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Control of a polar order via magnetic field in a vector-chiral magnet
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Vector-chiral (VC) antiferromagnetism is a spiral-like ordering of spins which may allow ferroelectricity
to occur due to loss of space inversion symmetry. In this Letter we report direct experimental observation of
ferroelectricity in the VC phase of 8-TeVOy, a frustrated spin chain system with pronounced magnetic anisotropy
and a rich phase diagram. Saturation polarization is proportional to neutron scattering intensities that correspond
to the VC magnetic reflection. This implies that an inverse Dzyaloshinskii-Moriya mechanism is responsible
for driving electric polarization. Linear magnetoelectric coupling is absent; however an unprecedented depen-
dence of electric coercive field on applied magnetic field reveals a distinct way of manipulating multiferroic

information.
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Multiferroics are materials with simultaneous magnetic
and ferroelectric order, often with some weak coupling be-
tween the two orderings with a different type of symmetry.
It has been shown that spin order may initiate ferroelectric
order [1]. Still, magnets with a confirmed ordering of electric
dipoles remain scarce and mechanisms of their formation are
under active research [2-4]. Evidence has been mounting that
certain antiferromagnetic phases with spiral arrangements of
spins may break space inversion symmetry and allow elec-
tric dipoles to form [5-12]. However, controlling ferroelectric
properties of these phases with magnetic field remains a chal-
lenge.

The rich phase diagram of B-TeVO4 comprises several
magnetically ordered phases and may provide a platform
to explore emergent ferroelectric properties. This system is
an insulating quasi-one-dimensional magnet with two zigzag
spin chains along the crystallographic ¢ axis and belongs
to the P2;/c space group [13]. Notably, vanadium spins
(V#, S = 1/2) interact via nearest ferromagnetic (V-O-V)
and next-nearest antiferromagnetic (V-O-Te-O-V) superex-
change [14-18]. The resulting frustration is amplified by
quantum fluctuations giving rise to three distinct magnetic
phase transitions at low temperatures [19]. In the absence
of external magnetic field, at Ty; = 4.65 K the paramag-
netic phase gives way to an incommensurate spin-density
wave (SDW) [16,18,19]. Then, at Ty, = 3.28 K a second
incommensurate, orthogonal SDW appears with a different
periodicity and the two modulations form a distinct spin-stripe
phase which is unique among multiferroics [16,20,21]. The
difference between the two magnetic wave vectors is imposed
by magnetic exchange anisotropy, which is responsible also
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for their different temperature dependencies. As temperature
is lowered, this difference is reduced and at Ty3 = 2.28 K
the two wave vectors become equal and locked. There, the
vector-chiral (VC) ground state is established and on each
of the two vanadium chains a spin spiral appears, one with
spins in the ab plane and the other in the bc plane [18,20,22].
Application of low external magnetic fields gives rise to a
strongly anisotropic phase diagram [18,19,22,23]. Magnetic
field H||b stabilizes the VC phase, suppresses the spin-stripe
phase, and increases Ty3. On the other hand, H_Lb suppresses
the VC phase which disappears above about 2 T.

Recently, a peak in dielectric response was found at Ty
where B-TeVO, enters the VC phase. This suggest the forma-
tion of electric dipoles and perhaps their ferroelectric ordering
[21]. The possibility of electric dipoles is additionally sup-
ported by indications of structural deformation occuring at 7n3
[18].

In this work, we present firm experimental evidence of
ferroelectric ordering within the vector-chiral phase of single-
crystal B-TeVO,4. By measuring static electric polarization
and ac dielectric response, we detect the onset of ferroelectric-
ity exactly at the phase transition into the VC magnetic phase.
The appearance of VC ordering breaks the spatial inversion
symmetry and we propose that an inverse-Dzyaloshinskii-
Moriya-type interaction generates electric dipoles oriented
along the b axis, i.e., perpendicular to the chains. We find that
the saturation polarization of S-TeVO, follows the neutron
scattering intensity of the VC magnetic reflection, i.e., the
magnetic order parameter. The chiral order in this phase does
not change with the applied magnetic field and shows no linear
magnetoelectric effect, yet we observe a remarkably strong
dependence of the electric coercive field on the applied mag-
netic field. This points to magnetic-field-enhanced pinning
of the VC-ferroelectric domains, which must be caused by a
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FIG. 1. Static electric polarization and dielectric properties of single-crystal 8-TeVO,4 measured using modified Sawyer-Tower-type circuit
[24] and LCR meter, respectively. (a) Ferroelectric contribution to the static electric polarization for E||b as a function of electric field £ at 0 T
within the SDW, spin-stripe, and VC phase. (b) Anisotropy of ferroelectric saturation polarization in 0 T as a function of temperature. Inset
shows the temperature dependence of ac dielectric response for E||b in linear regime for various frequencies. (c) Saturation polarization for
E||b and dielectric response (inset) as a function of temperature at various magnetic fields H||b.

magnetoelectric term of a higher order. Our results suggest
that magnetic manipulation of the chiral energy landscape
may have potential uses for control and stabilization of dense
ferroelectric information.

We focus on static electric polarization and ac dielectric
response of single-crystal §-TeVO, in applied magnetic field.
High-quality single crystals of §-TeVO,4 were synthesized via
chemical vapor transport reaction and were cut to platelike
samples with edges along the crystal axes [13,16]. Static
electric polarization hysteresis P vs E (E||a*, b, and ¢) and di-
electric response of 8-TeVO, were measured using a modified
Sawyer-Tower-type circuit [24] and Keysight E4980AL-102
LCR meter, respectively, at temperatures down to 1.8 K and
in magnetic fields up to 5 T. See Supplemental Material for
details on sample preparation, electric polarization, dielectric
response, and magnetic torque measurements with applied
electric field [25].

Figure 1(a) shows three selected polarization loops (dielec-
tric linear contribution was subtracted) for E||b direction at
0 T within the SDW phase, spin-stripe phase, and the VC
phase. Above T3, no ferroelectric-like contribution is visible.
In contrast, below 7y3 a well-defined ferroelectric hysteresis
loop appears with the saturation field of about 1 kV/cm and
the saturation polarization Py >~ 30 uC/mz, comparable to
other spin-spiral-induced ferroelectrics (see Ref. [26], Table
1D).

Figure 1(b) shows the temperature dependence of
anisotropy of saturation polarization Py, at O T. Spontaneous
electric polarization strongly prefers P||b as it is at least one
order of magnitude larger than for the a* and ¢ directions,
the latter being the direction of chains. This is reminiscent
of multiferroic TbMnO; where ferroelectric polarization per-
pendicular to spin chains appears with the spiral order [27].
The inset in Fig. 1(b) shows the real part of the low-frequency
dielectric function, ¢’, for E||b at 0 T. Away from Tys, &’ ~ 16
does not depend on temperature. At the transition into the
VC phase, a pronounced Curie-Weiss-like peak appears and
reaches maximum value of ¢, >~ 18-30. Such a peak in-
dicates ferroelectric ordering of static electric dipoles in the
mean-field fluctuating local electric fields [28]. A significantly

weaker peak for E||a* at O T was reported in our previous
work [21]. The frequency-independent temperature position
of the peak rules out relaxor-like or glassy processes and is
similar to TbMnQOj close to the Curie point [29]. It is interest-
ing that, in contrast to 8-TeVQOy, the chiral spin order of the
structurally related hiibnerite MnWO, shows a pronounced di-
electric dispersion in frequency which indicates slow glasslike
relaxation processes [30,31]. We find the dielectric response
of B-TeVO, to be without dissipation, ¢” = 0, except in a
narrow temperature window of £20 mK in the vicinity of Ty3
[25].

Figure 1(c) shows that the appearance of the ferroelectric
polarization is pushed to higher temperatures as the VC phase
is promoted with applied H||b. We find an anisotropy of po-
larization similar to that for O T [25]. Deeper within the VC
phase, saturation polarization does not change significantly
with magnetic field. The accompanying dielectric peak also
follows the same temperature dependence [inset of Fig. 1(c)].
In particular, it remains approximately unchanged in shape
and grows somewhat stronger as external magnetic field is
increased toward 5 T for H||b. No thermal hysteresis is found.
Analogous measurements for H||a*, which suppresses the VC
phase, show that ferroelectric polarization is still present in the
VC phase and prefers the b axis [25].

We are now able to build the anisotropic ferroelectric phase
diagram of B-TeVO,. Figure 2 compares the saturation polar-
ization as a function of temperature and magnetic field with
the magnetic phase diagram [19]. The onset of ferroelectricity
closely follows 7ns, i.e., the boundary of the VC phase, as
H||b or H||a* is applied. The ferroelectric response is thus
exclusive to the VC order. Paraelectricity, if at all present, may
exist in SDW and spin-stripe phases only in the vicinity of the
VC boundary.

The appearance of ferroelectricity, i.e., the steep slope of
Psat vs T in Fig. 1(c), becomes significantly less sharp when
H||b is applied, depicted by the change of shading in Fig. 2. In
order to clarify the nature of this phase transition, it is useful to
compare it with the formation of the long-range magnetic or-
der. Neutron diffraction studies on 8-TeVOy identified several
magnetic reflections of interest [16,21,22]. All of these reflec-
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FIG. 2. Ferroelectric phase diagram of 8-TeVO, for H||b (upper
panel) and H||a* (lower panel) compared with critical temperatures
of magnetic transitions. Shading represents interpolated measured
saturation polarization Py, for E||b, clearly demonstrating that the
ferroelectric response appears only within the vector-chiral phase
boundary. Circles denote critical temperatures determined by mag-
netic susceptibility from Ref. [19].

tions behave similarly with temperature and applied magnetic
field, indicating that they probe the magnetic order parameter
in a similar manner. To examine the relation between the
magnetic order parameter and saturation polarization Py, we
compare the temperature dependence of Py, with the intensity
of the strongest magnetic reflection atk = (—0.2, 0, 0.42). As
shown in Fig. 3(a), without applied magnetic field, the main
reflection appears at 7y; and is associated with the formation
of the SDW phase. Below Ty», a second orthogonally polar-
ized SDW develops, which is seen as the appearance of the
satellite reflection at k + Ak. At T3, Ak locks to O as the
satellite merges with the main reflection and the VC phase
sets in. The ferroelectric polarization appears sharply at Txs
and is proportional to the total neutron scattering intensity
at the wave vector k. Apparently, even though both SDWs
are present already above 7ys3, it is not until their locking,
acting like a sharp trigger, that the electric dipoles form and
immediately order ferroelectrically. The first-order character
of this phase transition is supported by steplike changes of var-
ious magnetic properties [18-20]. The resulting sharp jump
in electric polarization found in B-TeVO, at Tys is superfi-
cially similar to polarization flop induced by magnetic field
[1] or to an incommensurate-commensurate magnetic transi-
tion [32,33]. However, in those cases a thermal hysteresis is
commonly present. For 8-TeVOy, no temperature hysteresis
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FIG. 3. Saturation polarization of 8-TeVO, compared to neutron
diffraction intensities of k = (—0.2, 0, 0.42) magnetic reflection and
its satellite. (a) In H = O T the main magnetic reflection develops in
the SDW phase at wave vector k (full circles) and in the stripe phase
is accompanied with a satellite reflection at k + Ak (triangles). Be-
low Tys, Psa (purple squares) is proportional to diffraction intensity
of the sole magnetic reflection at k (empty circles). (b) For H||b at
4 T only the main magnetic reflection (full circles) is observed and it
is proportional to Py, (red squares) once the VC phase is established.
Neutron diffraction intensities are from Ref. [22].

is observed either in our data or in previous literature. This
implies the ferroelectric transition below the triple point is of
the first order, with fluctuations of the order parameter likely
being somewhat suppressed.

Furthermore, applying H||b above the triple point of 3.2 T
suppresses the spin stripe phase so that the VC phase borders
the single-modulation SDW phase. As Fig. 3(b) shows for
4 T, only one magnetic reflection is observed since the second
SDW starts to gradually develop at Ty3 with the same wave
vector as the first SDW. This gradual onset of VC ordering is
accompanied by a wide, gradual appearance of ferroelectric
polarization which lacks a sharp jump visible at lower fields.
Well below Ty3, magnetic fluctuations subside with cooling
and Py, is proportional to the neutron scattering intensity.
The second-order-like character of the SDW-to-VC transition
implies a continuous evolution of free energy minima corre-
sponding to the VC order, with fluctuations close to 73 being
larger than below the triple point. This is, indeed, supported
by the increased height of the dielectric peak above 3.2 T
[Fig. 1(c) inset].

A similar correlation between ferroelectricity and polar-
ized neutron scattering intensities was observed within the
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spin-spiral order of orthorhombic TbMnO3 [11]. There, spon-
taneous electric polarization was found to be proportional to
the difference of magnetic scattering intensities corresponding
to two neutron polarizations. TbMnOj3 features polarization
flop, which is absent in 8-TeVQy4. Nevertheless, the ferroelec-
tric transition above the triple point of 8-TeVO,4 seems to be
related to the general class of sinusoidal-to-helicoidal transi-
tions in incommensurate ferroelectric magnets as proposed by
Mostovoy [8]. We stress that B-TeVO, is a special case as
it also prominently features the spin-stripe phase driven by
the two superimposed incommensurate SDWs, which makes
this system unique among multiferroics and magnetic ferro-
electrics.

The above observations provide clear evidence that fer-
roelectricity and vector-chiral ordering of spins in 8-TeVOy
have a common origin. Also, we can conclude that elec-
tric measurements and neutron diffraction probe the same
ordering entities in the VC phase with both magnetic and
electric character. We now attempt to identify the mechanism
responsible for establishing the ferroelectric polarization in
the VC phase. The vector-chiral ordering in 8-TeVO,4 com-
prises two elliptic spin spirals, each on a crystallographically
independent zigzag chain of vanadium [20]. Knowing that fer-
roelectric polarization prefers the b axis, a likely mechanism
for the polar order is the so-called inverse Dzyaloshinskii-
Moriya (IDM) interaction where magnetic ordering may
induce small shifts of ligand ions and create electric polariza-
tion [9,34]. It was previously used to predict ferroelectricity
in, e.g., TbMnOs3 [35,36], MnWOy [37], and MnSb,Sy4 [38].
In this case, the electric polarization Pypy; for an incommen-
surate spin spiral structure is modeled as [34]

Prpm Z vei; x (S; x Sj), (1)
pairs(i, j)

where y is a constant proportional to the spin-orbit coupling
and superexchange interaction and e;; is the spatial vector
connecting spins S; and S;. We express each spin S; in the
(a*, b, ¢) coordinate system as S; = S;+a* + Sibf) + S;.¢ and
e;; = ¢;;¢ (along the chains). Spins in the bc cycloidal spiral
of B-TeVO, can be written as S; = S;,b + S;.¢ and their con-
tribution to electric polarization is

PioM pe X Z yeij(SiS;c — SieSjp)b. ()

pairs(i, j)

On the other hand, S, for the ab spiral is negligible compared
to Sg+, Sp since at low temperatures the monoclinic unit cell
angle B is 90.779° [16]. Hence the contribution Pipp 45 of the
ab spiral is small. It follows that the dominant contribution
to electric polarization under the IDM model comes from the
bc spiral of B-TeVO, and the total electric polarization would
point approximately along the b axis, as also found experi-
mentally (Fig. 1). The IDM model is also in agreement with
our observation that Py, is proportional to neutron scattering
intensity, i.e., the square of the magnetic order parameter, or
more likely to a product of two magnetic order parameters that
contribute to the intensity of the same magnetic reflection, as
found in some multiferroics [33].

In principle, an elliptically modulated spin spiral structure
may allow also for the exchange striction mechanism that is
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FIG. 4. Coercive field of ferroelectric hysteresis E, as a function
of temperature and applied magnetic field H||/ (main panel), H||a*
(inset). The increase of E. at high magnitudes of H||b indicates that
magnetoelectric coupling terms of higher order are present; see text.

driven by symmetric exchange interaction [39,40]. However,
if this were responsible for ferroelectricity in B-TeVO, the
electric polarization should appear already in the SDW phase,
which is obviously not the case. Another possible mechanism
of spin-driven ferroelectricity could be the p-d hybridization
where, like in some delafossite [12,41], the spin-orbit cou-
pling between the transition metal ion and the surrounding
ligands might induce electric dipoles [42,43]. The contribu-
tion of this mechanism is difficult to estimate because the
low-temperature crystallographic structure of 8-TeVOy is not
precisely known. Finally, the center of spatial inversion may
be lost due to lone pairs of Te**. In that case we would
expect the polarization saturation [41] as well as dielectric
peak height [10] to be at least two orders of magnitude larger
than observed. Since the observed polarization lies along the
b axis accompanied by the bc spin cycloid, we conclude that
the formation of electric dipoles in B-TeVO; is likely driven
by the inverse Dzyaloshinskii-Moriya mechanism.

The applied magnetic field does not significantly influence
the magnitude or anisotropy of the low-temperature polariza-
tion which rules out strong linear magnetoelectric coupling
in B-TeVO4. Assuming that the IDM mechanism is domi-
nant, this means that both independent spirals of vanadium
spins remain within their respective planes as the magnetic
field increases. Indeed, our previous findings confirm that for
H < 5 T there is no macroscopic field-induced spin reorien-
tation in the VC phase [23]. In sharp contrast, a clear electric
polarization flop is observed in MnWO, and TbMnO3 due to
the field-induced reorientation of spiral spins [1,44].

However, a certain form of nonlinear magnetoelectric cou-
pling is nevertheless visible. Figure 4 shows that as H||b is
applied there is a remarkable increase of ferroelectric coercive
field E., the field required to force bulk ferroelectric polar-
ization to zero, determined as half-width of the Prg-E loops.
As the VC phase is promoted, the ferroelectric hysteresis
hardens significantly; e.g., at 2 K, E. doubles when H]||b is
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increased from O T to 5 T. In contrast, H||a* suppresses the
VC phase but otherwise does little to change E. except from
a temperature shift (Fig. 4 inset). The magnetic dependence
of E; in B-TeVOy is surprising since below 7n3 the magnetic
order deep in the VC phase appears rigid and fully established
regardless of H||b [23]. We also note that the applied electric
field does not change the macroscopic magnetic suscepti-
bility anisotropy within the VC order [25]. Nevertheless, a
dependence of E. on H is in principle allowed for magne-
toelectric “weak ferroelectrics” and is a sign of higher-order
magnetoelectric coupling terms of EHH type [45,46], which
in fact is reflected in the presence of IDM magnetoelectric
coupling [3]. We may tentatively relate the enhancement of E,
in B-TeVOy, as the VC phase is promoted, to MnWOy, where
the applied magnetic field destabilizes the chiral phase and
the ferroelectric coercive field E. decreases [47]. However, a
word of caution is needed as MnWO, concomitantly under-
goes a polarization flop [44]. This is fundamentally different
from B-TeVO,, where the spin structure in the VC phase
shows no signs of spin flops or reorientation of ferroelectric
polarization.

Our results suggest a different physical picture in which
the population of chiral domains, coinciding with ferroelectric
domains, may be controlled via electric field. Even though the
applied magnetic field does not influence the antiferromag-
netic domain structure, in the context of the IDM mechanism
reversing the polarization of a ferroelectric domain requires
reversing its spin chirality. Once the VC order is established,
we directly observe that the applied H||b increases the energy
barrier between the two types of ferroelectric-chiral domains
in B-TeVQOy; i.e., the domain walls become less mobile as the
VC phase is promoted. In a ferroic system, a domain wall with
lower mobility is generally found to be thinner [48]. We thus
propose that in 8-TeVO,4, when magnetic field H||b promotes
the VC phase, intermediate spin configurations inside the thin
domain wall become unfavorable and polarization reversal
likely happens only via tunneling between the two chiral
states, effectively increasing E..

The microscopic mechanism of external control of E. by
the applied magnetic field in single-crystal spin-driven multi-
ferroics has not been researched in detail. This is in contrast
to composites, inhomogeneous polycrystalline, or thin-film
systems with freely rotating or flopping dipoles, such as the
iron-polyvinylidenefluoride-iron heterostructure [49] or the

DyMnOj [50] where magnetoelectric coupling is mediated
indirectly by lattice strain, magnetostriction, or electrostric-
tion. Indeed, magnetostriction was found in B-TeVOy, the
largest effect being at the transition to VC magnetic order
[18]. Currently it is unclear to what extent magnetostric-
tion within the domain walls plays a role in establishing
and modulating ferroelectric properties of B-TeVOy. It there-
fore seems worthwhile to examine other external parameters
such as pressure or strain that may affect ferroelectricity in
bulk weak multiferroics, as well as to explore the magneto-
electric effect in B8-TeVO, at higher magnetic fields, up to
20 T, where the vector-chiral ordering becomes suppressed
[16,18,22].

In conclusion, we have presented a detailed examina-
tion of ac dielectric response and static electric polarization
of the antiferromagnet B-TeVO, with magnetic and electric
fields applied along various crystallographic axes. Within the
vector-chiral phase the ferroelectric polarization is discovered
which confirms that spatial inversion symmetry is broken
by the spiral arrangement of spins. The anisotropy of the
spontaneous electric polarization is consistent with the inverse
Dzyaloshinskii-Moriya mechanism. Saturation polarization
follows the behavior of neutron scattering intensities corre-
sponding to the magnetic order parameters. This observation
allows us to characterize the spin-stripe-to-VC and the SDW-
to-VC phase transitions as first-order- and second-order-like,
respectively. Finally, we discuss an unexpectedly strong in-
fluence of the applied magnetic field on the width of the
ferroelectric hysteresis, i.e., magnetic-field-induced pinning
of the multiferroic domains. Control of ferroelectric coercivity
via manipulation of spin-chiral energy landscape may have
far-reaching implications for stability and density of stored
ferroelectric-chiral information. Our findings underline the
potential of spiral-like spin orderings in creating and control-
ling robust multiferroic phases.
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