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Abstract—The magnetic properties of a substituted Nd, 95Dy, osFe;(BO3), ferroborate single crystal with
competing Nd—Fe and Dy—Fe exchange interactions are studied experimentally and theoretically. A spon-
taneous spin-reorientation transition is detected near 7= 4.3 K, and anomalies are observed in the low-tem-
perature magnetization curves along trigonal axis ¢ and in basal plane ab. The measured properties and the
detected effects are interpreted in terms of a general theoretical approach, which is based on the molecular
field approximation and crystal field calculations for a rare-earth ion. The experimental temperature depen-
dences of the initial magnetic susceptibility in the range 2—300 K, the anomalies in the magnetization curves
for B||cand B L cin fieldsup to 1.5 T, and the field and temperature dependences of magnetization in fields
up to 9 T are described. The effect of small substitution in the rare-earth subsystem on the magnetic properties
is analyzed. The crystal field parameters and the parameters of the R—Fe and Fe—Fe exchange interactions

are determined from the experimental data.
DOI: 10.1134/S1063776113120108

INTRODUCTION

Trigonal rare-earth RFe;(BO;), (R =Y, La—Lu)
ferroborates are being extensively studied by many
research teams, which is explained by the discovery of
multiferroelectric properties in them [1—7]. Antifer-
romagnetic ordering in the iron subsystem in the fer-
roborates occurs at Ty = 30—40 K. The rare-earth sub-
system is magnetized due to the f—d interaction and
significantly contributes to the magnetic anisotropy of
the compound and the orientation of magnetic
moments. The ferroborates were found to be easy-axis
(magnetic moments of R = Pr, Tb, Dy, Fe are oriented
along axis ¢) and easy-plane (magnetic moments of
R =Y, Nd, Sm, Eu, Er, Fe lie in plane ab) ones or can
spontaneously transform from an easy-axis into an
easy-plane state (as in GdFe;(BO;), and
HoFe;(BO,),; see, e.g., review [4]).

Additional interest in the ferroborates is related to
the recent possibility of studying substituted
R, _,R. Fe;(BO;), compositions, since new opportu-
nities for varying a composition provide a larger variety

of physical effects [3, 7—16]. The presence of compet-
ing R—Fe and R'—Fe exchange interactions in

R, _,R. Fe;(BO;), can result in the effects that are

caused by the competition of contributions, e.g.,
spontaneous reorientation transitions between the
easy-axis and easy-plane states [8, 10, 12—16].

The Nd** and Dy** ions are convenient rare-earth
ions for forming and studying a substituted ferroborate

with competing exchange interactions. At T'< Ty =
31 K, the magnetic moments of the neodymium and
iron subsystems in NdFe;(BO;), lie in the basal ab
plane [2, 17]. The magnetic moments of Dy and Fe in
the DyFe;(BO,), ferroborate at 7< T = 39 K are ori-
ented along trigonal axis ¢, and this compound under-
goes a spin-flop transition for B || ¢ [18]. The compe-
tition of the contributions of the Nd** and Dy** ions
to the magnetic anisotropy of substituted ferroborates
Nd, _,Dy,Fe;(BO;), can lead to spontaneous and
magnetic field-induced spin-reorientation transitions
from axis ¢ to plane ab. In Nd, ;5Dy, ,sFe;(BO;), [8,
10, 12] and Nd, _ Dy, Fe;(BO;), (x = 0.1, 0.15, 0.4)
[12—14], researchers detected anomalies in the behav-
ior of magnetic susceptibility, magnetization, sponta-
neous electric polarization, magnetostriction, and
magnetoacoustic characteristics and plotted H—T dia-
grams for possible magnetic phases.

In particular, keen interest in Nd, _, Dy, Fe;(BO;),
ferroborates is attracted by the existence of experimen-
tal data with a noncoincident number of anomalies in
the magnetization curves of Nd, ;sDy, ,sFe;(BO;), for
B || ¢ [8, 12]. Different opinions regarding the nature
and mechanism of the anomalies were expressed, and
different H—T diagrams of possible magnetic phases
appear [8, 10, 12, 16].

The purpose of this work is to experimentally and
theoretically study the low-temperature magnetic
properties of the weakly substituted
Ndg 95Dy ¢sFe;(BO3), ferroborate, to compare the
experimental data obtained in this work with the
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results of calculations performed in terms of a general
theoretical approach, and to determine the parame-
ters of this compound.

EXPERIMENTAL

Single crystals were grown from molten solutions
based on bismuth trimolybdate, ie., 75 wt %
[Bi,Mo0;0,, + 3B,0; + 0.57Nd,0; + 0.03Dy,05] +
25wt % Nd, 95Dy, ¢sFe;(BO3),, in accordance with
the technique described in detail in [19]. The crystals
were 6—10 mm in size and had a small triangular
{0001} pinacoid face normal to axis C;. The crystals
had a good optical quality and did not contain visible
defects. The neodymium and dysprosium concentra-
tions in a crystal were determined by X-ray spectral
fluorescent analysis. Magnetic measurements were
performed on a Physical Properties Measurement
System (Quantum Design) device in the temperature
range 2—300 K and magnetic fieldsup to 9 T.

COMPUTATION PROCEDURE

The magnetic properties of Nd,_,Dy,Fe;(BO;),
ferroborates are determined by both magnetic sub-
systems, i.e., the rare-earth (neodymium and dyspro-
sium) subsystem and the iron subsystem, which inter-
act with each other. The interaction within the R sub-
system can be neglected, and the iron subsystem can
be considered as a set of two antiferromagnetic sublat-
tices. 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
RFe;(BO;), ferroborates with R = Tb [20], Nd [17],
Dy [18], Pr [21], Ho [22], and Er [23] and for ferrob-
orates with substituted compositions
Nd, _,Dy,Fe;(BO5), (x=0.1,0.15, 0.25, 0.4) [12—14]
and Tbg,sEr,,sFe;(BO;), [23]. This theoretical
approach is based on a crystal field model for the R
subsystem and the molecular field approximation.

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

HAR) = H;' —grupdi [B+AgM], (1)
#i(Fe) = —gsupS;
X [B+AM; + (1 -x)Ay'm* +xrgm¥], ()
Jj=12, j#i.

Here, %,—CF is the crystal field Hamiltonian, g? is the

Lande factor, J ,R is the angular momentum operator
ofthe Rion, g¢= 2 is the g factor, S, is the spin moment

operator of the iron ion, and XE <0and A <0 are the
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molecular constants of the antiferromagnetic R—Fe
and Fe—Fe interactions.

The magnetic moments of the ith iron (M,Fe) and

rare-earth (mll-{ ) sublattices per formula unit are deter-

mined by the relationships
M = 3gqup(S), m; = gug(I).  3)
The Fe3* ion in RFe;(BO;), is in a high-spin state [24],
which causes the maximum magnetic moment of the
ion (Sup).
An expression for crystal field Hamiltonian #F in

terms of irreducible tensor operators C/; has the form
I = BiCo + ByCy+ B3(CY - C3) + BiC
+ BY(C% — C5) + By(Clg + C).

Crystal field parameters B/; for the Nd** and Dy3* ions
in Nd, 5Dy, osFe;(BO;), are unknown. Certain infor-
mation concerning the splitting of the ground multip-
let of the Nd** and Dy3* ions in Nd, 45Dy, osFe3(BO;),
is also unavailable. With allowance for the small degree
of substitution of Dy3* for Nd3* ions in
Nd, 95Dy osFe;(BO3),, it is helpful to use data on the
structure of the ground multiplet of the Nd3* ion in the
NdFe,;(BO,), ferroborate for calculations. It is known
from the spectroscopic studies in [25] that the splitting
of the ground doublet of the Nd** ion in NdFe,;(BO;),
is Ay = 8.8 cm™!. Using the data on Ay and the com-

prehensive experimental data on the magnetic proper-
ties of NdFe;(BO;), from [17], we calculated the

structure of the ground multiplet of the Nd>* ion; it is
characterized by energies of 0, 8.8, 69, 69, 140, and
148 cm~'at T=2K.

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 [26] for f~d compounds, the corresponding
thermodynamic potential can be written as

4

2
O(T, B) = %Z[—(l — x)ky TInZ,(Nd)

i=1

Fe

~xky TInZ(Dy) + (1 -3)38) iy (1 )1 M;
28] (I MI = 3k TInZ(Fe) — (5)
+2385m5 (S) (M) + (1= 0 m)”
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where Z(R/Fe) are the partition functions calculated

with Hamiltonians (1) and (2) and q);n is the anisot-
ropy energy for the ith sublattice of the Fe system. For
a crystal of trigonal symmetry (see. e.g., [27]), this
energy is

(I)im = ngsinzx‘}, + Kfesin48i ©)

+ Kisin®9,cos60,,
where anisotropy constant I(2Fe < 0 stabilizes the easy-
plane antiferromagnetic state; constant Kfe > () stabi-

lizes the easy-axis state; K§§ < 0 is the anisotropy con-
stant in the basal ab plane; and 3, and o, are the polar

and azimuth angles of magnetic moment vector Mfe
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 Nd, _, Dy, Fe;(BO;), (per for-
mula unit with allowance for possible existence of
three types of domains; n =1, 2, 3) is

32
M = %Z}%ZI(M,FHU —omM+xm™).  (7)
The rare-earth and iron subsystems contribute to

the magnetic susceptibility of Nd, _, Dy, Fe;(BO;), as

follows:
o= % (=0 +xx", k=abec (8
In the ordered phase, the initial magnetic susceptibil-
ities of the compound can be found from the initial
linear segments of the magnetization curves calculated
for the corresponding directions of an external mag-
netic field. In the paramagnetic region (where the
interaction 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 x:e of the Fe sub-
system can be described by the Curie—Weiss law with
the corresponding paramagnetic Néel temperature O,
2
Fe _ Mesr

L = 3 (T-0) ©)

Wl = 10542 for § = g

RESULTS AND DISCUSSION

To determine parameters B'; of the crystal field
(which forms the electronic structure of a rare-ecarth
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ion), we used the experimental data for the tempera-
ture dependences of initial magnetic susceptibility
Xe. 1(T). As the initial values of parameters BI;, we
took the parameters for ferroborate NdFe;(BO;),

studied earlier [17] and for substituted ferroborate
Nd, oDy, ;Fe;(BO3), [13]. To determine which of the

found sets of BZ parameters can describe the entire set
of the measured magnetic characteristics of
Ndg 95Dy 0sFe;(BO3),, we calculated magnetization
curves along the trigonal axis and in the basal plane

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

ferromagnetic Nd—Fe and Dy—Fe interactions) and
A, (intrachain antiferromagnetic Fe—Fe interaction).

Another important criterion for the final choice of
the crystal field parameters is to describe the sponta-
neous spin-reorientation transition temperature
detected in Nd; 95Dy, osFe;(BO3), (Tgr = 4.3 K; see

below). Our calculations show that this criterion
imposes substantial restrictions on parameters BI; .

Thus, following these criteria of describing the
Xe, 1(T) and M, | (B) curves and temperature 7z, we
chose the following set among the crystal field param-
eters found at the initial stage that ensures the best

description of the experimental data for
Nd, 9sDyj 0sFe3(BO3),:
By = 597cm™’, By = -1400 cm ™,
Bi=-370cm™', B =470cm’, (10)
BS=-490cm™', B =390cm".

These parameters were determined in the calculations
based on the ground multiplet; therefore, they can
only be treated as effective parameters suitable for
describing the thermodynamic properties of the com-
pound.

The set of parameters (10) corresponds to the ener-
gies of the lower levels of the ground multiplet of the
Nd3* and Dy** ions in Nd, ysDy, osFe;(BO5), that are
given in Table 1 for B = 0. These energies are given for
T > Ty with allowance for the f/—d interaction at T =
5 K> T (easy-plane state) and 7'=2 K < T (initial
state, see below). Taking into account the /—d interac-
tion at 7'< Ty removes the degeneracy of the lower lev-
els. At T, the energy levels shift with respect to each
other: in the case of Dy, the shift of the lower energy
levels increases the splitting from Ay~ 1.9t0 5.2 cm™';
in the case of Nd, this shift causes a small narrowing
from Ay ~ 10.1 to 9.9 cm~!. Note that the energies of
the lower levels of the ground multiplet of the Nd** ion
in Nd; ¢sDy, osFe;(BO;), at T = 2 K agree with those
found for the Nd** ion in NdFe;(BO;),in [17] (A= 0,
8.8, 69, 69, 140, 148 cm™).

The calculated magnetic characteristics presented
below in the figures were calculated for the parameters
given in Table 2, which also gives the parameters of
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Nd, _, Dy, Fe;(BO;), (x=0.1,0.15,0.25, 0.4) [12—14]
and ferroborates NdFe;(BO;), [17] and DyFe;(BO;),
[18] for comparison. Parameter A, in Table 2 enters
into the Brillouin function, is responsible for the mag-
netic moment of Fe (at given 7T’and B), and determines
the Néel temperature, since the three-dimensional
order in the structure of a ferroborate cannot exist
without the exchange interaction between Fe’* ion
chains. The value of parameter A, was chosen from the
condition of the best agreement between the calcu-
lated and experimental M, , (B) curves at all tempera-
tures. In the calculations, we also use the uniaxial

anisotropy constants of iron (1(2Fe = —6.075 T pg,
Kfe = 3.925T pg at T = 4.2 K) and the anisotropy

constant of iron in the basal plane (Kgg = —1.35 x

1072 T pg) [17]. When determining constants K, we
took into account that the resulting anisotropy field of
the Fe subsystem (see Eq. (6)) is —2.163 T pgz at 0 =
90°, which corresponds to —1.44 kOe for the Fe sub-
system in YbFe;(BO;), [28]. Note that it was sufficient
to take into account only one uniaxial constant I(2Fe to
describe the entire set of the experimental characteris-
ticsof Nd, _ Dy, Fe;(BO;), (x=0.1,0.15,0.25, 0.4) in
[12—14]. The introduction of a second constant (K:e )

for the case of Nd, ¢sDy, ¢sFe;(BO3), is caused by the
formation of a canted phase, which is necessary for a
quantitative description of the measured characteris-
tics (see below).

It is seen from Table 2 that constants k?d and
exchange fields By = [AN| M, of Nd, _,Dy,Fe(BO,),

(x=0.05—0.4) differ from Ay and By in NdFe,(BO;),
and DyFe;(BO;),. For the Nd subsystem, exchange

field Bgd = ‘kgd‘ M, = Agd /Upg. 1. in the easy-axis

state (x =0.1—0.4) at g, <g,. and similar values of Ap,’
is higher than in the easy-plane state (x = 0). Note that
the exchange field of the R ion in easy-axis

PrFe;(BO;),, which is close to NdFe;(BO3),, is Bg =

11 T [21], which agrees with the field (B’ = 11.5—
13.5 T) found for Nd, _,Dy, Fe;(BO;), (x = 0.1-0.4)

in the easy-axis state. The decrease of Bg and 7»2 with

decreasing x (for x = 0.1—0.4) that is seen in Table 2 is
related to the anomalies in the experimental M, (B)
curves when spin-flop transition field Bg; decreases,

. . . . Dy
since the antiparallel orientation of vectors m,," and

X

Dy, . . .
m2cx in the easy-axis state at 7'< 4.2 K causes a high

sensitivity of the initial segment of the M_(B) magneti-

zation curve (at B < Bgy) to parameters By, and Ap) .
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Table 1. Energies of the eight lower levels of the ground mul-
tiplets of the Nd** and Dy** ions in Nd, ¢sDy, osFe3(BO3)4
at B = 0 that are split by the crystal field (parameters (10))
in the paramagnetic and ordered (with allowance for the f/~d
interaction) temperature ranges

R T A=E,—E', cm™! (i = 1-8)
T>Ty |0,0,55.1,55.1, 155, 155, 286, 286
Nd | 5K> T | 0, 10.1,60.7, 60.8, 156, 165, 291, 291
2K < Tgr |0,9.9,58.9,62.5,155.6, 165, 289, 292
T>Ty |0,0,13.3,13.3, 104.8, 104.8, 222, 222
Dy | 5K > Tg | 0, 1.9, 15.9, 17.8, 107.3, 107.3, 222, 226
2K< Tg |0,5.2,16.2,20.7,107.2, 110.6, 223, 228

To calculate the magnetic characteristics of
Nd 95Dy, osFe;(BO;), when an external field is
directed along or perpendicular to trigonal axis ¢, we
used the schemes of orientation of the magnetic

. Fe R
moments of iron M, and a rare-earth element m;

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 1d were used for the case of a magnetic
field oriented in the basal plane (B L c¢), and the
scheme in Fig. 1c is shown for the case of B =0 (cone
of easy magnetization axes). The scheme in Fig. 1c
shows the projections of the magnetic moments of the
iron (ML) and rare-earth (m,, = (I — x)m,, +

xmgg) subsystems onto the ab plane in domains with

antiferromagnetism axes making angles ¢, =0 (L) and
60° (L) with the a axis.

At B > 1.5 T, NdFe;(BOs;), is known to be in the
flop phase and to behave like a single-domain com-
pound, and the magnetic moments of the Fe and Nd
subsystems are located in basal plane ab [17]. Then,
taking into account the small substitution of Dy3* for
Nd3* ions, we first consider the magnetic properties of
Nd, 05Dy, osFe;(BOs), at B> 1.5 T by assuming that its
magnetic subsystem in this field range exhibits easy-
plane properties (scheme in Fig. la for B || ¢ and
scheme in Fig. 1b for B 1 ¢). In this state, the magnetic

moments of the Fe sublattices (M|°, M,°) bend

toward the field direction and exhibit perpendicular
susceptibility, which is temperature independent for a
typical antiferromagnet, and the component of the
magnetic moment onto the field direction in the R
subsystem increases.

It is seen from the experimental and calculated
M, | (B) magnetization curves of Nd, 95Dy osFe;(BO;),
at 7= 2 K that the M.(B) and M| .(B) curves increase
monotonically at different rates with the field at
B>1.5T (see Fig. 2). A comparison of the contribu-
tions of the Nd, Dy, and Fe subsystems to the magne-
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Table 2. Parameters of Nd, 95Dy osFe3(BO3)4, Nd, _ Dy, Fe;(BO3), (x=0.1,0.15, 0.25, 0.4) [12—14], NdFe3(BO3), [17],
and DyFe;(BO5), [18]

Nd, _,Dy,Fe;(BO3),
Compound NdFe DyFe
x=0.05 x=0.1 x=0.15 x=0.25 x=04
A T/ug —3.87 —4.13 -3.73 -3.6 -3.6 —-3.47 —3.53
Bypn=MM,, T 27 32.5 31 30 28.5 27.5 28
Ay, T/up —1.8 —-2.17 2.1 -2 —1.9 —1.83 —1.87
3 R T Nd 7.1 8.32 12.7 11.5 11.5 13.5
fd = *d70 Dy 2.84 1.1 2 2.3 2.5 3.3
AR T Nd —0.47 —0.55 —0.85 —0.77 —0.77 -0.9
a> T/Mp Dy —-0.19 —0.07 —0.13 —0.15 —0.17 —0.22
EA ~8.8 ~8 ~8.2 ~6.8
Nd EP ~8.8 ~10.1 ~14.6 ~13 ~11.6 ~16
. CEMA ~9.9
Agq, cm™
EA ~8.2 ~15.7 ~17.8 ~19.2 ~19
Dy EP ~1.9 ~0.6 ~0.8 ~0.9 ~1
CEMA ~5.2
Bl c ~0.35 ~0.84 0.9% 1.1, 1.26 1.46%, 1.66 1.9 2.8
BSR; T
Blc 0.7-0.8 ~0.9
9, deg (B=0) 90 ~77 — 0? — 0? —0 0 0
Tsr, K ~4.3 ~8 ~12.5 ~16, 24* ~31
TN, K ~31 ~30 ~31 ~31 ~31 ~32 ~39
0, K —130 —135 —131 —132 —135 —135 —180

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

R . . s .
constants A1, Ay, and Ay, respectively. Agg = ppglhg| My 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 MOe from axis c. Tqp is the spin-reorientation transition temperature. 7y is the Néel temperature.

® is the paramagnetic Néel temperature for the Fe subsystem. M, = |[M,(T = 0, B = 0)| = 15 py is the magnetic moment of iron
per formula unit. Steplike anomalies in the M (B) and y.(T) curves are observed at x = 0.15 and 0.25 (marked by asterisk) [12].

tization of Nd, 5Dy, osFe;(BO3), that were calculated
in the flop phase for B || ¢, B L ¢ demonstrates the dif-
ference in their behavior, which explains the detected
different rates of increase of the experimental M, (B)
curves with the field. The contributions of the Dy and
Nd subsystems for B || ¢, B L ¢ differ substantially, and
the contribution of the Fe subsystem weakly depends
on the field direction.

We also show the experimental and calculated
magnetization curves in fields up to 9 T along the trig-
onal axis (Fig. 3, M,.(B)) and in the basal plane
(Fig. 4, M. ,.(B)) in the temperature range 7' = 2—
40 K. As the temperature increases, the M| .(B) curves
become less sharp and the magnetization curves evolve
due to a decrease in the magnetic moments of the R
and Fe subsystems. As is seen from Figs. 2—4, the cal-
culations on the assumption of an easy-plane state of
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the magnetic subsystem in Nd, 5Dy, osFe;(BO3), well
describe the behavior of the experimental M, | .(B)
curves for B> 1.5 T at T'=2 K and over the entire field
range at 7 = 10, 20, and 40 K. Figures 3 and 4 also
show the calculated contributions of the Nd, Dy, and
Fe subsystems to the magnetization of the compound
at 7= 10 K, and a comparison of these contributions
demonstrates the responsibility of each contribution
for the resulting shape of the M, , .(B) curves.

Inlow fields (B< 1.5 T), the experimental M, , .(B)
magnetization curves recorded at 7' = 2 K exhibit a
pronounced anomaly in the M (B) curve near 0.35T
and a smooth jump in the M, .(B) curve near 0.9 T,
which point to a substantial change in the contribu-
tions of the R and Fe subsystems to the magnetization
of the compound during magnetization both along
axis c and in basal plane ab (see Fig. 2).
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(a) (b)
cA TBIIC bA 4 MFE
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Ndg.g5
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Fe Fe
M; ! M; szYU.os
Dy s >
m12\1d0.95 mTl\Idol% ab m>Yoos g
B> Bg,
B> Bgp mTIVdoss
M5

m?yo.os

B< Bgg

M5 B< Bgp

Fe
Mlab

Fig. 1. Schematic diagrams for the orientations of the mag-

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

(m}{) used to calculate the magnetic properties of

Ndy 95Dy ¢5sFe3(BO3), for various magnetic field direc-

tions: (a), (d) B || ¢ (plane ab is perpendicular to the figure
plane); (b), (e) B L ¢ (axis ¢ is perpendicular to the figure
plane); and (c) B = 0 (cone of easy magnetization axes).

Let us dwell on the low-field region of the experi-
mental M, | .(B) magnetization curves at 7 = 2 K,
which is separately shown in Fig. 5 (the curves in Fig. 2
are presented in fields up to 9 T). For comparison,

Fig. 5 also shows the experimental MS‘ZFC (B) curves of

the NdFe;(BO,), ferroborate [29]. It is seen that small

(x = 0.05) substitution of Dy3* for Nd** ions only
weakly affects the magnetization in the basal plane: the
M, (B) curve of Nd,q¢Dy,osFe;(BO;), repeats the

shape of M,"™ (B) of NdFe;(BO5), and lies slightly
higher. However, this small substitution radically

changes the shape of the M/(B) curve of
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M, ., pp/formula units
T T T T

—o—B]c
2 —e—Blc 3
T=2K

Fig. 2. Magnetization curves of Nd 95Dy osFe3(BO3), for
B|cand B L cat 7=2 K: (symbols) experimental data and
(curves) calculation. Calculated contributions of the Nd,
Dy, and Fe subsystems to the total magnetization in the flop
phase for (dashed curves) B || ¢ and (solid curves) B L c.

Nd, 95Dy osFe;(BO3),. The appearing contribution of
the Dy, (s subsystem significantly changes magnetiza-
tion M (B) and causes a pronounced anomaly near

0.35 T, which is absent in M.""° (B).

If the M. | .(B) curves of Nd, 4Dy, ¢sFe;(BO;), at
T = 2 K are differentiated, the curves of differential
magnetic susceptibility dM, ,,/dB(B) exhibit pro-
nounced peaks at 0.35 T (for B || ¢) and 0.9 T (for
B 1 ¢). Note that the character of the low-tempera-
ture magnetic state of the weakly substituted
Nd, 95Dy, ¢sFe;(BO;), ferroborate is unknown and
that its determination and the subsequent description
of the detected anomalies in M (B) and M, .(B), which
indicate phase transitions from the initial into the
easy-plane state, are not obvious.

In [12—14], we showed for Nd,_,Dy, Fe;(BO;),
(x= 0.1, 0.15, 0.25, 0.4) ferroborates that the mag-
netic moments of the Nd, Dy, and Fe subsystems at
low temperatures and B = 0 are oriented along trigonal
axis c¢. However, the experimental magnetization
curves of Nd,_,Dy Fe;(BO;), (x = 0.1, 0.15, 0.25,
0.4) exhibited anomalies only in the M (B) curve, and
the M, .(B) curves increased monotonically with the
field without visible anomalies even at 7= 2 K [12—
14]. The magnetization curves of the easy-axis
DyFe;(B0O;), ferroborate also have pronounced spe-
cific features only for one direction of an applied field,
namely, along trigonal axis ¢ [18].

We could assume that the ground low-temperature
magnetic state in Nd 5Dy, osFe;(BO3), is the same as
in easy-plane NdFe;(BO;), because of small substitu-
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Fig. 3. Magnetization curves of Nd 95Dy o5Fe3(BO3)4
for B|| c at the given temperatures: (symbols) experimental
data and (curves) calculation. Calculated contributions of
the Nd, Dy, and Fe subsystems to the total magnetization
at 7= 10 K are shown.

tion of Dy** for Nd?* ions. However, the magnetiza-
tion curves of NdFe;(BO;), exhibit anomalies only
during magnetization in the basal plane M, ,(B) (near
0.7—0.8 T) and have no anomalies during magnetiza-
tion along axis ¢ [17, 29].

Thus, the analysis of the experimental data and the
calculations performed on the assumption of an easy-
axis or an easy-plane state in Nd; ¢sDy, osFe;(BO3), at
low temperatures and B = 0 cannot explain the exist-
ence of anomalies in low fields in both magnetization
curves, i.e., M .(B) and M, (B).

In [12], we assumed the presence of a low-temper-
ature magnetic state with the formation of a weakly
noncollinear antiferromagnetic phase having the mag-
netic moments of iron deviating from axis ¢ in order to
explain the interesting steplike anomalies in the M.(B)
magnetization curves and the 7y.(7) susceptibility
curves of Nd, _,Dy Fe;(BO;), (x = 0.15, 0.25). As a
result, we were able to achieve agreement between the
calculated and experimental data for the entire set of
measured characteristics of Nd, _, Dy, Fe;(BO;), using
the same set of parameters [12]. Note that, when
studying GdFe;(BO;), undergoing a spin-reorienta-
tion transition, the authors of [30] concluded that the
magnetic moments of iron deviate from axis ¢ through
high angles, which change at various temperatures and
magnetic fields (see, e.g., Fig. 6 in [30]).

Our extensive calculations of the magnetic phases
that appear in Nd, ¢sDy, (sFe;(BO;), at various orien-
tations of the magnetic moments of the Nd, Dy, and
Fe subsystems suggest the presence of a low-tempera-
ture state that differs from both the easy-plane and the
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Fig. 4. Magnetization curves of Ndg 95Dy ¢5Fe3(BO3)4
for B L c at the given temperatures: (Symbols) experimen-
tal data and (curves) calculation. Calculated contributions
of the Nd, Dy, and Fe subsystems to the total magnetiza-
tion at 7= 10 K are shown.

easy-axis states. An antiferromagnetic phase with the
magnetic moments of iron deviating from axis c
through an angle 6 = 77° (at T = 2 K) appears; as a
result, a cone of easy magnetization axes forms at B =
0 (see Fig. 1c¢). This possible state can be caused by the
competition between the contributions of the iron and
rare-earth subsystems to the total magnetic anisotropy
of Nd, ¢sDyj osFe;(BO3),. The magnetic anisotropy of
the neodymium subsystem stabilizes the easy-plane
magnetic structure, the contribution of the dyspro-
sium subsystem to the total anisotropy stabilizes the
easy-axis structure, and the contribution of the iron
subsystem (see Eq. (6)) with the found anisotropy
constants is close to the easy-plane state. As a result, at
certain temperatures and fields, the magnetic
moments of iron can be oriented at angle 0 to axis c,
which decreases when the temperature decreases from
T~ 4.3 K and tends toward 6 = 77° (see below).

Note that additional calculations demonstrate that
the magnetic properties of Nd, _, Dy, Fe;(BO;), fer-
roborates for small substitution (x = 0.1, 0.15) that
were measured in [12, 13] can be described if the
ground state at B = 0 is represented by not the easy-
axis state and the cone of easy magnetization axes has
a low angle of deflection (6 = 5°—10°). It is expected
that the new values of the /~d exchange fields By for
x =0.1and 0.15 are substantially closer to the values of
By in NdFe;(BO;), and DyFe;(BO;),, as for the com-
position with x = 0.05 (see Table 2).

Further calculations demonstrate that the detected
low-field anomalies in the experimental M, .(B)
magnetization curves at 7=2 Kand B< 1.5 T (see
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M. ., ug/formula units

Fig. 5. Low-field region of the M, |.(B) magnetization
curves of Ndg 95Dy o5Fe3(BO3)4 for B || ¢ and B L ¢ at

T =2 K: (symbols) experimental data and (curves) calcu-

. NdF . L
lation. M, , e(B) are the experimental magnetization

curves of NdFe;(BOj3),4 [29].

Fig. 5) are caused by the spin-reorientation transitions
in the iron subsystem of Nd, ¢sDy, ¢sFe;(BO3), from
the initial state at an angle to axis c (Figs. 1d, 1e) to the
flop state (Figs. 1a, 1b).

We now dwell on the situation that appears during
the magnetization of Nd, ¢sDy, ¢sFe;(BO;), in fields
B< 1.5 T, which are important from a standpoint of
the detected anomalies. The magnetization jump in
the experimental M, (B) curve in a field B¢z~ 0.35 T in
Fig. 5 is caused by the field-induced (B || ¢) spin-reori-
entation transition in the Fe subsystem of
Ndj 95Dy osFe;(BO3), from the initial weakly col-
linear phase (Fig. 1d) into the flop phase (Fig. 1a) and
is accompanied by the reorientation of the magnetic
moments of both sublattices of Nd** and Dy>* ions
along the field direction B || c. It is seen that the result-
ing magnetizations in the initial phase,

M, = %(Mll:ecos(Sl) + M cos(9,)

Nd D
+ (] _x)ml,2c+xml,};c)>

and in the flop phase (see Figs. 2, 5),
1 e Nd D
Mﬂop = E( l,2c‘+(1_x)ml,2c’+xml,y25 )

well describe the experimental data. Our calculations
show that the difference between M, and M, in a field
Bgr~ 0.35 T is mainly caused by a change in the con-
tributions of the Dy and Fe subsystems to the magne-
tization of Nd, 95Dy, ¢sFe;(BO3),.
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Fig. 6. Calculated (at 7= 2 K) field dependences of (a)
angle of deviation $; of magnetic moment Mfe from axis

c for B || ¢ and (b) angles of deviation ¢; , of magnetic

Fe . . L
moments M 62 in domains L from axis a in plane ab for

B 1L ¢ (¢ =240° for Mll:e , §p = 60° for M2Fe ; see Fig. le).

As is seen from the calculated field dependence of

the angle of rotation 9, of vector MlFe from trigonal

axis ¢ for B || ¢ (Fig. 6a), vector MlFe tends to rotate
into plane ab normal to the field direction as the field
grows. As the field Bz~ 0.35 T is approached, the rate
of increase of angle 9, increases and changes jumpwise
to almost 90° at Bgg. Then, as the field grows, the mag-

netic moments of the Fe sublattices M|° and M,°
bend slowly toward the field direction B || c. The spin-
flip transition is estimated to take place near 120 T.

Table 3 gives the magnetic moments of the Nd, Dy,
and Fe subsystems in the phases under study for B || ¢
and 7= 2 K. The second column contains the mag-
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Table 3. Magnetic moments of the Nd, Dy, and Fe subsystemsat 7=2K (B || ¢, (p::e =0, (pge = 180°): B = 0 (initial antifer-
romagnetic phase at an angle to axis ¢), B = 0.3 T < Bgy (weakly noncollinear antiferromagnetic phase at an angle to axis c),

and B=0.4and 9 T > Bgj (flop phase)

B=0 B=03T B=04T B=9T
mf, MiFe R
mi ((1, b, C), UB

de“‘” (—1.409, —0.01, —0.094) | (—1.414, —0.01, —0.064) | (—1.419, 0.002, 0.019) (=1.32,0.03, 0.4)

;‘“‘U»% (1.409, 0.01, 0.094) (1.411, 0.01, 0.0932) (1.419, 0.002, 0.019) (1.32,0.03, 0.4)
m?)’o.os (—0.143, —0.001, —0.48) | (—0.15, —0.001, —0.272) (—0.149, 0.001, 0.395) (—0.11, 0.001, 0.548)

]23)’0.05 (0.143, 0.001, 0.48) (0.14,0.001, 0.510) (0.149, 0.001, 0.395) (0.11, 0.001, 0.548)

Fe Fe Fe Fe

MFe 8lﬂ'julczjul COSS] (Ml =15HB’ D) =0)

1

77.381°, 3.277 g 79.261°, 2.795u 89.86°, 0.037p 86.04°, 1.036p5
9y, M5e = M5 cos 9, (M5° = 15up, @y° = 180°)

Fe

M2
102.619°, —3.277u; 100.507°, —2.7355 o o

Iy M, = 0.5(Mff, + MzFS + mid‘)'” + mid“'” + m?cy‘"“ + m?cy“'“s)

c

0 \ 0.163 \ 0.451 \ 1.985

netic moments for B = 0 in the initial antiferromag-
netic phase at an angle to axis ¢ (Fig. 1c, cone of easy
magnetization axes). The third column presents the
magnetic moments in the weakly collinear antiferro-
magnetic phase at an angle to axis c for B=0.3T < Bgy
(Fig. 1d). The two last columns give the magnetic
moments in the flop phase at B > By, (Fig. 1a).

As is seen from Table 3, the magnetic moments of
the Nd subsystem almost fully lie in the basal plane

Nd Ndg 5 . . .
(‘mh o> ‘ml, »21), which explains their small con-

tribution to the magnetization of the compound for

B || ¢, in particular, to the magnetization jump in the

M (B) curve at Bgg =~ 0.35 T. In this case, the Dy sub-

system in the flop phase (B > Bgy) is characterized by

the magnetic moments of both sublattices directed
¥0.05 ¥0.05

mainly along the field (‘m]i2C > m?m ), which

makes the main contribution to the magnetization
jump during the spin-reorientation transition.

A trigonal crystal with magnetic moments lying in
the basal plane can contain three types of antiferro-
magnetic domains, antiferromagnetism vector L in
each of which is oriented along the corresponding
twofold axis. During the magnetization of a trigonal
Nd 95Dy ¢sFe;(BO3), crystal in the basal plane in
fields lower than 1.5 T, all three possible domains with
antiferromagnetism axes located at an angle of 120° to
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each other contribute to the magnetization. The
M (B) magnetization curves for B< 1.5 T were calcu-
lated using the approach proposed in [17], where the
magnetization processes in easy-plane NdFe;(BO;),
were comprehensively studied with allowance for the
possible existence of domains of the tree types. Since
information on the domain structure of the sample was
absent, the domain sizes were assumed to be the same.

During magnetization in the basal plane for B || a,
the magnetic moments of iron in a domain with the
antiferromagnetism axis along the field L, (L, is the
projection onto plane ab; Figs. 1c, 1e) make a contri-
bution increasing with the field due to an increase in
bending toward field B || a. Magnetic moment m,,,
directed opposite to the field in the rare-earth sub-
system decreases. As a result, the total magnetization
of domain L, increases weakly with the field and
repeats the character of the experimental M, .(B)

dependence. Both magnetic moments of iron Miezab

in two other domains Lg,, with antiferromagnetism
axes located at an angle of ¢ = 60° to the field (which
are equivalent with respect to field direction B || a)
rotate toward the flop state (Fig. le). It is seen from the
calculated field dependence of the angles of rotation

Fe . . .
¢, , of the M, ,,, vectors in domain L, in plane ab

that vector M, ¢, rotates slightly faster than M., does
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(Fig. 6b). The contribution of domain Ly, to the
magnetization increases because of different rates of

rotation of the Miezab vectors. The total magnetiza-
tion for field B || a and B < By,

M, = %B(Mge +(1 —x)mll\ga +xm]3y2a
(11)

+ %(Mgg +(1 —x)mll\f%a + xm?’yza J

well describes the experimental M, .(B) curve (see
Fig. 5). In Eq. (11), MS = M, sin(9,) — M5° sin(9,)
is the contribution of iron to the magnetization of
domain L,,, with allowance for the projection onto
= M, sin(3,)cos(p,) +

M§e sin(3,)cos(@,) is the contribution of iron to the
magnetization of domain L,, with allowance for the
projection onto plane ab and axis a.

In afield Bgz = 0.9 T, a spin-reorientation transition
into the flop state with magnetic moments almost per-
pendicular to the field takes place in domain L, and its
magnetization with allowance for the projection onto
plane ab is M§§p = 2Mfe sin(9,)cos(p,) (see Fig. 1b).
As a result, the total magnetization for B> By is

plane ab, and M

Ma = %[%(Mg(e)p + (1 _x)mll\dea +xm?y2a
(12)

+ %(MZ? + (1 —x)mma +xm]1?y2a }

As the field increases further, magnetic moments

Fe . . .
M, ,,, continue to rotate in domains Lg,,, and calcu-

lations show that the rate of rotation increases with the
field. Beginning from a field of about 1.5 T, the total
magnetization differs weakly from the magnetization
in the flop phase.

It is seen from Figs. 5 and 2 that the calculated
magnetization curves, which are characterized by
magnetization jumps, can describe the experimental
curves if we take into account that these jumps in a real
sample should be smeared because of the presence of a
domain structure. Note that the rotation and jumps of
the magnetic moments of iron in all domains are
accompanied by changes in the components of the
magnetic moments in the rare-earth subsystem. The
spin-reorientation transition fields in the calculations
were determined from the equality of the thermody-
namic potentials of the corresponding magnetic
phases.

Taking into account the large contribution of the
Nd subsystem to Nd, 45Dy, ¢sFe;(BO;), and the possi-
ble existence of easy-plane [2, 17, 31] and spiral [32,
33] magnetic structures in NdFe;(BO;),, we cannot
exclude that such a spiral structure forms in
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Nd, 95Dy, osFe;(BO3), at low temperatures. Note that
the character of the anomalies in the experimental
magnetization curves in the basal plane in
Ndg¢sDygosFe;(BO3), is similar to that in
NdFe;(BO;), [29] and other easy-plane ferroborates
(YFe3(BO;), [34], EuFe;(BOs), [4], SmFe;(BO;),
[35]). Since the detected anomalies in the M, .(B)
curves are analogous for all easy-plane ferroborates
and a spiral character of the magnetic structure is
assumed only in NdFe;(BO;),, we can suppose that
the possible existence of a spiral structure in
NdFe;(BOs), and Nd, 45Dy, ¢sFe;(BOs), weakly
affects the character of the anomalies in M, .(B) due
to, e.g., small anisotropy in plane ab. The achieved
agreement between the calculated and experimental
M, .(B) curves for Nd,qsDy,osFe;(BO;), and other
ferroborates (NdFe;(BO5), [17], SmFe;(BO;), [35])
supports the assumption about a weak effect of a spiral
magnetic structure, at least on the magnetic charac-
teristics.

Both the iron subsystem ordered at 7'< T and the
rare-earth subsystem magnetized by the f—d interac-
tion contribute to the initial magnetic susceptibility of
Nd, 95Dy osFe;(BO3),. Figure 7 shows the experimen-
tal and calculated temperature dependences of mag-
netic susceptibility x. (7). At T = 30 K, the experi-
mental curve exhibits a weak anomaly, which is caused
by antiferromagnetic ordering in the Fe subsystem.
The calculated Néel temperature is slightly higher
than the experimental value, which is a well-known
disadvantage of the molecular field approximation.
The calculations demonstrate that the anisotropy of
the . ,.(7) curves in the paramagnetic temperature
range is mainly caused by the contribution of the dys-
prosium part of the rare-earth system. The detected
significant increase in the % .(7) curve at 7'< Ty is also
related to the contribution of the Dy subsystem. On
the whole, the susceptibility curves calculated in the
high-temperature range from 7 = 30 K to 7'~ 300 K
well describe the weakly anisotropic . ,.(7) experi-
mental curves.

The inset to Fig. 7 shows the low-temperature
regions (for 7' < Ty) of the experimental and calcu-
lated ¥, ,.(7T) dependences of Nd 45Dy osFe3(BO;),.
For comparison, the inset also depicts the experimen-

tal 30y () curves of NdFe;(BO;), [29]. When com-
paring the susceptibility curves for
Nd, 95Dy, osFe;(BO;), and easy-plane NdFe;(BO;),,
we can conclude that the small substitution of Dy** for
Nd3* ions only weakly affects the character of suscep-
tibility in the basal plane: the yx,.(7) curve of

Nd, 95Dy osFe;(BO3), repeats the shape of X,Idee (N
of NdFe;(BO,), (including the Schottky-type anom-
aly near 5.5 K) and lies slightly higher. However, the
small substitution radically changes the shape of the
%(T) curve of Nd,¢sDy,osFe;(BO3),. It is seen that
the additional contribution of the Dy, s subsystem
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Fig. 7. Temperature dependences of the initial magnetic
susceptibility ., |(7)at B=0.1T. For clarity, the temper-

ature axis begins with —7 K. (inset) Low-temperature

region of the x, 1(T) and 7.y © (7) NdFe3(BO3)4 [29]

curves at 7 < Ty. (symbols) Experimental data and
(curves) calculation.

leads to a significant quantitative change in suscepti-
bility % .(7) and to the pronounced anomaly at 7 =

4.3 K, which is absent in %" (7).

As the temperature decreases from 7y = 30 K, the
experimental y.(7) curve continues to increase, which
is characteristic of the easy-plane state of the magnetic
subsystem. At 7' = 4.3 K, %.(7) decreases sharply,
which can be explained by the presence of a spin-
reorientation transition from the easy-plane state into
the initial low-temperature state, the character and
specific features of which in Nd, 5Dy, osFe;(BO3), are
not obvious if only susceptibility y.(7) is analyzed.
Such behavior of susceptibility was earlier observed in
Nd, _ Dy, Fe;(BO;s), (x =0.1[13], 0.15 [12], 0.25 [8,
12], 0.4 [14]) and was explained by a spin-reorienta-
tion transition from the easy-plane into the easy-axis
state. However, magnetization  curves  for
Nd, _, Dy, Fe;(BO;), (x = 0.1, 0.15, 0.25, 0.4) exhib-
ited anomalies only in the M (B) curve [12—14]. As
discussed above, weakly substituted
Nd, 45Dy osFe;(BO3), exhibits low-field anomalies in
both M (B) and M, .(B), which indicates a significant
change in the contributions of the R and Fe sub-
systems to the magnetization in a low field for both
B|cand B Lec.

The calculations demonstrate that the antiferro-
magnetic phase with the magnetic moments of iron
deviating from axis ¢ through an angle 6 ~ 77° at T' =
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2 K that was suggested during analysis of the low-field
M. | .(B) magnetization curves can be used to explain
and to quantitatively describe the anomaly detected
experimentally in the % .(7) curve near 7= 4.3 K (see
Fig. 1c). The sharp decrease in y.(7) at T = 4.3 K is
caused by the change from the easy-plane to the low-
temperature state with the magnetic moments of iron
deviating from axis ¢ when the temperature decreases
(see Fig. 1c). This spin-reorientation transition is
caused by the different temperature dependences of
the competing contributions of the iron and rare-earth
subsystems to the total magnetic anisotropy of
Ndy 95Dy 05Fe3(BO3),.

The tendency toward the manifestation of an easy-
plane character of the magnetic subsystem that was
detected in Nd; 45Dy, osFe;(BO3), with increasing
temperature agrees with the results obtained for
Nd,_,Dy,Fe;(BOy), (x = 0.1-0.4) [8, 12—14],
Sm, ;Ho, 3Fe;(BOs)4 [15], HoFe;(BO3), [22, 36], and
Ho, sNd, sFe;(BO;), [3], where an easy-plane mag-
netic structure formed when the temperature
increased after the spin-reorientation transition. The
dashed curve shown in the inset to Fig. 7 and calcu-
lated below Tz demonstrates the further run of the
%.(T) curve in the easy-plane state for the case if the
magnetic moments of the rare-earth and iron sub-
systems in Nd, ¢sDy, ¢sFe;(BO;), were not reoriented
at Tgp~ 4.3 K.

During magnetization in the basal plane for B =
0.1 T, all possible domains contribute to susceptibility
%i(T) and the magnetization processes in
Ndg ¢5sDygosFe;(BO3), occur similarly to those
described in [17] for easy-plane NdFe;(BO;),. For B L
¢, the temperature dependence of susceptibility y , .(7)
near 7= 5.5 K demonstrates a Schottky-type anom-
aly, which is caused by the redistribution of the popu-
lation of the lower levels of the Nd** ion and is well
reproduced by calculations.

CONCLUSIONS

The magnetic properties of the weakly substituted
Nd, 95Dy, osFe;(BO3), ferroborate with competing
Nd—Fe and Dy—Fe exchange interactions were stud-
ied experimentally and theoretically, and agreement
between the calculated and experimental data was
achieved for the entire set of 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 parameters of Nd, 95Dy, osFe;(BO;), by comparing
the calculated and experimental results. The found
parameters were presented in a table for the entire
family of Nd, _,Dy, Fe;(BO;), (x = 0.05, 0.1, 0.15,
0.25, 0.4) ferroborates studied using the proposed
approach. The effect of small substitution of Dy** for
Nd** ions on the magnetic properties of
Nd, 95Dy, ¢sFe;(BO;), was analyzed, and the degrees
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of responsibility of the contribution of each subsystem
for the detected effects were found.

The proposed version of the magnetization pro-
cesses in Nd, 95Dy, ¢sFe;(BO;), in low magnetic fields
with the formation of an antiferromagnetic state with
the magnetic moments of iron deviating from axis ¢
through angle 6 (6 = 77° at T=2 K and B = 0) made
it possible to comprehensively analyze the behavior of
the magnetic moments of the R and Fe subsystems and
to describe the nonlinear low-temperature M, | (B)
magnetization curves, which indicated phase transi-
tions from the initial phase into a flop phase. For
Nd, 95Dy, 0sFe3(BO3),, we detected and described a
spontaneous spin-reorientation transition near 7Tz =
4.3 K, which manifested itself as a pronounced anom-
aly in the susceptibility curve y (7). We used one set of

parameters and anisotropy constants KZF;, ¢ and used
no adjustable parameters to calculate the y. | .(7) sus-
ceptibility curves in the ordered and paramagnetic
temperature ranges and to calculate the field depen-
dences of the M, , (B) magnetization curvesupto 9 T.
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