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Switching of antiferromagnetic states in LiCoPQy as investigated via the magnetoelectric effect
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The linear magnetoelectric (ME) effect allows for the selection or switching between two antiferromagnetic
(AFM) states via the application of large electric (£) and magnetic (H) fields. Once an AFM state is selected, it
is preserved by an energy barrier, even when the fields are removed. Using a simple phenomenological model,
we find that this energy barrier, which is needed to switch the AFM state, is proportional to the product of the
E and H coercive fields (EH )c. We measured the field and temperature dependence of (EH )¢ in LiCoPO, for
two different field configurations, and the data show the temperature variation of (EH )¢ ~ (Ty — T)*? in good
agreement with the model. We also investigated the dynamics of the AFM domain switching using pulsed E-field
measurements. It was found that the coercive field (EH )¢ follows a power-law frequency dependence and is well
described in the framework of the Ishibashi-Orihara model, implying one-dimensional character of domain wall

propagation.
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I. INTRODUCTION

Electric (E) and magnetic field (H) control over the an-
tiferromagnetic (AFM) order parameter is one of the most
intriguing aspects of spintronic applications [1-14]. Contrary
to ferromagnetic devices, an antiferromagnet based architec-
ture is protected against stray H fields, and offers a faster
operation with less power consumption [15-19]. In itinerant
antiferromagnets, the order parameter is manipulated using
spin-polarized currents via the spin-transfer torque mecha-
nism [20]. In the case of AFM insulators, manipulation of the
magnetic order can be achieved via the magnetoelectric (ME)
effect without using electric current and hence without gener-
ating joule heating. In ME materials, electric polarization (P)
and magnetization (M) are induced by the application of H
and E fields, respectively [21-23]. Using the combination of
high E and H fields, it is possible to form a single-domain
AFM state with its P and M parallel to the fields, respectively
[14]. From the viewpoint of applications, particularly in mem-
ory devices, the stability of this AFM state plays a key role.
The magnetic state has to be robust against external stimuli as
well as thermal agitation, while it is advantageous if the AFM
state can be selected and/or switched by simultaneous appli-
cation of small E and H fields. Therefore, we investigated the
stability and switching characteristics of the AFM state for a
prototypical ME material LiCoPOy.

LiCoPOy has a centrosymmetric and orthorhombic olivine-
type structure (space group Pnma), as shown in Fig. 1(a).
Symmetry of the lattice allows a staggered order of local
electric polarization lying within the xz plane at the sites of
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four Co?** ions with one mirror plane. Below Ty = 21.3 K,
the spins with S = 3/2 order into a four-sublattice Néel-type
AFM arrangement with the moments pointing along the y axis
[24,25]. The magnetic order simultaneously breaks the inver-
sion and the time-reversal symmetries, allowing linear ME
effect, P, = x,wH, and puoM, = x,,.E,, where x,, is ME
tensor components with u, v = x, y [26]. The ME properties
of LiCoPO, have often been discussed in terms of the toroidal
moment [27-29], and previous laser-optical second-harmonic
generation measurements have demonstrated the emergence
of the ferrotoroidal order [28,29], while recent THz absorption
measurements have found that LiCoPO, also has a sym-
metric component of the ME tensor, namely quadrupolar
moment [30].

In a ME compound, switching of the ME state corresponds
to the reversal of the toroidal and the quadrupolar moment
of the unit cell. In LiCoPQy, this is realized via the reversal of
the AFM state [14,29]. Therefore, we discuss the change in the
ME state of LiCoPOy in terms of the changes in the AFM state
throughout the paper. As shown in Figs. 1(b)-1(d), the AFM
order of LiCoPO4 has two possible domains, AFM-«a and
AFM-g, which are also the two ME states with opposite sign
of the ME tensor, y,.,(o) = —x,,(B). Note that besides the
time-reversal symmetry, the inversion symmetry also reverses
the sign of the AFM order parameter as it exchanges Co ions
with antiparallel spins. Single-domain AFM (and ME) state
can be selected by cooling the crystals across 7y in the pres-
ence of both E and H fields in a crossed geometry (E L H, E,
H 1 7) [14,29,30], which is so-called ME poling. Further de-
tails of the ME poling are discussed in relation to Fig. S1 [31].

In this paper we discuss the stability and switch-
ing characteristics of the two AFM states in LiCoPO4
in terms of a simple phenomenological model, and both
quasistatic and dynamic measurements of ME properties.

©2021 American Physical Society
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(a) LiCoPO4, Pnma (b)

FIG. 1. (a) Schematic unit cell of LiCoPQy. (b) Schematic of the
free energy landscape of a uniaxial antiferromagnet. The order pa-
rameter is the staggered magnetic moment (£) and the free energy has
two stable (¢1) and one unstable (¢ = 0) extrema. The two possible
states, AFM-«o (£,) and AFM-gB (£_), are separated by an energy
barrier E. (c) The magnetic unit cell and the AFM states constituted
by four Co®* ions with § = 3/2 are illustrated by a representative
segment of the magnetic unit cell. Green and red arrows are the
local magnetization and polarization vectors, respectively. (d) The
two AFM domains are equivalent to the two ME states with positive
and negative ME susceptibilities, respectively. The local magnetic
moments cant towards the applied H field, while the local P rotate in
opposite directions.

The phenomenological model of a ME antiferromagnet in
both £ and H fields gives a formula of the coercive prod-
uct field in terms of energy barrier separating the two AFM
states, ME susceptibility, and its temperature dependence.
Isothermal switching behavior of the AFM state similar
to the previous optical imaging under static fields [29] is
observed through quasistatic ME measurements. In addi-
tion, we present the temperature evolution of the coercive
product field, which is found to be in good accord with
the phenomenological model. Switching dynamics of the
AFM state investigated by using pulsed E-field measure-
ments reveals a one-dimensional feature of domain wall
propagation.

II. EXPERIMENTAL METHODS AND THE ME POLING

Single-crystalline LiCoPO,4 was grown by using the optical
floating zone technique [32]. For the measurements of P and
E-field induced M, the single crystals were cut into 190 um
thick slabs with xz and yz faces, and Au/Pt electrodes were
sputtered. The E and H fields were applied perpendicular to
each other and to the z axis, i.e., E L H, and E, H L z. For
the slabs with xz faces, E || y and H || x, while for those with
yz faces, E || x and H || y fields were applied. For the E-field
induced M measurements, the whole surface of the slabs were
polished, Au/Pt were sputtered, and then the edges were cut
off into a rectangular shape.

H-field dependent P was measured in a Physical Property
Measurement System (Quantum Design, PPMS) by integrat-
ing the displacement current with a capacitor (Q-mode) using
an electrometer (Keithely, 6517A). The E-field-dependent
M was measured using the same electrometer as a voltage
source, while at the same time the P-E hysteresis loops were
measured. The H field and sample environment for these ex-
periments was provided by a Magnetic Property Measurement
System (Quantum Design, MPMS-XL). The ferroelectric P
of magnetic origin was also measured with the so-called
PUND (positive-up-negative-down) technique using pulsed
E fields. For these measurements we used a ferroelectric
tester equipped with 500 V amplifier (Radiant Inc., Precision
Premier IL.).

During the procedure of ME poling, large E and H fields
are applied when the samples are cooled across the magnetic
ordering temperature. The single ME domain state is prepared
by the cross product of the poling fields Ey and Hy, applied
parallel to polarization and magnetization, respectively. There
are four different combinations of the poling Ey and H, fields
to be considered with a fixed geometry of Eg || x, Hp || y. In
order to simplify the description of the experiments, we will
refer to the Eg || +x, Hy || +y combination of the poling fields
as (+Ey, +Hp), while the Eg || —x, Hy || +y combination is
denoted as (—Ey, +Hp). For the other geometry with 90°
rotated fields, (+Ey, +Hy) indicates Eg || +y, Hy || —x, and
(—Ey, +Hy) represents Eq || —y, Hy || —x. Note, that through-
out this paper the electric and magnetic coercive fields (E¢ and
Hc) refer to the switching of the AFM state.

III. PHENOMENOLOGICAL MODEL OF A ME
ANTIFERROMAGNET

In this section we describe a simplified phenomenological
model, which illustrates the stability of an AFM order param-
eter in external E and H fields. For simplicity we take free
energy expansion of a uniaxial AFM in transverse H field.
The interaction between the order parameter and the fields
is described by the quadratic expansion of the free energy,
which accounts for the linear ME effect. Although the model
does not describe the particular case of LiCoPOy in an exact
manner, it can give a clear insight and a reasonable interpreta-
tion for the experimental observations for the transverse field
measurements (H || x).

The free energy of a uniaxial AFM is described by the
following expansion in terms of the staggered moment (£) as
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an order parameter:
farm(€) = fo — al® + be*, (1)

where fp is a constant contribution to the free energy, the
parameter a is assumed to have temperature dependence,
a(T) = ap(Txy — T), the b is a constant, and both parameters
are positive, ay > 0, b > 0. As illustrated in Fig. 1(b), the
free energy has three extrema; one unstable at £ = 0, and
two stable at £,/ = :l:\/zI , corresponding to the AFM-« and
AFM- 8 states, respectively. The two AFM states are separated
by an energy barrier:

1 a?
4bp°
which vanishes at Ty, following the temperature dependence
of parameter a. When one of the AFM states is selected, this
energy barrier prevents it from changing to the other AFM
state at enough low temperatures.

Interaction between the order parameter and the external
fields E and H fields is described by the following second
order expansion [33-37]:

fen(@ E,H) = —1uH* — 1eE* — gtEH, 3)

Ey = farm(€ = 0) — farm(La/p) = 2

where the parameter g describes the ME coupling. The last bi-
linear term is finite in LiCoPOy, because both the EH product
and the order parameter £ changes sign for the time-reversal
and spatial inversion operations, leaving their product as an
invariant. In this model the ME susceptibility x is proportional
to the staggered moment ¢ with the coupling constant g, i.e.,

x = gl:

af
P=—2L —¢E +gtH 4
g = €E st “
M=-2L _un g e )
T m T TER

The resulting ME effect is linear in the fields, and the ME
susceptibilities of the two AFM states have opposite signs
[x(€e) = —x(£p)], as shown in Fig. 1(d). Therefore, this
model qualitatively describes the most important experimental
characteristic of LiCoPQy, namely, the presence of two AFM
states with linear ME effect of opposing signs.

Simultaneous application of £ and H fields deforms the
free energy landscape, reduces the energy barrier Ej, and
eventually switches the AFM states, as shown in Fig. 2. The
existence of the energy barrier depends on the number of ex-
trema in the free energy landscape. To find the critical £ and H
fields, where the energy barrier vanishes with an assumption
of negligible thermal fluctuation, we consider the number of
roots of the partial derivative:

of

= —2al + 4b0® — gEH, (6)
from which we take the cubic discriminant:
Ay = 16b(8a® — 27bg*H?E?). (7)

For the application of low (or no) E and H fields, the discrim-
inant is positive Ay > 0, and the free energy landscape has
two stable local minima and a finite energy barrier. For the
application of high E and H fields, the discriminant changes
sign (Ay < 0), the free energy has one minimum, and the

FIG. 2. (a) M-E loop in the presence of H field, where the
magnetization change AM is measured from the £ = O state. In the
absence of H field the M-E loop is linear, while in the presence of
the H field the M-E loop has a symmetric, butterfly shape due to the
switching of the ME states between « and B. (b) Correspondingly,
the ME susceptibility in the presence of £ and H fields shows the
switching between positive (AFM-«) and negative (AFM-p) values.
(c)—(e) Schematic illustration of the switching process between the
two ME states. (¢) In the initial state the E and H fields select the
AFM-« domain (E || P, H || M) with positive ME susceptibility. In
this case the fields are high and there is no energy barrier. (d) When
E is reversed, the free energy for AFM-« state is increased with
the +P - E contribution, but it is protected by the energy barrier
and preserved as a metastable state. (¢) When the E field is further
increased with negative sign and becomes large enough, the energy
barrier vanishes between the AFM-« and AFM-g states, and the later
magnetic state is stabilized.

energy barrier Ej, vanishes. The condition of Ay = 0 indicates
the point at which one of the local minima vanishes, and
should define the coercive E and H fields. The product of the
E and H coercive fields is expressed as

3
8a” ®)

EH)c = .
(EH)c 27

This product coercive field can be also expressed in terms of
the ME susceptibility and the zero-field energy barrier:

(EH)c = —=—. ©))

This relation makes a clear connection between the stability of
the AFM states and the ME effect in the presence of external
fields. As expected, the product coercive field increases for
larger energy barrier and for a weaker ME coupling. In a good
ME memory, the energy barrier should be large so that the
selected AFM state is robust against either £ or H field, as
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FIG. 3. Temperature dependence of magnetization in the antifer-
romagnetic LiCoPO,4, measured in the absence of H field for the
warming runs. The AFM-« state was stabilized by cooling the sam-
ple in the presence of (+Ey, +H,) poling fields, while the AFM-8
state was prepared by using (+Ey, —H)) fields, with |Ey| = 1 MV/m,
|Ho| = 30 kOe, and Ey || y, Hp || x. In the presence of E > 0 field,
the AFM-«a domain has positive magnetization (red curve), while
the AFM-f state has negative magnetization (blue curve). In the
absence of any field the magnetization is zero (gray curve). The inset
shows the E field dependence of the magnetization of the AFM-«
and AFM-8 states in the absence of H field at T = 5 K.

well as thermal agitation. In addition, if the ME susceptibility
is also large, then the strong coupling may significantly de-
crease the (EH)c needed to switch the AFM state. All in all,
the (EH )¢ product field is proportional to the ratio of the Ej,
and x, and both of them should be preferably large for the
applications. Near T ~ Ty, we put a(T) = ap(Ix — T) into
Eq. (8), and obtain

3

(EH)c = ﬂ(TN -

27bg? . 10

IV. MAGNETOELECTRIC EFFECT AND CONTROL OVER
THE AFM STATE

A less investigated feature of a ME antiferromagnet is
the E-field-induced M, i.e., the converse ME effect. Figure 3
shows the temperature dependence of the M measured in the
absence of H field, but in the presence of large E field. The
single domain ME state (AFM-«a or AFM-8) was initially
selected by cooling the LiCoPOy, single crystal in the presence
of (+Ey, +Hy) or (—Ey, +Hp) field,i.e., withE || yand H || x.
The measurements were conducted in the warming runs after
the removal of the H field. In the absence of both fields (E = 0
and H = 0, gray curve), the single domain state shows zero
magnetization. In the presence of high field E = +1 MV /m,
LiCoPO4 has a weak magnetization, which disappears at Ty.
On the basis of the measurement of the E-field induced M
(the inset to Fig. 3) magnitude of the converse ME effect is
evaluated to be x.,/c = 33.1 ps/m (c is the speed of light),
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FIG. 4. (a) Electric field dependence of the magnetization, mea-
sured in the presence of H = 30 kOe field at T = 20 K. The fields
were applied in the E || y and H || x configuration. The magnetiza-
tion change [AM = M(E) — M,] is shown with respect to the base
magnetization M, measured at H = 430 kOe and £ =0 MV/m.
(b) P-E hysteresis loop of LiCoPO,4, measured in H = 30 kOe and
T = 20 K. The magnetization and polarization measurements were
done simultaneously. In both panels, ME susceptibility of the AFM-«
and AFM-S states are highlighted by red and blue markings, respec-
tively. The butterfly-shaped M-E loop is the result of the switching
between the AFM-«a and AFM-§ states.

in agreement with former reports of the P-H measurements
[14,26]. Sign of the ME effect depends on the selected ME
state; The AFM-« state selected by (4+Ey, +Hy) has positive
magnetization in £ = +1 MV/m field, and positive ME sus-
ceptibility. When the other ME state (AFM-p) is selected by
the (—Ejy, +Hp) poling fields, sign of the ME effect is reversed
to negative. Note that the weak magnetization is linear in the
E field as woM, = x.,E,, while sign of the ME susceptibility
is governed by the AFM state (x = gt, £, = —£p).

A. Stability of AFM state in static fields

Antiferromagnetic states are inherently robust against the
application of either E or H field, as the conjugate field to
the AFM order parameter is the staggered magnetic field. We
could not observe the switching between the AFM states by
applying the highest fields possible, either E = +2 MV /m or
H = 4140 kOe. However, as discussed in Sec. 111, the product
of the external fields EH works as a conjugate field to the
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FIG. 5. (a) and (b) P-H loops measured in the presence of E field at 7 = 20 K. Measurement configurations are E || y, H || x, and E || x,
H || y, respectively. Similarly to the M-E hysteresis, the butterfly-shaped P-H loops indicate the switching of the AFM states. (b) The phase
boundary of the H-field induced paraelectric (PE) state is indicated by gray shading and dashed line. (c) Bias E-field dependence of the
coercive fields Hc for E || y, H || x, and E || x, H || y configurations. The experimental data for the transverse field case E || y, H || x are well
reproduced by the 1/E dependence, as predicted by the theoretical model (dashed blue line).

AFM order parameter via the ME effect. The AFM states in
LiCoPQ, are manipulated by the simultaneous application of
the £ and H fieldsinaE || y, H || xor E || x, H || y geometry,
as shown below.

In Fig. 4(a) we show the E-field induced change in the
magnetization AM = M(E) — My, where My = 0.13 ug/f.u.
is the base magnetization measured at H = +30 kOe and
E =0 MV/m. For the application of large E and H fields
at temperatures near Ty, linear behavior of the ME effect
is lost and the AM-E loops develop a butterfly shape. The
experiment was started from a single-domain state, prepared
by cooling the sample to T = 20 K in the presence of Ey =
+1 MV/m and Hy = 430 kOe fields, E || y, H || x. During
the measurement the E field was swept between =1 MV/m
in the presence of the H = +30 kOe field. In this experimen-
tal technique, M and P were measured simultaneously. This
method gives a more reliable way to identify the changes in
the M-E curves.

To illustrate the agreement between the P and M mea-
surements more clearly, we present the ME susceptibility
x/c in Fig. 4(b), which is deduced from the P-E loop by

subtracting the dielectric part of the polarization Pg = €E.
Similarly to earlier research on Cr,Os3 [38], the ME sus-
ceptibility loop (x /c-E) directly measures the AFM domain
population, as y = gf. The magnetization change in Fig. 4(a)
shows a symmetric butterfly shape, while the P-E and x-E
curves in Fig 4(b) exhibit conventional ferroic hysteresis loops
in shape. The experimental observations are consistent with
those illustrated in Figs. 2(a) and 2(b). The two linear parts
of the M-E butterfly loop correspond to the two AFM states.
ME susceptibilities, which correspond to the slopes of the
M-E curve on the positive and negative E-field sides, have the
same magnitude, but the opposite sign. The AM-E and x /c-E
hysteresis loops have exactly the same widths, and the (EH )¢
coercive field is defined as the condition of AM = 0 ug/f.u.
or x /c = 0 ps/m. Dependence of the AM-E loops on the sign
of the poling fields is shown in Fig. S2 [31], demonstrating
that an arbitrary initial state can be selected and accessed by
the application of appropriate £ and H fields.

Figures 5(a) and 5(b) show the bias E-field dependence of
the P-H hysteresis loops at T =20 K for E || y, H || x and
E || x, H | y, respectively. In Fig. 5(a), the P-H hysteresis

(a) 300 LN B B B R (b) 75 T T T T T 7 (C) 10 T T T 1
_E||y,H|\x 18.0K i R 18.0K J - @ El|ly,H|| x 4
E =1MV/m 19.0K 50 _E= 1MV/m 19.0K | sl _
200 |- 20.5K o 20, i E=1MV/m |
£ oor - Z L N e ]
L J A\ 4 (e} -
> A VANYE

Q 0 - T theory Yo

i | 2+ (T, - I \\O -
-100 PR I RSN N I | I B N | |\OL-

-10 -5 0 5 10 -10 -5 0 5 10 17 18 19 20 21

FIG. 6. (a) and (b) P-H loops measured in the presence of £ = +1 MV/m field at selected temperatures. (a) and (b) Measurement
geometries are E || y, H || x, and E || x, H || y, respectively. (c) Temperature dependence of the coercive field Hc in E = 4+1 MV /m field. The
theoretical model (dashed blue line) for the transverse field case E || y, H || x shows good agreement with the experimental data.
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FIG. 7. (a) Time constant (7) dependence of the x /c-E hystere-
sis loops at T =19.5 K. The x/c was deduced from the pulsed
E-field PUND measurements. During the application of E, H =
140 kOe field was kept in E || y, H || x configuration. (b) The pulse
width dependent coercive field Ec(7) plotted against 1/t in a double
logarithmic scale. Both E¢ and T were normalized by the correspond-
ing values of the quasistatic measurements, Ec(7p) and 7y = 224s,
respectively. Irrespective of the temperature, the Ec(7)-1/7 data fall
on the single line in the plot, which suggests a power-law behavior.
The inset of (b) shows the applied triangle-shaped E-field pulse with
a width of r and £ = 2.6 MV /m peak amplitude.

loops have a butterfly shape, similar to the M-E measurements
shown in Fig. 4(a). In a broad region of low H fields, the P-H
has linear field dependence, while at high fields the curves
switches between positive and negative ME susceptibilities.
As the bias E field is increased, the coercive field Hc be-
comes smaller. When H field is applied along the easy axis
of LiCoPO4 (H | y), the material enters into a paraelectric
spin-flop phase [30,39,40] and P disappears above 70 kOe,
as shown in Fig. 5(b).

E-field dependence of the coercive H field for both ex-
perimental configurations (E || y, H || xand E || x, H || y) are
compared in Fig. 5(c). Here Hc is determined as the field
where the P jumps into the other branch. As expected from
the model in Sec. 111, the width of P-H hysteresis loops shows
strong E-field dependence for both field configurations; Hc

decreases as the E field is increased. In the transverse case
H || x, Hc follows the predicted 1/E dependence of Eq. (8)
in high E fields. This result is in accord with the previous
report [29]. However, for low E fields, deviation from the
1/E dependence is obvious, while for the longitudinal case
(H || y) the agreement is only qualitative. The most important
reason for the deviation from the 1/E behavior is the field
dependence of the y, as the ME effect is not linear anymore
at high fields; The transverse component x,, decreases for
high H || x fields, while the P || x vanishes when the H || y
field reaches spin-flop phase transition. Further measurements
testing the H-field dependence are shown in Fig. S3.

Figures 6(a) and 6(b) show P-H hysteresis loops in the
presence of bias field £ =1 MV/m at selected tempera-
tures for E || y, H| x and E || x, H || y, respectively. In both
experimental configurations the P-H hysteresis show strong
temperature dependence. The coercive magnetic fields Hc are
plotted in Fig. 6(c) as a function of temperature for both
cases in comparison. Equation (10) predicts temperature de-
pendence of He ~ (T — T)3/? for the coercive H field, which
is adequately satisfied in the transverse case H || x.

B. Control over the AFM state with pulsed E fields

From the viewpoint of applications, it is crucial to inves-
tigate the dynamics of the AFM domain switching driven
by rapidly changing fields. In these experiments, triangular
E-field pulses (E || y) with time duration 7 as shown in the
inset to Fig. 7(b) were applied to switch the AFM states in
the presence of a static field H = 140 kOe (H || x). The P
of magnetic origin was measured with the PUND method.
Figure 7(a) shows the deduced y/c-E hysteresis loops for
selected values of the time constant T at 7 = 19.5 K. Width
of the x/c-E hysteresis loops significantly increases for the
application of shorter E-field pulses, i.e., it becomes harder
to switch AFM domains. This suggests that the AFM domain
walls can only propagate with a small characteristic speed,
and cannot follow the rapid change of the E field. The time
constant dependence of the coercive field Ec is shown at
selected temperatures in a linear scale in Fig. S4.

In Fig. 7(b) we show the Ec(t)/Ec(7p) ratio as a function
of 79/t in a log-log scale for selected temperatures. The
coercive electric field Ec(tg) was measured in the quasistatic
experiments, while the time constant 7y = 224 s corresponds
to the timescale of the quasistatic measurements. The duration
dependent coercive field Ec(7) follows a power-law behavior,
which is demonstrated by the linearity over a wide t scale
in the log-log plot. Fitting of the experimental data can be
conducted in the following empirical formula:

w:(r)—{ma, (11

Ec(to) 7

To
where the exponent is ¢uyg = 0.24 +0.01, which is in
agreement with the Ishibashi-Orihara model of ferroelectric
materials [41]. The Ishibashi-Orihara model is an extension of
the Avrami-Kolmogorov model of phase transitions [42—44]
to domain switching in time-dependent external fields, where
the domain wall velocity v is assumed to be solely de-
termined by the E field v(t) = v[E(¢)], and the nucleation
process is deterministic. Although the power-law behavior is
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apparently independent of the temperature, this should be
tested in a broader temperature range. This {yg exponent is
about 2-5 times larger than the earlier observations in other
multiferroic and ferroelectric compounds [45-47], and similar
to triglycine-sulfate [41]. The larger {vp exponent shows the
higher sensitivity of the AFM domain wall dynamics to the
duration of the E-field pulses. Using the Ishibashi-Orihara
model, the y/c-E loops are fitted with x/c = xo/c[l —
2exp (—AE®)], which gives a = 4.0 for the exponent of the
E. The dimension d of the domain wall propagation is given
by the expression d = a{vg [41], resulting in d = 0.96. This
means that domain walls propagate in a one-dimensional man-
ner by parallel translation. This is consistent with the highly
uniaxial nature of the magnetic anisotropy and the formerly
observed striped antiferromagnetic domain pattern [29,48].

V. SUMMARY

The orthorhombic LiCoPOy has a collinear antiferromag-
netic (AFM) ground state with linear magnetoelectric (ME)
effect, P, = x,vH, and puoM, = x,,E,, where u,v =x,y.
The ME effect of the two AFM states (o and 8) has opposite
sign, X, () = —xuv(B), which allows for the selection or
switching of the AFM state by simultaneous application of
large electric (E') and magnetic (H) fields. Once the AFM state
is selected, it is preserved by an energy barrier. Exploiting
the cross coupling between the polarization and magnetiza-
tion, we have investigated the stability of the AFM phase

in LiCoPOy: On the basis of a simplified phenomenological
model, the product of the £ and H coercive fields that are
required to switch between the AFM states is expressed in
terms of the energy barrier and ME susceptibility. We mea-
sured the P and M in the simultaneous presence of high E
and H fields. The obtained P-H and M-E loops allowed us
to determine the E- and H-field dependence of coercive H
and E field, respectively, as well as the temperature depen-
dence of the product coercive field (EH )¢ for two different
field configurations. The (EH)c field is nearly constant at
a given temperature, which is in good accord with the pre-
vious report [29]. In addition, the product coercive field is
found to have the temperature dependence that (EH)c ~
(Ty — T)*/2, which is predicted by the model. Using pulsed
E-field measurements, we also studied the dynamics of the
AFM domain switching. We found that the (EH )¢ follows
the power-law dependence on t (time constant) predicted by
the Ishibashi-Orihara model in the temperature range of the
present experiment near Ty, which implies one-dimensional
character of domain wall propagation.
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