PHYSICAL REVIEW B 103, L140401 (2021)

Probing magnetic symmetry in antiferromagnetic Fe,Nb,Qy single crystals
by linear magnetoelectric tensor
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In the present study, we investigated magnetodielectric, magnetoelectric (ME), and angular-dependent po-
larization in single-crystal Fe4Nb,Oy. The magnetodielectric effects in e, (x//[100]), &, (y//[120]), and e,
(z//1001]) are found to be significant only around 7y &~ 95 K when magnetic fields are applied along three
orthogonal x-, y- (y//[120]), and z directions. The finite polarization P,, P,, and P, of 70, 100, and 30 uC/m?,
respectively, can be induced in the antiferromagnetic phase when a finite magnetic field up to 9 T is applied along
the three orthogonal directions. The angular-dependent polarization measurements verify the dominating linear
ME effects below Ty. From the above experimental results, a linear ME tensor a;; with all nine nonzero compo-
nents can be inferred, demonstrating a much lower magnetic point group of —1’ for the canted antiferromagnetic

configuration.
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I. INTRODUCTION

The direct linear magnetoelectric (ME) effect, where the
electric polarization P is induced in proportion by an external
magnetic field H [1,2], is expressed as P; = «;;H; (a;; is
linear ME tensor where i and j run over all the Cartesian
coordinates, x, y, z) [3,4]. It has attracted great interest due
to the potential application for low power-consumption sensor
devices and novel physical properties in solids [3,5—-11]. This
effect can exist in solids with long-range magnetic order,
which breaks the space inversion and time-reversal symmetry
simultaneously, like the time-honored Cr,Oj3 [12] with antifer-
romagnetic (AFM) order. Below Ty = 307 K, Cr, 03 belongs
to the magnetic point group —3'm’. From the Newmann prin-
ciple, the nonzero ME tensor components are oy, ¢y, and o..
Only 58 out of 90 magnetic point groups allow the nonzero
a;; [13]. In this regard, symmetry analysis contributes to the
searching for the linear ME effects in magnetic materials [1].

Recently, the investigation of A;Nb,Og (A = Mn, Co, Fe)
has drawn strong attention as a potential ME material system,
which belongs to the corundum-type structure firstly found by
Bertaut et al. [14,15]. They crystallize in a trigonal crystal
structure with the space group P—3cl, a derivative of the
a—Al,Os-type structure [14,16]. Two kinds of A atoms, Al
and A2, are located at 4d sites while Nb and two O atoms
are located at 4¢, 6g, and 12 f Wyckoff positions, respectively,
as shown in Fig. 1(a). The magnetic structures of both Mn
and Co cases in powered samples were first determined to be
a collinear AFM configuration along the ¢ axis [14]. Their
magnetic point group is —3’m’ too, and has been confirmed in
experiments [2,3,5,6].
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However, FesNb,Oy shows an in-plane AFM configu-
ration. The magnetic cation Fe’ has a 3d® configuration
with § =2 and is found to be ordered at Ty ~ 90K (94 K,
97 K) by magnetic susceptibility [17-19]. It experiences an-
other structure phase transition around 77 K (80 K, 70 K), as
manifested by an anomaly in dielectric constant and verified
by powder neutron-diffraction experiment [18]. Below 77 K,
its space group is lowered to C2/c (point group of 2/m), which
is not presented in the Co and Mn cases. In Ref. [18], the
magnetic structure just below Ty is described by collinearly
arranged moments in the ab plane parallel to either x//[100]
or y//[120] directions, which can be assigned in either 2/m’
or 2’ /m magnetic point group, as shown in Figs. 1(b) and 1(c),
respectively. The matrix forms of the ME tensor for 2/m’ and
2’ /m should be [18]

Oxx O aXZ O axy 0
ajj = 0 Oy 0 and Qjj = | Qyx 0 Ayz |,
Az 0 A7z 0 Ozy 0
(1)
respectively.

Later on, a single-crystal neutron-diffraction technique
with refined magnetic structure below Ty revealed that the
adjacent Fel-Fe2 spin pairs along the z direction canted
about 5.81 ° in the plane, as shown in Figs. 1(d) and 1(e). The
magnetic space group has been described as C2/c’ (magnetic
point group of 2/m’) [19]. Indeed, both polycrystalline and
single-crystal samples were found to show magnetic-field in-
duced polarization below Ty, confirming the existence of at
least one of the nonzero ME coefficients in this compound.
Besides, Ref. [19] also indicates that Fe4Nb,Qy is a linear ME
material by soft phonon mode. However, to pin down the exact
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FIG. 1. (a) Schematic crystal structure of Fe4Nb,Oy. (b)—(d) Top view of magnetic structures with spin along y, x, and canted directions,
respectively. (e) Side view of spin configuration in (d) with space inversions centers (marked as X) in Fel layers.

magnetic structure and related point group, one has to measure
all nine o;; components of this compound.

In this paper, we investigate the dielectric, pyroelectric,
and angle-dependent polarization under different external H
in two FeyNb,Oy single crystals. We found that Fe,Nb,Oq
exhibits (i) anisotropic magnetodielectric effects, consistent
with Ref. [19], (ii) nine nonzero components in linear ME
tensor «;; reflected by H-induced polarization below 95 K,
and (iii) polarization with sinusoidal oscillation induced by
rotating magnetic field below 7y for uoH = 6 T. All these
results show that Fe;Nb,Og is a linear ME material with
magnetic point group —1’ by symmetry analysis.

II. METHODS

The single crystals of Fe4sNb,Og9 were grown from the
traveling solvent floating-zone technique [19]. For electrical
measurements, two single crystals were cut into a rectangular
shape of 0.6 x 1.4 x 1.08 mm? and 0.9 x 2.52 x 0.42mm?,
with the largest surface normal to the x//[100] and z//[001]
directions, respectively. Gold electrodes were deposited onto
these faces for electric measurements. Relative dielectric con-
stant (¢) measurements were performed at 100 kHz using an
Agilent E4980A Precision LCR meter. Before the pyroelectric
current (/) measurements, the specimen went through the ME
annealing procedure from 99 K. For +H, and £E anneal-
ing condition, the sample was kept electrically poled with
+uoH, =0,1,2,4,9T, £E; = £183kV/m (//x or //z) and
+E, = £79.4kV/m (//y, due to much longer geometry along
this direction) with external H down to 77 K. Then, +FE; or
+E, was turned off and the measurements were performed
by sweeping T to cross the boundary between ferroelectric
and paraelectric region, i.e., from 77 to 99 K on warming
at a rate of 1 K/min using a Keithley 6517B electrometer.
The temperature-dependent pyroelectric currents, I, I, and
I, along the x, y, and z directions, respectively, were measured
and integrated as a function of time to determine the P under
selected H values and orientations. The linear ME tensor
components are estimated from average 9 T data in each
pair of +H,, and £E configurations. The temperature and the
magnetic field were controlled using a Dynacool system with
9 T superconducting magnet (Quantum Design). Angular-

dependent polarization measurements were performed on a
rotator (MultiField Tech) in the Dynacool system.

III. RESULTS AND DISCUSSION
A. Dielectric constant measurements

In previous works, it was revealed that Fe4Nb,Og under-
goes an antiferromagnetic and a structure phase transition at
Tn = 90K (94 K, 97 K) and 77 K (80 K, 70 K), respectively
[17-19]. In order to investigate the magnetoelectric properties
in the AFM phase below Ty, we investigate the 7-dependent
&; under selected H; (i, j =x,y, and z) in two FesNb,Og
single crystals, as shown in Fig. 2. For ¢, in warming, it
quickly increases below 88 K and becomes flat until Ty =
95K where a small kink was observed for uoH = OT. This
is consistent with the reported behavior in Ref. [19] with
20 kHz. When an external magnetic field is applied along
the x direction, no change of ¢, can be observed except
a small temperature region around 7y (92 to 96 K). Up to
9 T, the small kink around 7y becomes a clear bump, as
indicated in the inset of Fig. 2(a). Our data have a better
resolution than those in Ref. [19] in which a magnetodi-
electric effect with the same configuration of E//H//x cannot
be observed clearly. When an external magnetic field up to
9 T is applied along the y direction, the change of ¢, is
almost negligible in the entire measured 7 region. However,
for H//z configuration, weaker bump features around 7y can
be discerned as shown in the inset of Fig. 2(c). No strong
magnetodielectric effects can be discerned in other temper-
ature regions. For T-dependent &, with H//x, y, and z, they
are almost identical with that of ¢,. It is due to the very weak
in-plane crystal anisotropy in hexagonal lattice.

For T-dependent &, with uoH = 0T, ¢, increases mono-
tonically from 75 to 99 K while no anomaly can be found
around 7y, consistent with the previous report [19]. When
an external magnetic field along the x direction is applied
up to 9 T, a clear peak in ¢, is induced around Ty, as
shown in Fig. 2(g), while ¢, in the entire 7 region is slightly
enhanced with a small offset. For H//y configuration, the
magnetodielectric behavior is very similar to that of H//x
configuration. Note that the uoH = 0T data are slightly dif-
ferent among three H configurations due to the reloading of
the sample at room temperature. For H//z configuration, the
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FIG. 2. The temperature-dependent relative dielectric constant of Fe4,Nb,Oy ¢, for (a) H//x, (b) H//y, and (c) H//z, &, for (d) H//x, (e)
H//y,and (f) H//z, and ¢, for (g) H//x, (h) H//y, and (i) H//z. All the data are measured in warming. Insets of (a)—(f) and (i) show the data

around 94 K.

magnetodielectric effect is weakest with a small bump around
Ty up to 9 T. We can conclude that the clear magnetodielectric
effects of Fe4Nb,Og around Ty strongly indicate the existence
of ME effects in all nine configurations below 95 K, which
is inconsistent with our previous study [18]. Note that the
small feature around 88 K may indicate a nonmagnetic phase
transition which requires further investigation.

B. Magnetoelectric effects

To investigate the ME effects in the AFM phase just be-
low Ty in this compound, we performed a comprehensive
T-dependent polarization measurement along the P//x, y, and
z axis under different H orientations, as shown in Fig. 3.
From the above configurations, we expect to probe nine com-
ponents in the linear ME tensor «;;, where 2'/m and 2/m’
magnetic point groups allow conjugation of nonzero com-
ponents in Eq. (1). Without bias H, no ferroelectricity can
be observed along crystal x, y and z directions. Under finite
woH up to 9 T, P, P, and P, can be gradually induced
up to about 70, 100, and 30 ,uC/mZ, respectively, without
saturation. Moreover, the induced P values can be fully re-
versed by reversing the poling E, consistent with Ref. [19],
which indicates that Fe;Nb,Og is a magnetoelectrics in the
AFM phase. Surprisingly, even though the magnetodielectric
effects are negligible for H//z configuration for ¢, and ¢, the
induced P, and P, values are comparable to or even larger
than that in H//x and y directions for 9 T data, which re-
quires further investigations. P,, P,, and P, values at 90 K
show quasilinear dependence with magnetic field along all
three orthogonal directions, as shown in the insets of Fig. 3,
implying dominating linear ME effects. To further verify

this, we performed a reversal of polarization by reversing
magnetic-field experiments below Ty, as shown Fig. 4(e). The
sample is first ME poled by +E and uoH = +9T down to
77 K. Then it will be warmed up to 99 K and 9 T with
measuring the pyroelectric currents I, and I,. Or, the magnetic
field will sweep to —9 T at 77 K, and the sample is warmed
up to 99 K and —9 T with measuring the pyroelectric currents.
As shown in Figs. 4(a) and 4(c), the signs of I, and I, are
reversed by reversing the uoH//x and poH//z from 9 to —9
T. Accordingly, the P, and P, can be fully reversed, as shown
in Figs. 4(b) and 4(d), respectively. The polarization reversal
by magnetic field again points to the dominating linear or odd-
order ME effects in this system and consistent with the similar
previous report with P, and uoH//x configuration [19]. We
will show below that the linear ME effects are dominating in
this system. From the 9 T and 90 K data in Fig. 3, the linear
tensor components of oy, Oy, Oz, Olyx, Olyy, Qyz, Olzy, Oy, Olzz
are estimated to be 8.9, 13.0, 9.0, 13.4, 13.6, 15.1, 4.5, 4.5,
4.4 ps/m, respectively, in absolute values, pointing to a much
lower magnetic point group at 90 K. We have to point out
that the P and related ME tensor components are almost fully
saturated under poling E fields applied.

C. Angular-dependent polarization

To unambiguously distinguish between the linear and
higher odd-order ME effects, we perform an angular (6)
dependence of polarization P, under rotating H experiments
in the x—z plane as an example. Linear, third and higher-order
terms will result in a function of sin@, sin3 6, and sin56 ...
terms in P, respectively. Particularly, for the linear ME
tensor, P, = o, H, + oy ,H,. Here, the magnetic field
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FIG. 3. The temperature-dependent P, P,, and P, under orthogonal H along the (a), (d), (g) x direction; (b), (e), (h) y direction; and (c), (f),
(i) z direction, respectively. Three insets plot the H-dependent polarization values at 90 K calculated from (a)—(i).

noH = 6T rotates from x to z directions, as shown
in Figs. 4(f) and 4(g). We can clearly see that the
angular-dependent P, shows dominating sinusoidal behaviors
with small hysteresis between 6 increase and decrease runs.
This is a direct proof of dominating linear ME effect in this
system. In this configuration, H, = Hcos6 and H, = Hsin @,
leading to

P. = H(ot, cosO + o, sinf) = H (afx + a)%z) cos(d — 6y),

2
where 6y = arctan(o,,/c,,). From Fig. 4(g), the small av-
erage offset value of 6y &~ —32° can be deduced from the
angle increase and decrease runs, indicating an Z# —1.6
ratio value and being consistent with the calculated value of
|‘;"—:| = 8.9/9.0 ~ 1.0 from the data in Fig. 3. The negative

~
~

sign of 6 reveals that a,,, and a,, have the opposite sign in the
same AFM domain. The hysteresis behaviors may be related
to the magnetic anisotropy between in plane and out of plane.

D. Symmetry analysis

From the above results, Fe4Nb,Og is an intriguing linear
ME material with all nine nonzero terms, which is in direct
contrast to the reported magnetic point group of 2'/m or 2/m’
which has at most four and five nonzero components, respec-
tively. Recently, a noncollinear magnetic configuration with a
5.81 ° canting between the adjacent Fel-Fe2 spin pairs along
the z direction was proposed through single-crystal neutron
diffraction, as shown in Fig. 1(e). Its magnetic point group
was described as 2/m’, while a more careful reexamination in
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FIG. 4. The temperature-dependent pyroelectric currents /, (a) and I, (c) in H//x and H//z, respectively. The temperature-dependent polar-
izations P, (b) and P, (d) in H//x and H//z, respectively. (e) Schematic poling process of H reversing from 9 to —9 T. (f) Angular dependence
of polarization under the rotating uoH = 6 T at T = 90 K. Schematic sample configuration is shown in the upper panel.
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this paper indicates a —1’ magnetic point group. In this config-
uration, space inversion center+time reversal in Fel layers is
retained regardless of the spins tilting in this layer. However,
the 2y operation in the middle of Fe2 layers is broken due to
canting between Fe2 spins. The overall magnetic point group
of Fe4Nb,Og is —1’ with a linear ME matrix form:

Oxx  Oyy COyy
Qye Oy Oy |, 3
Qzx  Ozy Oy

where all nine coefficients can be nonzero. This matrix form
is consistent with our experimental results of nine nonzero
components. There are only two magnetic point groups 1, and
—1’ can allow all nine ME components while the magnetic
order at least preserves —1’ symmetry. In this sense, we are
confident to conclude a —1’ magnetic point group at 90 K.

IV. CONCLUSION

In summary, we studied the magnetodielectric and mag-
netoelectric properties of FesNb,Og. The relative dielectric
constants along x//[100], y//[120], and z//[001] show strong
field-dependent behaviors around 7y. Accordingly, all nine

linear ME tensor components are estimated to have finite
values. From symmetry analysis, the magnetic point group of
the antiferromagnetic configuration below 7Ty is determined to
be —1’ instead of 2/m’. Our work suggests that measurement
of ME tensors is a practical approach to assist the determina-
tion of long-range magnetic order in the insulating magnetic
materials.
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