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Abstract—The magnetic properties of trigonal antiferromagnet SmFe;(BO;), are studied experimentally and
theoretically. The measured characteristics are considered in terms of a theoretical approach based on the
molecular field approximation and a crystal field model for a rare-earth ion. The temperature dependences
of the initial magnetic susceptibility and the field and temperature dependences of magnetization in fields up
to 5 T are described, and the anomaly in the magnetization curve for B L ¢ near 1 T, which points to a first-

order phase transition, is analyzed.
DOI: 10.1134/S1063776113050038

1. INTRODUCTION

Interest in trigonal rare-earth ferroborates
RFe;(BO;), (R =Y, La—Lu) has recently been quick-
ened because of the discovery of multiferroelectric
properties in them [1, 2]. As compounds with two
interacting magnetic (rare-earth, iron) subsystems,
ferroborates are of particular interest for the physics of
magnetic phenomena. The iron subsystem in
RFe;(BO;), is ordered at Ty = 30—40 K, and the rare-
earth subsystem is magnetized by the f/—d interaction
and significantly contributes to the magnetic anisot-
ropy and the orientation of magnetic moments. Fer-
roborates can be easy-axis and easy-plane ones and
can spontaneously transform from an easy-axis into an
easy-plane state (as in GdFe;(BO;), and
HoFe;(BO,),; see, e.g., review [3]).

In particular, keen interest in SmFe;(BO;), is
caused by the giant magnetodielectric effect revealed
in it [4]. The entire information on the spectroscopic
[5], magnetic, magnetoelectric, and magnetoelastic
properties [3, 4, 6—8] indicates that the magnetic
moments of iron in SmFe;(BO;), are antiferromag-
netically ordered at Ty ~ 32—33 K and lie in basal
plane ab. The magnetic moments of samarium mag-
netized by the exchange field of iron also lie in the
basal plane.

The purpose of this work is to study the low-tem-
perature magnetic properties of SmFe;(BO;), experi-
mentally and theoretically, to compare the obtained
experimental and calculated results, and to determine
the compound parameters.

! The article is based on a preliminary report delivered at the 36th
Conference on Low-Temperature Physics (St. Petersburg,
July 2—6, 2012).
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2. EXPERIMENTAL

The single crystals were grown from molten solu-
tions based on bismuth trimolybdate 80 wt %
{Bi,Mo0;0,, + 2B,0; + 0.6Sm,0;} + 20 wt %
SmFe;(BO;), according to the process described in
detailin [9]. The crystals were grown in a 150-g molten
solution simultaneously on four seeds 1 mm? in size
under the same hydrodynamic conditions. The super-
cooling corresponded to a growth rate of at most
1 mm/day. The samarium content in the crystals was
determined by X-ray fluorescence analysis. Magnetic
measurements were carried out on a Physical Proper-
ties Measurement System (Quantum Design) device
in the temperature range 2—300 K at magnetic fields
uptoS5T

3. CALCULATION PROCEDURE

The magnetic properties of SmFe;(BO;), are
induced by both magnetic subsystems, namely, the
rare-earth (samarium) and iron subsystems, interact-
ing with each other. The interaction inside the Sm sub-
system may be neglected. The iron subsystem can be
considered as a set of two antiferromagnetic sublat-
tices. The Sm subsystem magnetized by the /—d inter-
action can also be represented by two sublattices. In
our calculations, we used the theoretical approach
successfully applied to ferroborates RFe;(BO;), with
R =Tb [10], Nd [11], Dy [12], Pr [13], Ho [14], and
Er [15]. For the magnetic structure and the hierarchy
of interactions in SmFe;(BO;), in magnetic field B,
the effective Hamiltonians of a Sm/Fe ion in the ith
(i=1, 2) sublattice can be written as

F(Sm) = ;g upd " [B+ Ay ML, (1)
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H(Fe) = —gsupSi[B+AM +A5'm;"],
j=12,

(2)

J# I,
where %iCF is the crystal field Hamiltonian, gfm is the

Landé factor; J [Sm is the operator of the angular
moment of the Sm ion; g¢ = 2 is the g factor; S, is the

operator of the spin moment of the Fe ion; and 7»?5“ <
0 and A < 0 are the molecular constants of the antifer-
romagnetic Sm—Fe and Fe—Fe interactions, respec-

tively. The magnetic moments of the ith iron (M,-Fe)

and samarium (m,»sm) sublattices per formula unit are
determined from the relationships

M = 3ggug(S), m" =g (I, 3)
The Fe** ion in RFe;(BO;), is in a high-spin state [16],
which gives the maximum magnetic moment of the
ion (5ug).

It is known (see, e.g., [17, 18]) that the Hamilto-
nian of the trigonal symmetry crystal field of the Sm**
ion (/5™ = 5/2) contains only three terms. In terms of

irreducible tensor operators C’; , it has the form
W = BiCo+ BoCy + BY(CH - (). )

Crystal field parameters B’; for the Sm?* ion in
SmFe;(BO;), are unknown. It is known from the spec-
troscopic investigations [5] that the splitting of the
ground doublet of the Sm** ion in SmFe;(BO;),at 7=
1.7 K is Agg = 13.2 cm™! and that the lower part of the
multiplet of the Sm>* ion in the paramagnetic state is
characterized by energies of 0, 135, and 220 cm™!.

We calculated the values and orientations of the
magnetic moments of the Fe and R subsystems when
solving the self-consistent problems based on Hamil-
tonians (1) and (2) provided the corresponding ther-
modynamic potential is minimal (see Egs. (8) and (9)
in [10] and Egs. (6) and (7) in [11]) in order to deter-
mine the stability regions of various magnetic phases,
the phase transition fields, magnetization curves, the
magnetic susceptibility, and so on.

4. RESULTS AND DISCUSSION

To find crystal field parameters BI; , we used exper-

imental data for the temperature dependences of ini-
tial magnetic susceptibility y,. ,.(7) and magnetization
curves M, | (B) at T= 2 K. Based on the criterion of
the best description of characteristics y,. ,.(7) and
M. | (B), the well-known splittings of the ground mul-
tiplet of the Sm** ion, and Ay, from [5], we chose the

following set of crystal field parameters B/;: Bg =

285cm™!, B} = —900 cm~!, and B} = —1520 cm™".
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This set of B/; corresponds to the spectroscopic char-

acteristics of the Sm>** ion given in the table. The cal-
culated energies of the ground multiplet of the Sm3*
ion coincide with those found in [5]. The components
of the g tensor of the ground doublet of the Sm3* ion
(g, = 0.36, g, = 0.53) do not contradict the corre-
sponding values taken in [7] (g. = 0.3, g, = 0.3). Our
components of the g tensor indicate that the Sm sub-
system at low temperatures weakly stabilizes the easy-
plane state. When the f—d interaction is taken into
account at 7 < Ty, the degeneracy of the Kramers
doublets is removed and the low-temperature splitting

of the ground doublet (A = 13.2 cm™!) at Ay =
—3.53 T/ug coincides with Agy known from [5].

The magnetic characteristics presented in the next
figures are calculated for the parameters from the
table, which also gives the well-known reported data
and (for comparison) the parameters of easy-plane
NdFe;(BO;), [11]. In the calculations, we also used
the following anisotropy constants of the Fe sub-

system: Ky° = 0.48 T pugand K;* = —7.5x 1073 T pp
(see Eq. (8) in [11]).

The high field of the f—d interaction (B}, = 53 T)

as compared to the ferroborates studied to date (see
the tables in [12, 14]) is caused by the large splitting of
the ground doublet of the Sm3* ion (Ayy = 13.2 cm™)
experimentally determined in [5] at a low value of g
tensor component g,, the smallness of which is also

related to the Landé factor gim =2/7,

Afd = MBgaB/S";-
Note that the critical field in which the sign of electric
polarization and magnetostriction in SmFe;(BO;),
changes (according to [2], it corresponds to the f~d
exchange field) was estimated in [6] from the corre-
sponding field for NdFe;(BO;),, which is 5 T [2]. This
field is estimated to be 30 T, which is lower than the
value determined from the well-known splitting of the
fundamental doublet at g, = 0.53 (or g, = 0.3 from [7];
see table). Note also that the calculated magnetic
moment of the Sm sublattice at 7=2 Kand B=0is

ml-Sm ~ 0.32up, which is slightly higher than the value
(0.24p) given in [19].

Figure 1 shows the experimental magnetization
curves M, | (B) for SmFe;(BO;), in the basal plane (a)
and along the c axis (b) at 7'= 2, 30, and 300 K. It is
seen that the M, | .(B) curves change with tempera-
ture, which is caused by a decrease in the magnetic
moments of the Fe and Sm subsystems. The magneti-
zation curves of SmFe;(BO;), in the basal plane at B>
1.5 T and along the trigonal axis change weakly, which
indicates the same character of magnetization. The
magnetic moments of the Fe subsystem bend toward
the field, exhibiting perpendicular susceptibility, and
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Parameters of SmFe;(BO3), and NdFe;(BO3), [11]

Compound SmFe3(BO3)4 NdFe3(BO3)4

By =MM,, T 64 [6]* 59 58

A1, T/up —4.27 [6]* -3.93 —3.87

R R 30 [6], 35 [8]
By =AMy, T 04+ 53 7.1

R
Aa» T/up —3.53 —0.47
A= 1p&a xﬁ;‘\Mo, cm™! 13.2[5] 13.2(T=2K) 8.8(T=2K)

—F_ . -1
A=E,—E (i=1-6),cm™, 0. 135, 220 [5]

0, 135,220 (7> Ty) 0,65, 140 (T> Ty)

(B=0) 0,13.2, 141.8, 141.9, 0, 8.8, 69, 69, 140, 148
225,233 (T=2K) (T=2K)

gie ~0.3[7] ~0.53 2.6

& ~0.317] ~0.36 1.0

. R . .
Notes: By and By are the low-temperature exchange fields corresponding to molecular constants Ap and Bf , respectively; Ay is

the low-temperature splitting of the fundamental doublet of the Sm>* or Nd3* ion induced by the f/~d interaction; A is the low-
level energy of the fundamental doublet of the Sm3* or Nd>* ion; g, . and g, are the g tensor components of the fundamental

doublet of the Sm3* or Nd>* ion; and My = |M(T =0, B=0)| = 15up is the magnetic moment of Fe per formula unit.

* The parameter was estimated from the quantity xie =0.12x 1073 cm3/g (at H~ 10 kOe) given in [6].

** The parameter was estimated by the formula de = ‘k;;n‘Mo = Afd/HBgL at Afd =132cm™! [S]land g, = 0.3 [7].

the Sm subsystem demonstrates an increase in the
magnetic field component along the field (see the dia-
grams in Fig. 2). It is also seen from Fig. 1 that the cal-
culated magnetization curves M, ,.(B) in the para-
magnetic region at 7'= 300 K well describe the exper-
imental data. It is seen from the inset to Fig. 1 that the
magnetic susceptibility in the paramagnetic phase is
almost isotropic and that it becomes anisotropic at 7<
Tn: x..(T) decreases sharply in the basal plane as com-
pared to y, .(7), which changes much weaker. A simi-
lar character of magnetization curves measured at 7'<
110 K was detected in [6]. It is this behavior of mag-
netic susceptibility that would be expected for the anti-
ferromagnetic ordering in the Fe subsystem, which
makes the main contribution to the susceptibility.

A low but noticeable anisotropy is seen from the
experimental M, | (B) curvesat T'=2 K shown in Fig. 2.
The anisotropy detected experimentally cannot be
reproduced when only the parameters given above are
taken into account. The calculations performed on the
assumption of a misoriented field demonstrate that,
for better agreement with the experimental results, the
angle of field misorientation should be 6°—8°, which is
unlikely. Only when the anisotropic Sm—Fe exchange
interaction was taken into account, we were able to
describe the experimental results rather accurately
(Fig. 2). The Hamiltonian of the anisotropic Sm—Fe
exchange interaction was taken in the form proposed
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in [20] (see Eq. (8)). To achieve agreement, we chose

1

two parameters aé = 13 cm™ and ag = —15 cm™!

(in the designations of [20]), which are comparable

with the values of a;'* for PrFe,(BO;), [20]. Note that

it is sufficient to take into account only the anisotropic
part of the R—Fe exchange interaction for the large
volumes of the experimental data for the magnetic,
magnetoelastic, and spectroscopic characteristics of
rare-earth ferroborates with R = Pr, Nd, Tb, Dy, Ho,
and Er to be sucessfuly described using the given
approach [10—15].

We now consider the low-field region of the exper-
imental magnetization curve M, (B) at T=2 K, where
the initial segment is nonlinear, in more detail. If the
M, .(B) curve is differentiated, a pronounced peak
near 1 T is revealed. Three types of domains are possi-
ble in the case of a trigonal crystal with magnetic
moments lying in the basal plane. During magnetiza-
tion in the basal plane in low fields, all three domains
with antiferromagnetism axes making an angle of 120°
with each other contribute to the magnetization (see
the schematic diagram at the top of Fig. 3). The
M, (B) curves at B < 1.5 T were calculated using the

Vol. 116  No.5 2013
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Fig. 1. Experimental magnetization curves of
SmFe;(BO;3), for (a) B Lcand (b) B cat 7= 2, 30, and
300 K: (solid lines) magnetization curves calculated at 7=
300 K. (inset) Temperature dependences of initial mag-
netic susceptibility Xe, 1(7) measured at B=0.1T.

approach suggested in [11], where the magnetization
processes in easy-plane NdFe;(BO;), were compre-
hensively studied with allowance for the possible exist-
ence of all three types of domains.

Our calculations show that magnetization pro-
cesses are different at different directions of a field in
the basal plane: at B || a, this is a spin-flop transition in
a domain with an antiferromagnetism axis along axis
a; at B || b, this is the breakaway of 30° domains in a
certain critical field. When B has any other direction,
this is breakaway in a domain with the minimum angle
between its easy axis and the field. Our calculations
demonstrate that the spin-flop transition field for B || a
and the breakaway fields in domains for other field
directions differ weakly and that the calculated mag-
netization curves are very similar. Thus, the situation is
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M, ., ug/formula units

0.6

0.4

0.2

Fig. 2. Magnetization curves of SmFe3(BO3), for B || cand
B L cat T=2 K: (symbols) experimental data and (lines)
calculation. (inset) Schemes of the orientations of mag-

. F S
netic moments M; ¢ and m; ™ used to calculate the mag-

N Sm .
netization in the flop phase. mcnlc is the calculated con-

tribution of the Sm subsystem to the magnetization at
(solid line) B || ¢ and (dashed line) B L c.

analogous to the case of NdFe;(BO;), [11]. It is
important that the entire sample transforms into a flop
phase jumpwise at a certain field directed in the basal
plane. We take into account a similar character of the
magnetization curves for different field directions in
the basal plane and, for simplicity, compare the case
B || a with the experimental data.

At B || a, the magnetic moments of iron in a domain
with an antiferromagnetism axis directed along the
field do not contribute to the magnetization at 7=2 K

(dashed vectors M,Ffz(o) at the top of Fig. 3). In the Sm

subsystem, m?m directed opposite to the field

decreases. As a result, the total magnetization of this
domain increases weakly with the field. In two other
domains with antiferromagnetism axes directed at an
angle of 60° to the field (which are equivalent with
respect to direction B || a), both magnetic moments of
iron Miemo) in each domain rotate toward the flop

state. It is seen from the calculated field dependence of
the angle of rotation of vectors MlFfMO) in the ab plane
(Fig. 3) that vector MlF(eGO) rotates slightly faster than
vector M;(eso). Due to the different rates of rotation,

the contribution of these domains increases. The total

Vol. 116  No. 5 2013
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Fig. 3. Calculated field dependence of the angle of devia-

tion of magnetic moments MIFCM)O) from axis a in the ab
plane: ¢, = 240° at B= 0 for Mr&o) and @, = 60° at B=
0 for sz(eéo) . (insets) Schemes of the orientations of M;:e

and miSm used to calculate the magnetization before (B <

Bgp) and after (B > Bgp) the spin-flop transition at B || a
(axis ¢ is normal to the figure plane). Different lengths of

o . F .
the arrows indicating the direction of Mlez(m) rotation

correspond to different rates of rotation.

magnetization for field B||aand B< 1 Tis

1 Fe Sm Sm
M, = [g(Mo + M )a + M0)a)

1
2
(&)

2 Fe Sm Sm
+ g(M()o + M0y + m2(60)a):|

and well describes the experimental M, (B) curve (see
Fig. 2). In Eq. (5), My" = M, — My, and Mg =

MlF(eGO) cos@, + M2F(660) cos@, are the contributions of

iron to the magnetization of the compound with
allowance for the projection onto axis a. In a field
Bse= 1 T, a spin-flop transition into the state with
magnetic moments that are almost perpendicular to
the field occurs in a domain with the magnetic
moment of the Fe subsystem directed along axis a, and

the contribution to the magnetization is now Mggp =

2]\/['1D cos@ (see the schematic diagram at the bottom
of Fig. 3). As a result, the magnetization of the com-
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%, tg/ (T formula units)
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Fig. 4. Temperature dependences of the initial magnetic sus-
ceptibility of (open symbols) SmFe3(BOs3)4 (%, 1(7)) and

(solid symbols) YFe;(BO3)y ()(;{,C (D) [21] at B=0.1 T.
(symbols) Experimental data and (lines) calculation.

pound at B > Bgp is determined by Eq. (5) upon the
substitution of Mge for Mgf)p .

When field B || a increases further, the rotation of

Mf,ez(@) continues and, beginning from fields of about

1.5 T, the resulting magnetization is determined by
approximately the same contribution from all
domains, which corresponds to the flop phase of the
entire sample (see Figs. 2, 3). Note that the rotations
and jumps of the magnetic moments of Fe in domains
are accompanied by the corresponding changes in the
components of the magnetic moments of the Sm sub-
system.

Figure 4 shows the low-temperature regions (at 7'<
Ty) of the experimental and calculated dependences
of the magnetic susceptibility y. ;.(7). It is seen that
susceptibility y. ,.(7) of SmFe;(BO;), differs weakly
from the susceptibility of YFe;(BO;),[21], which indi-
cates a low contribution from the Sm subsystem. Dur-
ing magnetization in the basal plane for B= 0.1 T, the
contribution to susceptibility . ,.(7) is made by all
possible domains, and the magnetization of
SmFe;(BO;), proceeds similarly to the magnetization
processes described above in calculating magnetiza-
tion M, (Eq. (5)). For a field directed along axis c, the
sample is in the flop phase and behaves like a single-
domain sample (see the diagram at the top of Fig. 2).
The weak decrease in the x, .(7T) with increasing tem-
perature is related to a decrease in the contribution of
paramagnetic ion Sm3* against the background of a
constant perpendicular susceptibility of the antiferro-
magnetic Fe subsystem.
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5. CONCLUSIONS

The magnetic properties of SmFe;(BO;), were
studied experimentally and theoretically, and agree-
ment between the experimental and calculated data
was obtained for the entire set of measured character-
istics. The actual parameters of SmFe;(BO;), are
determined during a comparison of the experimental
and calculated results.

The anisotropy of the M, ,.(B) curves detected
experimentally was shown to be well described if the
anisotropy of the Sm—Fe exchange interaction is
taken into account. During magnetization along axis a
in a field of about 1 T, a spin-flop transition in one of
the three possible domains resulting from trigonal
symmetry causes the shape of the M| .(B) curves that is
characteristic of a first-order phase transition diffused
under real domain structure conditions. A correct cal-
culation of the magnetization processes in weak fields
led to a description of the temperature dependences
Ye. 1(T) at T < Ty\. SmFe;(BO;), should be studied
further, since the magnetic and other properties of
SmFe;(BO;), can be substantially affected by mixing
of the multiplets of the Sm3* ion (J—J coupling), by
analogy with Sm;Fe;O, [22].
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