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Multiferroic materials host both ferroelectricity and magnetism, offering potential for magnetic memory and spin
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transistor applications. Here, we report a multiferroic chalcogenide semiconductor Cu;_yMn;,,SiTe; (0.04 < x <
0.26; 0.03 < y < 0.15), which crystallizes in a polar monoclinic structure (Pm space group). It exhibits a canted
antiferromagnetic state below 35 kelvin, with magnetic hysteresis and remanent magnetization under 15 kelvin.
We demonstrate multiferroicity and strong magnetoelectric coupling through magnetodielectric and magneto-
current measurements. At 10 kelvin, the magnetically induced electric polarization reaches ~0.8 microcoulombs
per square centimeter, comparable to the highest value in oxide multiferroics. We also observe possible room-
temperature ferroelectricity. Given that multiferroicity is very rare among transition metal chalcogenides, our
finding sets up a unique materials platform for designing multiferroic chalcogenides.

INTRODUCTION

Ferroelectrics have a spontaneous polarization that can be reversed
hysteretically by an external electric field. They play a pivotal role in
a diverse range of technological applications, such as nonvolatile
memory, photovoltaics, dielectrics, sensors, and actuators (1-4).
Multiferroics are ferroelectric, or at least structurally polar, com-
pounds that also have magnetic ordering, with potential applica-
tions in the electric field control of magnetization or vice versa (5-7).
A large number of compounds, primarily from the pool of oxides,
have been identified as multiferroics: BiFeOs, TbMnQOj3, GaFeOs,
NiTeOg, Fe;Mo0303, DyFeWOg, GaV4Ss, and many others (8-11).
Nevertheless, nanoscale device applications of multiferroics remain
a challenge especially due to the disappearance of ferroelectric order
in the two-dimensional (2D) limit (12, 13). This challenge has been
addressed recently through the discovery of 2D ferroelectrics in
layered or van der Waals (vdW) materials such as Tq-WTe,, 1T-
MoTe;, (Mo/W)Se;, y-InSe, (Ge/Sn)Te, CulnP,S, and bilayer h-BN
(14-23). These advances have inspired a search for new layered
or vdW multiferroics among transition metal chalcogenides and
halides (24-27).
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A number of 2D or vdW magnetoelectric materials have been
theoretically predicted, including CuCrX, (X = Se or S), MX; (M =
Mn, Fe, and Ni; X = Cl, Br, and I) (26, 28-31), bilayer VS, (32), VOI,
(33), (CrBs),Li (26), and Hf,VC,F, (25, 32, 34). To date, however,
only few layered materials, Nil,, CuCrP,Ss, and Te-doped WSe,
(35-37) have been reported to be multiferroic. In Nil,, a proper-
screw helimagnetic ordering below 60 K breaks its inversion sym-
metry to a possible type II multiferroic state (29, 38). CuCrP,S, a
magnetic derivative of CulnP,S, is characterized by coexisting anti-
ferroelectricity and antiferromagnetism, with spin-induced ferro-
electricity below 30 K (39, 40). Although a very recent study on this
material shows evidence of switchable ferroelectricity at room tem-
perature (36), its magnetic ground state at zero magnetic field has a
fully compensated A-type antiferromagnetic (AFM) order and thus
lacks a net magnetization (35). The absence of net magnetization in
the multiferroic systems limits the magnetoelectric coupling, which
is crucial for device applications. Despite the growing demand for
2D or layered multiferroic materials that exhibit both macroscopic
polarization and net magnetization, there has been only a single
report of such materials in layered chalcogenides, specifically Te-
doped WSe; (37).

Here, we report the discovery of a layered, multiferroic chalco-
genide semiconductor Cu;_,Mn;,SiTes (0.04 < x <0.26;0.03 <y <
0.15) with a net magnetization, whose structural motif is distinct
from those of MX, and CuCrP,Se. Single-crystal neutron diffraction
refinements indicate a layered monoclinic polar structure with the
space group of Pm; this noncentrosymmetry is then verified by opti-
cal second-harmonic generation (SHG). Piezoresponse force mi-
croscopy (PFM) reveals a clear hysteresis loop in the PFM amplitude
and 180° phase switching at room temperature, suggesting that
Cu;_Mn,,SiTe; is ferroelectric. This material displays a short-
range AFM order below 60 K, which transitions into a long-range
canted AFM order below 35 K (Ty). The canted magnetic moments
produce a ferromagnetic (FM) component, leading to net magneti-
zation and magnetic hysteresis below 15 K. Below Ty, we observe not
only a large magnetodielectric effect but also a large magnetoelectric
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coupling, as manifested in a large magnetically induced electric po-
larization: AP ~ 0.8 pC/cm” at 10 K and 9 T, comparable to the highest
value reported for oxide multiferroics. These functional properties
suggest that Cu;_,Mn4,SiTe; is a layered multiferroic with electric
polarization coupled to net magnetization. Our findings establish a
unique platform for the study of multiferroics and provide clues for
designing and synthesizing layered multiferroic chalcogenides needed
for next-generation electronics and spintronics.

RESULTS
Crystal structure of Cu;_,Mn,,SiTes
Single crystals of Cu;_,Mn,,SiTe; were grown using the melt-growth
method and the Te-flux method (see Materials and Methods). An
optical image of a representative crystal is shown in the inset in
Fig. 1B. The crystal composition varies depending on both the nom-
inal composition of the source material and the specific growth con-
ditions. Crystals exhibiting multiferroic properties were produced
using the nominal composition of CuMnSiTes, which show slight
variations in actual composition, expressed as Cu;_,Mn,,SiTes,
with 0.04 < x < 0.26 and 0.03 < y < 0.15, and an average composition
of CuggMn, 0sSiTe; 99 (see note S1 and table S1). These samples are
characterized by Cu deficiency and Mn enrichment (denoted as Type
A hereafter). The composition of this system can be further tuned by
adjusting the nominal composition. Crystals with a Cu/Mn ratio
close to 1 (Type B) or with a higher Cu content (Type C) can also be
synthesized (see Materials and Methods, note S1, fig. S1, and table
S1). However, this paper focuses exclusively on the Cu-deficient Type
A samples as only this type exhibits multiferroic properties (see note
S5 and fig. S10).

Room-temperature single-crystal x-ray (see note S3 and fig. S6)
and neutron diffraction measurements on a Type A sample (S#1),
when refined to a single-domain crystal structure, yields a monoclinic
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Fig. 1. Crystal and magnetic structure from single-crystal X-ray and neutron
diffraction structure refinement for Cug 7sMn1.10SiTes o2 (S#1). (A) Crystal and mag-
netic structure (left) and schematic of the chemical environment of Cu, Si, and Mn (right).
(B) Temperature dependence of Bragg peaks (022) and (122). The single-crystal neutron
diffraction patterns in the (HK4) plane collected at TOPAZ at (C) 50 Kand (D) 4 K.
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structure with a noncentrosymmetric space group Pm (no. 6), as de-
picted in Fig. 1A. The refined composition was Cug g44Mn; 15651 Tes,
consistent with the average composition Cug7sMn; 10SiTes o, mea-
sured using energy-dispersive x-ray spectroscopy (EDXS).

Broadly speaking, the structure of Cu;_Mn,4,SiTe; comprises a
series of close-packed Te layers that alternate with cation layers con-
taining Si, dimers, Mn ions, and Cu ions along the c axis (Fig. 1A).
Mn coordination to Te is octahedral, whereas Cu coordination to Te
is tetrahedral; both coordination geometries have substantial distor-
tion. The Si, dimers form ethane-like Si;Teg units with Te neighbors.
Streaks in the neutron and electron diffraction data (figs. S4 and S6)
suggest the presence of stacking faults along the layering direction;
careful scanning transmission electron microscopy (STEM) obser-
vation (Fig. 2C and fig. S3) suggests that these faults correspond to
differences in the relative stacking order of the Te layers (see figs. S2
and S5, and note S2). Both x-ray and neutron diffraction data also
suggest an occupancy of Mn on the Cul (2¢: 0.10202, 0.33046, and
0.09915) and Cu2 (2c: 0.8749, 0.83109, and 0.90844) Wyckoft posi-
tions. Because of the significant difference in neutron scattering
lengths between Mn (—3.73 fm) and Cu (7.72 fm), we can extract
inequivalent site occupancy at the Cul and Cu2 sites to be ~21.7 and
9.7%, respectively (see note S3 and fig. S7). The refined atomic posi-
tions, lattice constants, site occupancy, and atomic displacement
parameters at 300 K are summarized in table S2.

A lack of centrosymmetry in Cu;_,Mn;4,SiTes was verified by
the observation of optical SHG (see Fig. 2A for the measurement
configuration). Figure 2B shows the SHG polar plot measured on a
Type A sample (S#2), which can be fitted well with the point group
m (corresponding to the space group Pm) assuming a multidomain
model (see note S4). The second harmonic field amplitude respons-
es of each domain variant considered are scaled with an area frac-
tion and are coherently added to generate the net SHG intensity.
Atomic-resolution STEM reveals an interesting multidomain stack-
ing structure. Figure 2C shows the annular dark-field STEM (ADEF-
STEM) image along the [010] zone axis. In the inset in Fig. 2C, we
present a magnified view overlaid with the projected Pm structure,
which shows consistency with the Te atomic columns of one con-
stituent stacking domain. The projected distance between Si and Mn
falls below 60 pm, near the resolution limit of the STEM, so we were
unable to resolve the positions of Si using STEM from this direction.

Electronic and magnetic properties of Cu;_,Mn;,SiTe;
Spectroscopic ellipsometry measurements (see fig. S8) indicate that
the Cu-deficient Cu;_,Mn4,SiTe; sample (S#2) is a semiconductor,
with indirect and direct bandgaps of 1.26 and 2.50 eV, respectively.
Its semiconducting nature is further supported by transport mea-
surements, as discussed below. Using the Pm structure obtained
from x-ray and neutron diffraction refinement and assuming no Mn
occupation at Cu sites, we performed density functional theory
(DFT) band structure calculations, revealing a semiconducting band
structure with an indirect bandgap of 0.94 eV (see note S6 and fig.
S11). The computational methods are detailed in the Materials and
Methods section. Although DFT calculations typically underesti-
mate bandgaps, the semiconducting nature is qualitatively correct.
When considering partial Mn substitution at Cu sites, the electronic
band structure continues to display semiconducting characteristics
(see note S6), consistent with experimental observations.

Because the Pm structure allows for both the in-plane and out-of-
plane components of electric polarization, which likely leads to
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ferroelectricity, we performed PFM studies on the Cu-deficient
Cu;_,Mn ,SiTe; sample (S#2) to examine its electric polarization
switching. Figure 3A gives the surface topography of a piece of crystal
(~50 pm in thickness) cleaved from the sample S#2 measured in PFM,
showing a very low surface roughness, <200 pm. Figure 3 (B and C)
shows the bias voltage-dependent amplitude and phase of the PFM
response measured at room temperature, showing hysteresis in the
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voltage amplitude (Fig. 3B) and a corresponding 180° phase switch
(Fig. 3C), suggesting room-temperature ferroelectricity. The coercive
field of this sample is near the breakdown field, due to which a maxi-
mum achievable applied voltage was 4 V. This limitation of applied
voltage prevents us from observing the amplitude saturation. Thus, for
further confirmation of ferroelectric nature, we locally measure the
hysteresis on crystals of different thickness. If the hysteresis behavior is
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Fig. 2. SHG measurements for Cug goMn1 93SiTe; o, (S#2) and STEM images for Cug7gMn1 10SiTes o2 (S#1). (A) SHG experimental setup showing the optical path of
incident light (o) and reflecting light from the crystal with 2w frequency. The lab axes (X, Y, and 2), crystal physics (CP) axes of one of the four domains, and the relation
between them are defined. (B) Polar plot for the intensity of X-and Y-polarized SHG light. The black continuous line shows the fitted pattern for point group m. (C) ADF-STEM
image showing the Te atomic arrangement along the [010] zone axis. The inset shows the magnified view overlaid with the projected Pm structure. Additional information

regarding the stacking faults is included in the note S2.
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Fig. 3. PFM measurements on Cug goMn+ o3SiTe; o, (S#2). (A) Surface topography of the cleaved crystal measured using PFM. (B) PFM amplitude and (C) phase as a

function of bias voltage measured at room temperature. a.u., arbitrary units.
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truly an electrostatic effect, then we should observe marginal differ-
ences in the hysteresis loops when comparing thick versus thin crys-
tals. However, we observe a large increase in the coercive field in a
thick crystal (~0.5 mm in thickness, see fig. S12), suggesting that the
measured effect is most likely a ferroelectric effect in nature for the
sample (see note S7 for details).

We studied the magnetic behavior of Cu;_,Mn4,SiTe; by mag-
netization, ac magnetic susceptibility, and specific heat measure-
ments. Figure 4A presents the temperature dependencies of the
magnetization measured under the zero-field cooling (ZFC) and
field-cooling (FC) histories with a magnetic field of 0.1 T applied
parallel and perpendicular to the ab-plane direction, respectively.
The magnetization along the in-plane direction begins to increase
rapidly below ~60 K, followed by a sharp transition at ~35 K. These
magnetic transitions were also seen in the ac susceptibility measure-
ments, as shown in Fig. 4B. Heat capacity measurements under zero
field and a field of 1 T reveals a significant anomaly peak at 35 K,
indicating that a long-range magnetic order emerges below ~35 K,
whereas a short-range magnetic order develops between ~35 and
~60 K. The negative Curie-Weiss temperature extracted from the
Curie-Weiss fit (see note S8 and fig. S13) suggests that the transition
at ~35 K is of AFM characteristics. Neutron scattering measure-
ments at low temperatures, combined with magnetization results,
confirm that the system transitions to a canted AFM state below 35 K,
as discussed below.

Furthermore, when the magnetic field is applied along the in-
plane direction, the magnetization measured under the ZFC and FC
histories was found to exhibit significant bifurcation below 15 K,
which can be attributed to the FM component of the AFM state. The
weak ferromagnetism below 15 K is further evidenced by the iso-
thermal magnetization measurements presented in Fig. 4 (E to G),

which reveal a noticeable magnetic hysteresis with a very small re-
manent magnetization [~0.06 bohr magnetons (pp)/formula unit
(f.u.) at 2 K] at low temperatures for H // ab but not for H L ab (Fig.
4E). Such an anisotropic magnetic hysteresis behavior can be well
understood in terms of a canted AFM state. The slight canting of
magnetic moments in the AFM state leads to a weak FM compo-
nent, which accounts for the FM behavior below 15 K. The larger
magnetization for H // ab compared to H L ab (Fig. 4, F and G), as
well as the magnetic hysteresis observed only for H // ab (Fig. 4E),
indicates that the net magnetization of the canted AFM state is with-
in the ab plane.

To find the magnetic structure below Ty (= 35 K), we performed
single-crystal neutron diffraction measurements on a sample with
the EDXS-measured average composition Cug 7sMn; 10SiTes o, (S#1)
at 300, 50, 23, and 4 K. Figure 1 (C and D) compares the neutron
diffraction patterns of the Bragg peaks in the (HK4) plane at 50 and
4 K. A few magnetic peaks were clearly observed at 4 K in this plane.
Many other magnetic peaks in different planes were also observed.
The temperature dependence of the representative magnetic peak
(022), shown in Fig. 1B, indicates that the magnetic peak emerges
below Ty, consistent with the magnetic transition probed by the
magnetization, ac susceptibility, and heat capacity measurements
presented above. No significant change in intensity or additional
magnetic peaks were detected below 15 K where the FM behavior is
observed, which, together with the heat capacity data (Fig. 4C), in-
dicate that no additional magnetic transition occurs below 15 K. The
presence of the FM behavior below 15 K can be attributed to the
suppression of thermal fluctuation, which could lead to net magne-
tization of AFM domains.

There is no evidence for the ordered Mn1’ (or Mn2’) moments at
the Cul (or Cu2) sites. The magnetic peaks are instrument-resolution
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Fig. 4. Magnetization, ac magnetic susceptibility and resistivity measurements on Cug goMnq,03SiTe, 0, (S#2), and heat capacity measurement on
Cug.79Mn1 0SiTe; 97 (S#3). (A) Temperature-dependent dc magnetizations (M) measured under both FC and ZFC histories with a magnetic field (0.1 T) parallel and
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limited, indicative of a long-range magnetic order below Ty. All the
magnetic peaks can be indexed based on the high-temperature nu-
clear (chemical) unit cell with a magnetic propagation vector k =
(0,0,0). The determined magnetic structure in T < Ty is displayed in
Fig. 1A. The Mn spins at both Mn1 and Mn2 sites are ferromagneti-
cally aligned along the a and ¢ axes but antiferromagnetically aligned
along the b axis. Furthermore, the nearest-neighbor Mnl and Mn2
spins are antiparallelly aligned. The magnetic space group is Pm
(Belov-Neronova-Smirnova no. 6.18). The magnetic moment of Mn
mainly points along the a axis, with the ordered moment of 2.66(18)
pp at 4 K and 2.29(6) pp at 23 K, respectively. This refined colinear
AFM structure lacks an FM component, which seems inconsistent
with our observation of the FM behavior at 15 K. This discrepancy
arises because a weak FM component of ~0.1 pi/Mn below 15 K can-
not be detected by neutron scattering measurements. Given the small
net magnetization and magnetic hysteresis observed in our magneti-
zation measurements, the AFM state of the Type A Cu;_,Mn;,SiTes
must involve canting of magnetic moments. Symmetry analysis,
based on the Pm magnetic space group, indicates that the FM mo-
ments are constricted to cant toward the b axis, as shown in Fig. 1A.
Although our neutron scattering measurements demonstrate a
long-range AFM ordering below 35 K, we observed a frequency-
dependent peak in ' below 35 K, which is suggestive of a glassy mag-
netic state. The glassy magnetic behavior was also probed through
magnetization relaxation measurements (see note S9 and fig. S14). The
most probable origin is coexistence of a long-range AFM order and a
cluster spin glass state. Considering that there exist Cu and Mn mixing
at the Cul and Cu2 sites (see table S2) as well as the stacking faults, the
resulting disorders, combined with the strong magnetic frustration im-
plied by the large difference between T, (= —143 K) and Ty (= 35K),
may generate magnetic glassy behavior in some local regions. The

chemical valence of Cu is found to be 1+ by x-ray photoelectron spec-
troscopy (XPS) measurements (see note S10 and fig. S15), meaning
that Cu is nonmagnetic and the magnetism of Cu;_,Mn, ,SiTe; origi-
nates from Mn cations.

The magnetic transition at Ty is also manifested in the tempera-
ture dependence of resistivity of the Cu;_,Mn),SiTe; sample (S#2)
(Fig. 4D). At temperatures above T, the resistivity shows a semicon-
ducting behavior, consistent with the optical bandgap noted above
and DFT band structure calculations (see note S6). As the tempera-
ture drops below T, the resistivity initially exhibits a metallic behav-
ior but then transitions to an insulating behavior below 15 K. These
observations suggest the electronic structure of Cu;_,Mn4,SiTes is
strongly coupled to magnetism.

Magnetodielectric and magnetoelectric effects

of Cu;_Mn,,SiTe;

Polar magnetic materials such as Cu;_Mn,4,SiTe; are expected to
show magnetodielectric and magnetoelectric effects, as in multifer-
roic oxides BiFeO3;, TbMnOs3, and CaBaCo40; (8-10, 41, 42). To
determine whether Cu,_,Mn4,SiTe; has these properties, we mea-
sured its temperature-dependent dielectric constant perpendicular
to the ab plane (g,), magnetodielectric constant, and magnetocur-
rent on the Cu;_,Mn,4,SiTe; sample (S#2). From these measure-
ments, we found that the Type A Cu,_,Mn,,SiTe; exhibits large
magnetodielectric and magnetoelectric effects. Figure 5A shows
temperature-dependent €, measured within the frequency range of
1 to 100 kHz. We found that €, exhibits a large anomaly near the
AFM transition at Ty; it starts to increase sharply at Ty and then
shows a peak at ~20 K before it steeply drops. Although €, decreases
with the increase in frequency as expected, the €, peak position
shows almost no frequency dependence below Tx.
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Fig. 5. Magnetodielectric and magnetoelectric effect measurements on Cug goMnq o3SiTe; 0, (S#2). Temperature dependence of the dielectric constant perpendicular
to the ab plane (g,) (A) at various frequencies and (B) magnetic fields. (C) Magnetodielectric constant, Ae / € = [e(H) —€(0)] / €(0), as a function of magnetic field at various
temperatures. (D) Magnetocurrent recorded by sweeping the magnetic field at 5 and 10 K (left axis). Change in the electric polarization (A P) induced by applying a
magnetic field at 5 and 10 K. (E) Temperature dependence of the SHG intensity. Note that the SHG signal is still observable above 80 K as plotted in Fig. 2B. (F) Polar plots

for the X- and Y-polarized SHG intensity at 5 and 38 K.

Deetal., Sci. Adv. 11, eadp9379 (2025) 1 January 2025

50f10

G202 ‘0T A%enuer uo e [euolleN a6p 1 Yeo e 610°30us 105" MMA//:SANY WO papeoiumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

When the magnetic fluctuations in Cu;_,Mn;,SiTes, which is
implied by the short-range magnetic order, are combined with
strong magnetodielectric coupling, one can expect a glassy behavior
for the electric dipoles. The step seen in the temperature-variable
data of €, above Ty depends on the frequency and shifts from ~60 to
~100 K as the frequency increases from 1 to 100 kHz. We also mea-
sured the temperature dependences of €, under various magnetic
fields at 46.5 kHz, observing step shifts toward lower temperatures
as the magnetic field increased (Fig. 5B). This magnetic field depen-
dence corroborates the strong correlation between magnetism and
electric dipoles in Cu;_,Mn,4,SiTe;, which also implies a strong
spin-lattice coupling that could arise through the orbital degree of
freedom or from an exchange striction mechanism in this polar
magnet (42).

We have also measured the magnetodielectric constant Ag,, de-
fined as Ae, = [e,(H) — ¢€,(0)]/e,(0), as a function of magnetic field at
various temperatures (Fig. 5C). The Type A Cu;_,Mn;4,SiTe; dis-
plays a significant positive magnetodielectric effect (Ag, ~ 50 to 75%
at 9 T) in the temperature range of 30 to 50 K, and it decreases with
further increasing the temperature. Typically, magnetic insulators/
semiconductors with ferroelectricity (e.g., Fe;Mo305 and CaBaCo405)
(10, 43, 44) show a few percent of magnetodielectric constant near
the magnetic transition temperature. A giant Ae, was, on the other
hand, observed in spin-induced multiferroics with a large magneto-
electric coupling. For instance, multiferroic rare-earth manganite
(Dy/Tb)MnO; was found to have Ag, as high as 500% near its spin-
flop transition field (45). Similarly, the large Ae, value observed in the
Type A Cu;_Mn,4,SiTe; in conjunction with its e, anomaly peak
near Ty (Fig. 5A) implies that its AFM ordering induces additional
component of ferroelectric polarization and would enhance the fer-
roelectric polarization; note that Cu,_,Mn4,SiTe; already exhibits
finite electric polarization at room temperature as shown above. We
also noted a crossover transition from a positive to negative magne-
todielectric effect in the low field range (<6 T) as the temperature is
lowered below 15 K. The change in the direction of the magnetically
induced electric polarization due to spin canting is a likely explana-
tion for the crossover transition.

Through measuring magnetocurrent (10, 46), which is a current
flow under a magnetic field sweeping with zero electric field, we
demonstrate that Cu;_,Mn;,SiTe; also exhibits a strong magneto-
electric effect. The time integration of such a current corresponds to
the magnetic field-induced electric polarization. This can be attrib-
uted to the change of electric polarization due to the magnetic field
(AP), which is often measured for characterizing type II multiferroics
or polar magnets (10, 47, 48). Figure 5D (right axis) shows AP
extracted for Cu;_Mn,,SiTe; as a function of the magnetic field.
The AP reaches ~0.8 pC/cm? at 10 K and 9 T, comparable to the re-
cord value of magnetic field-induced polarization in oxide multifer-
roics (see table S4 for comparison). Such a large AP indicates strong
magnetoelectric coupling and, combined with the strong magneto-
dielectric discussed above, suggests that the Type A Cu;_,Mn, 4, SiTes
is multiferroic in its AFM phase. This is further evidenced by the
temperature dependence of the SHG intensity shown in Fig. 5E,
which shows not only a clear enhancement as the short-range mag-
netic order develops between Ty and 60 K but also a sharp increase
when the long-range AFM order forms below Tx. Because the SHG
intensity in ferroelectrics is proportional to the square of the sponta-
neous polarization, this indicates a strong coupling between the fer-
roelectric and magnetic orders. Figure 5F shows oblique incidence
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SHG polar plots measured above and below Ty at 38 and 5 K, respec-
tively which can be fitted to a multidomain m model consistent with
space group Pm (see supplementary note S4).

Given that Cu;_,Mn,SiTes exhibits a canted AFM state below
35 K, with its FM component producing net magnetization and
magnetic hysteresis (Fig. 4E), this material offers a rare opportunity
to investigate multiferroics in layered chalcogenides. We also con-
ducted magnetocurrent measurements at temperatures near Ty,
but the measured current strongly fluctuated likely due to the
semiconductor-to-metal transition between 15 K and Ty (Fig. 4D).
Nevertheless, below 15 K, the system changes into an insulating
state, which makes the magnetocurrent measurements possible.
The origin of such an insulating state is yet to be clarified.

DISCUSSION

Cu;_Mn, ,SiTe; is not categorized into type II multiferroics because
the nonmagnetic phase already has a polar structure. Instead, modu-
lation of electric polarization was observed for Cu;_Mn,SiTes
concomitant with long-range magnetic ordering, whose origin is
worth to be investigated. One possibility for the polarization change
is the magnetostriction effect. In addition, inverse Dzyaloshinskii-
Moriya, exchange striction, and spin-dependent p-d hybridization
mechanisms, which result in the emergence of macroscopic polar-
ization in type II multiferroics, are other possible mechanisms.
Further systematic study is needed to unambiguously determine
which mechanism operates. Anyhow, we anticipate that this layered
chalcogenide, with both electric polarization and net magnetization,
can open up an unexplored class of multiferroic chemistry.

MATERIALS AND METHODS
Single-crystal growth
Single crystals of Cu;_,Mn,,SiTe; were synthesized by using the melt-
growth method. A mixture of Mn (99.95%), Cu (99.95%), Si (99.999%),
and Te (99.999%) in a molar ratio of 1:1:1:3 was placed in a canfield
crucible assembly. The crucible assembly was sealed in an evacuated
quartz ampoule after three times purging with high-purity Ar. The am-
poule was first heated in a muffle furnace up to 1000°C for 12 hours
and maintained at this temperature for 24 hours to obtain a homoge-
neous melt. Subsequently, the furnace was slowly cooled to 800°C over
40 hours, then to 650°C over 120 hours, and held at 650°C for 24 hours
to anneal the crystals. The obtained crystals were black, shiny, and
plate-like with typical dimensions of 2 mm by 2 mm by 0.5 mm. The
crystal compositions are analyzed using EDXS. The measured compo-
sitions are nonstoichiometric, expressed as Cu;_,Mn;4,SiTes, with
0.04 < x < 0.26 and 0.03 < y < 0.15, with an average composition of
Cug g2Mn 0gSiTe; 99 (see note S1 and table S1). In addition, we find that
the composition of this compound can be tuned by adjusting the
nominal starting ratios. For instance, using Cu; 4Mng¢SiTe; or
Cu; 2Mn ¢SiTe; as nominal compositions, the EDXS-measured aver-
age compositions of the grown crystals are Cu; 15Mng goSiTe; 9; and
Cuyg.96Mnyg 9SiTe; o0, respectively (see note S1 and table S1). This paper
focuses solely on crystals grown with the nominal composition
CuMnSiTe;, resulting in measured compositions of Cu;_Mn,SiTe;
(0.04 < x < 0.26;0.03 < y < 0.15) as only samples within this range
exhibit multiferroic properties.

The single crystals used in our initial neutron and STEM
studies were grown using the Te-flux method with a molar ratio of
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Cu:Mn:Si:Te = 1:1:1:6. The mixed source materials were also sealed
in evacuated quartz ampoules, heated up to 1000°C and maintained
at this temperature for 24 hours and then slowly cooled down to
650°C over 175 hours. After annealing at 650°C for 12 hours, the
ampoules were quickly removed from the furnace and centrifuged
to separate the crystals from the Te flux. The Te-flux grown crystals
are less homogeneous than the melt-grown ones and exhibit a higher
density of stacking faults in some pieces. All the measurements
presented in this paper are based on melt-grown crystals.

Single-crystal neutron diffraction

Single-crystal neutron diffraction measurements were conducted at
the single-crystal diffractometer TOPAZ, located at the Oak Ridge Na-
tional Laboratory, United States (49). A piece of single crystal with a
mass of ~17 mg (S#1) was selected for full dataset collection at 300,
293, 50, 23, and 4 K. A CryoStream 700 Plus was used to collect the
data at 293 K, whereas a cryogenic goniometer was adapted to cover
the temperature region in 4 K < T' < 300 K for data collection at other
temperatures. The crystal was rotated through a wide angle for survey
on the elastic peaks in a wide range of reciprocal space. The tempera-
ture dependence of some nuclear/magnetic peaks was measured by a
data collection with a slow ramping rate of 0.6 K/min in the tempera-
ture ranging from 4 to 35 K. Neutron data were reduced by Mantid
(50), and the integrated intensities of the Bragg peaks were obtained
using the Python scripts available (51) at TOPAZ. We used the crystal-
lographic computing system JANA to determine the crystal structure.

Optical bandgap measurements

Because the crystal is monoclinic, it has four nonzero elements
in the optical constant tensor, and its crystallographic, crystal
physics, and principle coordinates do not coincide with one another
(52, 53). Therefore, in this geometry, the effective optical constants
N4 = n + ik involving %,,, M,,, and 7,5 were probed and extracted
by fitting the ellipsometry data to four Lorentz oscillators. The
absorption coefficient, a, can then be found using the equation:
a = 4znk / \, in which A is the wavelength of light.

Spectroscopic ellipsometry was performed to determine the
optical bandgap of the Type A Cu;_Mn,4,SiTe; (S#2). The ellip-
sometry spectrum was measured at an incident angle of 65° on the
(001) plane of the crystal from 0.85 to 5 eV using a variable-angle
rotating-compensator multichannel spectroscopic ellipsometer
(M-2000 ellipsometer, Woollam). The ellipsometry spectrum was
fitted to four Lorentz oscillators to extract the optical constants
and absorption coefficient. Each Lorentz oscillator consists of an
amplitude A, broadening parameter B, and central transition en-
ergy Eo. The bandgap can be related to the absorption coefficient
by (ahv)/" = A(hv+Ep —Eg). Here, A is a proportionality factor, h
is the Planck’s constant, and n = 0.5 or 2 for direct and indirect
bandgap, respectively (54, 55), which, in this case, is 2. E, repre-
sents the phonon energy needed for the momentum transition
(E, = 0 for direct bandgap). However, it is negligible in most cases
(56) and therefore taken as zero here. The indirect and direct band-
gap can then be found by extrapolating the linear region of the
curve to (ah)*® = 0 and (ahv)’ = 0, respectively.

Optical SHG measurements
The SHG polarimetry measurements at room temperature were per-
formed on a modified Witec Alpha 300S confocal microscope in
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far-field reflection geometry, using an 800-nm fundamental laser
beam generated by a Spectra-Physics SOLSTICE ACE Ti:sapphire
femtosecond laser system (pulse width of ~100 fs and repetition
rate of 80 MHz). A half-wave plate was used to control the polar-
ization direction (@) of the incident field (E”). The second-harmonic
field (E**) generated through the nonlinear optical process inside
the sample was first spectrally filtered and then decomposed parallel
to either lab X or Y axis by an analyzer and lastly detected by a photo-
multiplier tube. The schematic of our setup is shown in Fig. 2A.

For temperature-dependent SHG measurements, an oblique in-
cidence SHG setup is used because it is sensitive to both in-plane
and out-of-plane polarization components. The schematic of the
SHG setup is shown in fig. S9. A regeneratively amplified 800-nm
fundamental laser beam from a Ti:sapphire system (pulse width of
~100 fs and repetition rate ~1 kHz) was used as the fundamental
beam. Temperature control was achieved through a Janis 300 gas
flow cryostat.

Scanning transmission electron microscopy

STEM experiments were performed to confirm the crystal struc-
ture. The orientation of the crystal was determined using Laue dif-
fraction and lamella was extracted along the [010] zone axis using
focused ion beam (FIB). A Thermo Fisher Scientific Helios 660
NanoLab Dual-Beam FIB was used to thin the sample for electron
transparency. STEM images were acquired at an 80-kV accelerating
voltage using an aberration-corrected Thermo Fisher Scientific Ti-
tan G2 microscope. Bandpass filter was applied to the ADF-STEM
image. The selected-area electron diffraction in fig. S4 was acquired
at a 200-kV accelerating voltage using Talos X 200.

Piezoresponse force microscopy

All PFM measurements were deployed via an Oxford Instruments
Asylum Research Cypher atomic force microscope. All measure-
ments were performed under ambient conditions under standard
humid conditions (about 20 to 50%). Band excitation PFM was
collected using an ac voltage of 1 V. All experiments used Budget
Sensor Multi75E-G Cr/Pt-coated AFM probes (~3 N/m).

Computational method

The DFT calculation is done by The Vienna Ab initio Simulation
Package (VASP) (57-60), at the level of Perdew-Burke-Ernzerhof
(PBE) (61) with a cutoff energy of 600 eV and a 7 by 7 by 3 Monkhorst-
Pack mesh (62). The Hubbard U values of 3.9 eV for Mn and 7.2 eV
for Cu used in the rotationally invariant DFT + U method (63) are
from (64, 65), where the metal atoms are coordinated similarly by
chalcogen atoms. The k-path for the band structure calculation is
determined using pymatgen (66, 67).

Magnetic, heat capacity, resistivity, dielectric constant, and
magnetocurrent measurements

Magnetic measurements were performed in a vibrating-sample SQUID
magnetometer (Quantum Design, SQUID-VSM). Heat capacity,
four-probe resistivity, dielectric constant, and magnetocurrent were
measured in the Physical Property Measurement System (Quantum
Design). For dielectric constant and magnetocurrent measurement,
flat plate-like samples were chosen to put electrodes on both sides
using single component silver paint. Temperature-dependent and
magnetic field-dependent capacitance was measured using an
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Agilent E4980A Precision LCR meter, and the dielectric constant
was derived from the measured capacitance value. Magnetocurrent
was recorded using a Keithley electrometer 6517B. For these mag-
netocurrent measurements, the sample was first cooled from 50 K
(above Ty) to 5 K under an electric field of 2 kV/cm and a magnetic
field of 9 T perpendicular to the ab plane. At 5 K, the electric field
was removed, and the electrodes were kept shorted for 30 min to
remove the stray charges. Then, the electrometer was connected to
the sample, and the current was recorded while ramping the mag-
netic field from 9 to 0 T at a rate of 100 Oe/s. The recorded current
was integrated with the time to obtain the electric polarization of the
sample. A similar procedure was applied to record the magneto-
current at 10 K where the sample was poled from 50 to 10 K.

XPS measurements

XPS measurements were performed at room temperature with a
Physical Electronics Quantera SXM Scanning X-ray Microprobe.
This system uses a focused monochromatic Al K x-ray (1486.7 eV)
source for excitation and a spherical section analyzer. The instru-
ment has a 32-element multichannel detection system. The x-ray beam
was incident normal to the sample, and the photoelectron detector
is at 45° off-normal. High-energy resolution spectra were collected
using a pass energy of 69.0 eV with a step size of 0.125 eV. For
the Ag 3ds; line, these conditions produced a full width at half
maximum of 0.92 + 0.05 eV. The binding energy scale is calibrated
using the Cu 2ps, feature at 932.62 + 0.05 eV and Au 4f;; at
83.96 + 0.05 eV. Low-energy electrons at ~1 eV and 20 pA as well
as low-energy Ar" ions were used to minimize sample charging
during analysis.

Supplementary Materials
This PDF file includes:

Notes S1to S10

Figs.S1to S15

Tables S1 to S4
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