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Polarized neutron scattering experiments reveal that type-II multiferroics allow for controlling the spin
chirality by external electric fields even in the absence of long-range multiferroic order. In the two
prototype compounds TbMnO; and MnWO,, chiral magnetism associated with soft overdamped
electromagnons can be observed above the long-range multiferroic transition temperature 7Ty, and it
is possible to control it through an electric field. While MnWOQ, exhibits chiral correlations only in a tiny
temperature interval above Ty, in TbMnOj5 chiral magnetism can be observed over several kelvin up to the
lock-in transition, which is well separated from 7.
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Multiferroic materials with coupled magnetic and ferro-
electric order bear considerable application potential [1,2].
In type-II multiferroics, magnetic order directly induces
ferroelectric polarization and giant magnetoelectric cou-
pling. External magnetic fields imply a flop of electric
polarization, and electric fields can control chiral magnetic
domains [1-5]. Various neutron experiments [6—12] as well
as resonant and nonresonant x-ray studies [13,14] show that
cooling in electric fields enforces a monodomain chiral
state, and varying external electric fields at constant
temperature drives the chiral magnetic order [9—12], which
corresponds to the most promising application as a data
storage medium. In addition, time resolved soft x-ray
diffraction showed that chiral magnetism can be manipu-
lated by THz-radiation pulses at an electromagnon
energy [15].

So far, studies of the multiferroic coupling and hysteresis
curves were restricted to the phases with long-range
magnetic order on bulk or film materials [16], while only
small multiferroic blocks would be vital for applications.
Also, from the fundamental point of view, one may ask
whether multiferroic hysteresis and control can be achieved
in short-range systems above the long-range static multi-
ferroic transition, and how far spin chirality persists above
the static and long-range multiferroic order. The mixed
system Nig 4,Mng sgTiO5 already indicates that magneto-
electric coupling can persist in cluster systems with com-
peting magnetic structures [17], but until now there has been
no information about the control and multiferroic coupling
of chiral ordering that is limited in space and time. Here, we
study two prototype type-II multiferroics, TbMnOs [1,3.4]
and MnWO, [18-20], above the long-range ferroelectric
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transition at zero electric field 7Tg, where it is still possible
to pole and control chiral magnetic correlations. Although
the two materials exhibit a similar sequence of magnetic
transitions, it turns out that only in TbMnO; can chiral
scattering be controlled over a large temperature interval of
several kelvin.

TbMnO3; (MnWO,) both exhibit a first magnetic tran-
sition at T, =42 K (13.5 K), followed by a second
transition at lower temperature, at which cycloid order
develops at Tr = 27.6 K (12.6 K). For both materials,
polarized neutron and x-ray scattering demonstrated the
possibility to pole the long-range chiral domains upon
cooling [6,7,13] and to drive full multiferroic hysteresis
cycles at constant temperature [9,12] revealing rather slow
domain inversion times in the case of MnWQ, [21]. In
addition, poling and control of multiferroic domains was
studied for TbMnOs; also on thin films [16].

The experimental details of our neutron diffraction
experiments are given in the Supplemental Material [22].
In general, neutron scattering only senses the magnetization
components perpendicular to the scattering vector. The
neutron polarization analysis adds another selection rule
because magnetization components perpendicular (parallel)
to the neutron polarization yield a spin-flip (non-spin-flip)
process [25]. Therefore, the neutron polarization allows
one to separate the different magnetic components. We use
the conventional coordinate system with x parallel to the
scattering vector, z vertical to the scattering plane, and
y =z xx, as it is illustrated in the inset of Fig. 1. The
simplest way to detect the chiral component to magnetic
scattering is to compare the spin-flip scattering in the o,
and o3, channels (the indices indicate the direction of
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FIG. 1. Temperature dependence of the incommensurate modu-
lation vector in TbMnOs (a) compared to the onset of long-range
chiral magnetism at 7y = 27.6 K. The chiral magnetic order is
determined by the difference of the polarized neutron intensities
in the o,; and o3, channels shown in (b). The inset shows the
coordinate system of the neutron polarization. Panel (c) compares
various intensities, the chiral component (cy, — 6.5 )/2 (blue), the
total magnetic scattering (o4, + 0,;)/2 (red), the ¢ component
& ¢,; corrected for the finite flipping ratio and enhanced by a
factor 5 (magenta), the b component = ¢ (green) and 2 ;
(orange). (d) and (e) present the chiral ratio at the peak position
for different poling fields. For high enough field, chiral magnet-
ism persists well above Ty and can be followed at least till
T1ock—in- The green line in (e) denotes an upper limit of the long-
range static chiral component that can be induced through the
multiferroic coupling; see the Supplemental Material [22]. A few
zero-field data points are included in (c) and (d). Insets (f) and
(g) illustrate the two c-polarized magnons in the SDW phase
(blue arrows: static moments); only the out-of-phase mode
(f) with respect to the b order results in a cycloid generating
ferroelectric polarization.

neutron polarization, and the overlines indicate reversed
polarization) [9]. Since the chiral component enters the
scattering from x to X and the opposed one (from X to x)
with opposite signs, we may define the chiral ratio by
Feniral = (03¢ — 03¢/ 0z + 03 ), Which can be corrected for

the finite neutron polarization [22]. In most cases, the chiral
ratio will differ from +1 even in a mono-domain ideal
cycloid because the chiral component does not constitute
the full magnetic scattering. For instance, it is important to
measure at a Q vector almost perpendicular to the cycloid
plane to obtain a large chiral ratio. For TobMnO5; [MnWOQ,],
we studied the Q = (2,0.28,1) [Q = (—0.214,0.5,
0.457)] Bragg peaks in the scattering plane determined
by (2,0,1)/(0,1,0)[(-0.214,0,0.457)/(0,1,0)]. Since
the magnetic Bragg peaks are separated from the nuclear
ones, the scattering at these Q positions is entirely
magnetic, and for determining the chiral components, it
is not necessary to analyze the neutron polarization after the
sample, which yields considerably higher intensity.

Figure 1 shows the temperature dependence of the
incommensurate modulation compared with that of the
chiral intensity upon poling TbMnO; in electric fields.
With this simultaneous measurement of both properties,
one immediately recognizes the considerable offset of
the locking-in of the modulation 7Tyy_;, = 31.6 K and
the onset of long-range chiral and ferroelectric order at
Tyr = 27.6 K. Evidence for an additional thermodynamic
feature above Tk has been deduced from thermal expan-
sion measurements in good agreement with our result [26],
but, surprisingly, a clear analysis of both transitions by
neutron diffraction techniques was never performed,
although previous reports agree with our conclusion
[27,28]. The lock-in phenomenon has sometimes been
associated with the multiferroic transition [3,4,29], but it
occurs significantly, AT = 4 K, above the onset of long-
range chiral and ferroelectric order.

Figures 1(b)-1(e) analyze the chiral scattering in
TbMnOj5 upon poling samples cut from two distinct crystal
growths. In TbMnOs, it is possible to induce chiral
magnetism by applying large electric fields in the para-
electric phase. For E > 1 kV/mm, this chiral scattering can
be followed well above Ty till the lock-in transition, but it
cannot be ruled out that it even persists to higher temper-
atures. Note that this small chiral signal sits on top of the
strong magnetic Bragg peak associated with the longi-
tudinal spin-density wave (SDW) of TbMnO; that exists
between Ty and Tyg.

There are two orthogonal possibilities to add a c-
polarized moment to the longitudinal SDW order existing
between Ty and Ty in TbMnOs;: either out of phase or in
phase with respect to the SDW b moments, as it is
illustrated in Figs. 1(f) and 1(g), respectively [30,31].
Only the out-of-phase mode results in cycloid order
inducing ferroelectric polarization. The transition from
the SDW to the multiferroic phase can, thus, be associated
to the softening of that c-polarized magnon in the SDW
phase [30,31]. The c-polarized moment (M_c) (length of
the complex Fourier component) can be separated by the
polarization analysis, where it forms the only contribution

to the oy, ~ M_.? channel, while the b component M,
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contributes entirely to o5, = M,>. The large ¢ component
develops at the cycloid transition at Ty;z. However, we find
finite but weak M > even above Tyr; see oy shown in
Fig. 1(c). We can quantitatively compare M, to the chiral
scattering, which in the ideal cycloid configuration (at low
temperature, almost perfectly realized at the chosen Q)
corresponds to 2M,M .. By poling in large electric fields,
we obtain a nearly mono-domain state so that oy, is
obtained by the difference in the o3, and o,; channels.
Figure 1(c) illustrates that below Ty the chiral scattering
(6.x — %) /2 indeed corresponds to 2M,M . = 2, /G5,67%;
the minor difference arises from the extinction reducing
more strongly the observed o,;. This relation is also
fulfilled for the scattering persisting above Typ. From
the two c-polarized modes shown in Figs. 1(f) and 1(g),
only the out-of-phase mode condenses at the multiferroic
transition inducing the chiral signal. If both modes con-
dense in a similar way, 2, /65,67, must exceed the chiral

scattering by a factor of v/2. The chiral scattering observed
above T, thus, corresponds to the soft and overdamped
electromagnon mode depicted in Fig. 1(f), while the other
c-polarized mode shown in Fig. 1(g) does not soften into
diffuse scattering.

We also performed scans across the magnetic Bragg peak
in two directions for temperatures above T, which are
shown in Fig. S1 of the Supplemental Material [22]. The
finite chiral component can be followed by subtracting
the two channels corroborating the results obtained at the
central Bragg positions. By comparing the Gaussian
profiles fitted to the differences with those fitted to the
total magnetic signal, we find that the chiral regions possess
large coherence lengths, but the increase of the difference
widths with the temperature indicates that the chiral
correlation lengths are limited. The detailed temperature
dependences and the full scans leave no doubt that
TbMnOj; permits us to control chiral magnetism over a
large temperature interval of about 10% above Ty.

We also studied the possibility to vary the chiral scattering
by driving the electric field at constant temperature in
TbMnO;. These hysteresis curves are shown in Fig. 2.
Slightly above Ty, the hysteresis still exhibits a finite
remanence, which is rapidly suppressed with increasing
temperature. These measurements need considerable beam
time due to the small chiral signals, and the remanent signals
correspond to large time scales in consequence. The rema-
nent signals seem not to be intrinsic to the multiferroic
coupling but can arise from the anomalous c-axis relaxation
reported for TbMnOj; [33]. At32 K, no sizeable chiral signal
can be induced (with an electric field E = 1 kV/mm).

Studies of chiral scattering above Ty turned out more
difficult in MnWOQO, because the temperature extension of
the controllable chirality is considerably smaller even when
taking account of the overall smaller transition temper-
atures. Figure 3 shows that diffuse chiral scattering can be
observed only for temperatures less than 0.1 K above Tyr
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FIG. 2. Electric-field-driven hysteresis cycles of the chiral
signal in Q = (2,0.28, 1) above Ty in TbMnO;. Weak chiral
components can be controlled through the field with finite
remanent signals.

with an applied electric field of 550 (V/mm). There is
finite chiral scattering above T when rotating the sample
away from the magnetic Bragg position [see Fig. 3(b)],
indicating that the chiral response in MnWQ, at least
partially arises from short-range correlations.

Applying a strong electric field to a ferroelectric material
will increase the transition temperature. With the Ehrenfest
relation [34] (dTwg/dE) = [(OPpe/OT)/(AC,/T)], one
can estimate the field-induced enhancement of the ferro-
electric transition temperature in the two materials assuming
a second-order improper ferroelectric phase transition. For
TbMnOj3, we obtain with (9P /OT) = 171 (uC/Km?) [4]
and (AC,/T)=0.1 (J/molK?) =2917 (J/m*K?) [35]
an enhancement of the ferroelectric transition by
(dTyg/dE) = 0.06 (Kmm/kV), which is far too small
to explain the observations of chiral scattering up to
=4 K above Ty. For MnWQ,, the same analysis yields
an even smaller electric-field-induced increase of Tyg
by (dTyg/dE) = 0.003 (Kmm/kV) (here (OPgg/0T) =
34 (uC/Km?)and (AC,/T) = 0.46 (J/mol K?) [20]). The
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FIG. 3. Chiral magnetic scattering measured in MnWO;,.
Temperature dependence of oy, and o,; at the magnetic peak
position Q = (—0.214,0.5,0.457) (a) and with the crystal rotated
slightly away (by 4°) (b). The multiferroic transition temperature
Tye was determined by fitting a power law [32] to the count rate.
An electric field of 550 (V/mm) was applied to the sample along
b upon cooling.
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small enhancement of Ty is just the consequence of the
weak ferroelectric polarization Pgg, which results for
TbMnO; [MnWO,] in small energies per Mn site in an
applied electric field PrgE Y = 2 x 107* (2 x 1075) meV
atE = 1 (kV/mm), with Vyyc the unit-cell volume and n the
number of formula units therein. These electric-field-
induced energies are negligible compared to the thermal
energies in both materials, kzTyp = 2.4 meV (1.1 meV).
We may, thus, exclude that the persistence of chiral scatter-
ing above Tr just arises from a field-induced shift of the
transition temperature.

The precise analysis of the electric-field effect, how-
ever, has to take the splitting of the magnetic transitions
into account involving two magnetic order parameters.
Tolédano [36] and Tolédano er al. [32] have explicitly
studied the symmetry conditions and developed the full
Landau theory for the two materials TbMnO; and MnWO,
studied here. The transition into the multiferroic phase
combines properties of proper and improper ferroelectrics
and is labeled as a pseudoproper ferroelectric transition
[36]. Although the ferroelectric polarization describes the
same symmetry reduction as the magnetic order parameter
at Tyg, it remains a secondary quantity because the
transition from the SDW into the cycloid phase is driven
by the magnetic interaction parameters. Because of the
magnetoelectric coupling between ferroelectric polariza-
tion and the two magnetic order parameters, applying an
electric field in the SDW phase will yield finite polarization
that induces a finite value of the second magnetic order
parameter and, thus, some long-range and static chiral
components. However, as can already be seen in the sharp
drop of the dielectric constant [18,20,35], this effect is
small and limited to temperatures very close to Ty, and it
cannot explain the observed chiral components persisting
above Typ shown in Figs. 1 and 3. The quantitative
comparison of this induced static and long-range chirality
with our observation is discussed in detail in the
Supplemental Material [22]. The chiral correlation we
observe above T\ cannot be static and long range, as
in this case, the dielectric permittivity must be larger.

When poling the multiferroic domains with an external
field, the entire domain volume enters the energy balance
causing large effects. The same holds for the poling of
short-range correlations above the long-range chiral and
ferroelectric order, i.e., the experiments we perform. The
energy gain for poling a cluster amounts to PFEE%”.fghir
with the chiral correlation length &,;,. This energy has to
exceed the thermal energy in order to induce a significant
imbalance of chiral fluctuations, which we sense through
the polarized neutron diffraction. In first approximation, we
may assume the local polarization in the fluctuation to be of
similar size as that in the static multiferroic phase. For
MnWO,, E =550 (V/mm), and Pgz = 60 (uC/m?)
[18-20], and we, thus, obtain that a correlation length of
at least =100 A is needed to induce significant chiral

magnetism slightly above T = 12.6 K. Unfortunately, the
chiral diffuse scattering is superposed to the much stronger
Bragg scattering of the first magnetic transition in both
systems so that it cannot be obtained from unpolarized
experiments. For MnWOQO,, one may identify it with the
diffuse scattering containing a b component, whose corre-
lation length can be extrapolated from the paramagnetic
phase. It indeed exceeds =100 A only in a tiny temperature
range around T'yr [37]. Dielectric spectroscopy observes a
sharp softening of the relaxation rate close to the ferro-
electric transition in MnWO, [38]. The energy resolution of
our MnWO, neutron experiment on IN14 corresponds to
=30 GHz half width at half maximum so that any slower
relaxation is seen as an elastic signal. Only sufficiently
close to Ty, the fluctuations appear in the time window of
our quasistatic experiment. Extrapolating the dielectric
spectroscopy results [38] to 30 GHz yields AT = 0.6 K
larger than the temperature interval, where chiral scattering
can be poled in MnWOQ, (see Fig. 3), as in addition the
correlation length of the fluctuation needs to be sufficiently
large. We may conclude that the ferroelectric cycloid
transition in MnWQ, corresponds to the soft, overdamped
electromagnon, which possesses both an electric and a
chiral magnetic component [31]. Sufficiently close to Ty,
this electromagnon is observed as a quasistatic fluctuation
that can be controlled by the external electric field.

The quantitative analysis of the chiral fluctuations in
TbMnO; is more difficult. Dielectric spectroscopy
observes a strong c-axis relaxation already at temperatures
much above Ty, whose origin remains unclear [33]. This
relaxation will impact any electric-field experiments in
TbMnO;5. In particular, the control of multiferroic polar
components will follow or be pinned by these relaxation
processes. TbMnOj; exhibits a ferroelectric polarization of
Prg = 600 (C/m?) [4], about 1 order of magnitude larger
than that in MnWO,. However, the correlation length enters
the energy balance in the third power so that the lower limit
for stabilizing fluctuations around the higher Typ is
comparable to that in MnWO,, =100 A. The scans shown
in Fig. S1 of the Supplemental Material [22] indicate that
slightly above T, correlation lengths exceed this value. In
the picture of a softening electromagnon fluctuation driving
the ferroelectric transition, the fluctuations must posses
such large correlation lengths as well as a low relaxation
rate over the broad observed temperature range.

It has been proposed that chiral type-II multiferroics
exhibit a distinct phase between the Néel temperature and
the onset of long-range chiral magnetic and ferroelectric
order [39]. This phase is characterized by fixed chirality
without long-range order, and it is called the cholesteric
phase. This symmetry reduction bears similarities with the
Ising nematic phase discussed, for example, in Fe-based
superconductors [40]. For TbMnOs, it appears tempting to
identify the disappearance of the poled chiral scattering
with the lock-in transition, but it cannot be ruled out that

177201-4



PRL 119, 177201 (2017)

PHYSICAL REVIEW LETTERS

week ending
27 OCTOBER 2017

chiral poling even persists above T, _;, and that the
considerable difference between the two studied multi-
ferroics is coupled to the strong relaxation phenomena
observed only in TbMnO; [33].

In conclusion, we have studied chiral diffuse scattering at
temperatures above the zero-field transition to the long-
range chiral and multiferroic order. For MnWQ,, we can
connect the transition into the multiferroic state with the
softening and overdamping of an electromagnon fluc-
tuation that exhibits the necessary long correlation lengths
and low energies only in a tiny temperature interval close to
Tye. In TbMnOs, one can pole and control chiral magnet-
ism in a much larger temperature interval, possibly related
to the strong c-axis relaxation observed in dielectric
spectroscopy.

In both multiferroic materials, it is, thus, possible to pole
and control short-range chiral magnetism by a moderate
electric field above the long-range multiferroic phase.
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