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Magnetic control of electric polarization in the noncentrosymmetric compound (Cu,Ni)B,0,
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The weak ferromagnetic moment in Ni-doped CuB,0, can be rotated by applying an electric field. While
this implies spin-driven ferroelectricity, no direct evidence of electric polarization has been reported to date.
Here we report the induction and control of polarization in the borate in the presence of an external magnetic
field. Applying a magnetic field along the [110] or [110] axis induces electric polarization along the [001] axis.
The polarization is reversed by switching the magnetic-field direction between the [110] and [110] axes. The
mechanism by which electric polarization emerges can be well explained in the framework of spin-dependent

metal-ligand hybridization.
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Multiferroics is an exotic class of matter that can simulta-
neously host two or more ferroic orders in the same phase.'
Among several coupling mechanisms involving different types
of ferroicity, the magnetoelectric effect appears in the system
where both the time-reversal symmetry T and space inversion
symmetry I are broken. Thereby, electric polarization can be
manipulated by a magnetic field and vice versa. Interest in
this topic has been reinvigorated” by milestone discoveries of
large ferroelectric polarization,® the control of the antiferro-
magnetic domain by electric fields in thin-film BiFeO3,* and
strong magnetoelectric coupling in TbMnO3> and TbMn,Os.°
Since these discoveries, numerous materials possessing cross
coupling between magnetism and electricity, with fascinating
physics properties, have been explored.”

This study investigates the magnetoelectric effect in a
noncentrosymmetric compound, namely, Ni-doped copper
metaborate, (Cu,Ni)B,0O4. Unlike other cuprate compounds,
this material exhibits a complicated magnetic property®!? as
well as unique electro-magneto-optic effects.!’"'> The magne-
tization vector can be manipulated up to £30° by an electric
field in the canted-antiferromagnetic phase of (Cu,Ni)B,0y,"?
implying a strong correlation between magnetic and electric
order. Although symmetry analysis suggests that magnetoelec-
tric coupling occurs in this system, a previous study exploring
the structure parameters and dielectric constant showed no
clear evidence of electric polarization.'* Here we report the
induction and control of electric polarization along the [001]
axis in (Cu,Ni)B,04 under a magnetic field. We attribute the
origin of this effect to metal-ligand hybridization.

CuB, 0, crystallizes in the space group 742d (point group
42m), as depicted in Fig. 1. A tetragonal unit cell with lattice
parametersa = 11.84 A and ¢ = 5.62 A admits 12 formulas."
Cu** ions are located at positions 4d and 8b (in Wyckoff
notation) and are denoted Cu A and Cu B, respectively. The
Cu?* ion at the A site is surrounded by a square configuration
of four oxygen atoms (local symmetry 4), while that at the
B site locates in a strongly distorted octahedron formed
by six oxygen atoms (local symmetry 2). No remarkable
structural difference exists between pure CuB,O4 and Ni-
doped samples. '
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The magnetic property of copper metaborate has been ex-
tensively investigated. This material undergoes two successive
magnetic phase transitions at Ty = 21 K and T* = 9 K.!316.17
Above the Néel temperature Ty = 21 K, CuB,0y4 exhibits
no magnetic order in either Cu A or Cu B. Between 21
and 9 K, the magnetic moments of Cu®" at the A sites exit
in a canted-antiferromagnetic state confined to the tetragonal
basal plane, while the Cu?* spin moments at B sites remain
disordered. The magnetic moments of Cu A are canted approx-
imately 3° from the collinear antiferromagnetic state’ due to
Dzyaloshinskii-Moriya antisymmetric interactions. Below the
second transition temperature 7* = 9 K, both sites of Cu ions
exhibit incommensurate helices with the propagation vector
k = (0,0,k.).° A study of magnetization in a perpendicular
magnetic field H L [001] revealed an anomaly at a critical
field H- ~ 1.3 T at 2 K, which tends to shift toward H = 0
as the temperature increases to 7*.!7 This behavior reflects
a metamagnetic transition from the incommensurate helical
phase to the canted commensurate antiferromagnetic order,
induced by the magnetic field. By partially substituting nickel
for copper, the magnetization in the low-field regime can be
strongly enhanced.'>'® However, in the range of the magnetic
field where electric polarization is investigated, the partial Ni
substitution has no significant effect on the magnetic property
and electric polarization.

(Cu,Ni)B,04 single crystals were grown by the flux
method.'"® Ni concentration was estimated to be 2.7% by
energy dispersive spectroscopy. The crystals were character-
ized by x-ray-diffraction patterns and Laue photographs. The
magnetic properties were determined using a superconducting
quantum interference device (MPMS, Quantum Design). The
displacement current was acquired using an electrometer
(KEITHLEY 6517A) with no poling electric field and inte-
grated to obtain the electric polarization P. To investigate
the influence of magnetic-field direction, the sample was
rotated around its [001] axis in a superconducting magnet
cryostat. Magnetization and polarization were examined in a
pulsed magnetic field up to 50 T at several temperatures. The
measurements in a pulsed magnetic field are described in detail
elsewhere. '
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FIG. 1. (Color online) Crystal structure of CuB,0, (boron atoms
are omitted for simplicity). o = 22.06° defines the orientation of
CuOy squares with respect to the diagonal line of the tetragonal basal
plane.

The magnetic property of (Cu,Ni)B,Os samples re-
examined in this study is consistent with that reported in
previous works>1620 [see Figs. 2(a) and 2(b)]. The results
are summarized in a H-T phase diagram in Fig. 2(c). In
Fig. 2(d), the electric polarization is plotted as a function of
the applied magnetic field and temperature. The application of
a magnetic field H along the [110] direction induces positive
polarization Pjgo1; toward the [001] direction. At T = 4.2 K,
Pioo17 appears when the magnetic field exceeds a critical value
of 1.1 T and gradually increases at higher-field strengths.
Similar measurements at different temperatures show that
polarization reduces as temperature increases. The critical field
that triggers polarization (1.1 T at 4.2 K) also reduces at higher
temperature [Fig. 2(d)]. The critical fields for ferroelectric
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FIG. 2. (Color online) Magnetization as a function of temperature
(a) and magnetic field (b). In both cases, magnetic field is applied
along the [110] axis. (c) H-T phase diagram at the low-field regime
based on measurements of magnetization, polarization, and data
of the second-harmonic generation study reproduced from Ref. 20.
(d) Magnetic-field dependence of polarization Py at several fixed
temperatures (H ||[110]).
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FIG. 3. (Color online) (a) Electric polarization along the [001]
axis Py of (Cu,Ni)B,O,4 as a function of magnetic field H at
T = 4.2 K for several magnetic-field directions 6. (b) 6 dependence
of polarizations Py in a magnetic field of 2 T at 4.2 K. Solid
(open) symbols present data of polarization Pjg;; collected during
an increase (decrease) of magnetic field. The solid line represents a
sinusoidal (sin 20) fit of polarization as a function of angle 6.

transition are identical to the values H¢, at which the helical
phase switches to the canted antiferromagnetic phase. These
results imply a mutual correlation between the magnetic order
and electric polarization in (Cu,Ni)B,O4. Considering that
Pyoo1) appears only when the field exceeds Hc, we infer that the
spin arrangement, rather than the magnetic field, is essential
for electric polarization.

We next investigate how Pjg;) evolves under varying
magnetic-field direction, implemented by varying the angle 6
between the [100] axis and the magnetic-field vector H. Py
was measured in magnetic fields up to 3 T at 4.2 K, while 6
was swept between 90° (H ||[010]) and —90° (H 1[010]). As
shown in Fig. 3(a), Pjoo1; gradually increased as the angle 6
increased from 0°, reaching an absolute value of 1.2 xC/m?
at H=3Tand @ = 45° (H||[110]) or —45° (H||[110]). As
the magnetic field was swept from O to 3 T, the polarization
behaviors in H||[110] and H||[110] were quite similar, but
their directions were opposite. | Pjoo1;| slowly decreased to
zero as 6 approached 90° (H||[010]), consistent with the
symmetry argument, which posits that polarization parallel
to the [001] axis results from breaking the twofold rotational
symmetry around [100] and [010]. One should note that the
rotating magnetic field affects the magnitude of polarization
only and exerts no effect on the critical field of transition to

184416-2



MAGNETIC CONTROL OF ELECTRIC POLARIZATIONIN ...

a ferroelectric state. As shown in Fig. 3(b), Poojjat H =2T
fits the curve Pjoo1j o sin26. Large absolute values of Pjoo1;
at @ = 135° (H||[110]) and —135° (H||[110]) also support
this interpretation, suggesting that Pjgo;; can be reversed by
switching the magnetic-field direction between the [110] and
[110] axes. Similar behaviors have recently been reported in
B32C0G6207,2I Sr2COSi207,22 and CuzOSeO3.23

The continuous change in polarization Pjgo1; as a func-
tion of A cannot be explained by the spin current’* or
magnetostriction25 model. Instead, these results can be under-
stood within the framework of spin-dependent metal-ligand
hybridization; charge transfer depends on the direction of
the spin moment of the transition metal with respect to
the metal-ligand bond. The local electric polarization at a
transition-metal site i is expressed as

AP; x Z(Si'eij)zeij, (1)
J

where S; denotes the local spin moment of transition metal
i and e;; is the unit vector connecting the metal i and the
jth ligand atom. The summation of AP; across the whole
crystal gives macroscopic electric polarization.?®?” Hereafter,
we consider that only the copper ions at the A sites contribute to
Pioo17- Around the Cu A sites, two oxygen ions are positioned
slightly higher than the Cu atoms, while the other two are
lower. Such an atomic arrangement may lead to spin-driven
nonzero polarization in this system. From Eq. (1), the local
electric polarization in a CuQOy, square is derived as P < cos 2¢
along the [001] axis, where ¢ is the angle between the spin
moment and the orientation of a metal-ligand bond, as depicted
in Fig. 1(b). In this situation, Pjgo1; is largest when the magnetic
moments of the transition metal on a magnetic sublattice point
toward a ligand ion (¢ = 0°). Conversely, Pjoo1; is predicted
to be zero when ¢ = 45°. In addition, CuO, squares have two
different orientations in the crystal, denoted as A1 and A2 [see
Fig. 4(a)]. The contribution of Cu?* in sublattice A1 to the
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FIG. 4. (Color online) (a) Magnetic moments of Cu®* at A1 and
A2 sublattices in an external magnetic field oriented along the [110]
axis (6 = 45°). (b) Schematic expression of Cu>* spin moment (black
arrows) configurations at A sites and corresponding polarization P
in different directions of the magnetic field.
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polarization P4 along [001] is proportional to

PA10<0052<a—%+9—¢>, @)
while that in the same direction contributed by Cu?* in
sublattice A2 is

PA20<0052(01+%—9—¢>. 3)

Here ¢ is the canting angle of the Cu?>* magnetic moments in
the canted-antiferromagnetic state, as shown in Fig. 4(a). The
oxygen squares surrounding Cu in the A1 and A2 sites are
oriented o = 22.06° with respect to the diagonal line of the
tetragonal basal plane, as in Fig. 1(a).!> Therefore, the total
polarization along the [001] direction can be written as

Pioo17 o sin26 cos 2(¢p — ). %)

The first component, sin 260, describes the dependence of Pjyo1;
on the magnetic-field direction 6, which agrees favorably with
the result of Fig. 3(b). The second component, cos2(¢ — «),
accounts for the influence of magnetic-field strength. A
higher magnetic field increases the canting angle ¢, thereby
increasing the polarization to a maximum at ¢ = «. In this
scenario, the magnetic moments of an A-sited Cu reorient
toward an oxygen ligand atom, yielding the largest possible
electric polarization. As the magnetic field increases, the Cu
A magnetic moments of the Cu atom and the ligand sites are
again misaligned. Eventually, the polarization should decrease
to zero and thereafter reverse its sign. The relationship between
magnetic-field direction, magnetic-moment configurations of
the A-sited Cu atoms, and respective polarization Pjgo1j is
presented in Fig. 4(b).

To test the above inferences, the magnetization M and
polarization P17 of (Cu,Ni)B,O4 were studied under a pulsed
magnetic field H (up to 50 T) applied along the [110] axis,
as shown in Fig. 5. Apart from the metamagnetic transition
at He ~ 1.3 T (T = 1.6 K), no magnetization anomalies are
observed, indicating that no further magnetic phase transitions
occur at higher fields. While the magnetization increases
monotonically, the polarization Pjgo;; saturates at 3.5 uC /m?
ataround 35 T and appears to decrease under stronger magnetic
fields.

The overall relationship between polarization Pjgo;; and
magnetic field H can be quantified by the following simple
model. In the canted antiferromagnetic phase, the square lattice
of Cu A is described by the Hamiltonian

Z ]Si'sj_gMBZSiH' Q)

i€Al,jeA2 icA

H =

The first term presents the Heisenberg exchange between
nearest-neighbor magnetic moments of Cu A atoms, where
J is the antiferromagnetic coupling constant. The second term
describes the effect of the external magnetic field H via the
Zeeman interaction. Because the external field exerts a strong
influence on the behavior of the system, the antisymmetric
Dzyaloshinskii-Moriya interaction term Dpy - Zi ; Si x§;
can be neglected. The in-plane exchange interaction parameter
J is related to the Néel temperature by %w = kpTy,
where n is the number of nearest-neighbor magnetic moments.

184416-3



N. D. KHANH et al.

M (py/fu)
=)
i

(b) Of§ ..l Cantingangle ¢ (1,,=0) ~27°{ _ 02
-c0s2(¢ — &) (J . =—0.4meV) .

1 -c0s2(¢ — a) (J ., = 0) .....- I I
\E ! —o— P, (experiment) _ -0.4 &
L:i)_ H||[110] &
S 2 ' 0.6 2
%§ 3{ oo 0.8 &

4 <30 1.4K ariii—--1.0

0 10 20 30 40 50

uH (T)

FIG. 5. (Color online) Magnetization (a) and polarization
(b) against magnetic field H||[110] up to 50 T. The dotted line in
(b) plots the variation of canting angle ¢ from 0 to approximately 30°
estimated from a simple model in Eq. (5) (/45 = 0). The solid-dotted
and solid lines in (b) exhibit the value of — cos2(¢p — &) in the case
Jap = —0.4 and 0 meV, respectively. The inset in (a) illustrates the
variation of magnetic moments at the Cu A site during the increase
of applied magnetic field.

For (Cu,Ni)B,04, Ty >~ 21 K and n = 4; thus J >~ 3.62 meV,
acceptably close to the value of 3.88 meV obtained from
neutron-scattering data.”® Setting S = 1/2 and g ~ 2, the
energy of the system can be written in terms of the canting
angle ¢ and magnitude of magnetic field H as

(H) = —2J cos2¢ — 4ugH sin ¢. (6)

At equilibrium, sin¢g = upH/2J; therefore, the depen-
dence of the canting angle ¢ on magnetic field H is ¢ =
arcsin(u g H /2J). The polarization Pyg1; o< cos 2(¢ — «) then
becomes

2 H2 H N H2

@)

Figure 5(b) plots the calculated canting angles ¢ and Pjgo1; as
a function of magnetic field H, together with the experimental
Pioo17- The polarization Pjo;; values calculated from Eq. (7)
behave similarly to the experimental data up to 50 T. Both
increase to a saturated value (at ¢ = o = 22.06°), then tend
to decrease as the applied field exceeds 50 T. However, the
calculations based on the square lattice of Cu A do not
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completely describe the experimental phenomena. First, while
no polarization should exist in the absence of a magnetic field,
the calculated Pjgoy; is finite at H = 0, which may explain
the difference between calculated and experimental Pjo;; at
low field. Nevertheless, at higher fields, where the magnetic
moments at the Cu B sites saturate at % up/fu., the electric
polarization Pjyo; is mainly driven by the spin moments of
Cu A sites, as discussed above. In addition, the measured
polarization Pgo;) saturates at around 35 to 40 T, while
the maximum calculated Pjoo1] (Pmax) is ~50 T. This effect
may result from magnetic-moment interactions between the A
and B sites. To correct for these interactions, an additional
term ;4 ;cp JapSi-S; is added to the Hamiltonian in
Eq. (5). Here J4p is the exchange interaction constant between
nearest-neighbor Cu?* magnetic moments at the A and B sites.
Relative to the case J45 = 0, the calculated Py, shifts toward
the lower-field regime when J4 5 < 0, while J4 > Oincreases
the magnetic field at which P,,x appears. The experimental
and calculated values of saturated P favorably agree
when J,p ~ —0.4 meV,? corresponding to a ferromagnetic
exchange between the magnetic moments at the A and B sites,
although this result requires further investigation.

In conclusion, we conducted experiments to investigate
the magnetoelectric effect in the (Cu,Ni)B,0,4 system. The
results indicate that electric polarization can be generated
and controlled in this material by applying a magnetic field.
More specifically, the material can be polarized along the
[001] direction by applying the field parallel to the diagonal
line of the tetragonal basal plane. Polarization was found
to correspond to a metamagnetic transition from a helical
to a canted antiferromagnetic state. In addition, rotating the
magnetic field in the tetragonal plane caused the polarization
to vary sinusoidally as 20 (where 6 is the angle between the
magnetic-field vector and the [100] axis). In this way, the
polarization can be reversed by switching the magnetic-field
orientation between the [110] and [110] axes. These behaviors
suggest that electric polarization in (Cu,Ni)B,O4 can be
reasonably described by a metal-ligand hybridization model
derived from spin-orbit interactions.
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