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We report experimental studies on enhancing the magnetoelectric (ME) coupling of CosNboOg by sub-
stituting the non-magnetic metal Mg for Co. A series of single crystal Cos—, Mg, NbyOg (z =0,1,2,3)
with a single-phase corundum-type structure are synthesized using the optical floating zone method,
and the good quality and crystallographic orientations of the synthesized samples are confirmed by
the Laue spots and sharp XRD peaks. Although the Néel temperatures (T) of the Mg substituted
crystals decrease slightly from 27 K for pure CosNbsOg to 19 K and 11 K for CozMgNbyOg and
CosMgoNbyQg, respectively, the ME coupling is doubly enhanced by Mg substitution when z = 1.
The ME coefficient aprp of CosMgNbyOg required for the magnetic field (electric field) control of
electric polarization (magnetization) is measured to be 12.8 ps/m (13.7 ps/m). These results indicate
that the Mg substituted Cos_,Mg,NbaOg (z = 1) could serve as a potential candidate material for
applications in future logic spintronics and logic devices.

Keywords single crystal, magnetoelectric coupling, substitution

PACS numbers 75.85.4+t, 74.62.Dh, 75.47.Lx

1 Introduction

Combining spin degree of freedom into the conventional
charge-based devices has generated much interesting
physics and also led to the paradigm shifts of next gen-
eration electronics [1, 2]. In this regard, the magneto-
electric (ME) effect played an important role, because
ME coupling is considered as one of the most direct and
effective way to realize the manipulation of electric polar-
ization P (magnetization M) by magnetic field H (elec-
tric field E) in electronic devices [3] according to the
relationship as expressed by P; = a;;H; (M; = a;;Ej)
[4, 5]. During the past several decades, many theoreti-
cal and experimental efforts have been devoted to design
and fabricate novel ME materials in order to generate a
larger ME coupling [3, 6, 7]. Among a series of ME mate-

*arXiv: 1808.03013.

rials, the linear ME materials which have no spontaneous
polarization, have been widely investigated [8-13]. The
family of M4A>Og materials, where M is divalent tran-
sition metals and A is Nb or Ta, is just a kind of linear
ME material with honeycomb magnets and recently been
more intensively investigated after its synthesis in 1961
[14] and the confirmation of its ME effect in 1972 [15].
Among a number of M,;A>09 materials that exhibit
ME coupling [16-19], the most representative one is
Co4NbyOg (CNO), which crystallizes in a trigonal crys-
tal structure (space group P3cl) with two formula units
per cell. Co?T ions in CNO occupy two inequivalent po-
sitions, denoted as Col and Co2, as shown in Fig. 1(a).
After the confirmation of the ME effect in CNO by Fis-
cher et al. [15], the successful measurement of reasonably
large ME coefficient aj;g from pioneering efforts has
been consistently demonstrated: Fang et al. [20] demon-
strated the cross-coupling between magnetic and electric
orders in polycrystalline CNO, where both magnetic field
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Fig. 1 (a) Atomic structure (y)
of Co04Nb2Og, Co’* ions oc-
cupy two inequivalent positions,
denoted as Col and Co2. X-
ray Laue photographs for (b)
a axis and (c) ¢ axis at room
temperature for CozMgNbzOy,
(d) The room temperature X-
ray powder Rietveld refinement
for CosMgNb;Og and (e) X-
ray diffraction patterns of the
C471MgmNb209 (x = 1,2,3)
single crystal family, the stan-
dard diffraction of Co4sNbsOg
(PDF+#38-1457) is plotted at the
bottom panel.

(b)

(©)

induced electric polarization and electric field controlled
magnetization were observed; Yin et al. [21] reported
that the origin of the linear ME effect can be ascribed to
critical spin fluctuation. and Khanh et al. [22] reported
that the ME response originates the reduction of sym-
metry due to magnetic order, respectively, in the crystal
phase of CNO; Cao et al. [23] observed a nonlinear ME
effect in CNO single crystal and found that the linear
part of the ajsp value is around 8 ps/m; Dhanasekhar
et al. [24] have partially substituted Co by Fe in CNO,
and obtained a linear ap g value of 7.6 ps/m; very re-
cently, the magnetic structure of CNO is revealed by
neutron diffraction, and more underlying physics of this
materials could be explained [25].

Considering that element substitution is a very effec-
tive method to change or improve the materials proper-
ties, and the only substitution experiment work on the
ME effect of CNO is Fe replacing Co by Dhanasekhar et
al. [24], it is very worth trying to do more experimental
exploration and study if substitution can induce larger
ME coupling in CNO. In this paper, we substitute the
magnetic element Co in CNO by a non-magnetic element
Mg with different Mg concentrations x, and investigate
the magnetic and electric properties of the Mg substi-
tuted single crystals. We focus on both magnetic field
induced electric polarization and electric field controlled
magnetization, and successfully observe the enhancing
of the ME coupling in Mg?* substituted single crystals
around a direction. In particular, we obtain a stronger
capability of electric field control of magnetization in Mg
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substituted CNO, which is expected to play more impor-
tant role in future technological applications.

2 Experimental details

Co4— Mg, NbyOg (CMNO) polycrystalline feed and seed
rods were synthesized by the conventional solid-state
reaction technique. A whole family of single crystals
Coy— Mg, NbsOg with different Mg concentrations (x =
0,1,2,3) were successfully grown by an optical floating
zone method (Crystal System Inc., type FZ-T-1000-H-
VI-P-SH). The compounds of feed and seed rods were
prepared by the raw materials Co304 (99.9%), MgO
(99.9%) and NbyOs5 (99.9%), with the proper cation sto-
ichiometry which was calculated from the target com-
pound. The temperature of the molten zone was con-
trolled by adjusting the power of lamps. During the
growth process, the molten zone was moved upwards at
arate of 5 mm/h, with the seed rod (lower shaft) and the
feed rod (upper shaft) counter rotating at 30 rpm in flow
air. All of their crystallographic orientations were deter-
mined by an X-ray Laue photograph (Try-SE. Co., Ltd.)
with tungsten target (with the X-ray beam of 0.5 mm in
diameter) and additionally confirmed by standard XRD.
X-ray diffraction (18KW D/MAX-2550) at A = 1.5406
A was used to determine the crystal structures using the
powders made by grinding part of the single crystal sam-
ples. Measurements of the magnetization were conducted
using a Physical Property Measurement System (PPMS-
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9, Quantum Design Inc.) with VSM (Vibrating Sample
Magnetometer) option.

The dielectric performance was conducted by using
LCR meter (Agilent E4980A). The plates with the large
[100] and [001] plane of 2*2 mm? were sliced out from
the single crystal rod, and silver was painted as the elec-
trodes. The pyroelectric current was collected using an
electrometer (Keithley 6517B) after poling the sample
in an electric and magnetic field, Electric polarization
was obtained by integrating pyroelectric current with re-
spect to time plus a careful exclusion of other possible
contributions, such as thermally stimulated depolariza-
tion current from the de-trapped charges. The sample
was cooled down to 10 K while applying a poling elec-
tric field of 0.5 MV /m along [100] direction. In order to
release any charges accumulated on the sample surfaces,
the sample was short-circuited for a long-enough time
(1 h). During the recording of pyroelectric current, the
sample was heated slowly at a warming rate of 2 K/min.
Note that the magnetic field was applied throughout the
cooling and warming processes. For further investigating
the response of magnetization to electric field, the varia-
tion of magnetization as a function of a periodic electric
field was also measured.

3 Results and discussion

Figure 1(a) shows the crystal structure of CosNbyOg,
where Co?* ions occupy two inequivalent positions, de-
noted as Col and Co2. The Co?* ions are substituted
by Mg?t ions in our experiments and we will investi-
gate the physical properties of the Mg substituted crys-
tals in the following. Figures 1(b) and (c) display the
X-ray Laue photographs of CogMgNby;QOg for the a and
¢ axes which were taken at room temperature. Rietveld
method [26] as implemented in the FullProf program [27]
was used for the refinement of the powder XRD data of
single crystal CosMgNboQOg, and the results are shown
in Fig. 1(d). Figure 1(e) shows the experimental powder
XRD patterns of the CMNO family with different Mg
concentration (x = 1,2, 3) at room temperature [28]. The
diffraction patterns can be assigned to the single-phase
modification of corundum trigonal crystal structure with
space group P3cl, and no impurity phase was detected,
which indicates that high homogeneity of the single crys-
tals was synthesized. Both XRD and Laue photography
confirmed that our cutting plane are precisely perpendic-
ular to a and ¢ axes. Further neutron diffraction results
indicate that Mg atoms prefer to replace Col rather than
Co2 [29], which will help understand some results of this
work.

The temperature dependence of magnetization M, (T")
under a small magnetic field H = 1 kOe applied along a
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axis of CMNO single crystals was measured and results
are shown in Fig. 2(a). The peak temperature around
27 K of green line can be defined as the Néel tempera-
ture of CoyNbyQOg, which matches well with the earlier
report [30]. And the Néel temperature of CozMgNbyOg
and CoyMgoNbyOg are around 19 K and 11 K, respec-
tively. But for CoMgzNbyOg sample, we cannot find the
anti-ferromagnetic (AFM) transition from a axis with
the temperature down to 3 K. Clearly, with the increas-
ing of the Mg concentration z, the Néel temperature of
CMNO is decreased and finally no AFM state can be ob-
tained when Mg?*+ was fully substituted for Co?*. The
temperature dependence of magnetization along ¢ axis
under a small magnetic field H = 1 kOe of CMNO sin-
gle crystals were also measured and results are shown in
Fig. 2(b). No AFM transition was observed below 50 K
along ¢ direction, which suggests that the magnetic mo-
ments are located in the ab plane for the Mg substituted
crystals, rather than along ¢ direction.

Having confirmed the crystal quality synthesized in
our experiments and understood the AFM transition of
CMNO samples, we begin to measure the H/E con-
trolled P/M and calculate the ME coefficient apsg. Usu-
ally, an anomaly in dielectric constant is accompanied
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Fig. 2 Magnetizations versus temperature curve for
Co4—2MgzNbsOg (z = 0,1,2,3) along (a) a axis and (b)
¢ axis under an applied magnetic field of 1 kOe in the tem-
perature range from 3 to 50 K.
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by a sudden change of electric polarization. Prior to
the electrical measurements, the sample was first cooled
down from 70 to 10 K with an electric field of 0.5 MV /m
and a magnetic field of 0, 10, 30, 50 and 80 kOe along
the a axis. After the ME fields-cooling, the pyroelec-
tric current was recorded with increasing temperature
without removing the external magnetic field. The value
of electric polarization is obtained by integration of py-
roelectric current with respect to time. The measure-
ment of electric polarization as a function of tempera-
ture for different Mg concentration (z = 0,1, 2) was per-
formed in magnetic field and poling electric field which
was applied along [100] axis, and the results are shown
in Figs. 3(a)-(c). It is obvious that no pyroelectric cur-
rent is observed without external magnetic field. When
magnetic field is applied, a pyroelectric current occurred
at the temperature around 7. The inset of Fig. 3(b)
profiles the dielectric constant as a function of tempera-
ture for CogMgNbyOg at various magnetic fields along
a axis. Under zero magnetic field, the dielectric con-
stant shows no anomaly. However, peaks arise at Ty
when the external magnetic field is applied. With increas-
ing the magnetic field, the peak in dielectric constant
versus temperature curve becomes higher, indicating a
magnetodielectric effect in these samples. Note that the
aprg value could be obtained by fitting the P—H curve
as shown in Fig. 3(d) (Co3zMgNbyOg). Although stable
manipulation of electric polarization by magnetic field
in CoaMgoNbyOg (z = 2) around a axis is not clearly
observed [Fig. 3(c)], we obtained a much larger ang
value upto 12.8 ps/m for CogMgNbsOg (z = 1) around

a axis [Figs. 3(b) and (d)], compared to that of the pure
CNO of 8 ps/m at H = 80 kOe. Notably, the aypg
value of CogMgNbyQyg is also larger than that of the well
know ME materials like CroO3 (4 ps/m) [31], MnTiO3
(2.6 ps/m) [32], NdCrTiOs (0.51 ps/m) [33]. Clearly,
these results demonstrate that moderate Mg substitution
(x = 1) drastically enhances the ME coupling of CNO.
As measured in our experiments and considering that Mg
atoms prefer to replace Col, Mg substitution has slightly
changed the lattice parameters of CNO crystal and af-
fected the Co2-0-Co2 bond angle and the Co2-Co2 inter-
actions that contribute to the Dzyaloshinkii-Moriya in-
teractions in CMNO according to the spin-current model
[25]. These will induce the lattice distortion and led to
the increasing of the ME coupling and magnetization of
Mg substituted CMNO. Considering that CozMgNbsOg
crystal have much larger magnetic field control of electric
polarization, in the following we mainly investigate the
electric field control of magnetization of CosMgNbyOg
samples.

As mentioned in the introduction section, the electric
field control of magnetization is another important fac-
tor to evaluate the performance of a ME material. Figure
4(a) shows the magnetization versus temperature curves
measured in heating process under various external elec-
tric field —0.5 MV/m, 0 MV/m and —0.5 MV/m. The
magnetization above Ty keeps unchanged under external
electric field due to the disappearance of the polarization.
However, for temperatures below Ty, each electric field
value gives a different magnetization value. It is clear
that the magnetization value increases or decreases the

(a) 40

x=0

(b) 100

x=1 32.06] — 0 kOe

~32.04] —30KO¢
& — 80 kOe

32021 Hla
32,00
10

Tenllgeratuéo(l() 3
—+— 80 kOe
—a— 50 kOe
—e— 30 kOe
—=— 10 kOe
—<«— 0 kOe

10 15 20

Temperature (K)

25 30 35 10 15 20 25
Temperature (K)

(© @ 10
Fig. 3 The .tem.perature de- 6 x=2 v 80 KkOe g x=1 -
pendent polarization for (a) 50 kOe P
CO4NbQOg7 (b) COgMnggOg {.é\ 4 . 30kOe % 6
and (c) CoaMgaNbyOg samples S Hila — 10 kOe = Hla
along a axis under different mag- < e 0 kOe é 44
netic field. (d) The fitting of P— 2 = Exoeri ld
H curve for CosMgNbsOg at 10 27 lFi’iﬁiZmema ata
K. The inset in (b) shows the di- 0+ 04
electric constant as a function of ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
temperature at different H along 7.5 10.0 125 15.0 175 0 2 4 6
a axis. Temperature (K) H (106A/m)

137503-4

Zhen Li, et al., Front. Phys. 13(5), 187503 (2018)



RESEARCH ARTICLE

(a)
—+—0.5MV/m
0.028 - —e—0MV/m
b —4— 0.5 MV/m
=
5 H=0.1kOe
=
£ 0026 - ’EJ//// @
N m Experimental daf a
§ —Fitting
g
=
0.024 1
-6 -3 0 6
E (10‘V/m)
T T T
10 15 20 25 30 35
Temperature (K)

T
T
L ez
o \/ \/_\/\_

Fig. 4 (a) The temperature dependence of magnetization under —0.5, 0, and 0.5 MV /m after ME cooling at 100 Oe.
Inset shows the fitting of M—FE curve for CosMgNbzOg at 15 K. (b) The magnetization as a function of electric field after

ME cooling at 100 Oe.

same magnitude with respect to the magnetization at
zero electric field when opposite electric fields are ap-
plied. It is interesting to point out that below T the
magnetization can be tuned by a small electric field even
under a weak cooling magnetic field. To approximately
estimate the ME coefficients from the M—F curve, the
fitting is conducted as poM = poM(0) + appFE, the
obtain results [see inset Fig. 4(a)] show that the ayg
equal to 13.7 ps/m, which is much larger than the pure
CNO (8.27 ps/m) as in the previous report [17]. Slight
difference between the fitted a s g values for electric filed
control of magnetization (12.8 ps/m at 10 K) and mag-
netic field control of electric polarization (13.7 ps/m at
15 K) may stem from the difference of the experimental
conditions in our experiments.

To further confirm the performance of electric field
control of magnetization for CogMgNbsoQOg, we measured
the time dependence of magnetization under a square
wave electric field of 0.5 MV /m, as shown in Fig. 4(b).
It is obvious that magnetization has a very quick and
stable response with respect to external electric filed, in-
dicating a promising application of this material for logic
spintronics and electronics [34].

4 Conclusions

In conclusion, we have synthesized a series of single crys-
tal Cog—Mg,NboOg (2 = 0,1,2,3) with a single-phase
corundum-type structure by the optical floating zone
method. Clear Laue spots and sharp XRD peaks con-
firm the good quality and crystallographic orientations
of the synthesized samples. Although the Néel temper-
ature (T) of the Mg substituted crystals are slightly
decreased from 27 K for pure CNO to 19 K and 11 K
for CosMgNby;Og and CosMgoNbyoOg, respectively, the

Zhen Li, et al., Front. Phys. 13(5), 187503 (2018)

ME coupling is drastically enhanced by Mg substitution
when z = 1 in Coy_,Mg,NbyOg. For the magnetic field
(electric field) control of electric polarization (magne-
tization), the ME coefficient app of CosMgNbyOyg is
doubled, compared to that of the pure CNO. More in-
terestingly and importantly, the electric field control of
magnetization of CogMgNbyOg is enhanced. These re-
sults indicate that the Mg substituted Co4_,Mg,NbsOq
(z = 1) could serve as a potential material candidate for
applications in future logic spintronics and logic devices.
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