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The search for new materials for energy-efficient electronic devices has gained unprecedented
importance. Among the various classes of magnetic materials driving this search are antiferromagnets,
magnetoelectrics, and systems with topological spin excitations. Cu3TeOg is a material that belongs to all
three of these classes. Combining static electric polarization and magnetic torque measurements with
phenomenological simulations we demonstrate that magnetic-field-induced spin reorientation needs to be
taken into account to understand the linear magnetoelectric effect in CuzTeOg. Our calculations reveal that
the magnetic field pushes the system from the nonpolar ground state to the polar magnetic structures.
However, nonpolar structures only weakly differing from the obtained polar ones exist due to the weak
effect that the field-induced breaking of some symmetries has on the calculated structures. Among those
symmetries is the PT (1') symmetry, preserved for Dirac points found in Cu;TeOg. Our findings establish
Cu;TeOq4 as a promising playground to study the interplay of spintronics-related phenomena.

DOI: 10.1103/PhysRevLett.132.096701

Antiferromagnetic (AFM) materials are currently a focus
of materials research thanks to the fields of spintronics [1]
and magnonics [2]. Large exchange interactions between
spins in AFM materials yield spin dynamics at terahertz
frequencies and no stray fields make them a natural choice
for potential applications in ultrafast spintronic devices
[3,4]. The emerging field of topological magnets has a
promising potential in information technology. Owing to
the robustness against many perturbations, these materials
offer a route to more energy-efficient memory devices
while magnetic excitations (e.g., magnons) could be used to
transform and process the information [5]. Topological
AFM materials within spintronics promise new applica-
tions in future technologies [6].

Recent interest in cuprates has shown this family offers a
vast playground of exotic ground states and phenomena,
such as high-temperature superconductivity, magnetic insu-
lating state, layered crystal structure, and strong coupling
between spins, charge, and orbital degrees of freedom [7—
11]. Such couplings can lead to the linear magnetoelectric
(ME) effect, i.e., the appearance of polarization P; = a;;H;
or magnetization yoM; = a;E; in a magnetic or electric
field, respectively, as defined by the ME tensor a;; [12-16].
Magnetoelectrics open a way to possible applications in
data processing and data storage [13,17,18], but also in the
fundamental understanding concerning the opposite
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requirements for the d-orbital occupancy for the cross-
coupling to emerge [11,18,19].

In terms of symmetry analysis, the ME effect vanishes in
systems with one of the space inversion P(1) or time
reversal 7(1") symmetry, while it is permitted in systems
with PT symmetry (1). Linear ME coupling in these
systems may be generated from the well-known spin-driven
ferroelectricity mechanisms (exchange striction mecha-
nism, inverse Dzyaloshinskii-Moriya interaction, and
spin-dependent p-d hybridization) [20-22], unconven-
tional magnetic ordering [23], as well as a few symmet-
rically distinct multipole moments [16,22].

Cu;TeOgq is a tellurium-based cuprate [8] which crys-
tallizes in a cubic 7a3 space group [24]. The Cu?* ions
carry spin S = 1/2 and lead to an AFM ordered ground
state (GS) below the Néel temperature 7y =~ 62 K,
described by trigonal magnetic space group R3' [25].
The first-nearest-neighbor (NN) interaction between the
spins defines a 3D network of corner-sharing hexagons
[inset of Fig. 1(a)]. The spins in the AFM state are almost
collinear and aligned along one of the (111) directions of
the cubic unit cell [25-27] resulting in the presence of
multiple AFM domains [28]. Optical measurements have
revealed the magnetoelastic effect deep in the AFM state
induced by the spin-phonon coupling [32,33]. Inelastic
neutron scattering (INS) [34,35] confirmed Heisenberg

© 2024 American Physical Society
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FIG. 1. Ferroelectric contribution to polarization as a function
of applied electric field and temperature measured for H||[001]
and E||[100] in the applied external magnetic field of 12 T and
temperature range from 10 to 70 K in steps of 10 K. Inset: GS
AFM structure plotted in the unit cell for one of the domains. See
Supplemental Material (SM) [28] for details.

spin model predictions [27] of topological Dirac and nodal
line magnons with PT symmetry preserved. The same
technique, in combination with thermodynamic studies,
revealed a magnon-polaron mode representing the collec-
tive excitations resulting from the magnon-phonon cou-
pling [36,37]. Moreover, a unique magnetic lattice of
Cu;TeOq was proposed to be at the origin of the spin
gap observed in the nuclear magnetic resonance measure-
ments [38].

In this Letter, we report the previously unobserved
influence of the magnetic-field-induced spin reorientation
and related symmetry on the linear magnetoelectric effect
in Cu3TeOyg, establishing this material as a playground to
study the interplay of spintronics-related phenomena.

High-quality single crystals of Cu;TeOq were grown
using the HBr chemical transport method in sealed quartz
tubes [25] and characterized using an x-ray diffractometer at
room temperature. Ferroelectric (FE) polarization hysteresis
loops were obtained using a homemade Sawyer-Tower-type
virtual ground setup [39] as described in [40] with a
frequency set to 77 Hz in a quasistatic electric field up to
500 kV/m [28]. The magnetic properties of Cu;TeOg were
studied wusing the Quantum Design (QD) Magnetic
Properties Measurement System (MPMS3) magnetometer
and vibrating sample magnetometer and torque magnetom-
eter on the QD Physical Properties Measurement System.

Our quasistatic electric polarization measurements show
that FE polarization is induced by magnetic field in the
AFM state. P(E) hysteresis loops (Fig. 1) measured in 12 T
for H||[001] and E||[100] in the temperature range from 10
to 70 K below Ty are slightly biased and saturated above
250 kV/m, while above Ty they vanish. Similar behavior
is observed for H||[010] and E||[100] [28].

Saturation polarization P, dependence on the temper-
ature and magnetic field measured for E||[100] is shown in
Fig. 2. It shows nonzero values for 7T < T, and E1H
[Fig. 2(a)]. The P, dependence on magnetic field H||[001]
is linear for temperatures ranging from 15 to 55 K
[Fig. 2(b)]. Interestingly, for H|[[010] and E||[100], P,
increases with the field, reaching a maximum at puoH =
2.5-3 T and then decreases [Fig. 2(c)]. The ME coupling
coefficients obtained at 5 K are a,. = 0.61 ps/m, and
a,, = 1.66 ps/m (in the low-field region) for H||[001] and
H||[010], respectively. Here, we use cubic crystal coordi-
nate system (a, b, c) with a = [100], b = [010], and ¢ =
[001] for notation.

The temperature dependence of magnetic susceptibility y
measured in several different magnetic field values for
H||[111] [Fig. 3(a)], with a visible kink at Ty ~ 62 K, is
consistent with the previous findings [25,33,34,41]. Below
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(a) Saturation polarization Pg, dependence on temperature for three different orientations of the applied external magnetic

field uyH = 5 T with respect to the electric field E||[100]. (b) P, as a function of magnetic field (0-12T) and temperature (15-55 K)
measured for HJ|[001] (symbols). Linear fit (lines) gives ME coupling coefficients. (c) Py, as a function of magnetic field (0-5T)
measured for H||[010] (symbols) in the temperature range from 5 to 45 K. Inset: linear fit (lines) for yoH < 1.5 T gives ME coupling
coefficients at different temperatures.
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FIG. 3.

(a) Temperature dependence of magnetic susceptibility in different applied fields for HJ|[111]. Inset: schematic of AFM

domains in the GS [25,28,43]. (b) Field dependence of magnetization at T = 2 K for H||[001] and H||[111] (symbols) and calculations
(lines). Sets 1 and 2 represent the choice of superexchange parameters from Refs. [35] and [44], respectively. (¢c) The angular
dependence of magnetic torque 7 measured at 7 = 2 K in the ([010],[001]) plane (symbols). 7 calculated under the assumption of GS
AFM structure (solid line) is compared to 7 calculated from free energy (2) (dashed line). The amplitude of the calculated torque is

multiplied by 5 for the latter case.

Ty the susceptibility increases as the field increases, which
is typical for AFM materials with multiple orientational
domains where the spin reorientation is taking place in the
applied magnetic fields [42]. No difference was observed
between the zero-field-cooled and field-cooled curves.

The field dependence of magnetization M for H||[001]
and H||[111] measured at 2 K, is presented in Fig. 3(b). In
the entire range, M seems to be linear in H and isotropic,
with mild nonlinearity observed for H||[111] [28,45].

In Fig. 3(c) we plot the angular dependence of magnetic
torque 7 in the AFM state measured at 2 K in the
([010], [001]) plane in uoH = 15 T. = displays a sharp
change of sign for field angles in the vicinity of the [011]
direction. Such behavior deviates from the 7 « sin20
dependence expected for antiferromagnets with no spin
reorientation expected [solid line in Fig. 3(c)], and is
obtained for yyH ranging from 1 to 15 T [28].

To determine the magnetic structure, we start with the
Hamiltonian

H= JlZSi -S; +J9ZSi - Sk
(i) (i.k)

+ dDMIJIZdij (S;xS;)-H- Zgi -Si, (1)
(i.J) i

where J; and Jy are the two dominant isotropic interactions
between the first NN (dcy.co = 3.18 A) and ninth NN
(dey.co = 6.21 A), respectively [35,44]. Dzyaloshinskii-
Moriya interaction (DMI) [46] is introduced between
the first NN. The last term is the Zeeman interaction
where g, is the electron g tensor of spin i. The orientation
of the Dzyaloshinskii-Moriya (DM) unit vector d;; was
obtained from Cu—O—Cu bond geometry [28]. D =
dpyiJ; 1s the magnitude of DMI. The direction of the

DMI vector is defined by setting D > 0 or D < 0, and it
has important consequences for the ME effect. The
summation for J; interaction and DMI goes over first-
NN spins and for J¢ over ninth-NN spins where each spin
has four of both NNs [25,35,44].

The primitive cell consisting of 12 magnetically inequi-
valent Cu" ions fully describes the magnetic structure in
Cu;3TeOg [25]. We use this primitive cell [Fig. 4(a)] in our
simulations. Next, we map the interactions J; and Jo onto
the minimal cell by considering the boundary conditions
(see Supplemental Material (SM) [28]). The resulting
magnetic lattice with interactions J; and J¢ mapped onto
the primitive cell is shown in Fig. 4(a). Interestingly, both
interactions mapped onto the same lattice result in the
effective four NNs which might be a signature of low-
dimensionality hidden in this topologically unique 3D
magnetic lattice [25,38].

From the Hamiltonian 1 we write the free energy F

kg

f:*
e - pp < 10*

{J,ZM,- M+ gy M;-M;
(i) (i)

+ dpwi/, Zdi.j(Mi X Mj)] - Hzgi/geMi’ (2)
(i.j) i

where kp is Boltzmann constant, g, = 2.0023 is the
free electron g value, and up is Bohr magneton.
In the minimal cell the summation for both J; and Jq
goes over the same pairs (i,j) [see Fig. 4(a)]. With
So=1/2, and sublattice magnetization for spin i
M, = Sy(sin8; cos ¢;, sin 0; sin ¢;, cos ;). The calculated
g, V i is given in the SM [28]. 0; and ¢; are polar and
azimuthal coordinates with corresponding Cartesian system
([100],[0101,[001]). The magnitude of the applied magnetic
field H is expressed in Tesla (T) units. We performed
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FIG. 4. (a) Calculated GS magnetic structure for one domain.
(b) Magnetic phase diagram obtained for H||[001] and D > 0. ¢
and @ are azimuthal and polar angles of the calculated Néel
vectors. The phases correspond to magnetic structures in (c) and
(d) with MPGs m and 2'm'm, respectively. (c) Calculated
magnetic structure for H.gc < H < H,y and (d) H > H,;.

calculations with two sets of parameters: (1) J; =
Jog =48 meV and D = 0.1J;, proposed from the INS
experiment [35], and (2) J; =7.05meV, J9=
3.77 meV and D = 0.06J,, proposed from theory [44].
The free energy, Eq. (2), is minimized using the quasi-
Newton method. The resulting magnetic structure is used to
calculate the total magnetization and torque and to deter-
mine the preserved symmetry elements. In this way, the
magnetic point group (MPG) was found in zero and finite
magnetic fields [47].

The two sets of parameters lead to the same calculated
GS, which is shown for one of the 8 AFM domains in
Fig. 4(a). An excellent agreement is obtained with the
neutron diffraction experiment [25]. This GS is eightfold
degenerate with eight AFM domains with dominant spin
orientation (easy axis) along (111) directions. The weak
canting of spins amounts to x1°-2° depending on the
chosen set of parameters, in good agreement with theory
[44]. The magnetic point group of the calculated structure
is 3.

The calculated magnetization per Cu for H|[[001] and
H||[111] for two sets of parameters is shown in Fig. 3(b),
where slightly better agreement is observed for the second
set [44]. The calculated magnetic torque 7 with parameters
from Ref. [35] [Fig. 3(c)], captures the angular dependence
of the measured curves very well. The sharp sign change of
7 in the vicinity of the [011] direction is observed as a
signature of the spin reorientation, as well as the correct

phase. The obtained amplitude of torque is, however, 5
times smaller than the one in the experiment, signifying that
magnetic anisotropy is underestimated in our model.
Increasing the DMI to D = 0.3J; almost reproduces the
measured amplitude [28]. On the other hand, the torque
calculated under the assumption of the GS structure and
~10% domain imbalance [solid line in Fig. 3(c)] is in stark
disagreement with the experiment.

The main result of our analysis is the magnetic-
field-induced spin reorientation which is captured by a
rotation of the Néel vector 1 in applied magnetic field,
1= (300 My =328 M, |)/(12M), where we distin-
guish the moments with opposite main components as
M; ; and M | . For domain i, the direction of I; is described
by (6;, ¢;). In Fig. 4(b) we plot the magnetic phase diagram
calculated for H||[001] for all domains. The spin reorien-
tation takes place as soon as the finite H is applied. Three
phases are observed. A phase with MPG 1 is found for
uoH .o < 0.04 T, afield too low to induce a measurable ME
effect. We focus on the two other phases separated by
the critical field H,,. The magnetic structures in H||[001]
for H.g<H<H_ and H>H, are shown in Figs. 4(c) and
4(d), respectively. The MPGs of the calculated structures
for H > H,.; depend on the direction of the DM vector,
defined by the sign of D = dpy/;. D > 0 gives MPGs in
agreement with our polarization measurements. MPGs for
D < 0 can be found in the SM. For H,, < H < H .| the MPG
ism (mLH), and in H > H_, itis 2'm’m. The magnitude of
the critical field uyH,; amounts to 0.75 T and 0.6 T for the
parameters from Refs. [35] and [44], respectively. The
poH . =3 T suggested from Fig. 2(c) is reproduced in
our model for D = 0.25J; [28]. Alternatively, another
source of magnetic anisotropy energy might be needed to
fully capture the magnetic anisotropy of this system.

In Table I we list the preserved symmetry operations and
the MPGs obtained in our calculations for D > 0 [47]. The
MPGs obtained for H > 0 are polar, in contrast to the

TABLE 1. The preserved symmetry elements and the corre-
sponding MPGs of the calculated magnetic structure in the GS
and in H > 0 for D > 0. + and — denote preserved and broken
symmetries, respectively. £ denotes a symmetry element which is
broken but might appear preserved in the experiment, with the
corresponding MPGs given in parentheses [28]. For H||[001] and
H||[010] the top row represents results for H < H; and bottom
for H> H,,.

Symmetry I’ m 2 m' 2 3 ¥ MPG
H=0 + - - - 4+ o+ 3
+ + - - £ - - m(2'/m)
Hij{oo1] + + + + + = = 2wm(mm'm)
+ + - - +£ - - m(2'/m)
H{[{001] + + £ + + = = mm2(m'mm)
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nonpolar GS. However, the effect of the field-induced
breaking of some symmetries (marked by 4-), which would
lead to nonpolar MPGs, might be too weak to be observable
in moderate magnetic fields. We add those nonpolar MPGs
in parentheses in Table I and Fig. 4(b). Among those
symmetries is 1'.

All MPGs in Table I allow the linear ME effect, while the
polar MPGs in H > 0 also allow field-induced ferroelec-
tricity and a bilinear ME effect [16,48,49]. We focus here
on the linear ME effect which seems to be the dominant
contribution in Cu;TeOgq. For the GS MPG 3/, tensor «
allows finite P for any H direction [28], in disagreement
with our results. For « in finite H, we refer to Table 1. For
H||[001] and D > 0 we have [16,48]

0 0 a, 0 0 a4

a,=1| 0 0 o, aym=10 0 0 [,
Ay O 0 a, 0 0

(3)

which results in Py, , = a,.H for all H. For H||[010] and
D > 0 we have

0 a, O 0 0 0

Xy = | Apg 0 Ape | » Xy = 0 0 Ape |5
0 ap O 0 a, O

(4)

which gives Py, , = a,,H for H < H 4, and P, , = 0 for
H > H,,. The same conclusions apply to nonpolar MPGs
listed in parentheses in Table I. Adding the nonlinear
contributions allowed by symmetry results in equivalent
conclusions regarding the polarization components (see
SM for details). Therefore we conclude that the nonlinear
behavior of P, observed for H|[[010] [Fig. 2(c)] is a
consequence of the spin reorientation accompanied by the
change of MPG. Our results are supported by a recent paper
on the linear ME effect in Cu;TeOq4 [45].

The static electric polarization and magnetic torque
measurements combined with phenomenological simula-
tions demonstrate that magnetic-field-induced spin reor-
ientation accompanied by the change of magnetic point
group, needs to be taken into account to understand the
linear ME effect observed in Cus;TeOq. While the field-
induced changes of the MPG are reported in other systems,
e.g., Cr,05 [50], the transition from the nonpolar AFM GS
to polar field-induced state is not common and has been
reported only in a few 4f-3d systems [51,52]. The
mechanism of the ME effect in those systems relies on
the interaction between the 4 f and 3d magnetic ions. This
cannot be applied to Cu3TeOg. Our symmetry analysis
suggests that the calculated polar structures have weakly
differing nonpolar counterparts in moderate magnetic

fields, resulting in apparent linearity of the ME effect in
Cu;TeOg. The nonpolar to polar transition is supported by
the strong spin-phonon coupling [32,33] and very slow
AFM domain dynamics observed in CuszTeOg in weak
magnetic field [25], and the mechanism is probably rooted
in the strong spin-lattice coupling which is not accounted
for in our analysis. The change of magnetic symmetry in
the applied magnetic field is critical to consider in further
studies of the topological properties of Cu;TeOg and
similar topological antiferromagnets.

Note added.—Recently, two papers reported a linear ME
effect in Cu;zTeOg [45,53]. The authors were not aware of
the spin reorientation in nonzero magnetic field. Their
results support the symmetry analysis presented in
this work.
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