to Fig. 9 shows the field dependence of
the energies of Sm,,Ho, ;Fe;(BO;), at T=2 K in the
initial weakly noncollinear state (£), in which the
magnetic moments of Fe deviate from axis ¢ (solid
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line), and in the flop phase (£j,,, dashed line). It is
seen that, in fields up to 0.8 T, the state with £ is the
most favorable state of the magnetic subsystem in
Sm, ;Ho, ;Fe;(BO;), (Fig. 1d, solid line); then, as the
field increases, the flop phase forms beginning from
Bgr = 0.8 T (Fig. 1a, dashed line).

Thus, when calculating the magnetization of
Sm, ;Ho, ;Fe;(BO;), in the basal plane and along the
trigonal axis, we were able to describe the experimen-
tal magnetization curves in fields up to 1 T, which indi-
cate phase transitions. Note that we used one set of
parameters (see Table 2) and anisotropy constants

K and used no adjustable parameters to cal-
2,4,6,33,66

culate the y,. ,.(7) susceptibility curves in the ordered
and paramagnetic temperature ranges and to calculate
the field dependences of the M, , (B) magnetization
curvesupto 9 T.

CONCLUSIONS

We experimentally and theoretically studied the
magnetic properties of substituted ferroborate
Sm, ;Ho, ;Fe;(BO;3), with competing Sm—Fe and
Ho—Fe exchange interactions and achieved good
agreement between the calculated and experimental
data for the entire set of the measured characteristics.
Using a general theoretical approach based on the
crystal field model for a rare-earth ion and the molec-
ular field approximation, we were able to determine
the actual parameters of Sm, ;Ho,, ;Fe;(BO;), by com-
paring the calculated and experimental results.

Weakly anisotropic behavior of the magnetic char-
acteristics of Sm, ;Ho, ;Fe;(BO;),, which is unique for
ferroborates, was detected over almost the entire tem-
perature range under study and was then explained.
Assuming an easy-pane character of the magnetic sub-
system of Sm, ;Ho, ;Fe;(BO;),, we correctly described
the experimental M, , (B) curves for B> 1.2 T. The
substantial discrepancy between the calculated and
experimental . ,.(7) curves at low temperatures was
removed on the assumption of the appearance of an
antiferromagnetic state with the magnetic moments of
iron deviating from axis ¢ (at 7 = 2 K, the angle of
deviation is 63°) beginning from B = 0. The proposed
version of the magnetization processes occurring in
low magnetic fields allowed us to comprehensively
analyze the behavior of the magnetic moments of the
R and Fe subsystems and to describe the nonlinear low-
temperature M, | .(B) curves, which indicate phase
transitions from the initial phase into a flop phase.

We achieved good agreement between the experi-
mental and calculated temperature dependences
Xe. 1(T) in the paramagnetic temperature range at © =
—170 K. The detected anomalies in the ). | (7) curves
below the Néel temperature were shown to be
described using the competing contributions of the
Sm, Ho, and Fe subsystems to the total anisotropy of
Sm, ;Ho, ;Fe;(BO;), with allowance for possible exist-
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ence of three types of domains in a crystal of trigonal
symmetry.
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