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Ge1�xMnxTe is shown to be a multiferroic semiconductor, exhibiting both ferromagnetic and ferro-

electric properties. By ferromagnetic resonance we demonstrate that both types of order are coupled to

each other. As a result, magnetic-field-induced ferroelectric polarization reversal is achieved. Switching of

the spontaneous electric dipole moment is monitored by changes in the magnetocrystalline anisotropy.

This also reveals that the ferroelectric polarization reversal is accompanied by a reorientation of the hard

and easy magnetization axes. By tuning the GeMnTe composition, the interplay between ferromagnetism

and ferroelectricity can be controlled.
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Ferromagnetism in semiconductors has received much
attention, both for its fundamental importance as well as
for possible spintronic applications [1–3]. In the prototype
Ga1�xMnxAs system [4], carrier mediated ferromagnetism
(FM) iswell understood and by control of the carrier density
using electric fields, manipulation of the magnetization
can be achieved [5]. Combination of Ga1�xMnxAs with
ferroelectric (FE) gates [6] even allows persistent modula-
tion of the magnetic properties by poling the gate material.
Further effects are expected when combining ferroelectric
and ferromagnetic ordering in one and the same material
[7–13]. Such multiferroics have triggered immense interest
because of their unique properties and potential device
applications [14–16]. Single phase materials that show
simultaneously ferroelectricity and ferromagnetism are,
however, very rare [7–11]. This is due to a fundamental
conflict: a cation can move off center in a crystal as a
prerequisite for ferroelectricity if it has an empty d shell
[17], whereas ferromagnetism of transition metal com-
pounds requires cations with partly filled d shells. As shown
in this work, this apparent contradiction can be lifted in
Ge1�xMnxTe, where the Ge2þ ions (3d0) are responsible
for ferroelectricity and the Mn2þ ions (3d5) provide the
magnetic moments for ferromagnetism mediated by free
holes. Thus, GeMnTe offers unique semiconducting and
multiferroic properties.

The host material GeTe is a narrow gap semiconductor
and one of the simplest ferroelectrics consisting of only
two atoms per primitive unit cell [18]. It undergoes a
spontaneous paraelectric to ferroelectric phase transition
at a Curie temperature TFE

c � 625 K [18–20], below which
the Fm3m symmetry of the cubic rock salt structure is
broken and a polar rhombohedral R3m lattice is formed by
elongation of the unit cell along a h111i direction [see
Fig. 1(a)]. Because of the resulting relative displacement
of the Ge and Te sublattices by about 0.35 Å along this

distortion direction [18–20], a spontaneous FE polarization
appears that persists even in small nanocrystals [19].
Because of native Ge vacancies, GeTe is naturally con-
ducting with free hole densities in excess of 1020 cm�3

[21,22]. This results in strong internal screening of the
spontaneous polarization. Nevertheless, its switching by
electrical fields has been recently demonstrated by piezor-
esponse force microscopy [23]. The high hole density
promotes ferromagnetic ordering when GeTe is doped
with transition metal ions such as Cr [24], Fe [25], or Mn
[26–31]. The solubility of Mn in GeMnTe is particularly
high, reaching �50% without impairing the crystalline
quality [28,29,32]. As a result, FM transition temperatures
TFM
C above 150 K have been obtained [27–29], which is

amongst the highest of all diluted FM semiconductors [2,3].
In this Letter, we present direct evidence for the

coexistence and coupling between ferroelectricity and
ferromagnetism in Ge1�xMnxTe, thus demonstrating multi-
ferroicity in this material system. By ferromagnetic reso-
nance (FMR) we determine not only the magnetic
properties but also the local site symmetry of magnetic ions
[33–35] and, hence, the direction of the local FE dipole
moment. As a result, simultaneous information on the FM
and FE properties is obtained. Quantitative analysis of the
FMR spectra shows that the magnetic anisotropy changes
with FE lattice distortion and Mn content. Moreover, by
varying the magnetic field direction we demonstrate
magnetic-field-induced switching of the FE polarization
and thus, coupling between the magnetic and electric dipole
moments. This switching already occurs at low magnetic
fields, which opens new incentives for device applications.
Epitaxial Ge1-xMnxTe layers were grown by molecular

beam epitaxy on (111) BaF2 substrates [28,29]. The layer
thickness was set to 500 nm and the Mn content xMn varied
from zero to 0.5 as determined by flux calibrations and
secondary ion mass spectroscopy. The hole density of
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�1021 cm�3 was controlled by excess Te flux. The sub-
strate temperature was 310 �C which provides the highest
structural perfection without secondary phases. High reso-
lution x-ray diffraction (XRD) reciprocal space mapping
was employed to determine the lattice structure. The mag-
netic properties were derived by SQUID magnetometry.
FMR experiments were performed at 9.5 GHz using a
Bruker ESR spectrometer using a TE102 cavity.

Figure 1(b) shows the (222) x-ray diffraction reciprocal
space maps of Ge1-xMnxTe epilayers with varying Mn
content. For xMn < 0:3, besides the main Bragg peak
from FE domains with rhombohedral distortion along the
[111] surface normal direction (‘‘p’’ domains), three sec-
ondary peaks appear (arrows), which arise from ‘‘o’’
domains with their distortion axes along one of the three
oblique h�111i directions. While in bulk GeTe all domains
are equally abundant, in epilayers a preferential distortion
along the growth direction, i.e., a strong preference for
p-domain formation occurs. Accordingly, the diffracted
intensity is about 20 times stronger than from the o
domains [cf. Fig. 1(b)]. With increasing Mn content, the
splitting of the domain peaks decreases and at xMn ¼ 0:3
all peaks merge into one, marking the rhombohedral-cubic
transition at 300 K. Thus, for xMn < 0:3 the ferroelectric
transition is above room temperature.

From reciprocal space maps recorded around the asym-
metric (153) Bragg reflection (see the Supplemental
Material [36]), the in- and out-of-plane lattice parameters
ak and cwere derived. The results are presented in Fig. 1(c)
as a function of Mn content, together with the correspond-
ing unit cell corner angles � (circles) and rhombohedral
or cubic lattice constants a0 (triangles) calculated using

sinð�=2Þ ¼ ak=2a0 and 3a0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ 3a2k

q
. For GeTe, the

measured corner angle � ¼ 88:41� and lattice constant are
in excellent agreement with recently reported values [19].
With increasing Mn content, a0 linearly decreases as

da0=dx ¼ 0:123 �A and the difference between c=
ffiffiffi
3

p
and

ak=
ffiffiffi
2

p
vanishes for xMn ¼ 0:3, above which the cubic

structure is formed. Thus, Mn incorporation reduces the
tendency for rhombohedral lattice distortion, reducing the
FE transition temperature to 300 K for xMn ¼ 0:3.
Extrapolation of this trend gives a TFE

c � 100 K for xMn ¼
0:5, indicating that ferroelectricity persists even up to high
Mn concentrations.
All investigated Ge1-xMnxTe layers are single phase and

ferromagnetic, as demonstrated by the magnetization
MðTÞ curves presented in Fig. 1(d). The FM Curie tempera-
ture TFM

C strongly increases with increasing Mn content,

approaching nearly 200 K for xMn ¼ 0:5. In addition,
hysteresis loops recorded with magnetic field H applied
parallel (along h�110i) or perpendicular to the layers reveal
that with decreasing lattice distortion (i.e., increasing xMn) a
reorientation of the easy magnetization axis from the normal
towards the in-plane direction occurs. This is shown for
xMn ¼ 0:2 and 0.5 by Figs. 2(a) and 2(b), where for
xMn � 0:2 the remanent magnetization is higher in the per-
pendicular than in the in-plane direction, i.e., M?ð0Þ>
Mkð0Þ, whereas for xMn ¼ 0:5 this relationship is reverted.

Thus, the magnetic anisotropy can be tuned by the Mn
content [36]. As previously noted [27–30], the saturation
magnetization Ms per Mn2þ ion is less than 5�B expected
for the 5S5=2 spin-only ground state of Mn2þ. This means

that not all Mn ions are FM ordered due to additional
antiferromagnetic coupling between randomly distributed
nearest neighbor Mn ions [27,28] superimposed on the
long range RKKY interaction. However, extended
antiferromagnetic MnTe clusters appear only for Mn con-
tents above xMn > 0:5, as shown by our previous studies
[28,29].
To determine the correlation between ferromagnetism

and ferroelectricity, we performed angular dependent
FMR investigations to assess the local site symmetry of
the Mn2þ cations and distinguish between different
configurations of neighboring Te anions to detect the
occurrence of a FE dipole moment. The uniform mode
FMR frequency � is given by the double derivatives
F��, F’’, and F�’ of the magnetic free-energy density F

with respect to the polar and azimuthal angles � and
’ of the magnetization vector M relative to the crystal
axes according to the Smit-Suhl equation [37,38]:

FIG. 1 (color online). (a) Primitive unit cell of Ge1-xMnxTe in
the rhombohedral ferroelectric (left) and the cubic paraelectric
phase (right). In the ferroelectric phase, the Ge(Mn) and Te
sublattices are shifted with respect to each other along [111],
producing an electric polarization Pel as indicated by the arrow.
(b) Reciprocal space maps around the (222) Bragg peak for
Ge1-xMnxTe epilayers on BaF2 (111) with xMn ranging from 0 to
0.5. For xMn < 0:3, apart from the main peak due to p domains
with FE polarization perpendicular to the surface, three second-
ary peaks (arrows) appear from o domains with Pel along the
oblique h�111i directions. (c) Phase diagram of Ge1-xMnxTe at
300 K, showing the lattice parameters ak=

p
2 (diamonds), c=

p
3

(squares), and a0 (dots) as well as the unit cell corner angle �
(circles) as indicated in the inset. (d) Temperature dependent
magnetization MðTÞ=Mð0Þ measured by SQUID in an external
field of 1 kOe applied in plane.
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h� ¼ g�B

M sin�eq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F��F�� � F2

��

q ���������eq;�eq
: (1)

In this relation, g is the Landé factor, h the Planck constant,
�B the Bohr magneton, and �eq and ’eq the equilibrium

angles ofM, determined by minimizing F. The anisotropic
part of F in an applied magnetic field consists of the
Zeeman energy �H �M, the thin layer shape anisotropy
2�M2cos2� and the magnetocrystalline anisotropy (MAE)
due to the given point symmetry. For the case of a rhom-
bohedral lattice, the contributions of cubic symmetry (with
energy density parameter K4) and of uniaxial symmetry up
to fourth order (K2 and K4jj) can be separated as [39]

F¼�H �Mþ2�M2cos2�þK2sin
2�þK4jjsin4�

�2

3
K4

�
sin2��7

8
sin4��

ffiffiffi
2

p
2
sin3�cos�sinð3’Þ

�
; (2)

where � and ’ are defined with respect to [111] and [1�10],
respectively. In our experiments, the microwave field Hmw

was applied in plane along [1�10] and the static field H
rotated within the (1�10) plane as shown schematically in
Fig. 2(d). Representative FMR spectra are displayed in
Fig. 2(c) for xMn ¼ 0:2 and 0.5 at 2 K for selected angles
� of H with respect to [111].

Polar plots of the measured FMR resonance fields Hr

as a function of � are presented in Fig. 3 for xMn ¼ 0:03,
0.15, 0.2, and 0.5 (symbols). For xMn ¼ 0:3 and 0.4 the
results are shown in the Supplemental Material [36]. The
FMR data were modeled using Eqs. (1) and (2) and

the parameters in Table I (solid lines in Fig. 3), giving
excellent agreement with the experimental data. For higher
xMn, the fits of the FMR fields required effective g factors
larger than the Landé value of 1.978. The corresponding
shift inHr is attributed to stray fields originating from spins
that are exchange coupled to antiferromagnetically ordered
Mn2þ ions at low temperatures. As can be seen in Figs. 3(a)
and 3(b), for xMn � 0:15 the angular dependencies of Hr

are well described, assuming only a second order uniaxial
MAE with positive energy density K2 (K4 ¼ K4k ¼ 0; see
Table I). Accordingly, the easy magnetization direction is
along the [111] surface normal and theminimumFMRfield
occurs at � ¼ 0�. All directions in the basal plane corre-
spond to hard axes (maxima of Hr) in agreement with the
SQUID data. Starting from xMn ¼ 0:2, fourth order cubic
terms K4 come into play, which tilt the hard magnetization
axes out of the layer plane. The negative sign of K4 is
characteristic for octahedrally coordinated magnetic
ions [35].
In the absence of a rhombohedral distortion and shape

anisotropy, the easy magnetization axis would lie along
any of the four h111i cubic body diagonals and the hard
axes along h100i. For xMn ¼ 0:2, however, due to the

FIG. 3 (color online). Angular dependencies of the FMR posi-
tions at 2 K for xMn ¼ 0:03 (a), 0.15 (b), 0.2 (c), and 0.5 (d).
Symbols show experimental data, solid lines are calculated
using Eqs. (1) and (2) and parameters listed in Table I. The
polar angle � is defined in Fig. 3(d). Arrows indicate the easy
magnetization axes (minima in FMR field).

TABLE I. Saturation magnetization Ms, anisotropy fields
Ki=Ms, and g factors of Ge1-xMnxTe used for modeling the
FMR data of Fig. 3. The second order anisotropy field does not
allow distinction between contributions of uniaxial and shape
anisotropies. Therefore, K2=M was calculated taking for M the
saturation magnetization obtained by SQUID.

xMn

Ms

(emu=cm3)

Ms

(�B=Mn2þ)
K2=Ms

(Oe)

K4k=Ms

(Oe)

K4=Ms

(Oe) g factor

0.03 10 1.86 162 0 0 1.978

0.15 36 1.36 823 0 0 2.585

0.20 60 1.70 780 130 �300 2.419

0.5 67 0.76 �580 140 �1150 2.605

FIG. 2 (color online). Hysteresis curves MðHÞ of Ge1-xMnxTe
layers with xMn ¼ ðaÞ 0:2 and (b) 0.5. Open symbols: out-of-plane
magnetic moment M? for H perpendicular to the layer, full
symbols: in-plane magnetic moment Mk for H parallel to ½101�
as indicated by the insets. (c) FMR spectra for xMn ¼ 0:2 and
0.5 for selected angles � ¼ 0�, 30�, 60�, 70�, and 90� of the
applied dc field H to the [111] surface. (d) Schematic illustration
of the FMR geometry.
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rhombohedral lattice distortion the easy magnetization axis
is still parallel to [111], whereas for xMn ¼ 0:5 it rotates
towards the oblique h11�1i directions as indicated by arrows
in Figs. 3(c) and 3(d), respectively. As shown in Table I,
this spin reorientation is induced by the change of sign of
the second order anisotropy field from K2=M ¼ 780 kOe
for xMn ¼ 0:2 to K2=M ¼ �580 kOe for xMn ¼ 0:5. A
positive value of K2 signifies a rhombohedron elongated

along the surface normal direction (c >
ffiffiffiffiffiffiffiffi
3=2

p
ak), whereas

a negative sign indicates a contracted rhombohedron (c <ffiffiffiffiffiffiffiffi
3=2

p
ak) for the xMn ¼ 0:5 epilayer, where we expect a

small tensile strain induced by cooling to cryogenic
temperatures.

In the case of a centrosymmetric rhombohedral lattice
distortion alone, only one FMR resonance would occur
for any magnetic field direction. For xMn � 0:2, however,
we actually observe two resonances for various magnetic
field orientations [see Figs. 2(c), 3(c), and 3(d)]. These
arise from differently oriented FE and FM domains that
share the out-of-plane [111] and in-plane [1�10] axes but
have an opposite relative displacement of the cation and
anion sublattices, i.e., a FE polarization in opposite direc-
tion. This is clearly evidenced by the mirror symmetric
angular dependencies of the FMR positions in Figs. 3(c)
and 3(d). For xMn ¼ 0:2, one domain has the hard axis
(maximum Hr) at � ¼ 110� and the other at � ¼ 70�; i.e.,
both are rotated out of the plane towards the [001] direc-
tion. For xMn ¼ 0:5, the hard axes lie at � ¼ 43� and the
other at � ¼ 137�, whereas the easy axes lie at � ¼ 117�
and � ¼ 63�. Similar results are obtained for the samples
with xMn ¼ 0:3 and 0.4 [36]. This observation of two
domains, further on referred to as ‘‘A’’ and ‘‘B’’ domains,
proofs that the structure is not only rhombohedral but also
acentric as required for ferroelectricity. Hence, the layers
possess a spontaneous dipole moment along the [111]
directions, demonstrating that Ge1-xMnxTe is ferromag-
netic and ferroelectric up to xMn ¼ 0:5. Indeed, GeMnTe
with its Shubnikov symmetry of ‘‘class 3’’ belongs to the
13 Shubnikov point groups that allow simultaneous
appearance of spontaneous electric polarization and mag-
netization [9,11] as is required for multiferroic materials.
For xMn ¼ 0:5, the two resonances are observed up to
temperatures of about 100 K close to the ferroelectric
phase transition extrapolated from the x-ray data. Above
only one single resonance remains (see the Supplemental
Material [36]). This indicates that the two resonances are
indeed of ferroelectric origin.

To demonstrate ferroelectric switching induced by ex-
ternal magnetic fields, we analyze the relative domain
volumes given by their integrated FMR intensities.
Figure 4(a) shows the Lorentzian-shaped microwave ab-
sorption of the A (grey) and B (red) domains for xMn ¼ 0:2
at different angles � between H and [111] extracted from
the FMR spectra. For � < 90�, the peaks from the A
domains are much more intense than those of the B
domains, whereas for � > 90� the intensity ratio is almost

exactly reversed. This clearly shows that FE domains can
be manipulated by the applied magnetic field. The switch-
ing of the domains is quantified by plotting in Fig. 4(b) the
FMR intensity ratios IAðBÞ=ðIA þ IBÞ as a function of mag-

netic field strength Hrz ¼ Hr cos� along the [111] direc-
tion for the A (grey) and B (red) domains, respectively. The
same procedure is applied for xMn ¼ 0:5 with the results
depicted in Fig. 4(c). For both cases, a very abrupt intensity
reversal occurs upon reversing the magnetic field direction,
meaning that the electric polarization is switched from the
[111] to the [�1 �1 �1 ] direction, as shown by the insets in
Fig. 4. Remarkably, the switching is nearly complete,
involving about 80% of the domain volumes at switching
fields jHzj below 500 Oe. Moreover, for xMn ¼ 0:5 this
switching is observed up to temperatures of 80 K close to
the ferroelectric Curie temperature [36].
The switching of the electric dipole by the magnetic

field is clear evidence for magnetoelectric coupling
between ferromagnetism and ferroelectricity in GeMnTe,
which is a characteristic feature of multiferroic materials
[7–12] where the magnetic and electric susceptibility that
limit its strength can become large at the same time [7–9].
Most notably, in GeMnTe the reversal of the FE moment
already occurs at magnetic fields much lower than in most
other single phase multiferroics [9,12], which often show
only weak magnetic or weak ferroelectric order (i.e.,
susceptibilities) or both. Comparably small switching
fields have been only reported for hexaferrite multiferroics
[40] that exhibit, however, a complex helimagnetic spin
structure. Since GeMnTe represents a multiferroic system
with RKKY type ferromagnetism, its modeling by magne-
toelectric coupling theories may provide new insights into
the microscopic origin of this effect.
To conclude, we have demonstrated multiferroic behav-

ior of GeMnTe, representing the structurally simplest mul-
tiferroic material discovered to date. In this system,

FIG. 4 (color online). (a) FMR absorption peaks derived for
Ge0:8Mn0:2Te from the fit of the spectra of Fig. 3(b) for different
orientations � of the magnetic field. The intensity ratios
IAðBÞ=ðIA þ IBÞ of the A (upward triangle) and B (downward

triangle) domains are plotted in (b) and (c) for xMn ¼ 0:2 and
0.5, respectively, as a function of Hz (¼H cos�) along [111].
Dotted lines are guides for the eye. The insets show the primitive
cell of GeMnTe with the two possible relative cation or anion
displacements along [111] or [�1 �1 �1 ]. The corresponding oppo-
site direction of the electric dipole Pel is indicated by arrows.
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ferroelectricity is due to the lattice distortion caused by
Ge2þ ions and ferromagnetism due to the spins of the
Mn2þ ions. As a result, both types of orders can be sus-
tained and their relative strengths tuned by the Ge=Mn
concentration. Our FMR results show that ferromagnetism
and ferroelectricity are coupled to each other and thereby
switching of the FE polarization by external magnetic
fields is achieved, accompanied by reorientation of the
easy axes of magnetization. In contrast to other multifer-
roics, GeMnTe is a multiferroic semiconductor, in which
the strength of the ferromagnetic interactions can be con-
trolled by the carrier concentration [27]. This may provide
new avenues for novel spintronic and magnetoelectronic
materials and devices.
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