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The magnetoelectric (ME) effect, i.e., cross control of magnetization (electric polarization) by an
external electric (magnetic) field, may introduce a new design principle for novel spin devices. To enhance
the ME signal, control of a phase competition has recently been revealed as a promising approach. Here, we
report the successful chemical-doping control of the distinct ME phases in a polar magnet Fe,Mo;Og, in
which an antiferromagnetic state is competing with a ferrimagnetic state. We demonstrate that Zn doping
stabilizes the metamagnetic state to realize the spontaneous ferrimagnetic state and varies the ME
coefficients from large negative to large positive values; for instance, the diagonal component of the ME
coefficients under the magnetic field perpendicular to the polar axis varies from —142 ps/m to 107 ps/m
by doping Zn from 12.5% to 50%. This remarkable doping control of the ME property originates from
coexisting distinct ME mechanisms, which are selectively tunable by substituting one of the two distinct

magnetic sites in the unit cell with nonmagnetic Zn.
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I. INTRODUCTION

Since the discovery of the magnetoelectric (ME) effect
in chromate [1,2], the research on the ME properties has
developed steadily and attracted much attention because of
its potential application in novel electronic devices [3-5].
This field of research has recently experienced a revival [6]
promoted by the engineered ME effect in composite systems
and the continual search for new multiferroics, where plural
(dielectric and magnetic) orders coexist [7-9]. In the latter
field, recent advances include, for example, the nonlinear
magnetic-field (H) induced ferroelectric-polarization switch,
thin-film growth techniques to stabilize large polarization
coupled with magnetism, and the room-temperature multi-
ferroic property in perovskite oxides [10-12].

Along with continuing efforts to realize the room-
temperature operation and colossalization of the ME signal,
improvement of designability of ME materials and proper-
ties is an important step towards the application. One of
the promising approaches is the chemical modification of
multiferroic/ME materials, for example, towards the stabi-
lization of the multiferroic phase in a higher temperature
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range; a good example of this in the field of ferroelectrics is
the solid solution (mixed-crystal engineering) of Pb-based
perovskite oxides [12]. For further improvement of con-
trollability of the ME effect, in this study, we focus on the
chemical-doping effect on the ME property in the mag-
netically frustrated system, where plural distinct magnetic
phases are competing on a subtle balance of free energy.

A possible advantage of utilizing the frustrated system is
that the competing magnetic interactions can be easily
perturbed by the chemical-doping procedure on the specific
magnetic site, which may enable the sensitive control of
competing multiferroic phases and/or the ME property,
as exemplified by the case of Ga- and Al-doping-induced
stabilization of the ferroelectric phase in the triangular-
lattice antiferromagnet CuFeO, [13], for instance, and
Zn-doping-induced modulation of the multiferroic phase
in MnWQO, [14]. One of the problems of this strategy is that
the ion-substitution may easily dilute the magnetism and
also the magnitude of the ME signal. Here, we report one
solution to overcome such a difficulty; we can chemically
control the competition among different magnetic phases
with respective ME properties and the variation of the
magnitude, and even the sign of the linear ME effect
without losing its hugeness in a ME material Fe,Mo;0g
with crystallographic polarity.

The family of M,Mo;0g4 (M: 3d transition metal)
belongs to a pyroelectric space group P6;mc [15], which
allows the crystallographic polarity along the ¢ axis. The
crystal structure can be viewed as the stacking of M, layers
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FIG. 1. (a) A unit cell of M,;Mo;0g4 (M : Fe). (b, ¢) Schematic
illustrations of antiferromagnetic and ferrimagnetic orders, re-
spectively. Spin-induced P (P,p and Pgy) are also indicated.
Although the sign of P with respect to the ¢ axis has not been
determined, it is provisionally defined in this work. The numbers
1 and 2 are the indices for bonds of magnetic interaction.

and Moj layers along the ¢ axis, alternatively intervening
between the closest packing of oxygen. The M, layer
consists of two kinds of sites, A and B [Fig. 1(a)], which are
in tetrahedral and octahedral coordinations of oxygen,
respectively. Crystallographic polarity manifests itself as
the polar arrangement of AO, tetrahedra. The magnetism
of the system is dominated by unpaired 3d electrons in
M?** jons at both A and B sites, while Mo*" ions form
spin-singlet trimers [16]. Previous magnetization and
powder neutron diffraction studies [17-19] for M = Fe
unraveled its antiferromagnetic ground state [Fig. 1(b)]
with Ty = 60 K.

An interesting feature for the presently investigated
material Fe,Mo;0g is Zn-doping tunability between dis-
tinct magnetic ground states, suggesting the frustration
among the magnetic interactions. The powder neutron
diffraction study of (Fe,Zn),Mo;Og in Ref. [18] reported
that the ferrimagnetic ground state [Fig. 1(c)] is stabilized
for samples with Zn substituting more than 15% of Fe.
Such tunability was understood by the selective dilution
of competing magnetic interactions from the fact that
Zn atoms prefer to occupy the tetrahedrally coordinated
A sites [19].

Here, we systematically investigate magnetic and dielec-
tric properties of Fe;Mo3;0g and the Zn-doping effect on
them. In Fe,Mo;0g, we find that the applied magnetic field
switches the antiferromagnetic order into the ferrimagnetic
order, and we demonstrate that the latter phase shows a
large linear ME effect. Upon Zn doping, we observe the
expansion of the hysteretic region between these two
magnetic phases; these phase-competition features con-
trolled by both magnetic field and chemical doping are
reminiscent of the features in the colossal magnetoresistive
manganites [20]. We further observe, in the stabilized

ferrimagnetic phase with spontaneous magnetization, the
changes of the ME coefficients from large negative to large
positive values. We suggest that the wide-range control of
the linear ME effect originates from the coexistence of
competing ME mechanisms and their selective tunability
by Zn doping.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The single crystal of Fe,Mo3;Og was grown by
chemical vapor transport [21,22]. The single crystals of
(Fei_yZn,),Mo50g (y = 0.05 ~ 0.5) were grown from the
mixture of MoO, + Fe + Fe,O3 +ZnO with the molar
ratio Mo** :Fe>* :Zn>* = 1.5:1 — y:y. The content of y in
the samples was checked by the transition temperature
compared with that reported in Ref. [18]. Magnetization
was measured with a SQUID magnetometer (MPMS;
Quantum Design) and the AC/DC Magnetometry System
(PPMS; Quantum Design). For dielectric measurements,
silver paste was painted on the parallel end surfaces of the
specimen as the electrodes. Electric polarization P was
deduced by time integration of the polarization current
measured with constant rates of 7' sweep (10 K/ min) and
H sweep (80 Oe/sec) using an electrometer (Keithley
Model 6517A). The plus direction of P along the ¢ axis
is commonly determined for all samples by the sign of
pyroelectricity in the paramagnetic phase.

III. RESULTS

The temperature (7)) dependence of magnetic suscep-
tibility (M /H) parallel to the ¢ axis was measured under
uoH = 0.5 T [Fig. 2(a)]. The sharp peak in M/H suggests
the antiferromagnetic ordering [Fig. 1(b)] at Ty = 60 K in
accordance with the previous neutron diffraction study
[18]. What is unraveled by the present study is that the
magnetic transition is accompanied by modulation of the
electric polarization (P) along the polar c axis, as shown by
the 7" dependence of P at uygH = 0 T [Fig. 2(b)]. In the
paramagnetic phase for 7 > Ty, P gradually increases as it
is cooled from 140 K because of the pyroelectric effect.
A steep drop in P at Ty suggests that the magnetic order
induces additional P to the crystallographic P. P starts to
decrease from T higher than Ty by 20 K, possibly because
of the formation of short-range order above TY.

The T dependence of M/H and P dramatically changes
with an increase of H (||c). The sharp transition peak of
M/H becomes broad, followed by a first-order phase
transition at lower 7 indicated by closed triangles in
Fig. 2(a), suggesting successive magnetic phase transitions
under H. These sequential transitions are also evident in
the T dependence of P under H up to 14 T; P shows a
nonmonotonous and continuous change until it shows a
sudden drop when T reaches the first-order phase transition
point indicated by open triangles in Fig. 2(b). To elucidate
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FIG. 2. (a, b) T dependence of (a) M/H and (b) change of P

(AP) under various magnitudes of H along the c axis. (c, d) Field
dependence of M and AP at various T. The dashed curve is the
fit to the P-H curve for H > H at 45 K with the function
P = Py + a;H + pH?, where P, a;, and 8 are constants. Zero
points of AP are taken at (b) 7 = 140 K and (d) ygH =0 T.

the magnetic phases of this compound, we show H
dependence of M and P under H||c measured at various
T in Figs. 2(c) and 2(d). Each M-H curve shows a clear
stepwise structure indicating a metamagnetic transition,
while a jump of P can be clearly seen in the H scan.
The transition of the magnetic ground state from the
antiferromagnetic order [Fig. 1(b)] to the ferrimagnetic
one [Fig. 1(c)] by Zn doping was reported in a previous
study [18]. Thus, it is likely that these two magnetic
phases are competing with each other even in the parent
compound Fe,Mo30g.

Figure 3(a) shows the H-T phase diagram determined by
the magnetic and dielectric anomalies in 7" and H scans of
M and P under H||c. The ferrimagnetic phase (denoted
as “FM” in the figure) is identified under H||c. A strong
correlation between magnetism and electricity of this
system is indicated by a good coincidence of the magnetic
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FIG. 3.
with various values of y under H||c, as determined by M and P
measurements. PM, AF, and FM indicate the paramagnetic,
antiferromagnetic, and ferrimagnetic phases, respectively. Shaded
areas indicate hysteretic regions.

(a—d) The H-T phase diagrams for (Fe;_,Zn,),Mo;0s

and dielectric anomalies. A slight discrepancy in the phase
boundary between PM and FM (closed and open black
circles) is due to the absence of well-defined anomalies in
estimating the transition points, which were determined by
the maxima of T derivatives of P and M, respectively.

We note that the ferrimagnetic phase is characterized by
a linear ME effect. The ME tensor & for the ferrimagnetic
structure belonging to the magnetic point group 6m’'m’ is
given by symmetry as [23]

ap 0 0
a=|0 a 0 (1)
0 0 a3

In Fig. 2(d), while P is quadratic to H for H < H (H:
critical field for the metamagnetic transition), for H > H,
it is well fitted with the formula AP = Py + asH + fH?,
including the H-linear term. P is the genuine (H = 0)
difference of P between the antiferromagnetic and ferri-
magnetic structures, and f corresponds to the second-order
ME effect. We exemplify one of the fits as the dashed
curve in Fig. 2(d). We obtain a; = —16.2 ps/m as well as
Py =611 uC/m? and # = 1.81 x 10728 s/A. This result is
consistent with the fact that the magnetic point group
for the antiferromagnetic order (6'mm’) allows only the
second-order ME effect, while the ferrimagnetic order
(6m'm’) allows the linear ME effect under H||c.

To clarify the link between the metamagnetic phase
identified in Fe;Mo30g under H||c and the ferrimagnetic
order stabilized by Zn doping, we show magnetization
of (Fe,_,Zn,),Mo0;0g with various y in Figs. 4(a)—4(e).
Figures 4(a) and 4(b) show the T dependence of M along
the ¢ axis under uoH = 0.1 T. For y < 0.1, the magneti-
zation peak upon the antiferromagnetic transition becomes
sharper by increasing y, suggesting incipient ferrimagnet-
ism. Clear ferromagnetic behaviors were observed for
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FIG. 4. (a, b) T and (c—e) H dependence of M for

(Fe,_,Zn,),Mo;0g with various values of y under Hl|c. (c—e)
Each scan starts after cooling to the target 7 without a field. The
horizontal scale of yyH for data above the gray horizontal bars in
(d) and (e) is appended at the top of each panel. Data for (a) and
(c—e) are shifted for clarity.
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y > 0.125 in accordance with the previous study on the
polycrystalline samples [24].

Zn-induced stabilization of the metamagnetic phase
transition is clear from the M-H scan for y = 0.05
[Fig. 4(c)], which shows a dramatic reduction of H,.
The ferrimagnetic phase stabilized by Zn doping is verified
even more clearly for y = 0.1 and 0.125 [Figs. 4(d) and
4(e)]. Note that hysteresis [shaded area in Figs. 4(c)-4(e)]
shows up as lowering 7. The feature is reminiscent of
the first-order phase transition induced by H in colossal
magnetoresistance compounds [20]. Expansion of the
hysteretic region is qualitatively assigned to the suppressed
thermal fluctuation that preserves the metastable state
as the supercooled state, even at H parting from the true
H. [25]. Based on these results, the H-T phase diagrams
for various y are displayed in Figs. 3(b)-3(d). It is evident
that the area of the antiferromagnetic phase shrinks as y
increases, and for y = 0.125, it only appears as a metastable
state. Thus, we conclude that the metamagnetic phase
transition for Fe,Mo3;0Og generates the ferrimagnetic
order [Fig. 1(c)] and that Zn-doping controls the competi-
tion between the antiferromagnetic and ferrimagnetic
orders.

As observed in the metamagnetic phase in Fe,Mo;Og,
the Zn-induced ferrimagnetic state shows the correspond-
ing linear ME effect. According to Eq. (1), the magnetic
symmetry only allows the diagonal components of the
ME tensor & for the ferrimagnetic structure [23]. We
investigate a3 (AP, = a3 H ) at first by measuring P along
the ¢ axis under Hl|c for y =0.125, 0.25, and 0.5
[Fig. 5(b)]. In these measurements, the sample was first
cooled with H = 0; then at the lowest T, we scanned H
from 0 - +H, +H - —H, and —H — +H. During the
scans +H — —H — +H, P for each y shows a butterfly-
like hysteretic curve. The P-H hysteretic region is in
accordance with the M-H hysteretic region [Fig. 5(a)].
This is typical of ferromagnetic linear ME materials such
as Ni-boracite [26] and GaFeO; [27], in which the sign of
the linear ME coefficient is reversed upon the H-induced
ferromagnetic domain reversal. The linear fittings to P
during the scans +H — —H are shown by black-dashed
lines in Fig. 5(b). To eliminate the multidomain contribu-
tion, we performed the fitting on 5 T < ygH < 14 T for
y=0.125 and 0.25, and O T < poH <9 T for y = 0.5,
respectively. These fittings extrapolate to O T with only a
slight deviation, signaling the linear ME response intrinsic
to the ferrimagnetic phase. For y = 0.125, we observe a
large difference in P at uyH = 0 T between the initial scan
(black curve) and the field-trained state (red curve). This
suggests that the antiferromagnetic phase remains, for
y = 0.125 after the zero-field cooling, as the metastable
state, while the ferrimagnetic ground state is realized only
after the field scan. This discrepancy between the trained
and untrained P is observed to be smaller upon Zn doping
(about 10 uC/m? for y = 0.25 and about 0 uC/m? for
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FIG. 5. (a—c) H dependence of (a) M, (b) AP along the ¢ axis

under H||c, and (c) AP along the b’ axis under H||b'. The b’ axis
is the axis intersecting at a right angle with one of the a axes and
the c axis. The colored solid and dashed curves for each y indicate
the scans for +H — —H and —H — +H, respectively. The black
solid curve for y = 0.125 in (b) is the scan from poH =0 T to
14 T after the cooling without a field. Data of AP for each y are
shifted for clarity. Black dashed lines are linear fits to P-H curves.
(d) y dependence of ME coefficients @; and a3 measured
at 2 K, and saturated magnetization estimated from data in
Figs. 4(c)—4(e) and Fig. 5(a). Solid lines are linear fits. The open
square indicates the value of a3 for Fe,Mo;0g at 45 K, obtained
from the data in Fig. 2(d).

y = 0.5, not shown), indicating the gradual disappearance
of the supercooled antiferromagnetic state.

We next investigate a; (AP, = a;H;/) by measuring H
dependence of P along the »' axis under H||b' for
(Fe;_yZn,),Mo50g [Fig. 5(c)]. Prior to the measurements,
the sample was slightly misaligned from H||b’ by about 1°
towards the ¢ axis and cooled to 2 K with ygH =9 T, in
order to fully polarize the ferromagnetic domain. The field
was then scanned from +9 T to —9 T. For y = 0.5, clear
H-linear dependence of P is observed in the +H region,
while P shows nonmonotonous change in the —H region,
indicated by a closed triangle. This corresponds to the
ferromagnetic-domain flop induced by the ¢ component of
H. For both y = 0.25 and y = 0.125, the H-linear P in the
whole field range ensures the «; component of the ME
tensor at 2 K. To further verify the consistency of the above
a; with a +c-polarized ferromagnetic domain, we mea-
sured the H dependence of P, under H inclined from the 5’
axis towards the +c axis by 60°, and we deduced the
consistent value of a; from P, = a;H cos 60°.

We plot the y dependence of a; and a3 in Fig. 5(d), as
estimated from P-H measurements at 2 K. We define the
signs of @; and a3 for each y when the ferromagnetic
polarization is along the +c¢ axis. Note that
(Fey_,Zn,),Mo;0g3 of y =0.5 and y = 0.125 show the
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largest values for a3 (22 ps/m) and |a;| (142 ps/m), which
are larger than those of typical linear ME compounds,
including Cr,05 (0.1 ~ 1 ps/m) [3] and comparable with
that of several well-known magnetoelectrics, including
magnetic Fe ions such as GaFeO; (21 ps/m) [27,28]
and Fe;0, (50 ps/m) [29-31], although other systems
such as TbPO, (300 ps/m) [32], with a highly anisotropic
rare-earth magnetic moment, and the composite systems
such as FeRh/BaTiO; (1.6 x 10~ s/m) [33] have been
reported to show much larger ME coefficients. We also note
that the observed linear ME effect shows significant y
dependence; both @; and @3 change their signs as y varies.
Intuitively, doping nonmagnetic ions dilutes the magnetic
interaction and would reduce the resultant ME response.
Nevertheless, Zn doping is found to change « from a large
negative to a large positive value.

Both a; and a3 show y-linear dependence as in Fig. 5(d),
which implies relevant correlation with the site occupancy
of Zn for the A site. The content of Zn at the A site increases
linearly as y increases, which can be confirmed from the y
dependence of the magnetization. We plot the y depend-
ence of the saturated magnetization (M, ) along the ¢ axis
in Fig. 5(d). My, shows good coincidence with y-linear
fitting, which is predicted by the formula

Msat:_(l_zy)MA +MBv (2)

where M, and Mp are the saturated magnetization for A
and B sublattices, respectively [34]. Here, we assume the
selective A-site substitution with Zn. This assumption is
supported by the well-known chemical preference of Zn>*
in the tetrahedral coordination (A site) rather than in the
octahedral coordination (B site), and also by the results of
Mossbauer spectroscopy by Varret et al. [19] done on the
same solid solution system. In the following, we discuss
the origin of the Zn-induced sign change of « via the site
occupancy of Zn for the A site.

IV. DISCUSSION

In the present system, we observe two types of ME
responses, i.e., the H-induced jump of P due to the
metamagnetic transition and the linear ME effect in the
ferrimagnetic phase. We first briefly discuss the origin of
the former. From Figs. 2(b) and 2(d), the magnetic-order-
induced electric polarizations P,,, in the antiferromagnetic
and the ferrimagnetic phases are approximately Pp =
—1400 uC/m? and Ppy = —800 uC/m?, respectively.
Among several known mechanisms for spin-induced P
such as the exchange-striction mechanism [35], the spin-
dependent metal-ligand (d-p) hybridization mechanism
[36], and the inverse Dzyaloshinskii-Moriya (D-M) mecha-
nism [37,38], the first two contribute to both Pr and Py,
and the last one is irrelevant because it requires mutually
canted neighboring spins. As for the origin of the jump of
P, the fact that the two magnetic phases show different

|Pmag| supports the exchange-striction scenario, where the
lattice deforms to gain the exchange energy [39], while the
d-p hybridization mechanism is irrelevant because it is
independent of the direction of spins with respect to the
C axis.

Next, we focus on the sign change of a by Zn doping
[Fig. 5(d)]. Before entering in a discussion on the micro-
scopic origin of the linear ME effect, we note that the
Zn-induced sign change of a can be explained by a simple
model with competing ME mechanisms. We assume that
the total ME coefficient  is the summation of two ME
coefficients @4 and ap originating from single-site ME
mechanisms for the A and B sites, respectively. In this case,
the magnitude of a4 is proportional to 1 —2y, as Fe for
the A site selectively substituted by the doped Zn. « is
expressed as follows:

a= (1 -2y)as + az, (3)

which gives the y-linear dependence of a as observed for o
and a3. When a4, <0 and ag >0 and |ay| > ap are
satisfied, the sign change of «a is thus clearly a competition
between a4 and ap; for low y (~0), the system is dominated
by a, with a negative value, while for high y (~0.5), the ap
contribution becomes dominant, leading to the sign change
of a. As for the linear ME effect, several mechanisms have
been proposed [3]: the g-factor mechanism and the single-
site-anisotropy mechanism, originating from individual
magnetic sites, as well as the exchange-striction mechanism
and the inverse D-M mechanism for the two-site mecha-
nisms, which are related to the correlation between neigh-
boring spins. For a3, at the lowest 7' (2 K), only the g-factor
mechanism [40] is relevant, which induces P because of a
shift of the Fe ion or surrounding O ions to gain the Zeeman
energy or increase the g factor of the single magnetic site.
Following the above discussion, the g-factor mechanisms
for respective A and B sites correspond to the single-site
ME coefficients a4 and ag. From the linear fitting of a3 in
Fig. 5(d), we obtain ay = —43 ps/m and az = 23 ps/m.
In addition to the large negative ME coefficient for the
A sites, the B sites still show a large linear ME signal,
leading to the wide-range variation of a; from a large
negative to a large positive value.

As for a, both the single-site-anisotropy mechanism
[41] and the g-factor mechanism can be relevant, while our
current study cannot eliminate the contribution from the
inverse D-M mechanism [42] for the correlation between
spins at A and B sites because the magnitude of this
mechanism is also proportional to 1 — 2y, the occupancy of
Fe for the A site. Nevertheless, it is possible that multiple
mechanisms are competing in this system. For y = 0.5,
only the single-site mechanisms for the B site are active, the
total value of which is +98 ps/m. The sign change of o,
as y decreases, like a3, strongly suggests that the other
mechanisms such as the single-site mechanisms for the
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A site and/or the inverse D-M mechanism produce several
times larger ME signals with a negative sign for y = 0.125
and 0.25. Further studies are desired to identify the
microscopic mechanism and explain the large magnitude
of a.

In conclusion, we showed the strong ME coupling in a
polar antiferromagnet Fe;Mo3;0g and the Zn-doping tun-
ability of its magnetic and ME properties. In this system,
two different phases, antiferromagnetic and ferrimagnetic
phases, are competing with each other, and the balance
between them is controlled by both the magnetic field and
Zn doping. Increasing the doped amount of Zn stabilizes
the ferrimagnetic order endowed with a large linear ME
effect. The ME coefficient linearly changes with Zn-doping
content and shows the sign change; by doping Zn atoms
from 12.5% to 50%, a3 (AP.= azH_.) varies from
—11 ps/mto 21 ps/m and «; (AP, = a;H,) varies from
—142 ps/m to 107 ps/m. We suggest that such a remark-
able tunability of the linear ME coefficients originates from
the presence of plural competing ME mechanisms and the
selective control of them. This becomes possible because of
the chemical preference of Zn ions for one of two distinct
magnetic sites in the unit cell. The present work exemplifies
the potential of chemical doping to achieve high function-
ality in ME material with spin frustration.
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