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The magnetic, magnetoelectric, and magnetoelastic properties of DyFe;(BO3), single crystals and the
Nd, 75Dy, »5Fe3(BO3),4 substituted compound with the competitive Nd—Fe and Dy—Fe exchange interac-
tions have been investigated in magnetic fields up to 210 kOe. It has been shown that the antiferromagnetic
state in Nd,, 75Dy, »5Fe;(BO;), below the Néel temperature is easy-plane and a spontaneous spin-reorienta-
tion transition to a uniaxial state occurs near 25 K. Anomalies are observed in various physical characteristics
in a spin-flop transition induced by the magnetic field along the trigonal axis. The H—T phase diagrams are
constructed; they are in good agreement with a simple model taking into account the anisotropy of the
exchange splitting and g factors of the ground doublets of the Dy>* and Nd>** ions. The features of the mag-
netoelectric effect in various magnetic phases have been studied. Spontaneous electric polarization has been
revealed in the region of the existence of an easy-plane antiferromagnetic state in the substituted compound.
A qualitative theoretical justification of the possibility of the appearance of the spontaneous spin-reorienta-

tion transition in the Nd, 75Dy, »5sFe;(BO3), substituted compound is given.

PACS numbers: 75.80.4+q
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The existence of magnetoelectric interactions in
rare earth ferroborates, RFe;(BO;),, was recently
revealed [1, 2]. A large advance has been achieved in
studying the nature and manifestation of these inter-
actions in various physical properties of these com-
pounds. It has been shown that rare earth ferroborates
belong to a new class of multiferroics in which the
elastic, magnetic, and electric order parameters
coexist.

Rare earth ferroborates have a rhombohedral struc-
ture and are described by the trigonal space group R32

(D)) [3]. Below Ty = 30—40 K, the spins of Fe3* are

antiferromagnetically ordered and rare earth ions
magnetized by the magnetic field of the iron sub-
system are in a paramagnetic state. Below Ty, the spins

of Fe3* in ferroborates are ordered either in the ab
plane of the crystal (easy-plane ferroborates) or along
the ¢ axis perpendicular to the ab plane (easy-axis fer-
roborates). The existence of easy-plane and easy-axis
magnetic structures is apparently due to the difference
in the ion radius and ground state of the rare earth ions
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in these compounds. It was shown in [4—7] that the
easy-plane magnetic structure is observed in neody-
mium ferroborate below Ty ~ 32 K, because it is pref-
erable for Kramers magnetic ions Nd** (‘I ). On the
contrary, the easy-axis magnetic structure favorable
for strongly anisotropic (but not Ising) ions Dy**
(°H5 /») is observed in dysprosium ferroborate [8, 9].

It is of interest to analyze the competition between
various contributions of Nd and Dy ions to the anisot-
ropy of ferroborates when studying substituted com-
pounds Nd, _,Dy, Fe(BO;), for which the appearance
of spontaneous reorientation transitions from an easy-
axis state to an easy-plane one can be reasonably
expected. A similar spontaneous reorientation transi-
tion was previously observed in gadolinium ferrobo-
rate near 9 K [10, 11] and was explained by the anisot-
ropy of the f/—d exchange.

For such an analysis, the magnetic, magnetoelec-
tric, and magnetoelastic properties were measured in
pulsed magnetic fields up to 210 kOe and in static
magnetic fields up to 12 kOe. A number of magnetic
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Fig. 1. Temperature dependences of the magnetic susceptibility along and perpendicular to the c axis in (a) DyFe;(BOs), and
(b) Ndg 75Dy »5Fe3(BO3)4 measured in the fields indicated in the figure. The arrows mark the Néel temperature 7, and the

reorientation transition temperature 7.

measurements were performed on a SQUID magne-
tometer (MPMS-5 Quantum Design).

We investigate specially grown single crystals of
DyFe;(BO;), and Nd, ;5Dy, ,sFe;(BO;), ferroborates
for which the magnetoelastic and magnetoelectric
properties have not yet been measured. A value of x =
0.25 for the substituted compound is chosen from the
condition of the approximate equality of the contribu-
tions from various rare earth ions to anisotropy. It is
assumed that the partial substitution of Nd** ions for
Dy?* ions leads not only to the appearance of the spin-
reorientation transition, but also to a change in the
magnitude of magnetoelectric interactions.

The single crystals of Nd, _ Dy, Fe;(BO;3), (x = 1
and 0.25) ferroborates were obtained using the sponta-
neous crystallization method from solutions in melts
[12]. The methodical instructions for the measure-
ments in pulsed magnetic fields were presented in our
preceding work [13].

EXPERIMENTAL RESULTS

Figure la shows the temperature dependences of
the magnetic susceptibility ¥y = ¢/H (o is the specific
magnetization) measured on the SQUID magnetom-
eter in a static magnetic field of 1 kOe along the b and
¢ axes for pure dysprosium ferroborate at low temper-
atures (below 70 K). The dependences are rather com-
plex. A cusp on the y.(7) curve at 7' = 38 K corre-
sponds to a transition to the antiferromagnetic state

and the smooth maxima near 23 K along the ¢ axis and
near 11 K along the b axis are attributed to the Schot-
tky effect associated with the redistribution of the pop-
ulations of two low lying Kramers doublets of the Dy>*
ion. The same behavior of the magnetic susceptibility
of DyFe;(BO;), was recently observed in [9]. The sig-
nificant decrease in 7y, at low temperatures confirms
the uniaxial character of the magnetic anisotropy of
dysprosium ferroborate. Figure 1b shows the y(7)
dependences for the substituted compound
Nd0_75DyO'25Fe3(BO3)4 11’1 a ﬁeld OfH= 1 koe alOI’Ig the
a axis and in various magnetic fields along the ¢ axis.
As follows from the figure, an anomaly in the suscep-
tibility at the Néel temperature 7y ~ 32 K in
Nd, 75Dy, ,5Fe;(BO3), is almost unobserved and the
susceptibility along the ¢ axis continues to increase
with decreasing temperature; this behavior is charac-
teristic of the easy-plane state. Then, a sharp decrease
in . occurs near 25 K, which can be attributed to the
reorientation transition to the uniaxial state. An
increase in the magnetic field applied along the ¢ axis

shifts this transition towards lower temperatures.
Figure 2a shows the magnetization curves of dys-
prosium ferroborate measured on the SQUID magne-
tometer in fields up to 50 kOe; the inset in this figure
shows the field dependences of magnetization in
pulsed fields up to 130 kOe. According to the figure,
magnetization jumps appear in a sufficiently high
magnetic field H,, along the c axis of the crystal; these
jumps are associated with spin-flop transitions in the
JETP LETTERS Vol. 89
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Fig. 2. Magnetization curves along the c axis in (a) DyFe;(BO3)4 measured on the SQUID magnetometer (in the inset, in pulsed
fields) and (b) Nd 75Dy »5Fe5(BO3)4 measured in pulsed magnetic fields.

iron sublattice and the threshold fields of the transition
increase with temperature. The magnetic moments of
the Dy** ions are simultaneously reoriented to the
direction parallel to the magnetic field, which ensures
a large magnetization jump. Our c(H) dependences
are in good agreement with the magnetization curves
from [9].

Figure 2b shows the magnetization curves for the
substituted compound Nd, ;sDy, ,sFe;(BO;),, which
exhibit a stepwise increase in the magnetization in the
spin-flop transition for H || c only in a low-temperature
range of 4.2—25 K, whereas the 6(H,) dependences
above 25 K are monotonic. These data confirm the
conclusion following from the y(7) dependences that
the spontaneous spin-reorientation transition from
the ¢ axis to the basal plane occurs at a temperature of
Tr~25K.

The measurement of the pyroelectric current
shows that spontaneous electric polarization with the
components along the a and b axes of the crystal
appears in substituted dysprosium ferroborate below
Ty ~ 32 K (see Fig. 3). Near the spin-reorientation
transition temperature, the behavior of this spontane-
ous polarization is complex and it disappears at lower
temperatures corresponding to the uniaxial state. Typ-
ical values of spontaneous polarization are several
microcoulombs per square meter. The appearance of
polarization is possibly attributed to the reduction of
the symmetry of the highly symmetric crystalline

phase R32 (D;) due to elastic stresses (distortions) in

the crystal lattice in the substituted compound, which
can discriminate a certain dominant orientation of
spins in the basal plane, thus violating the uniform dis-
tribution of spins over 120° domains.

It is found that the spin-flop transition for H || ¢ in
DyFe;(BO;), and Nd, ;5Dy, ,sFe;(BO;), is accompa-
nied not only by the magnetization jump, but also by
sharp anomalies in all components of the electric

JETP LETTERS Ml. 89  No.7 2009

polarization, AP, ~ 10 uC/m? (i = a, b, ¢), and magne-
tostriction, AX; ~ 107°; in the substituted compound,
these anomalies are observed only at temperatures
below 7. Figures 4 and 5 show the field dependences
of the longitudinal electric polarization and magneto-
striction along the c axis of the DyFe;(BO;), and
Nd, 75Dy 5Fe;(BO3), crystals. For the
Nd, 75Dy, »sFe;(BO5), single crystal at temperatures
above Ty ~ 25 K that correspond to the easy-plane
state, polarization anomalies are also observed in suf-
ficiently weak magnetic fields (H,, ~ 5 kOe) applied in
the basal plane. These anomalies can be attributed to
the reorientation of spins (antiferromagnetic moment)
of the Fe3* ions to the direction perpendicular to the
field (see Fig. 6). The quadratic magnetoelectric
polarization in the ab plane in the substituted com-
pound in fields ~100 kOe reaches ~200 uC/m?, which
exceeds the polarization of the majority of pure ferro-
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Fig. 3. Temperature dependences of spontaneous electric
polarization along the a and b axes of the
Nd, 75Dy 25Fe3(BO3)4 single crystal.
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Fig. 4. Field dependences of longitudinal electric polarization along the c¢ axis in (a) DyFe;(BO3); and (b)
Nd 75Dy 25Fe5(BO3)4 at various temperatures indicated to the right of the lines. The shifts of the lines along the ordinate axis

are indicated to the left of the lines.

borates, but is lower than that observed in
NdFe;(BOj3),. The replacement of Nd ions by Dy ions
that have a larger magnetic moment does not lead to
the expected increase in the magnetoelectric effect,
which is probably associated with a small contribution
from Dy?* ions to the magnetic and magnetoelectric
properties in the ab plane, as well as with the appear-
ance of crystallographic distortions accompanying the
replacement of Nd ions by ions with a smaller ion
radius.

The temperature dependences of the threshold
fields of the ferroborates under consideration for H || ¢
obtained by measuring the magnetic and magneto-
electric properties and magnetostriction are shown in
Fig. 7. The threshold fields in Nd, 75Dy, ,sFe;(BO3),
are smaller than those in DyFe;(BO;), and decrease
strongly with increasing temperature and vanish near
the spontaneous spin-reorientation transition temper-
ature T = 25 K.

The observed properties of the rare earth ferrobo-
rates can be qualitatively explained on the basis of the
following thermodynamic potential of the system:

1 € € € 1
O = - 3 H 4 (1 =)D + Kl

—%(l—x)NkBTZln[2cosh(A‘§,d/kBT)] (1)

o=x

1 a
— ExNkB TZ In[2cosh(Ap,/kgT)].

a==

Here, the first three terms determine the contribution
from the antiferromagnetically ordered Fe subsystem
and the last two terms specify the contribution from

rare earth ions Dy3* and Nd**, which are considered
in the single-doublet approximation; 1 = (/,, /,) is the
dimensionless antiferromagnetic vector of iron ions;
xie and X‘Te are the transverse and longitudinal sus-
ceptibilities of the Fe subsystem, respectively; Kg, > 0
is the uniaxial anisotropy constant of the Fe sub-
system; and 2A§ are the splittings of the ground dou-
blet of the ions R = Dy and Nd,
+ 2 1 1, \2.1/2
Ax = [(WRH £ ARL) + (Mg H £ ARL) T, (2)
where py and uﬁ are the magnetic moments of the
ions along and perpendicular to the z(c¢) axis, respec-
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Fig. 5. Field dependences of longitudinal magnetostriction along the ¢ axis in (a) DyFe;(BOj3)4 and (b) Nd( 75Dy »5Fe3(BO3)4
at various temperatures indicated to the right of the lines. The shifts of the lines along the ordinate axis are indicated to the left of

the lines.

tively; 2A% and 2Aﬁ are the exchange splittings of the
ground doublet of the ion R in the uniaxial and easy-
plane spin states of the Fe subsystem, respectively; the
signs * refer to two R sublattices; and N is the total
number of R ions. The single-doublet approximation
for Dy** ions is of qualitative character, because it dis-
regards the effect of the nearby excited doublet [14].

In the high-temperature approximation (7" >
kpAng, py)» the thermodynamic potential has the sim-
ple form

O, H) = —%XTHZ

(3)
+ (=) (HD? + %Kefflﬁ b
Here,
Ko = Ko+ N(1 =) [(AN0) — (Af) 1k T
— Nx[(Ah,)" ~ (A5,) 1/ks T @)

% Ko + N(1 = x)(Ang) /hy T— Nx(AS,) /g T
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is the effective anisotropy constant, where the first two
terms (Fe and Nd subsystems) make positive contribu-
tions and stabilize the easy-plane state and the last
negative term stabilizing the easy axis is associated
with the Dy** ions. The first two contributions prevail
at high temperatures; at lower temperatures, they are
compensated by the contribution from the Dy3* ions,
which leads to a change in the sign of K. and spin
reorientation. The second part of expression (4) pre-
sents a particular anisotropy of the exchange splitting

of the Nd** and Dy’ ions: Ay, > A%, and A}, >
i
ADy .

The spin-flop transition field is given by the classi-
cal expression Hy = [—K.q/(x — Xfe)]‘/z, which
reproduces the experimentally observed decrease in
the threshold field and its vanishing when approach-
ing spontaneous spin reorientation. The observed
increase in the threshold field at high temperatures for

pure DyFe;(BO;), is also reproduced by this expres-
sion for Hg and is caused by a decrease in the differ-

Fe Fe
ence ¥, — XH .

At low temperatures, the following expression for
the spin-flop transition field can be obtained from ini-
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tial thermodynamic potential (1) (taking into account
the inequality iy Hy, Akg < Ang):

Ho~ [xNABy —(1-x)NAL, - % KFSJ JXNib,.  (5)

It follows from this expression that the field Hin pure
DyFe;(B0Os), is close to the exchange splitting field of

the ground doublet of Dy**, A}, /up,, and the spin-

flop field in the mixed compound decreases noticeably
due to the Nd subsystem in good agreement with
experiment (see Fig. 7).

Thus, this model taking into account the anisot-
ropy of the exchange splitting and g factors of the
ground doublets of the Dy** and Nd>** ions describes the
observed phase transitions in the Nd, _ Dy, Fe;(BO;),
system with competitive rare earth contributions.

To summarize the results of the work, we note that
a spontaneous spin-reorientation transition from the
c axis to the ab plane is implemented in a single crystal
of substituted ferroborate Nd, ;5Dy,,sFe;(BOs), due
to the competition between different contributions to
magnetic anisotropy. The investigation of the reorien-
tation transitions induced by the magnetic field reveals
anomalies in the closely correlated magnetic, magne-
toelastic, and magnetoelectric properties for both
compounds. The H—T phase diagrams have signifi-
cantly different forms for DyFe;(BO;s), and

T (K)

Fig. 7. Temperature dependences of the threshold field of
the spin-flop transition in (a) DyFe3(BOs)4 and
(b) Nd, 75Dy »5Fe3(BO3)4 obtained from the measure-

ments of magnetization (), magnetostriction (L), and
electric polarization (AP) in pulsed magnetic fields, as well
as the magnetization measured in static fields on the
vibrating sample magnetometer (vsm) and SQUID mag-
netometer (SQUID). The arrows mark the Néel tempera-
ture 7Ty and the reorientation transition temperature 7.

Nd, 75Dy, »5sFe;(BO3),; these diagrams are theoreti-
cally explained.
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