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Polar magnet Niz;TeOg has been recently attracting considerable interest due to its nonhysteretic magneto-
electricity associated with the collinear antiferromagnetic (AFM) order. Nevertheless, the magnetoelectric (ME)
response in Ni3TeOq remains trivial, and especially lacks sufficient tunability. Herein, we report large tunability
of the ME effect in Co-substituted Ni3;TeOg, and special attention is paid to Ni,CoTeOg and NiCo,TeOg single
crystals where incommensurate AFM helical structure with spins lying in the ab plane is established, distinctly
different from the collinear AFM structure in NizTeOy along the ¢ axis. Our results demonstrate that the Co®"
substitution results in emergence of a giant electric polarization P. up to ~ 0.52 uC/cm? induced by a magnetic
field normal to the ¢ axis, i.e., the polar axis. The generated P. in NiCo,TeOg is approximately 8.45 and 1.8 times
larger than that of Ni,CoTeOg and Ni3;TeOg, respectively. More importantly, the linear ME coefficient « can be
remarkably modulated by the Co*" substitution, evidenced with a large o ~ 323 ps/m for NiCo,TeOg, a small
o ~ 3.4 ps/m for Ni,CoTeOg, and an intermediate « ~ 36 ps/m for Niz;TeOg at temperature 7 ~ 45 K. Such
remarkable Co-substitution control of the ME effect is believed to be associated with the different occupations
of the Ni/Co ions at the specific lattice sites. This work thus provides insights into the high-tunability ME effect
in Ni;TeOg polar magnets, a largely unexplored topic.

DOI: 10.1103/PhysRevB.108.024107

I. INTRODUCTION

Multiferroics, where magnetic and ferroelectric orders co-
exist and couple with each other, has attracted much attention
over the past two decades, due to its intriguing physics
and promising applications in multifunctional devices [1-5].
However, constrained by the requirement of complex types of
magnetic textures, few materials do exhibit large magnetically
induced electric polarization (P) and strong magnetoelec-
tric (ME) coupling [6-11]. Therefore, enormous effort has
been devoted to designing and searching for new multiferroic
materials with strong ME coupling and high magnetic-
ordering temperature (7.) [12-14]. An alternative route to
pursue the large ME effect is to consider polar magnets in
which space-inversion symmetry and time-reversal symmetry
are simultaneously broken. Subsequently, the metamagnetic
transitions, e.g., spin flop, magnetic plateau, ferrimagnetic
transition, etc. may distort the polar crystal structure to modify
the electric polarization. A large ME effect is thus stimulated,
accompanied by magnetic transitions via symmetric exchange
striction [15,16].

The corundum-related compound Ni3;TeOg belongs to such
kind of materials that exhibit colossal magnetoelectricity [17].
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NizTeOg crystalizes in a polar R3 structure with Ni2/Ni3-O6
octahedra layer and Ni1-O6 octahedra layer alternating along
the ¢ axis, as illustrated by VESTA software [18] in Fig. 1(a),
where symbols Nil, Ni2, and Ni3 denote the different Ni oc-
cupations. The octahedra are connected through two oxygen
ions in each layer, forming a coplanar honeycomb lattice of
edge-sharing octahedra, shown in Figs. 1(b) and 1(c). It is
known that Ni3TeOg undergoes a collinear antiferromagnetic
(AFM) ordering along the c¢ axis below its Néel temperature
Ty ~ 52 K, giving rise to a large and magnetically induced
electric polarization up to 0.33 uC/cm? at temperature T =
2 K, a giant polarization for multiferroics [17]. In addition, a
nonhysteresis colossal ME effect occurs at a critical spin-flop
magnetic field H. ~ 9 T, while another new metamagnetic
transition with giant ME coupling at H ~ 52 T was dis-
covered by high magnetic field measurements [19]. Optical
spectroscopy revealed the large change in electric polarization
associated with the magnetic field-induced changes in the
crystal-field environment of Nil and Ni2 sites [20].

Until recently, it was reported that partially substituted
Ni*t with other 3d transition-metal ions such as Mn?*,
Co*", and Cu®" can preserve the noncentrosymmetric space
group R3, while the magnetic structure can be flexibly tuned,
although the independent parent compounds have differ-
ent crystal and magnetic structures [21,22]. For example,
the AFM Néel point 7y is largely enhanced from ~ 52 to
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FIG. 1. (a) Crystal structure of Ni;TeOg with Ni ions occupying
three distinct sites denoted as Nil, Ni2, and Ni3, respectively. Here,
only Ni** and O~ ions are shown for simplicity. View as a stack of
alternating Nil/Ni2-O6 and Ni3-O6 layers along crystallographic ¢
axis is presented in (b) and (c), respectively.

~ 75 K via the Mn substitution, and an incommensurate he-
lical magnetic phase with the spins lying in the ab plane
emerges between Ty ~ 75 K and T ~ 65 K, below which
a collinear commensurate AFM ordering along the ¢ axis,
identical to Ni3TeOg, was observed [21]. Unfortunately, it
seems that the ME performance is seriously destroyed, leav-
ing a big challenge to the effort of keeping high operating
temperature and large ME effect simultaneously. This issue
becomes somehow different for the case of Co*"-substitution
of Ni**, since the reported two compounds, Ni,CoTeOg and
NiCo,TeOg, both order into incommensurate AFM helical
state, in which the spins are aligned in the ab plane and
the magnetic propagation vector k = (0, 0, 1.2994) and k =
(0, 0, 1.2091), respectively [22]. These facts are in con-
trast to the collinear magnetic structure in NizTeOg [17] and
complex magnetic ordering in Co3;TeOg [23]. Furthermore,
the ME effect in Cos;TeOg is also somehow suppressed but
a nonzero magnetically induced electric polarization (up to
24 pl,C/m2 at T ~ 5K and H ~ 9 T) still survives [24]. It is
thus suggested that the Co substitution in NizTeOg may play
a different role with respect to the cases of Mn>* substitution
of Ni?*. For the Cu-doping case, the solubility limit of Cu
in Ni3TeOg, prepared by the solid-state reaction method, is
slightly below x = 0.5, above which the sample shows phase
separation or precipitation [25]. Unfortunately, the effect of
Cu doping on the magnetic and ME behaviors of NizTeOg is
still unknown so far and worthy of further investigation.

In this regard, it is now understood that a proper chemical
substitution in NizTeOg could be an effective approach to im-
prove the ME response and multiferroic behaviors. It is known
that the chemical substitution usually contributes to a modula-
tion of magnetic structure and ME coupling. Bearing in mind
that the colossal magnetoelectricity is most likely associated
with the collinear spin order, the incommensurate helical mag-
netic phase seems not to benefit the ME coupling, considering
the Mn?*-substitution case. Because large anisotropy, strong
spin-orbit coupling, and large magnetostriction are typically
found in cobaltites [14], it would be of particular interest to
check how the ME effect evolves when an incommensurate

AFM helical structure driven by Co?" substitution is intro-
duced. However, so far no systematic investigation of the ME
coupling in Co-substituted NizTeOg has yet been reported,
probably due to the limited size of the as-grown crystals [22].

Motivated by these discussions, we have successfully
grown sufficiently large slices of Co-substituted Ni3TeOg sin-
gle crystals Ni;_,Co,TeOg (x = 1, 2), making the ME effect
measurements accessible. We find a distinct substitution-
induced ME modulation in polar magnet Ni3TeOg, whereas
the magnetic phase could be tuned by optimizing the
Co*T-Ni** interaction, as previously revealed in Zn-
doped MnWO, [26], Fe;Mo3;0g [27], Ga- and Al-doped
CuFeO, [28], Sc-doped BaFe;;0;9 [29], etc. Upon the
Co?T substitution, a metamagnetic transition occurs at crit-
ical magnetic field H, ~7.5 and 2.0 T for x =1 and
x = 2, respectively, when the magnetic field is applied along
the ab plane. Accompanied by the metamagnetic transition,
a large electric polarization is observed. More interest-
ingly, in comparison with the parent compound NizTeOg,
Ni3_,Co,TeOg (x = 1, 2) shows a large difference in terms
of the ME performance. For the case of x =1, the ME
response is largely diluted, while remarkable enhancement
for the case of x = 2 is demonstrated, evidenced by an ME
response as large as 326 ps/m in terms of the linear ME
coefficient («) at T ~ 45 K above H,, almost 9 times large
than that of parent compound Ni3TeOg.

II. EXPERIMENTAL DETAILS

Polycrystalline Ni;_,Co,TeOg (x =0, 1, 2) was pre-
pared by the conventional solid-state reaction method [22].
A stoichiometric amount of high-purity NiO, TeO,, and CoO
was mixed, ground, and sintered in a tubular furnace under
the oxygen flux at 800 °C with several intermediate grindings
to ensure a complete reaction. The chemical vapor transport
method was used to grow single crystals from the obtained
polycrystalline powder. In detail, the polycrystalline powder
with a total mass of 3 g as the starting material was placed
in a quartz tube (inner diameter = 20 mm, outer diameter =
22 mm, and length = 20 cm), and sealed under the vacuum of
10~ Torr. Then, the tube was placed in a horizontal two-zone
furnace, and heated at 830 °C in the change zone and 750 °C
in the growth zone for 2 weeks, followed by furnace cooling,
noting that the starting materials were placed in the warmer
zone.

The as-grown Ni,CoTeOg and NiCo,TeOg crystals are
naturally black hexagonal plates with a typical size up to 4
mm, while the Ni3TeOg crystals are triangle-like plates with
size up to 3 mm. The crystallinity of as-grown single crys-
tals was characterized using room-temperature powder x-ray
diffraction (XRD) (D8 ADVANCE, Bruker) with Cu K, (A =
1.5406 A). Crystallographic orientation was determined using
the backreflection Laue detector (MWL120, Multiwire Lab-
oratories, Ltd.). The chemical composition was determined
using scanning electron microscopy with an energy-dispersive
x-ray spectroscopy (EDX) unit. The Rietveld refinement of
the lattice structure and species occupation was performed
using the GSAS program [30].

The well-prepared and aligned samples were submitted for
a series of structural and physical property characterizations.
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FIG. 2. (a) Room temperature XRD patterns of Ni3TeOg, Ni,CoTeOg, and NiCo,TeOg single crystals. (b) Optical photograph of Ni;TeOg,
Ni,CoTeOg, and NiCo,TeOg single crystals. EDX spectrum of (c) Ni;CoTeOg and (d) NiCo,TeOg. (¢) Room temperature XRD pattern and

Rietveld refinement of crushed single crystal of NiCo,TeOg.

The dc magnetic susceptibility (x) as a function of T was
measured using the Quantum Design superconducting quan-
tum interference device magnetometer with a measuring
magnetic field H ~ 0.1 T in the zero-field-cooled (ZFC) and
field-cooled (FC) modes. The H-dependent magnetization
(M) was measured using the vibrating sample magnetometer
in the Physical Property Measurement System (PPMS, Quan-
tum Design).

For the electrical measurement, the crystals were pol-
ished into slices of 3 x 3 x 0.2 mm® and deposited with Au
electrodes on the top and bottom surfaces. The electric po-
larization was obtained by conventional pyroelectric current
measurements. In detail, the sample was poled under an elec-
tric field Epoe = 10 kV/cm and selected magnetic field (H)
from 7 =70 to 2 K. Then, the poling electric field was
removed and the sample was electrically short-circuited for
sufficient time to avoid the influence of injected charge. The
T dependence of pyroelectric current (J) at selected H was
measured using a Keithley 6514 source meter at the 3 K/min
warming rate. The H dependence of ME current was mea-
sured under selected 7" upon H ramping from +H — —H —
+H at arate of 100 Oe/s using the same ME poling procedure.
The H- and T-dependent electric polarization P was obtained
by integrating pyroelectric current/magnetoelectric current
with time, following the well-established procedure [31].

II1. RESULTS AND DISCUSSION
A. Crystal structure

In Fig. 2(a) we present the room-temperature slow-scan
XRD patterns onto the naturally developed c¢ planes of

NizTeOg, Ni;CoTeOg, and NiCo,TeOg crystals, in which
the diffraction peaks can be well indexed by (00[) re-
flections. Compared with the previously reported crystal
growth [17,21], our crystals have more regular geometric
shape and larger lateral dimension, as shown in Fig. 2(b), quite
advantageous for the electrical measurements. In addition,
the ¢ plane is aligned with the backreflection Laue detector,
and perfect diffraction spots from the [00/] reflections are
unambiguously identified without any additional spots (the
Laue diffraction spots and Rietveld refinement of NizTeOg
are included in the Supplemental Material; see Fig. S1) [32].
Furthermore, as shown in Figs. 2(c) and 2(d), the measured
Ni:Co:Te ratio for these single crystals grown from polycrys-
talline Ni,CoTeOg and NiCo, TeOg powder is 1.96:0.94:1 and
0.95:2.05:1, respectively, close to the stoichiometric ratio of
Ni;CoTeOg and NiCo,TeOg. The corresponding EDX map-
ping images of Ni,CoTeOg and NiCo,TeOg are also presented
in Figs. S2 and S3 in the Supplemental Material [32].

To check the solubility of Co in NizTeOg, a series of
polycrystalline Ni3_,Co,TeOg samples were synthesized by
the conventional solid-state reaction method, and the XRD
patterns are shown in Fig. S4 [32]. It is evident that the sam-
ples with Co doping level x < 2.6 adopt the structural model
of NizTeOg, while we found additional diffraction peaks of
monoclinic Co3TeOg upon further increasing x beyond 2.6.
Therefore, the solubility limit of Co in NizTeOg is most likely
below or near x = 2.6. We then determined the crystal struc-
ture from the crushed single crystals of NiCo,TeOg at room
temperature, using Rietveld refinement with powder XRD,
as shown in Fig. 2(e). All the diffraction peaks were well
indexed using the space group R3 and no impurity phase
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TABLE I. Crystal structural parameters of Ni3TeOg (NTO), Ni,CoTeOg (NC1), and NiCo,TeOg (NC2) refined from XRD of crushed

crystal data at room temperature.

Sample a(h) b(A) c(A) () B ) y )

NTO 5.1128(8) 5.1128(8) 13.7806(8) 90 90 120

NC1 5.1385(4) 5.1385(4) 13.8253(2) 90 90 120

NC2 5.1653(8) 5.1653(8) 13.8482(5) 90 90 120
Atom X y Z Wyckoff occupation
Ni3 1/3 2/3 0.1660(7) 3a 1.015
Ni2 1.0000 1.0000 0.2099(4) 3a 1.006

NTO Nil 2/3 173 0.3392(2) 3a 1.031
Te 1/3 2/3 0.3673(3) 3a 0.998
0O1 0.6296(8) 0.6610(4) 0.2774(8) 9b 0.983
02 0.9871(3) 0.6292(4) 0.4396(7) 9b 0.985
Ni3/Co3 1/3 2/3 0.1791(8) 3a 0.753/0.247
Ni2/Co2 1.0000 1.0000 0.2249(7) 3a 0.453/0.547
Nil/Col 2/3 1/3 0.3529(1) 3a 0.776/0.224

NC1 Te 1/3 2/3 0.3816(7) 3a 0.996
O1 0.6268(1) 0.6441(2) 0.2867(4) 9b 1.027
02 0.9875(1) 0.6101(2) 0.4500(7) 9b 0.973
Ni3/Co3 1/3 2/3 0.1711(6) 3a 0.535/0.465
Ni2/Co2 1.000000 1.000000 0.2043(5) 3a 0/1

NC2 Nil/Col 2/3 173 0.3444(3) 3a 0.475/0.525
Te 1/3 2/3 0.3807(2) 3a 0.984
0Ol 0.6303(1) 0.6519 (8) 0.2825(6) 9b 0.976
02 0.9910(4) 0.6263(4) 0.4476(9) 9b 0.992
Ry, (%) Ry (%) x

NTO 3.59 5.23 1.812

NC1 2.48 3.38 1.39

NC2 2.34 3.26 1.53

was detected. The corresponding lattice parameters were
a =5.1653 A and ¢ = 13.8482 A, in good agreement with
earlier results [22]. Detailed refined structural parameters of
NizTeOg, NinCoTeOg, and NiCo,TeOg are summarized in
Table I.

The structural Rietveld refinement suggests that for
Ni;,CoTeOg (x = 1), the Co** ions partially substitute the
Ni ions in the Nil, Ni2, and Ni3 sites, but more favorable
substitution is believed to occur at the Ni2 site. In contrast, for
NiCo,TeOg (x = 2), the Ni2 sites are almost fully occupied
by Co?* ions, while the Nil and Ni3 sites are partially sub-
stituted with Co®" ions with nearly equal occupancy, similar
to previously reported results on Nip ;Mng9TeOg [21]. Such
preferential site occupancy of Co ions in various Ni sites
may be associated with the different distortions of the three
Ni sites, whereas the Ni3 sites have the largest distortion,
followed by the Nil and Ni2 sites, but the Ni2 site retains
the most symmetric C3 symmetry. Therefore, the different site
occupancy of Co ions reflects the change in the crystal-field
environment of Ni and Co sites, thereby raising an important
issue on the evolution of the electric polarization and ME re-
sponse upon Co>* substitution, which will be discussed later.

B. Magnetic property

Figures 3(a)-3(c) present the 7T-dependent x curves mea-
sured along the directions parallel and perpendicular to

the ¢ axis in the ZFC mode for Ni;TeOgs, NiCoTeOg,
and NiCo,TeOg, respectively. The x(7) curves show clear
long-range AFM ordering at 54 K for NizTeOgq, 54 K for
Ni;CoTeOg, and 49 K for NiCo,TeOg, slightly lower than
previously reported values, e.g., 55 and 52 K for Ni,CoTeOg
and NiCo,TeOg, respectively [22]. Furthermore, compared
with Ni3TeOg, several interesting features deserve highlight-
ing. First, upon cooling from 7Ty, for Ni3TeOg, the measured
Xc» 1.€., the out-of-plane yx, suddenly decreases while the
measured x,», the in-plane yx, exhibits a relative weak T
dependence, where subscripts “ab” and “c” denote the ab
plane and c¢ axis. In Ni;CoTeOg and NiCo,TeOg, the situa-
tion is opposite: y,, suddenly decreases while x. exhibits a
weak T dependence, indicating that the magnetic moments
in Ni;CoTeOg and NiCo,TeOg are aligned perpendicularly
to the ¢ axis, in accordance with the magnetic struc-
ture data [22]. Second, the in-plane and out-of-plane yx (7)
curves exhibit a large difference for both Ni,CoTeOg and
NiCo,TeOg, especially for NiCo,TeOg, while little difference
for NisTeOg is clearly seen, implying a remarkable easy-
plane type single-ion anisotropy of Co** ions in Ni,CoTeOg
and NiCo,TeOg. Third, although Ni;CoTeOg and NiCo,TeOgq
have similar magnetic structures, the magnitude of x,,(T)
for NiCo,TeOg is much larger than that for Ni;CoTeOyg,
indicating that the increasing Co’*-doping level can sig-
nificantly influence the magnetic property along the ab
plane.
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FIG. 3. Temperature dependence of magnetic susceptibility in
magnetic field applied along and perpendicular to ¢ axis in ZFC
mode for (a) NizTeOg, (b) Ni,CoTeOg, and (c¢) NiCo,TeOg. Ver-
tical blue dashed lines indicate magnetic transition points. Inset
in (b) shows Curie-Weiss fitting for Ni,CoTeO¢ under H//c and
H//ab geometry. T-dependent specific heat (C,) for (d) Ni3TeOg
and (e) NiCo,TeOg. Black solid curves are phonon contribution
approximated by Debye model. (f) T-dependent magnetic entropy
of Ni;TeOg and NiCo, TeOg.

Fitting the linear part of the inverse magnetic susceptibility
x ! data between 100 and 300 K using the Curie-Weiss law
(see Fig. 3, inset), one obtains the Curie-Weiss temperatures
Ocw ~ —169.6 and —27.3 K for Ni;CoTeOg under the H//c
and H //ab conditions, respectively, indicating the AFM inter-
actions among the Ni**/Co*" moments. The fitted data reveal
that the frustration factor, defined by f = |6cw/Ty| along the
¢ axis, is ~ 3.1 for Ni,CoTeOg and ~ 4.2 for NiCo,TeOg, in-
dicative of the weak frustration in the Co-substituted Ni3TeOg
system. The detailed values fitted from the Curie-Weiss law
are listed in Table II. The table shows the effective moment
WUefr is obviously larger than the calculated value i, using
the spin-only moments p = 2.8 w, and ug&! = 3.8 w,. This
indicates the non-negligible contribution of the orbital angular
momentum to the effective magnetic moment via the spin-
orbit coupling of Co?*, similar to previously reported results
on CO4Nb209 [6]

Figures 3(d) and 3(e) present the T dependences of the
heat capacity for Ni3TeOg and NiCo,TeOg, respectively. The
typical A-shaped peak is seen around the magnetic-ordering

temperature Ty = 54 K for NizTeOg¢ and Ty =48 K for
NiCo,TeOg. Usually, one may extract the magnetic contri-
bution to the heat capacity by referring to a nonmagnetic
isostructural system. Unfortunately, it is known that among
the transition-metal telluride M;TeOg (M = Mg, Mn, Co,
Ni, Zn, Cu) compounds, Mg;TeOs [33] and Mn3TeOg [34]
show the centrosymmetric space group R-3, Zn3TeOg [35]
and Co3TeOg [36] are centrosymmetric (C2/c), and Cu3TeOg
belongs to the cubic space group Ia-3 [37]. Only Ni3TeOg [38]
crystallizes into polar R3 structure. There is no nonmagnetic
isostructural system that can be used to evaluate the photonic
contribution, at least in the current stage.

Nevertheless, the Debye model can be used to fit the
C,(T) data between 80 and 120 K and extrapolate to the
low-temperature range for Ni3TeOg and NiCo,TeOg, evi-
denced by the solid black lines shown in Fig. 3(d) and
Fig. 3(e), respectively. Here, the Debye temperature (®p),
which separates the collective motion of ions from the in-
dividual motions, is determined to be ~ 429 K for Ni3;TeOg¢
and ~ 430 K for NiCo,TeOg, a typical feature for a com-
pound with lighter atoms such as 0%~ and strong interionic
bonding. After subtracting the phonon contribution from the
heat capacity, the magnetic contribution C,, of the heat ca-
pacity in NiCo,TeOg and NizTeOg can be obtained, shown
in Figs. 3(d) and 3(e). One sees clearly an enhancement
of C,, occurring at Ty, indicating magnetic contribution to
the heat capacity. Subsequently, the magnetic entropy S,, =
S Cy/T dT for NiCo,TeOg and NizTeOg, can be evaluated
and is presented in Fig. 3(f). It is shown that the term S,
for Ni3TeOg reaches up to 21.3 J mol~! K=! at Ty = 54 K
and saturates near 90 K with a value of 26.9 J mol~! K~!,
in good agreement with theoretically predicted values of
27.4 T mol~! K~!. Therefore, the evaluation of phonon con-
tribution using the Debye model works well for NizTeOg.
In contrast, NiCo,TeOg retains S,, = 22.8 I mol~! K~! be-
tween 10 and 90 K, smaller than the predicted value of
32.2 I mol~! K~!, noting that such phenomenon was also
observed in polar magnet Ni;Mo3Og [39].

The H dependence of magnetization M for Ni,CoTeOg
and NiCo,TeOg in the H//ab geometry at several values of
T are plotted in Figs. 4(a) and 4(b), respectively, while the
M (H) curves for NizTeOg in the H //c geometry are shown in
Fig. 5(c). In contrast to the nonhysteresis spin-flop transition
in Ni3;TeOg, both Ni;CoTeOg and NiCo,TeOg exhibit the H-
induced metamagnetic transition with an evident hysteresis
loop, characterized by the sudden changes in magnetization.
However, the critical magnetic field H, in the M(H) curve at
T ~ 5 K is approximately 7.5 T for Ni,CoTeOg, quite similar
to that of Ni3;TeOg, while for NiCo,TeOg this critical field is
dramatically reduced to 2.0 T. As the two compounds exhibit

TABLEII. The effective magnetic moment pi.¢r and Curie-Weiss temperature Ocw of Ni;CoTeOg and NiCo,TeOg for H//c and H / /ab were
obtained by the Curie-Weiss law fitting above 100 K, 1, is the calculated effective magnetic moment with ;LZNT =2.83 ug and Mé: = 3.87 ug,

and f, is the frustration factor along the c axis.

we (mp/fu) Mesr (g /u.) Hea (g /f.u.) &y (K) bcw (K) fe
Ni,CoTeOg 7.1 7.9 5.6 -273 —169.6 3.1
NiCo,TeOg 12.6 8.9 6.2 —21.4 —214.6 4.4
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FIG. 4. Magnetic field dependence of magnetization M (H) at
various temperatures with H//ab for (a) Ni,CoTeO¢ and (b)
NiCo,TeOg, and with H//c for (c) Ni,CoTeOg and (d) NiCo, TeOg,
respectively. Arrows indicate measuring cycle.

similar incommensurate AFM helical structure, characterized
by ferromagnetic ab layers rotating along the ¢ axis, the he-
lix periodicity increases with increasing Co** content [22].
Hence, the reduced H, is ascribed to the weak anisotropy in
the ab plane and weak magnetic frustration along the ¢ axis.
The linear extrapolation of the M (H ) data between H ~ 4.0
and 9.0 T gives a finite intercept (0.64 uz/f.u. at T ~ 30 K
for NiCo,TeOg) at H = 0, suggesting a spontaneous magneti-
zation component appearing in the ab plane above 4 T. Here,
“f.u.” stands for “formula unit.”

As the spins are almost constrained in the ab plane, a
typical AFM response with weak 7 dependence is observed
in the H//c geometry, as shown in Figs. 4(c) and 4(d). Note
that the critical field obtained from our single-crystal data is
smaller than the previously reported value [22], and such a
difference may be ascribed to the nature of crystals grown by
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FIG. 5. Temperature dependence of (a) pyroelectric current J(7)
and (b) electric polarization along the ¢ axis for Niz;TeOq under
different H applied along ¢ axis. H dependence of (c) magnetization
and (d) electric polarization AP, measured at different temperatures
under H//c. Black dashed line in (d) as guide to the eye indicates
linear relationship above H.,.

different methods. In addition, Skiadopoulou et al. demon-
strated the metamagnetic transition as a spin-flop transi-
tion [22]. However, bearing in mind that there is no evident
magnetic anisotropy in the helical structure, one cannot ex-
pect a spin-flop transition to occur under the magnetic field
perpendicular to the helical axis. Thus, neutron-scattering ex-
periments under a magnetic field are required to determine
the nature of such metamagnetic transition, which is beyond
the scope of this work and unfortunately not accessible at this
moment.

C. Magnetoelectric coupling

Before presenting the ME data of Ni;CoTeOg and
NiCo,TeOg, for purpose of comparison, the 7T-dependent py-
roelectric current J and electric polarization P, of NizTeOg
under different magnetic fields H = 0 and 9 T applied along
the ¢ axis are presented in Figs. 5(a) and 5(b). Consistent with
earlier report [17], a sharp pyroelectric current peak appears
at Ty = 54 K in the absence of a magnetic field, indicating
a large change in the electric polarization. By integrating the
pyroelectric current with respect to time, electric polarizations
as large as 2920 and 2684 uC/m?> at T =2 K for H =0T
and H = 9 T are obtained, respectively, slightly smaller than
the value of 3280 uC/m? at H = 0 T reported in Ref. [17]. In
addition, the H-dependent polarization measurements along
the ¢ axis were performed in an H-sweeping mode along
the ¢ axis; see Fig. 5(d). Concomitant with the H-induced
metamagnetic transitions as shown in Fig. 5(c), the change of
the c-axis polarization, i.e., AP,, shows similar nonhysteresis
behavior, quite consistent with the data shown in Ref. [17].
By fitting the linear part of AP,.(H) above H,, the linear ME
coefficient « = 36 ps/m was obtained at 45 K.

Intrigued by the large ME effect in Ni3TeOg, we paid much
more attention to the electric polarization (P,) of Ni,CoTeOgq
and NiCo,TeOg¢ along the ¢ axis under the H//c and H//ab
configurations. The T -dependent pyroelectric current density
(J) for NiCoTeOg¢ and NiCo,TeOg in the H//c-axis ge-
ometry, respectively, are is plotted in Figs. 6(a) and 6(b).
Similar to Ni3TeOg, both compounds show sharp peaks at the
magnetic transition points, implying a large change of elec-
tric polarization induced by the magnetic ordering. However,
the pyroelectric current is somehow H independent, as the
magnetic moments are lying in the ab plane, and the robust
AFM feature is reserved in the case of H//c. The electric
polarization for Ni,CoTeOg and NiCo,TeOg as a function of
T at several selected values of H along the c¢ axis is displayed
in Figs. 6(c) and 6(d), respectively. For Ni,CoTeOg, the mag-
netically induced polarization P, reaches ~ 340 uC/m? under
H =0 at T ~ 2K, while it is drastically enhanced up to
~ 2600 uC/m? in NiCo,TeOs, indicating large tunability of
the electric polarization by chemical substitution.

In contrast, the situation becomes quite different if one
checks the response of polarization P, to the magnetic field
perpendicular to the ¢ axis (in the ab plane). Figures 7(a)
and 7(b) present the pyroelectric current peaks shifting dra-
matically toward lower 7 with increasing H, while the
intensity of current J below Ty is greatly enhanced. This is
quite different from pure Ni3TeOg, in which the pyroelectric
current is much less sensitive to H, and P, is suppressed
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FIG. 6. T dependence of pyroelectric current J(7) for (a)
Ni,CoTeOg and (b) NiCo,TeOg measured under different H applied
along ¢ axis. Corresponding electric polarization along ¢ axis P.(T)
is presented in (c) and (d), respectively.

by H as shown in Fig. 5(b). For the two Co-substituted
compounds, a giant P. up to 5200 uC/m? is achieved for
NiCo,TeOg at T ~ 2 K and H = 6 T, in stark contrast to the
value of 550 uC/m? for Ni,CoTeOg, as shown in Figs. 7(c)
and 7(d). Note that for NiCo,TeQOg, the obtained value is
larger than most multiferroics and magnetoelectrics, like
the time-honored Fe;Mo3;Og (3000 pLC/mZ) [16], Mn,Mo30g
(2000 uC/m?) [40], and Ni3TeOg (2920 uC/m?, this work).
This result highlights the remarkable impact of the chemical
doping on the ME effect by modulating the magnetic structure
of Ni3T606 .

To further investigate the ME effects in Ni,CoTeOg and
NiCo,TeOg, we performed comprehensive H-dependent po-
larization measurements along the c axis in the H-sweeping
mode along and perpendicular to the c¢ axis, respectively.
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FIG. 7. Temperature dependence of pyroelectric current J(7)
for (a) Ni;CoTeOg and (b) NiCo,TeOg measured with different H
applied normal to ¢ axis. Corresponding electric polarization along ¢
axis P.(T) is presented in (c) and (d), respectively.
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FIG. 8. H-dependent (a) magnetization and (b) magnetically
driven polarization AP, of NiCo,TeOg at 10 K for H applied along ab
plane. H-dependent AP, under various temperatures with H parallel
to ab plane for (c) Ni,CoTeOgq and (d) NiCo,TeOg. (e) T-dependent
ME coupling coefficients & of NiCo,TeOg in field-up run. (f) Mod-
ulated electric polarization as a function of time with respect to
linearly varying magnetic field (blue color) between —6 and 6 T
along ab plane at 10 K.

Concomitant with the H-induced metamagnetic transitions,
the change of the c-axis polarization AP, shows similar hys-
teresis behavior well identified near H ~ H, for NiCo,TeOg at
T = 10 K; see Figs. 8(a) and 8(b). In detail, the AP,.(H ) curve
shows a rapid rise as H is larger than 1.0 T. Then, with further
increasing H, a linear behavior with the one-to-one correspon-
dences between AP.(H) and M (H) is observed, indicative of
intrinsic magnetically induced polarization. Different from the
collinear spin ordering in Ni3;TeOg, the ground state here is
an incommensurate AFM helical structure; thus, a relatively
broad intermediate state is initiated at the metamagnetic tran-
sition, giving rise to the distinct hysteresis behavior in AP.(H)
and M(H).

In Figs. 8(c) and 8(d), we present more detailed data on
the H-dependent AP, measured at various 7 for Ni,CoTeOg
and NiCo,TeOg, respectively. The most striking result is the
tremendous enhancement of the ME response. For instance, a
change of AP, up to 2000 uC/m? at T ~ 45 K is achieved,
almost 10 times larger than the value of 201 uC/m? at T ~
10 K for NizTeOg. No significant ME effect can be observed
for the change of AP, in response to magnetic field applied
parallel to the c axis.

In order to evaluate the ME coupling, the linear ME
susceptibility «, defined by o = P/H, is evaluated by the
linear fitting to the AP.(H) curve in the magnetic field
ranges3 T <H <6TbelowT =40Kand3T < H <4T
for T =45 K in the field-up run. The T-dependent o data
for NiCo,TeOg are summarized in Fig. 8(e), which show
considerably strong coupling up to 323 ps/m at T ~ 45 K,
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FIG. 9. (a) H-T phase diagrams of NiCo,TeOg with magnetic
field applied along ¢ axis and (b) ab plane.

much larger than those typically linear ME effects in Cr,O3
(¢ ~4.13 ps/m) [41], Fe;Mo3Og (o ~ 16.2 ps/m) [27],
NipMo30g (a¢ ~ 70 ps/m) [42], and Sm,;BaCuOs (o ~
4.4 ps/m) [43]. For the case of Ni,CoTeOg, the linear ME
coefficient « is only 3.4 ps/m at T ~ 45 K, much smaller
than those of NizTeOg and NiCo,TeOg.

Another distinct feature is that the largest ME effect dom-
inates in the 7 window just below 7y, whereas the electric
polarization and ME coefficient reach their maxima at the low-
est temperature for NizTeOg. Such a large ME response seems
to be unusual, and we argue that the exchange interaction and
magnetostriction are responsible for the variation of polariza-
tion, which will be discussed in detail later. In addition, we
depict the variation of AP, induced by a modulated magnetic
field along the ab plane at T ~ 10 K, with periodic variation
between 6 and —6 T, as shown in Fig. 8(f).

D. Magnetic phase diagram

Based on the experimental results obtained from the
magnetization, pyroelectric current, electric polarization,
and heat capacity, the ME phase diagrams in the (H,
T) space for H//c and H//ab planes are developed for
NiCo,TeOg in the field-up runs; see Figs. 9(a) and 9(b).
We find three magnetic phases: helical phase, intermedi-
ate state, and the unclear phase denoted as “?”, separated
by the corresponding phase boundaries. In Fig. S5 we
present the (dM,,/dH) — H and (dP/dH)— H curves at

several selected values of 7 in the field-up run, respec-
tively, while the (dM,,/dH) — H and (dP/dH) — H curves
in the field-down run are also shown [32]. To determine
the phase-transition points of the “intermediate state” in
the field-up (field-down) runs, the starting (ending) point of
the intermediate state is located at the lower H peak of the
(dP/dH) — H curve (denoted as H.;) while the position of
the right peak in the (dM,,/dH) — H curve is designed as
the ending (starting) point of the intermediate state (denoted
as H.,). From this point of view, the phase-transition points
of the intermediate state determined by the method are not an
internal state but represent the start and end of the intermediate
state. The consistency between the phase boundaries defined
by M and AP, indicates a strong intercorrelation between
magnetism and electricity. In contrast, for the H//c axis, only
a conical magnetic phase is dominated in the low-field region.

E. Discussion

Given the aforementioned large-tunability ME coupling in
Ni,CoTeOg and NiCo,TeOq, a tentative discussion on the
microscopic mechanism of ME coupling effects becomes
appreciated. Up to now, the magnetically induced electric
polarization can be explained by three well-known mech-
anisms: (1) spin current or inverse Dzyaloshinskii-Moriya
(DM) mechanism [44], (2) metal-ligand p—d hybridization
mechanism [45], and (3) symmetric exchange striction mech-
anism [46]. The spin current or inverse DM mechanism
cannot work effectively in this system due to the proper-
screw helicoid magnetic structure. The changes in the electric
polarization induced by the metal-ligand p—d hybridization
mechanism AP, can be expressed as AP, C;S? sin%0 +
8% cos? 0 = 182 + (C, — C )SZ2 [47], where C; and C, are
the coupling constants correlated to the structural parameters
of NiO6 octahedra, S is the magnetic moment, and S, is the
z component of the moment. Since the spins mainly lie in the
ab plane, AP, should be a constant, in contradiction with the
linear response of AP, to the magnetic field for H > H,. Tak-
ing all these into account, the symmetry exchange-striction
mechanism should govern the ME response in Ni3_,Co,TeOg
through the modulation of exchange interactions, similar to
the case of Ni3TeOg.

However, there is also a significant difference between
NizTeOg¢ and the C02+-doped samples, in which AP, and
ME coefficients «, as shown in Figs. 8(d) and 8(e), approach
their maximum values near Ty, in stark contrast to Ni3TeOg,
where the ME coefficient exhibits the strongest values at
low T'. Actually, such phenomena were also observed in the
compound CaBaCo4O; [14]. The large change in electric
polarization and enhanced ME coefficient are attributed to
the giant magnetostriction caused by the Co*" ions [48].
Since the spin-orbital coupling is also significant in the Co*"-
doping compounds, it is argued that the magnetostriction in
Ni3_,Co,TeO¢ may also play an important role (to be dis-
cussed briefly here), while the Heisenberg exchange striction
still works, similar to the case of NizTeOg.

In NizTeOg, the Ni ions at Nil and Ni2 sites have in-
equivalent environments with different elasticities and their
charges may be slightly different, forming a dipole along the
¢ axis in Nil-O6/Ni2-O6 dimer. In the magnetically ordered
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state, the symmetric Heisenberg exchange striction between
the magnetic ions at Nil and Ni2 sites will change the bond
lengths in NiO6 octahedra, as reported in recent work [49],
and subsequently the distorted NiO6 octahedra distortion, in
turn, modifies the electric polarization. In the case of Ni3TeOg,
accompanied by the spin-flop transition, the spins at Nil and
Ni2 sites rotate rapidly from the ¢ axis to the in plane, leading
to the large change in electric polarization and colossal ME
effect. In contrast, as the unquenched orbital angular mo-
mentum in Ni3_,Co,TeOg couples with spin momentum and
tetragonal distortion of the octahedral crystal field, the 0+
ions in Nil-O6 and Ni2-O6 octahedra shift their positions
through magnetoelastic coupling, namely the Joule mag-
netostriction, in response to the rotation of the magnetic
moments under the magnetic field applied along the ab plane.
The shifts of O>~ ions can change the bond length and thus
alter the polarization compared with the paramagnetic state.

More importantly, earlier works on the magneto-infrared
responses [20,49], high-field optical spectroscopy [50], and
theoretical calculation [51] have shown that the magnetic
interaction between Nil and Ni2 in Ni3TeOg plays a
dominant role in magnetic properties, electronic structure,
and magnetic-induced electric polarization. In the case of
Ni,CoTeOg, the Ni ions at Nil and Ni2 sites are partially sub-
stituted by the Co®* ions, and the distortion of the polar crystal
structure, which is induced by the magnetostriction, should
be largely alleviated, giving rise to the greatly destroyed
magnetically induced electric polarization and ME coupling
effects. On the contrary, with increasing Co** content, the
Ni2 sites are fully occupied by the Co*>" ions in NiCo,TeOg,
as presented in Table I, indicating magnetostriction plays an
increasingly important role here, thus giving rise to a larger
distortion of the polar crystal structure, concomitant with the
significantly enhanced ME coupling effects.

Chubokov et al. [52], however, demonstrated that the
magnetic moments of a hexagonal antiferromagnet would be
confined in plane if its in-plane anisotropy parameter D was
of the same order of magnitude or even greater than the
exchange interaction in the basal plane, even though a strong
magnetic field is applied along out of plane. This effect, that
the in-plane single-ion anisotropy is much stronger than the
dominant exchange interaction, is usually found in cobaltites,
such as CosNb,Og [53] and Ba,CoGe,O; [54]. Along this

line, it is reasonably expected in Niz_,Co,TeOg, whereas the
in-plane magnetic order can be easily affected by the external
magnetic field more than the antiferromagnetic stack along the
¢ axis. Therefore, either M,;, or ME coupling is significantly
larger than that of the ¢ axis. When H is applied along the ¢
axis, the magnetic structures should be conical with the coning
angle close to 90 °; thus, M, should increase linearly with the
magnetic field and finally saturate at an ultrahigh magnetic
field.

IV. CONCLUSION

In summary, we have systematically investigated the Co**
doping-induced consequences in terms of the crystal structure,
magnetic property, and ME coupling in polar antiferromag-
nets Niz_,Co,TeOg (x = 1, 2) single crystals. Our results
have revealed that the linear ME coefficient o upon the Co**
substitution can be remarkably modulated, evidenced by the
high o ~ 326 ps/m for NiCo,TeOg, small « ~ 3.4 ps/m for
NipCoTeOg, and intermediate o ~ 36 ps/m for Ni3TeOgq at
temperature 7 ~ 45 K. The large-tunability ME properties
are believed to be associated with the different occupations
of the Ni/Co ions at the specific lattice sites. In the case of
NiyCoTeOg, the Ni ions at Nil and Ni2 sites are partially sub-
stituted by the Co*" ions, and the distortion of the polar crystal
structure which is induced by the magnetostriction should be
largely alleviated, giving rise to the greatly destroyed magnet-
ically induced electric polarization and ME coupling effects.
On the contrary, with increasing Co content, the Ni2 sites are
fully occupied by the Co?* ions in NiCo,TeOs, indicating
magnetostriction plays an increasingly important role here.
Hence, the magnetostriction and Heisenberg exchange stric-
tion both play important roles in the modulation of ME effects.
Our work provides insights into designing the significant ME
coupling properties in NizTeOg-type polar magnets.
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