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Magnetoelectric (ME) properties were investigated for an XY-like spin glass (SG) system,
Ni,Mn;_,TiO; with an ilmenite structure. The ME effect is usually observed in systems with peculiar
couplings between a crystal lattice and a magnetic order. Nonetheless, we found an antisymmetric ME
effect with nonzero ME tensor elements below Ty = 8—10 K in samples showing SG transitions. At Ty,
no specific heat anomaly was observed, suggesting the absence of long-range magnetic order. We discuss
the origin of the ME effect in the XY-like SG system in terms of an alignment of toroidal moments.
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Interest in the study of magnetoelectric (ME) effects,
magnetic control of electric polarization P or electric
control of magnetization M, has been reinvigorated since
the discovery of spin-driven ferroelectricity and giant ME
effects in some spin-spiral magnets [1,2]. Usually, the ME
effect can exist in crystals with ordered spin structures
having peculiar magnetic symmetries. In ME materials,
additional multispin variables often play an important
role in their ME properties. A well-known multispin vari-
able which couples spins with P is “vector spin chirality,”
defined as k = (S; X §;), where S; and S; denote spins at
the sites i and j. The most successful microscopic mecha-
nisms for the contribution of k to the spiral-spin-driven
ferroelectricity are the spin-current [3] and the inverse
Dzyaloshinskii-Moriya [4] mechanisms. Another known
ME active multispin variable is toroidal moment #, which
is described as the outer product of the displacement of
magnetic ions from the center position r; and their spins S;;
ie., t o« X;r; X S;[5,6]. The sign of ¢ changes under time-
reversal and space-inversion operation, and ME effects in
several compounds such as Ga,_,Fe O3 have been dis-
cussed in terms of the toroidal ordering [7-9].

Theoretically, these multispin variables can be nonzero
even in the absence of long-range magnetic order. An
example of such a situation is the ‘“chiral spin liquid
phase” in some helimagnets [10,11]. Another example is
the ““spin-chirality decoupling™ in spin glass (SG) systems,
which was originally discussed for the scalar spin chirality
in Heisenberg SG systems [12] but has also been applied to
the vector spin chirality in XY-like SG systems recently
[13]. Thus, it is possible that ME materials are found in
magnetically disordered systems. However, most of the
previous experimental studies on magnetoelectricity have
been done on materials showing long-range magnetic or-
ders. There are few reports on ME effects in magnetically
disordered systems, except for the multiglass system
(Sr, Mn)TiO5 [14].

In this Letter, we pursue the ME coupling owing to
multispin variables in magnetically disordered systems.
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Especially in the XY-like SG systems, noncollinear spin
configurations confined within the XY plane are possible
and might align the ME active multispin variables such as
k and ¢. For this purpose, we choose ilmenite-type
Ni,Mn;_,TiO; and carry out detailed measurements of
its ME properties. We found antisymmetric ME effects in
samples showing XY-like SG character and discuss the
origin of the ME effect in terms of an alignment of toroidal
moments.

Ni, Mn,_,TiO; with an ilmenite structure crystallizes in
the centrosymmetric space group R3 in which a (Ni,Mn)
plane and a Ti plane are alternately stacked along the
hexagonal ¢ axis. Randomly distributed magnetic Ni>"
and Mn?" ions in each (Ni,Mn) plane form a honeycomb
lattice. Figure 1(a) shows the magnetic phase diagram
determined by previous M and neutron diffraction mea-
surements [15,16]. An end compound, MnTiO5 [17], ex-
hibits an antiferromagnetic (AFM) order with the easy axis
along the c¢ axis below Ty = 64 K. In each Mn plane, the
coupling between nearest-neighboring Mn moments is
AFM. The AFM structure is illustrated in Fig. 1(b) and
termed “AFM1.” The other end compound, NiTiO5 [17],
shows another AFM order (AFM3) below Ty = 23 K. In
the AFM3 phase, Ni moments are ferromagnetically
coupled within each Ni plane but antiferromagnetically
between adjacent Ni planes [Fig. 1(d)]. The Ni moments
in the AFM3 phase lie in the plane, unlike the AFM1 phase
in MnTiOs. Thus, for mixed Ni,Mn,_, TiO3, AFM Mn-Mn
and ferromagnetic Ni-Ni bonds are randomly distributed in
the (Mn,Ni) honeycomb lattice, which causes competing
magnetic interactions and a resultant SG state at around
x = 0.40-0.48. In addition, the competition of spin anisot-
ropy yields the effective easy plane anisotropy, and then
the SG state becomes an XY-type one [18].

Single crystals of Ni,Mn;_,TiO; (0.38 = x = 0.44)
were prepared by the floating zone method, as reported
previously [19]. For measurements of electric polarization
P and relative dielectric constant &, the crystals were cut
into a thin plate shape (approximately 40 mm? X 0.1 mm)
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FIG. 1 (color online). (a) Magnetic phase diagram of % 4t X/[110]
Ni,Mn,_,TiO5 reproduced from Refs. [15,16]. Open circles e H// Y axis
and open triangles represent transition temperatures determined Q oT
from previous M and neutron diffraction measurements, respec- S 2F —— 5T 7
tively. Closed circles represent results of our M measurements. & —=—9T _
Inset of (a): an expanded view. (b)—(d) Magnetic structures of the . . . . (©
AFM1, AFM2, and AFM3 phases, respectively. Thick arrows OO 5 10 15 20 25

denote (Ni,Mn) spins and are color-coded according to their
relative directions.

with the widest faces parallel to the (001), (110), or
(— 110) plane. Silver electrodes were vacuum deposited
onto these faces. We measured € using an LCR meter with
a frequency (f) range from 1 to 100 kHz. The temperature
(T) and magnetic field (H) profiles of P were obtained by
time integration of pyroelectric and ME currents measured
with an electrometer upon 7 sweeping and H sweeping,
respectively. Measurements of magnetization M were car-
ried out with a commercial magnetometer. Specific heat C
was measured by the relaxation method.

First, we focus on the results of an x = 0.42 sample
showing the XY-like SG behavior [20]. As seen in
Fig. 2(d), two successive SG transitions at Tgg; = 9.6 K
for M along the Y axis and Tsg, = 6.0 K for M along the Z
axis are evident, which is consistent with a previous
result [18] and characteristic of SG systems with an easy
plane anisotropy [21]. Here, the definitions of the X, Y,
and Z axes are illustrated in the inset of Fig. 2(c).
Figures 2(a)-2(c) show the T profiles of P, &, and C in
selected magnetic fields, respectively. Subscripts of P

Temperature (K)

FIG. 2 (color online). T profiles of (a) P along the X, Y, and Z
axes at H along X, Y, and Z; (b) € along X at H along Y; and
(c) C at H along Y for the x = 0.42 sample. Inset of (c): the
definitions of the X, Y, and Z axes. (d) T dependence of
zero-field-cooled (ZFC) and field-cooled (FC) M along the Y
and Z axes at 0.5 mT. (e) e at several frequencies and
moH =9 T.

denote measurement settings; for example, Pyy is P along
the X axis in H along the Y axis. We measured P upon a
warming process without an electric field E after cooling
the sample at uoH = 9 T and E = 0.5 MV/m from 30 to
3 K (ME cooling). As seen in Fig. 2(a), no finite P was
observed in the absence of H. However, P is induced by
applying H below Ty;g = 8 Kfor 5 Tand = 8.5 Kfor9 T
only at off-diagonal components Pyy and Pyy. This means
that the ME effect is observed in the sample showing SG
transitions. The opposite sign and almost the same magni-
tude between Pyy and Pyy indicate the antisymmetric
relation, Pyy = —Pyy. By using the ME tensor elements,
the ME effect is expressed as
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The off-diagonal and antisymmetric ME effect seems to
reflect the symmetry of the XY SG system. (More pre-
cisely, the magnitudes of Pyy and Pyy are slightly differ-
ent. One of the reasons for the difference may be due to
measurement errors for the electrode area. Another more
significant reason is the presence of the remarkable ME-
cooling-condition dependence of P in the XY-like SG
system [20].)

Note that the magnetic point group of the AFM1 phase
observed in the Mn-rich region is 3/, which allows the
linear ME effect with the ME tensor elements ayy =
Qyy, ayy = —ayy, and ay, [22]. In fact, finite a,, has
been experimentally confirmed in an x = 0 sample [23]. It
is important to clarify the differences between the ME
effects of the AFM1 samples and the x = 0.42 SG samples.
The ME tensor components of the x = 0.42 sample did not
contain any diagonal components (ayy, ayy, Of ®zz),
suggesting that the ME effect observed in the x = 0.42
SG sample is ascribed to a different origin from that in the
AFM1 samples.

Figure 2(b) shows the T profiles of & along the X axis.
At 0 T, no anomaly was observed at any of the measured
frequencies. By contrast, at 5 and 9 T, a sharp peak anom-
aly appears in the ¢ — T curves. As seen in Fig. 2(e),
the peak position is at around 7y and monotonically
shifts toward higher temperatures with increasing f.
Furthermore, the peak height decreases as f increases.
These features resemble those of the ac magnetic suscep-
tibility in spin glasses or the ac dielectric constant in
relaxor ferroelectrics [20], suggesting that a magnetoelec-
trically glassy state contributes to the observed ME effect.

The above results show that the ME effect is observed in
the samples showing the SG transition, which indicates
that some order parameter develops in the SG system. One
of the possible origins of the ME effect is the formation of a
long-range magnetic order induced by applied H. To ex-
amine whether there is the H-induced long-range magnetic
order, we measured the specific heat C. Figure 2(c) dis-
plays the 7 dependence of C at several magnetic fields
applied along the Y axis. At 0 T, C shows no anomaly at
Tsg1 = 9.6 Kor Tyg, = 6.0 K but exhibits a broad peak at
around 15 K (> Tsg). The broad peak is slightly sup-
pressed by applying H. Similar features are often observed
in SG systems such as canonical SG CuMn [24] and
insulating SG (Eu,Sr)S [25]. We emphasize that C in the
x = 0.42 sample did not show any anomaly at Ty, in-
dicating that there is no H-induced long-range magnetic
order in the x = 0.42 sample.

Here, we discuss the origin of the ME effect in the
XY-like SG system in terms of toroidal moment # [5].
When ¢ is finite, antisymmetric ME effects can be allowed,
i.e.,, Px —¢t X H and M « ¢t X E, which are obtained

from the free energy expansion analysis [6]. Figure 3(a)
illustrates a (Ni,Mn) honeycomb lattice of (Ni, Mn)TiO;. If
spins whose directions are confined within the XY plane
freeze in a completely random manner, ¢ (< X,r; X S;) all
over the lattice becomes zero statistically. However, if both
E along the X axis (Ey) and H along the Y axis (Hy)
are present during the spin-freezing process (i.e., ME
cooling), it is expected that ¢ is polarized along the Z
axis () through the coupling of ¢ - (E X H). This means
that vortexlike arrays of spins, as illustrated in Figs. 3(b)
and 3(c), are induced by the ME cooling and frozen below
Tsg- Note that, to yield finite 7, it is not necessary for spins
to be perfectly arranged in a vortex manner. It is sufficient
for them to have a finite vortexlike component. This sce-
nario reasonably explains the antisymmetric ME effect
observed in the x = 0.42 sample.

To further test the validity of the toroidal scenario, we
measured the H dependence of Py, after two different ME
cooling procedures. Figure 3(d) shows the data measured at
2 K after cooling at +Ey and +Hy (black line), and

cooling at —Ey and +Hy (gray line). The P — H curves
@ e e (b)
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FIG. 3 (color online). (a) A (Mn,Ni) honeycomb lattice with
randomly frozen spins. (b),(c) Schematic diagrams of spin
configurations with finite + and — toroidal moments on the
honeycomb lattice, respectively. (d) H dependence of Pyy at
2 K. Black and gray lines represent the data measured after the
ME cooling at Ey = +0.5 MV/m and uoHy =9 T, and at
Ex = —0.5 MV/m and uoHy =9T, respectively. Illustrations
in (d) represent possible relationships among the toroidal mo-
ment, applied H, and induced P at the respective situations.
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are odd functions to H and monotonically increase (or
decrease) with increasing H. Furthermore, by changing
the sign of the poling Ey, that of Pyy is also reversed. In
the toroidal scenario, the reversal of P is equivalent to the
reversal of £. Considering the spin and toroidal configura-
tions in the (Ni,Mn) honeycomb lattice illustrated in the
insets of Fig. 3(d), the observed features can be explained
by the toroidal scenario. This interpretation is also consis-
tent with the presence of the ME effect in the magnetically
disordered XY SG system.

Although the toroidal scenario successfully explains the
ME effect of the x = 0.42 SG sample, we further inves-
tigated the ME properties of samples with other composi-
tions (0.38 = x = 0.44). As seen in the inset of Fig. 1(a),
the phase diagram of the Mn-rich side (x < 0.4) is com-
plicated. For example, the x = 0.38 sample shows three
successive magnetic transitions. The first transition is an
AFM transition into a phase in which spins are ordered in
the same manner as AFM 1, but their direction is within the
XY plane [“AFM2,” shown in Fig. 1(c)] [15,16]. As T
decreases, the spin direction varies and a magnetic transi-
tion into the AFM1 phase occurs at ~8 K. Moreover, the
x = 0.38 sample undergoes a reentrant spin glass (RSG)
transition at ~7 K. According to a former study [16], the
SG and AFM1 phases coexist in the RSG phase.

Figure 4(a) displays the T profiles of Py, for samples
with x = 0.38-0.44 at 9 T. The RSG sample with x = 0.38
also exhibits finite Pxy, accompanied by the AFM ordering
below Ty = 17 K. As T decreases, Pxy shows a dip at
~9 K and increases again below ~9 K. The observed
ME tensor at 7 = 9-17 K is nonzero not only in the

i T - 1 T _ T ]
S r (@) H// Yaxis 9T 4_(C) Feg.41Mng50TiO; |
B 41 x=040 A 1
s £ HIl Y axis 9T |
g% x=0.38 ok =—t———r———
o }: 2+ 042 0 10 20 1
= x=0.
5 o
@
w x=0.44

O -

t T
r(b) H/ Xaxis 9T

N

x=0.38
I x=0.40 7]
| x=0.42
x=0.44
Ot n 1 . 1
0 10 20
Temperature (K)

Electric polarization
Pxx (uC/m?)
N

FIG. 4 (color online). T dependence of (a) Pyy and (b) Py at
9 T for Ni,Mn;_,TiO; (0.38 = x = 0.44). The data shown
in (a),(b) correspond to the ME tensor elements ayy and ayy,
respectively. (c) 7T dependence of Pyy at 9 T for
Feg 41Mng 59 TiO5.

off-diagonal Pyy (and Pyy) but also in the diagonal Pyy
[Fig. 4(b)], which is consistent with the magnetic point
group 1’ of the AFM2 structure [22]. As seen in Fig. 4(b),
however, the diagonal Pyy due to the AFM?2 order disap-
pears at the RSG phase (T < ~9 K), which is the same as
the ME effect observed in SG samples. These results
indicate that the ME effect of SG samples is differentiated
from that due to the AFM2 ordering. Furthermore, the
magnitude of Py in the SG samples shows the maximum
at x = 0.40 and decreases at x > 0.40 with increasing x.
Then, at x = 0.44, Py almost disappears [but is still finite
(= 0.05-0.15 wC/m? depending on the ME cooling con-
dition) below 7 K], although the sample also shows the SG
transition. Presently, we do not have a clear explanation for
the suppression of the ME effect with increasing x in the
SG phase. However, the suppression of Pyy (and/or the
increase of the stiffness to align toroidal moment #) with
increasing x can be partly explained in terms of the sup-
pression of ¢ (x 3,r; X S;) by replacing Mn’>* ions
(S = 5/2) with Ni** jons (§ = 1).

Finally, we compare the ME effect of Ni,Mn;_,TiO;
and that of Fe,Mn;_,TiO5 known as an Ising SG [26,27].
Because of the Ising nature, which is ascribed to a strong
single-ion anisotropy of Fe?*, noncollinear spin configu-
rations and vortexlike arrays, as shown in Fig. 3(b), cannot
be expected in SG Fe ,Mn;_,TiO5. Thus, we will not
observe an ME effect in Fe,Mn;_,TiO5. To confirm this
expectation, we measured Pyy for a single crystal of
Feg 41 Mny 59Ti05, which shows a typical Ising SG behavior
below T'sg = 23 K [27] and has the same x level as the ME
Ni,Mn;_,TiO; studied here. As displayed in Fig. 4(c), no
ME effect was observed. This result suggests that the ME
effect in Ni,Mn;_,TiO5 is ascribed to the XY-like SG
character and further supports the toroidal scenario.

In summary, we investigated magnetoelectric properties
of Ni,Mn,_,TiO5. We found off-diagonal and antisymmet-
ric ME effects in samples showing XY-like spin glass
character. The magnetoelectric effects were reasonably
explained by considering that the spin-freezing process
under both electric and magnetic fields makes toroidal
moments polarized. To further verify the polarization of
toroidal moments, it is desirable to apply some optical
techniques (e.g., magnetochiral dichroism and nonrecipro-
cal x-ray gyrotropy) which allow the observation of simul-
taneous breaking of space-inversion and time-reversal
symmetries [6]. Furthermore, similar magnetoelectric
properties could be expected in other XY-like spin glasses
such as Rb,(Mn, Cr)Cly, [28] if the necessary conditions in
terms of symmetry are fulfilled. Our results suggest that
studies of magnetoelectric properties in a magnetically
disordered system provide an opportunity to study multi-
spin variables by their separation from the ordering of
spins.
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