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Nanomechanical probing and strain tuning of the Curie
temperature in suspended Cr2Ge2Te6-based heterostructures
Makars Šiškins 1�, Samer Kurdi 1, Martin Lee1, Benjamin J. M. Slotboom1, Wenyu Xing2, Samuel Mañas-Valero 3,
Eugenio Coronado 3, Shuang Jia 2, Wei Han 2, Toeno van der Sar 1�, Herre S. J. van der Zant 1� and Peter G. Steeneken 1,4�

Two-dimensional magnetic materials with strong magnetostriction are attractive systems for realizing strain-tuning of the
magnetization in spintronic and nanomagnetic devices. This requires an understanding of the magneto-mechanical coupling in
these materials. In this work, we suspend thin Cr2Ge2Te6 layers and their heterostructures, creating ferromagnetic nanomechanical
membrane resonators. We probe their mechanical and magnetic properties as a function of temperature and strain by observing
magneto-elastic signatures in the temperature-dependent resonance frequency near the Curie temperature, TC. We compensate for
the negative thermal expansion coef�cient of Cr2Ge2Te6 by fabricating heterostructures with thin layers of WSe2 and
antiferromagnetic FePS3, which have positive thermal expansion coef�cients. Thus we demonstrate the possibility of probing
multiple magnetic phase transitions in a single heterostructure. Finally, we demonstrate a strain-induced enhancement of TC in a
suspended Cr2Ge2Te6-based heterostructure by 2.5 ± 0.6 K by applying a strain of 0.026% via electrostatic force.
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The recent discovery of long range order in two-dimensional (2D)
(anti)ferromagnets1–3 has triggered extensive studies of 2D
materials to experimentally probe magnetism of reduced dimen-
sionality4. One material of particular interest is Cr2Ge2Te6 (CGT)—a
semiconducting ferromagnet with a bulk Curie temperature, TC, ~
60–66 K2,5 with inter- and intra-layer ferromagnetic coupling for
any number of layers2. Recent progress has been made in
manipulating the magnetic order of CGT using electrostatic
gating6,7, magnetic �eld2,8, pressure9,10, ion intercalation11, and
via spin-orbit torque12,13. Mechanical strain offers another degree
of freedom for such manipulation as bulk CGT was recently shown
to exhibit strong spin-lattice coupling9,14 and a negative thermal
expansion coef�cient near TC

5, which is common amongst bulk
chromium-based magnetic van der Waals crystals, like CrI3, CrCl3,
CrBr3 and Cr2Si2Te6

15–18. However, the coupling between mag-
netic order and strain in thin CGT has not been studied
experimentally, as strain is a dif�cult parameter to control in
substrate-supported ultrathin layers19,20.

Emerging nanomechanical methods allow for high-precision
strain manipulation and control when 2D materials are suspended
forming ultrathin membrane resonators21,22. Due to the combina-
tion of low mass, high strength23 and high frequency tunabil-
ity21,24, these membranes �nd potential use in a wide range of
sensor applications25 as well as in high-performance nanoelec-
tromechanical systems, where these are used as probes for
nonlinear dynamics and condensed matter effects in the materials
they are made of26. The resonance frequency of these membranes
can be tuned over a large range by strain21, which can be
controlled both statically23 and dynamically21,22. Moreover, the
difference between the thermal expansion coef�cient of sus-
pended 2D material layers and the substrate27,28 or other
materials in a heterostructure29,30 provides additional routes for
strain engineering, leading to either stretching or compressing

ultrathin layers. Nanomechanical strain can also be used to probe
magnetic states of membrane material27 and switch between
these states30,31. The relation between strain, a material’s thermal
expansion coef�cient, and its magnetic properties result in the
coupling between mechanical and magnetic degrees of freedom,
which allows the investigation of magnetic phase transitions in 2D
layered material membranes27,30.

Here, we demonstrate that the magnetic phase transition of
suspended thin CGT membranes can be probed mechanically via
the temperature-dependent resonance frequency. CGT is known
to exhibit high magnetostriction, i.e., a strong magneto-elastic
coupling between magnetic order and the lattice5,9,14, that
deforms the crystal near TC

5. Thus, to control the strain in thin
CGT �akes and deterministically probe the transition temperature,
we choose other 2D material layers, WSe2 and FePS3, with positive
thermal expansion coef�cient and integrate them to form
heterostructure membranes with CGT29,32–34, which are important
to compensate CGT’s negative thermal expansion5. We then use
these heterostructure membranes to probe and analyze the effect
of the mutual interaction between the different 2D materials and
CGT, and study the effect of electrostatically induced strain on the
ferromagnetic order near TC.

RESULTS
Mechanical properties of CGT membranes
The force-de�ection curve of suspended membranes contains
information about mechanical properties of the material. Thus, we
�rst study thin layers of CGT by a static de�ection method23,35. We
fabricate a freestanding membrane by suspending a mechanically
exfoliated thin CGT �ake over a circular hole (Fig. 1a). We then
apply the atomic force microscopy (AFM) force nanoindentation
method23,35 to indent the centre of the membrane with the tip of
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an AFM cantilever to cause a de�ection of the membrane � , as
shown in Fig. 1b. The force applied to the centre of the
membrane, F, is proportional to the stiffness kc of the cantilever
used and its de�ection, � zc. Using cantilevers with calibrated
stiffnesses, we record the force versus membrane de�ection
curves of this membrane, as depicted in Fig. 1c with �lled blue
circles. The observed trend can be described by the point-force
de�ection model for a circular membrane, assuming negligible tip
radius compared to the membrane diameter23,35:

F ¼
4� E

3ð1 � � 2Þ
h3

r2

� �
� þ n0�ð Þ� þ

q3Eh
r2

� �
� 3; (1)

where E is the Young’s modulus of the membrane, r the membrane
radius, h the membrane thickness, � = 0.22 the Poisson ratio of
CGT36, n0 the pre-tension, and q = 1/(1.05 � 0.15� � 0.16� 2) is a
dimensionless geometrical parameter. To our knowledge, the
Young’s modulus of CGT has not been experimentally studied. We,
therefore, extract its Young’s modulus ECGT from the experimental
data using Eq. (1), as shown in Fig. 1c by the solid magenta line. To
obtain a more reliable estimate of ECGT, we measure 18 different

membranes of varying thicknesses (h = 9.5–30.1 nm) and radii (r =
1–2.5 � m). We �nd a mean value, ECGT = 56.2 ± 8.2 GPa, as shown
in the inset of Fig. 1c. The obtained value of ECGT is consistent with
the calculated37 2D Young’s modulus of CGT, E2D = 41.8 N m� 1,
which yields to E = E2D/h2D = 61.0 GPa, in which h2D is the single-
layer thickness, taken as a third of that of the unit cell of CGT5:
h2D = 2.056 nm/3 � 0.685 nm. The standard deviation for our
measurements is comparable to that reported in similar experi-
ments on other 2D material membranes23,35. We also found no
layer number dependence for the studied range of thicknesses38

(see Supplementary Note 1).

Resonating membranes
In order to study the coupling between the magnetic phase and
the mechanical motion, we further investigate the dynamic
nanomechanical properties of these membranes as a function of
temperature. The temperature dependence of the mechanical
resonances of the magnetic membranes is sensitive to changes in
the magnetization of the 2D layers30 and the magnetic phase, via
a mechanism that couples the speci�c heat to the membrane
tension via the thermal expansion coef�cient27. Thus, by obser-
ving changes in motion of the membrane at TC it is possible to
probe the ferromagnetic to paramagnetic transition via the
mechanical resonance frequency27. To do this, we use a laser
interferometry technique27,39 (Fig. 2a and “Methods”). A CGT
membrane (see the inset of Fig. 2b) is placed in the chamber of an
optical cryostation. We use a power-modulated blue laser to opto-
thermally excite a fundamental resonance mode of the mem-
brane, and a red laser to measure the change in the re�ected
signal due to the subsequent displacement of the membrane.

We �rst measure the resonance peak of the fundamental
membrane mode at T = 4 K (blue circles in Fig. 2b). We �t the
experimental data to a damped harmonic oscillator model (solid
magenta line in Fig. 2b) to determine the frequency of the
fundamental membrane mode, f0. Subsequently, while recording
f0(T) we heat the sample to T = 78 K, above the expected TC of 66
K2,5, and cool it down to T = 4 K. We plot the experimental data for
the heating (�lled blue circles) and the cooling (open blue circles)
cycle in Fig. 2c. As the CGT membrane is cooled through the TC, its
resonance frequency f0 reduces from 19.3 MHz at 78 K to 6.3 MHz
at 4 K. To describe the f0(T) behaviour of CGT, we model the
resonance frequency of a circular membrane as:

f 0ðTÞ ¼

������������������������������������������������������
2:4048

2� r

� � 2 nthðTÞ
� h

þ f 2
0ðT0Þ

s

; (2)
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Fig. 1 Force indentation of suspended membranes of CGT. a An
optical image of a 9.5 ± 0.3 nm thin CGT membrane with a radius r =
2 � m. Scale bar: 12 � m. b A schematic of the membrane de� ection
by a cantilever tip. � zc is the cantilever de� ection, g0 = 285 nm the
separation between the membrane and the bottom Si substrate, d
the membrane diameter, and � the membrane de� ection. c A force
versus membrane de� ection plot of the membrane shown in (a).
Experimental data (� lled blue circles) are � t by the point-force
de� ection of a circular membrane model of Eq. (1) (solid magenta
line). The inset shows a histogram of the Young's moduli extracted
from 18 CGT membranes of 9.5–30.1 nm thicknesses (see
Supplementary Note 1), which were used to obtain the mean value
of the Young's modulus E and corresponding standard deviation � .
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Fig. 2 CGT membrane characterization using laser interferometry. a Schematic diagram of the laser interferometry setup. b Filled blue
circles—measured amplitude of the fundamental resonance peak at T = 4 K. Solid magenta line—� t to a damped harmonic oscillator model.
The inset shows an optical image of a 17.4 ± 0.3 nm thin CGT membrane of 2 � m radius. Scale bar: 8 � m. c The comparison of the measured
resonance frequency f0 of the thin � lm shown in (b) (see also Supplementary Note 2) and the lattice constant of bulk CGT as a function of
temperature. The � lled and open blue circles represent the measured data during heating and cooling cycles respectively. The connected
magenta circles represent the lattice constant a of bulk CGT as measured by Carteaux et al.5. The dashed black horizontal line represents a at T
= 300 K. The insets show schematics of membrane stretching or buckling at tensile or compressive strain, on the right and left respectively.
The pink region indicates the temperature range where compressive strain is dominant and is a guide to an eye.

M. Šiškins et al.

2

npj 2D Materials and Applications (2022)    41 Published in partnership with FCT NOVA with the support of E-MRS

12
34

56
78

90
():

,;



where f0(T0) is the resonance frequency at a reference temperature T0
(e.g., room temperature) due to the contribution of the pre-tension
and the bending rigidity, � the mass density, nthðTÞ ¼ Eh

ð1� � Þ� th the

thermally accumulated tension, � th ¼ �
RT i

T0
� CGTðTÞ � � SiðTÞð ÞdT the

thermal strain at an arbitrary temperature Ti
27,28, � Si(T) the literature

values for thermal expansion coef�cient of Si substrate40, and � CGT(T)
the temperature-dependent thermal expansion coef�cient of CGT.
Thus, we attribute the observed f0(T) trend to a large change in the
in-plane lattice constants of the unit cell and the resulting negative
� CGT(T) near the phase transition, which was also previously reported
for bulk CGT5. This anomalous lattice expansion, when cooling down
from the paramagnetic to the ferromagnetic state, is related to the
strong magnetostriction effect at the ferromagnetic ordering
temperature TC in CGT5,14 that causes a substantial drop in
strain � th(T) and a corresponding reduction of the membrane tension
near TC.

In Fig. 2c we also plot the change of the in-plane lattice
constant, a, of bulk CGT, experimentally obtained by Carteaux
et al.5, as a function of temperature and compare it with the
observed resonance frequency. The lattice constant a is shown to
be smaller at room temperature (indicated by the black horizontal
dashed line) in comparison to temperatures below the para-
magnetic to ferromagnetic phase transition (~66 K). Since the
lattice constant increases, the suspended part of the �ake
effectively has a larger volume at T < TC than at room temperature,
indicating a switch from tensile to compressive strain, as indicated
by the pink region in Fig. 2c. In this temperature range, the
compressively strained suspended �ake is likely to sag, wrinkle, or

buckle, which possibly explains a different warming and cooling
trend for the resonance frequency f0(T). Buckling of thicker
magnetic CGT layers itself is interesting for the future develop-
ment of reprogrammable mechanical memory devices at nano-
and micro-scale41, utilizing the bi-stable states of a buckled thick
�ake42,43. However, in the case of thin membranes, due to the
changing resonance mode shape in the compressive strain regime
and the potential wrinkling, a comprehensive analysis of f0(T)
using Eq. (2)27 is not reliable for T < TC and thus cannot be applied
directly to resonators made of bare CGT.

Tensile strain in heterostructure membranes
To prevent the compressive strain that can lead to wrinkling in
CGT membranes, and controllably probe f0(T) near and below its
phase transition temperature, we fabricate a suspended mem-
brane heterostructure composed of CGT and WSe2 �akes, shown
in Fig. 3. WSe2 is a material with well-known mechanical
properties28,44,45 that does not undergo a phase transition from
4 to 300 K45. In the heterostructure, its positive thermal expansion
coef�cient � WSe2 ðTÞ counteracts the negative � CGT(T) near TC of
CGT, such that the total membrane stress remains tensile and f0
can be used to probe � (T) even below TC.

We measure f0(T) of the suspended CGT/WSe2 heterostructure
together with a reference drum of the same WSe2 �ake (Fig. 3b).
The f 0;WSe2 ðTÞ follows a monotonous increase trend with
decreasing temperature (�lled orange circles), as expected from
its positive � WSe2 ðTÞ28,45. In contrast, f 0;CGT=WSe2 ðTÞhas a downturn
with decreasing temperature near the transition temperature
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Fig. 3 Mechanical properties of a suspended CGT/WSe2 (16.7 ± 0.3 nm/6.9 ± 0.1 nm) heterostructure membrane with a radius r = 2 � m.
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feature at ~20 K remains unclear and is a subject of future studies. d Filled blue circles— d f 2
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dT of the CGT/WSe2 heterostructure as a function of
temperature. Connected magenta circles—the thermal expansion coef� cient of bulk CGT5. The black vertical dashed lines in (b–d) indicate the

measured T �
C ¼ 58 ± 0:5 K as determined from the peak position of d f 2

0ð Þ
dT .
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