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Strong effects of uniaxial pressure and short-range correlations in Cr2Ge2Te6
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Cr2Ge2Te6 is a quasi-two-dimensional semiconducting van der Waals ferromagnet down to the bilayer with
great potential for technological applications. Engineering the critical temperature to achieve room-temperature
applications is one of the critical next steps on this path. Here, we report high-resolution capacitance dilatometry
studies on Cr2Ge2Te6 single crystals which directly prove significant magnetoelastic coupling and provide quan-
titative values of the large uniaxial pressure effects on long-range magnetic order (∂TC/∂ pc = 24.7 K/GPa and
∂TC/∂ pab = −15.6 K/GPa) derived from thermodynamic relations. Moderate in-plane strain is thus sufficient
to strongly enhance ferromagnetism in Cr2Ge2Te6 up to room temperature. Moreover, unambiguous signs of
short-range magnetic order up to 200 K are found.
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Strain is a versatile parameter to engineer electronic,
optical, thermal, or chemical properties of materials in semi-
conductor technology [1–5]. When technologically relevant
phenomena in unstrained single crystals or epitaxial films
appear only at low temperatures, it can be used particularly to
tune the relevant phenomena toward room temperature [6–8].
The quasi-two-dimensional (quasi-2D) van der Waals (vdW)
semiconducting ferromagnet Cr2Ge2Te6 is such an example
of great potential for technological applications as it shows
ferromagnetism in bilayers at around 30 K [9]. The precise
determination of uniaxial strain effects as demonstrated by
gigantic uniaxial pressure dependencies reported here is hence
mandatory to engineer TC to the room temperature as a next
step towards applications.

In particular due to groundbreaking recent discoveries of
long-range magnetic order in bilayers of Cr2Ge2Te6 [9] and
down to the monolayer in CrI3 [10], quasi-2D layered vdW
materials are at the forefront of research. The layered structure
with weak bonding between individual layers makes these
materials very attractive for both fundamental research and
application-oriented communities. Fundamental research on
magnetic vdW materials is focused on the origin and control
of their magnetic anisotropy and spin-coupling mechanisms
[11,12], whereas research on applications ranges from integra-
tion into vdW heterostructures [13,14], vdW-materials-based
spintronic devices [15–17], and field effect transistors, e.g.,
using layered NiPS3 [18], to thermoelectric devices [19].
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In bulk Cr2Ge2Te6, ferromagnetism evolves at TC � 65 K
[20,21]. It crystallizes in the trigonal space group R3̄ (No.
148) and belongs to the class of layered vdW transition metal
trichalcogenides (TMTCs). The edge-sharing transition metal
chalcogenides form a honeycomb network. These honeycomb
layers are stacked along the c axis with a vdW gap between
adjacent layers (Fig. S1 of the Supplemental Material [22]).
A key feature in the layered magnetic vdW materials is mag-
netic anisotropy, which enables the persistence of long-range
magnetic order down to the bilayer or monolayer limit. It orig-
inates from the crystallographic lattice, which is connected
to the electronic spins via spin-orbit coupling [12,21]. Previ-
ous studies investigated the control of magnetic anisotropy in
Cr2Ge2Te6 by hydrostatic pressure, discussing the possibility
of switching the uniaxial anisotropy under pressure from the
crystallographic c axis in the unstrained system to an in-plane
anisotropy [23,24]. Moreover, spin correlations in Cr2Ge2Te6

up to 160 K, i.e., about 2.5 times TC, were inferred from static
magnetic susceptibility and X-band electron spin resonance
(ESR) measurements [20,25], and angle-resolved photoemis-
sion spectroscopy (ARPES) spectra of Cr2Ge2Te6 at 150 K
rather suggest a ferromagnetic than a paramagnetic state [26].

These findings motivated us to investigate Cr2Ge2Te6 by
means of high-resolution capacitance dilatometry to study
lattice changes under changing temperature or magnetic field
at very high resolution [27]. What is more, in conjunction
with specific heat measurements it enables the derivation of
the uniaxial pressure dependencies of TC from thermodynamic
relations, providing the means to quantify the magnetoelastic
coupling in a material. In contrast to hydrostatic pressure,
uniaxial pressure dependencies are otherwise hard to access
experimentally for Cr2Ge2Te6.

Single crystals of Cr2Ge2Te6 have been grown by
the self-flux technique and were characterized in detail
as reported in Refs. [20,21]. High-resolution dilatometry
measurements were performed by means of two three-
terminal high-resolution capacitance dilatometers from

2643-1564/2022/4(2)/L022040(7) L022040-1 Published by the American Physical Society

https://orcid.org/0000-0002-2357-3325
https://orcid.org/0000-0001-8289-2644
https://orcid.org/0000-0002-8250-3861
https://orcid.org/0000-0001-9006-9797
https://orcid.org/0000-0002-8816-9614
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.4.L022040&domain=pdf&date_stamp=2022-05-20
https://doi.org/10.1103/PhysRevResearch.4.L022040
https://creativecommons.org/licenses/by/4.0/


S. SPACHMANN et al. PHYSICAL REVIEW RESEARCH 4, L022040 (2022)

FIG. 1. Thermal expansion at 0 and 15 T with nonmagnetic back-
ground estimate. Relative length changes in zero field (black and blue
circles) and at B = 15 T (green and brown symbols) for B ‖ ab and
B ‖ c. Left and right ordinates have been shifted and scaled. The red
curve shows the estimated phonon background (see the text). Vertical
lines indicate the length changes between 0 and 15 T obtained from
magnetostriction measurements at selected temperatures. The inset
highlights the low-temperature behavior of �Lab(T ).

Kuechler Innovative Measurement Technology in a home-
built setup placed inside a variable-temperature insert in an
Oxford magnet system [27–29]. The capacitance readout was
facilitated by Andeen-Hagerling’s AH 2550A ultraprecision
1-kHz capacitance bridge [30]. With the dilatometers, the
uniaxial thermal expansion �Li(T )/Li and the linear thermal
expansion coefficients αi = 1/Li · dLi(T )/dT both along the
c axis and along the in-plane direction, i.e., ‖ ab, were studied
at temperatures between 2 and 300 K in zero field and in
magnetic fields up to 15 T applied along the direction of the
measured length changes. In addition, the field-induced length
changes �Li(Bi ) were measured at various fixed temperatures
between 2 and 204 K in magnetic fields up to 15 T [31]. The
crystals measured in this study were cut to cuboid shapes with
lengths of the order of 300 μm along the c axis. In-plane
measurements were performed on a crystal with dimensions
of 1.3 × 2.0 mm2 (lab = 1.29 mm) in the ab plane. Zero-field
specific heat was determined in a Physical Property Measure-
ment System (PPMS) from Quantum Design.

Thermal expansion measurements evidence strong mag-
netoelastic coupling in Cr2Ge2Te6 as shown by pronounced
kinks in �L/L (Fig. 1) and corresponding peaks in the thermal
expansion coefficients at TC, in zero magnetic field [Fig. 2(a)].
The anomalies signal a continuous phase transition with an
increase (decrease) in the in-plane (out-of-plane) lattice pa-
rameters at TC upon cooling. As pressure stabilizes the phase
with smaller lattice, this implies negative dependence of TC on
pressure applied within the ab plane whereas pressure applied
along the c axis will increase TC. The anomalies in the ther-
mal expansion data in Fig. 2 are very pronounced at TC, but
extend from the lowest measured temperatures up to at least
200 K, which can easily be seen for the c axis: Phononic con-
tributions to the thermal expansion coefficient are expected
to monotonically increase with temperature, whereas αc de-
creases until about 200 K, where it reaches a plateau. This
behavior suggests a large regime of nonphononic precursory
length changes above the long-range ferromagnetic ordering

FIG. 2. (a) Thermal expansion coefficients αi, i = c, ab, and
(b) specific heat at B = 0 T. The red curves show the background
fits as explained in the text.

temperature. The precursory length changes are associated
with negative in-plane thermal expansion up to nearly 95 K,
whereas αc is positive in the whole temperature regime under
study [32].

Applying an external magnetic field of 15 T yields dis-
tinct field-induced effects on the length changes (Fig. 1,
green and brown symbols). Note that the 15-T data for
each axis in Fig. 1 are shifted vertically to coincide at
highest temperatures with the respective 0-T data where
magnetostriction is vanishing. The field effect at 15 T be-
comes distinguishable upon cooling below roughly 210 K.
Experimentally determined magnetostriction �L(B)/L(0) un-
ambiguously confirms the magnetic field effect [vertical lines
in Fig. 1 showing (L(15 T) − L(0))/L(0) at various temper-
atures; see also Fig. S5]. In line with this large field effect,
the peak in the thermal expansion coefficients shifts to higher
temperatures upon application of the magnetic field for both
directions, i.e., to 90 K (in plane) and 103 K (c axis), and
broadens substantially (Fig. S3). For B ‖ c, the data imply
shrinking of the c axis at 30 K � T � 210 K and only very
small magnetostriction outside this temperature regime. In
contrast, magnetostriction is positive for B ‖ ab but changes
sign at ∼37 K (see inset of Fig. 1). The magnetostriction
coefficient is given by λi = 1/Li∂Li/∂B = −∂M/∂ pi, where
M is the magnetization and pi is the stress applied along i.
This observation implies a sign change of the uniaxial pres-
sure dependence of the magnetization from ∂M/∂ pab > 0 to
∂M/∂ pab < 0 at low temperatures. The c-axis pressure de-
pendence ∂M/∂ pc, on the other hand, is very small at lowest
temperatures.

In order to estimate nonphononic contributions to the ther-
mal expansion of Cr2Ge2Te6, an estimate of the phononic
contributions is necessary [33]. In general, the phononic con-
tribution to the linear thermal expansion coefficient αi is
related to the specific heat of a phonon mode j, cph, j (in
J mol−1 K−1), by the compressibility κ (in GPa−1) and a
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Grüneisen parameter γi, j (dimensionless) as

αi,ph(T ) = κ

3Vm
·
∑

j

γi, j · cph, j (T ), (1)

1.67 × 10−4 m3/mol is the molar volume for Cr2Ge2Te6,
calculated from the unit cell volume V0 = 811 Å3 [33] and
Mmol = 1014.87 g/mol with three formula units per unit cell.
The specific heat of a phonon mode can be modeled in dif-
ferent ways. Often a Debye approximation (for formula, see
Supplemental Material), which assumes a linear dispersion
of a phonon branch, is used to model acoustic phonons and
low-temperature behavior, whereas an Einstein approxima-
tion is applied when optical phonons dominate. We tried
different combinations of Debye and Einstein modes. The
best fit to the specific heat data [Fig. 2(b)] was achieved by
(1) optimizing for a total magnetic entropy in line with a
spin- 3

2 system, Smag ≈ Smag,theor = 2R ln(4) (with 2 moles of
Cr atoms per mole of Cr2Ge2Te6and R being the molar gas
constant), as well as (2) assuming that the peak shape of cp,mag

should resemble that of the thermal expansion coefficient
and (3) assuming that the magnetic entropy should vanish
around 200 K as indicated by the plateau in αc [Fig. 2(a)]
as explained above. With these assumptions we obtained the
best fit for a combination of only two Debye modes with
Debye temperatures �D,1 = 150 K and �D,2 = 410 K and
a Sommerfeld coefficient γel = 60 mJ mol−1 K−2 (obtained
from the low-temperature behavior; see Supplemental Ma-
terial). The magnetic specific heat (Fig. 3, black squares)
results from subtracting the phonon fit from cp. The related
magnetic entropy shows that only 56% of the full magnetic
entropy is contained below TC. Phonon fits to the thermal
expansion coefficients [Fig. 2(a)] are obtained according to
Eq. (1) by multiplying the phononic specific heat by a con-
stant, the effective Grüneisen parameter γi,eff = κγi/(3Vm ), to
fit the high-temperature behavior of αi. With this approach
we assume a constant bulk compressibility, κ (T ) = const, as
well as a constant Grüneisen parameter which is the same for
both Debye modes, γi,1 = γi,2 = γi, i = c, ab. This results in
γc,eff = 8.05(10) × 10−8 mol/J and γab,eff = 4.5(1) × 10−8

mol/J. Bulk compressibilities for Cr2Ge2Te6 have not been
determined experimentally, but a bulk modulus B = 1/κ =
14 GPa has been reported from density functional theory
(DFT) calculations [34], i.e., κ = 0.071 GPa−1. Applying this
result from calculations yields an estimate of the Grüneisen
parameters γc = 0.56 and γab = 0.32. The estimated nonmag-
netic background in Fig. 1 is obtained by integration of these
fits with respect to temperature.

As seen in Figs. 1 and 2, above 205 K the thermal
expansion is described very well by the phonon background.
Upon cooling below 205 K, in contrast, nonphononic thermal
expansion evolves which is anisotropic in nature. We attribute
the nonphonon behavior to magnetic degrees of freedom. A
comparison of these magnetic contributions to the specific
heat and thermal expansion reveals that they scale over the
full range from 0 to 200 K except at the Curie temperature
(Fig. 3; see also Fig. S4). This scaling implies the presence
of only one dominant energy scale [35,36]. While the c
axis shows a nearly perfect scaling from 200 to 80 K and
good scaling below 64 K, minor deviations can be seen

FIG. 3. Grüneisen scaling of thermal expansion and specific
heat. Comparison of αi,mag (red open symbols) and cp,mag (black
closed symbols) at B = 0 T for the in-plane direction (a) and the
c axis (b) yielding the magnetic Grüneisen parameters γab,mag =
4.2−7.8 and γc,mag = 11.3 (see text).

for the ab plane, especially between 70 and 130 K. The
effective magnetic Grüneisen parameter for the c axis is
γc,mag,eff = 1.6 × 10−6 mol/J, and γab,mag,eff varies from
−6 × 10−7 to −1.1 × 10−6 mol/J between 120 and 30 K.
With κ = 0.071 GPa−1 as before this yields large magnetic
Grüneisen factors γc,mag = 11.3 and γab,mag = 4.2−7.8.
These values are of the same magnitude as other magnetic
Grüneisen factors, e.g., γmag ≈ −18 for α-Mn [37]. A part of
the deviations around TC stems from the fact that the specific
heat was measured by a relaxation method and thus averages
over a temperature range, whereas the thermal expansion data
are measured closer to thermal equilibrium, with a warming
rate of 0.3 K/min. Effects of uniaxial pressure and strain, as
well as domain formation, presumably contribute further to
the deviations. Furthermore, the bulk modulus may change
around TC and lead to additional differences between thermal
expansion and specific heat.

On top of the analysis of Grüneisen scaling, the uniax-
ial pressure dependence of the ordering temperature can be
determined by the method suggested by Souza et al. for
continuous phase transitions exhibiting critical behavior [38].
This method has been applied to a number of materials and
was verified in comparison to experimental pressure depen-
dencies by studies on LaMnO3 and CaMnO3 [39,40], as well
as NaxCoO2 [41–43]. The pressure dependence is obtained by
subtracting from the specific heat a constant offset as well as
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FIG. 4. Scaling of the specific heat and thermal expansion coeffi-
cients in order to obtain the uniaxial pressure dependence according
to Ref. [38]. The thermal expansion coefficients were rescaled by
(a) ηab = −10 700 J mol−1 K−1 and (b) ηc = 6750 J mol−1 K−1.
ηcαcT was shifted by −0.8 K so that its peak position overlaps
with the peak position of c∗,c

p . Background subtractions with a = 48
J mol−1 K−1, b = 1.42 J mol−1 K−2 (a = 50 J mol−1 K−1, b = 1.2
J mol−1 K−2) were performed on cp to obtain c∗,ab

p (c∗,c
p ).

a linear term to obtain

c∗
p ≡ cp − a − bT (2)

and subsequently superimposing c∗
p with the rescaled thermal

expansion coefficients ηiαiT (in J mol−1 K−1) in a small-
temperature regime around TC [44]. The uniaxial pressure
dependence is then given by

dTC

d pi
≡

(
d pi

dT

)−1

C

= ηiαiT

c∗
p

. (3)

Analyzing our data this way we obtain scaling factors ηc =
6750(400) J mol−1 K−1 and ηab = −10700(600) J mol−1

K−1 (Fig. 4). From ∂TC/∂ pi = Vm
ηi

we then obtain ∂TC/∂ pc =
24.7(1.8) K/GPa and ∂TC/∂ pab = −15.6(1.1) K/GPa. As-
suming that the hydrostatic pressure dependence can be cal-
culated by superimposing the uniaxial ones in the three main
directions yields an estimate of dTC/d pp→0 = 2 ∂TC/∂ pab +
∂TC/∂ pc = −6.5(8) K/GPa.

Our observation of nonphononic lattice changes up to
200 K visible in the thermal expansion (Fig. 2) confirms
the presence of short-range magnetic order far above TC and
provides a macroscopic measurement of high-temperature
magnetostructural correlations in Cr2Ge2Te6. This obser-
vation strongly supports the expected quasi-2D nature of
magnetism in Cr2Ge2Te6 and suggests low-dimensional
exchange interactions [45,46]. Deviations from purely param-
agnetic behavior up to around 150 K were previously observed
in the static susceptibility [25], in X-band ESR spectra [20],
and in ARPES [26]. Moreover, temperature-dependent Ra-
man spectra of Cr2Ge2Te6 show a mode around 122 cm−1

broadening strongly upon cooling between 200 and 250 K
[47]. Direct investigation of magnetic correlations on the
isostructural ferromagnet Cr2Si2Te6, which also possesses
uniaxial c-axis magnetic anisotropy, revealed static and dy-
namic magnetic in-plane correlations at least up to 300 K,
almost ten times the long-range ordering temperature TC

= 33 K [46].
Low-dimensional high-temperature correlations are espe-

cially of interest from a fundamental perspective. The effects
of pressure on the critical temperatures and other physical
properties in magnetic vdW compounds, on the other hand,
are a field of intense research with an eye on precisely tuning
material properties for technological applications. Accord-
ingly, the effects of stress and strain on Cr2Ge2Te6 [24,47,48]
and related materials [49–56] have been intensively studied
both experimentally and numerically. Previous experimental
studies on Cr2Ge2Te6 were restricted to hydrostatic pressure
ph, the effect of which on the layered structure is not a priori
clear and is supposed to mainly modify the interlayer struc-
ture [57]. Hydrostatic pressure is found to decrease TC, the
response being stronger for small applied pressure than for
larger pressures. In the ranges from 0 to 0.25 GPa [47] and
from 0 to 0.1 GPa [48] a drop in TC of about −14 K/GPa
was observed, compared with about −4 K/GPa for pressures
of 1 GPa and above [24], which is in good agreement with
dTC/d pp→0 = −6.5(8) K/GPa derived from our thermal ex-
pansion and specific heat data. A more recent study found
smaller changes of about −12 K between 0 and 4.5 GPa, i.e.,
a drop by about 2.7 K/GPa [58]. The changes in TC under
hydrostatic pressure have been ascribed to the interplay of a
decrease in Cr–Cr and Cr–Te bond lengths and an increase in
Cr–Te–Cr bond angle away from 90◦ upon increasing ph, i.e.,
the complex competition between antiferromagnetic (AFM)
direct exchange between Cr ions and superexchange mediated
by the Te ions [24,49,59]. In this respect, our observation
that (uniaxial) in-plane pressure yields a drastic decrease in
TC is particularly relevant as it suggests that the observed
dTC/d ph is much more moderate due to the out-of-plane
pressure components. This conclusion is supported by re-
cent numerical studies of in-plane and out-of-plane exchange
couplings, Jin and Jout, which show a strong increase in Jout

upon application of hydrostatic pressure, with an initial ef-
fect of about 35%/GPa, whereas Jin was found to decrease
by about −10%/GPa [48]. The data presented here are also
consistent with recent density functional theory calculations
on Cr2Si2Te6 where a strong enhancement of TC by in-plane
biaxial tensile strain was found [49].

Our study experimentally evidences and quantifies by ther-
modynamic relations very large uniaxial pressure effects in
Cr2Ge2Te6. These large effects strongly underline the feasibil-
ity of using the material for potential applications, as tailoring
of the transition temperature is made possible by applying
moderate in-plane tensile strain. Especially, enhancing TC

with the goal of room-temperature applications is essential
for actual devices, e.g., for sensing, data storage, or com-
puting. The practical feasibility of such TC enhancement in
Cr2Ge2Te6 has been shown by Wang et al., who managed
to enhance TC to 208 K by electrochemical intercalation of
organic molecules into the van der Waals gap [60]. Adding to
this result the large in-plane pressure dependence which we
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report here, in particular, suggests an exceptional feasibility
of using Cr2Ge2Te6 for strain-tailoring ferromagnetism.

Although there are quite a number of theoretical studies
on the effects of strain and stress on Cr2Ge2Te6 and other
magnetic vdW materials as mentioned above, experimen-
tal results for the uniaxial pressure dependencies of these
materials are very rare. To the best of our knowledge, such
measurements only exist for CrI3 [61] and α-RuCl3 [62]. CrI3

also exhibits ferromagnetic layers but shows a much smaller
uniaxial pressure dependence of only ∂TC/∂ pab = −0.4(1)
K/GPa [61], i.e., of the same sign, but drastically, by more
than one order of magnitude, smaller than in Cr2Ge2Te6. In
contrast, the Kitaev spin liquid candidate α-RuCl3 exhibits
uniaxial pressure dependencies for its different transitions of
∂TN/∂ pa = −3.5 K/GPa to ∂TN/∂ pc = −14.5 K/GPa. These
values are much larger than those found for CrI3 and yet
still about two to four times smaller than what we report
here for Cr2Ge2Te6. Note that this drastic difference is not
reflected in the initial hydrostatic pressure dependencies of
either CrI3 or α-RuCl3, which are reported to be of similar
size to that in Cr2Ge2Te6, dTC/d p = 12 K/GPa [63] and
dTN/d p ≈ −13 to −24 K/GPa [62], respectively. In order to
further emphasize the size of pressure dependencies found in
Cr2Ge2Te6, it is instructive to compare our results also with
hydrostatic pressure dependencies of other quasi-2D magnetic
materials with a honeycomb lattice, such as VI3 [64], FePS3

[65], Na3Ni2SbO6 [29], and β-Li2IrO3 [66]. These materials
exhibit a large range of pressure dependencies differing by
two orders of magnitude. Very small hydrostatic pressure

dependencies have been reported for the vdW compound
VI3 [64,67], with dTC/d p ≈ 0 at small pressures, and for
Na3Ni2SbO6, with dTN/d p = −0.05 K/GPa [29]. Dilatomet-
ric studies of the Kitaev hyperhoneycomb iridate β-Li2IrO3

yield larger values of dTN/d p = 0.7 K/GPa [66]. Finally, a
hydrostatic pressure dependence of dTN/d p = 7.7 K/GPa is
observed in the vdW antiferromagnet FePS3 [65].

In conclusion, the quasi-2D layered van der Waals com-
pound Cr2Ge2Te6 shows strong magnetoelastic coupling
giving rise to large uniaxial pressure dependencies of TC.
These results confirm that moderate in-plane tensile strain is
sufficient to strongly enhance the long-range ferromagnetic
ordering temperature. Our high-resolution thermal expansion
data in addition unambiguously prove short-range magnetic
order up to 200 K. The large uniaxial pressure effects
and quasi-2D nature of magnetism in Cr2Ge2Te6 present
an intriguing playground for Cr2Ge2Te6-based technological
applications, bringing into reach room-temperature ferromag-
netism in 2D materials.

We acknowledge financial support by BMBF via the
project SpinFun (13XP5088) and by Deutsche Forschungs-
gemeinschaft (DFG) under Germany’s Excellence Strategy
EXC2181/1-390900948 (the Heidelberg STRUCTURES Ex-
cellence Cluster) and through Projects No. KL 1824/13-1
(R.K.) and No. AS 523/4-1 (S.A.). B.B. acknowledges the
Würzburg-Dresden Cluster of Excellence on Complexity and
Topology in Quantum Matter - ct.qmat (EXC 2147, Project
No. 390858490).

[1] S. Chen, A. Sood, E. Pop, K. E. Goodson, and D. Donadio,
Strongly tunable anisotropic thermal transport in MoS2 by
strain and lithium intercalation: First-principles calculations,
2D Mater. 6, 025033 (2019).

[2] Z. Peng, X. Chen, Y. Fan, D. J. Srolovitz, and D. Lei, Strain
engineering of 2D semiconductors and graphene: From strain
fields to band-structure tuning and photonic applications, Light
Sci. Appl. 9, 190 (2020).

[3] Y. Chen, Y. Lei, Y. Li, Y. Yu, J. Cai, M.-H. Chiu, R. Rao, Y.
Gu, C. Wang, W. Choi, H. Hu, C. Wang, Y. Li, J. Song, J.
Zhang, B. Qi, M. Lin, Z. Zhang, A. E. Islam, B. Maruyama
et al., Strain engineering and epitaxial stabilization of halide
perovskites, Nature (London) 577, 209 (2020).

[4] G. Tsutsui, S. Mochizuki, N. Loubet, S. W. Bedell, and D. K.
Sadana, Strain engineering in functional materials, AIP Adv. 9,
030701 (2019).

[5] J. Cenker, S. Sivakumar, K. Xie, A. Miller, P. Thijssen, Z. Liu,
A. Dismukes, J. Fonseca, E. Anderson, X. Zhu, X. Roy, D.
Xiao, J.-H. Chu, T. Cao, and X. Xu, Reversible strain-induced
magnetic phase transition in a van der Waals magnet, Nat.
Nanotechnol. 17, 256 (2022).

[6] D. G. Schlom, L.-Q. Chen, C. J. Fennie, V. Gopalan,
D. A. Muller, X. Pan, R. Ramesh, and R. Uecker, Elas-
tic strain engineering of ferroic oxides, MRS Bull. 39, 118
(2014).

[7] T. Wang, A. Prakash, Y. Dong, T. Truttmann, A. Bucsek, R.
James, D. D. Fong, J.-W. Kim, P. J. Ryan, H. Zhou, T. Birol,

and B. Jalan, Engineering SrSnO3 phases and electron mobility
at room temperature using epitaxial strain, ACS Appl. Mater.
Interfaces 10, 43802 (2018).

[8] P. Homm, M. Menghini, J. W. Seo, S. Peters, and J.-P. Locquet,
Room temperature Mott metal-insulator transition in V2O3

compounds induced via strain-engineering, APL Mater. 9,
021116 (2021).

[9] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao,
C. Wang, Y. Wang, Z. Q. Qiu, R. J. Cava, S. G. Louie, J. Xia,
and X. Zhang, Discovery of intrinsic ferromagnetism in two-
dimensional van der Waals crystals, Nature (London) 546, 265
(2017).

[10] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire,
D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, and X.
Xu, Layer-dependent ferromagnetism in a van der Waals crys-
tal down to the monolayer limit, Nature (London) 546, 270
(2017).

[11] X. Zhang, Y. Zhao, Q. Song, S. Jia, J. Shi, and W. Han,
Magnetic anisotropy of the single-crystalline ferromagnetic in-
sulator Cr2Ge2Te6, Jpn. J. Appl. Phys. 55, 033001 (2016).

[12] D.-H. Kim, K. Kim, K.-T. Ko, J. H. Seo, J. S. Kim, T.-H. Jang,
Y. Kim, J.-Y. Kim, S.-W. Cheong, and J.-H. Park, Giant Mag-
netic Anisotropy Induced by Ligand LS Coupling in Layered Cr
Compounds, Phys. Rev. Lett. 122, 207201 (2019).

[13] H. Idzuchi, A. E. Llacsahuanga Allcca, X. C. Pan, K. Tanigaki,
and Y. P. Chen, Increased Curie temperature and enhanced

L022040-5

https://doi.org/10.1088/2053-1583/ab0715
https://doi.org/10.1038/s41377-020-00421-5
https://doi.org/10.1038/s41586-019-1868-x
https://doi.org/10.1063/1.5075637
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1557/mrs.2014.1
https://doi.org/10.1021/acsami.8b16592
https://doi.org/10.1063/5.0035865
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.7567/JJAP.55.033001
https://doi.org/10.1103/PhysRevLett.122.207201


S. SPACHMANN et al. PHYSICAL REVIEW RESEARCH 4, L022040 (2022)

perpendicular magneto anisotropy of Cr2Ge2Te6/NiO het-
erostructures, Appl. Phys. Lett. 115, 232403 (2019).

[14] M. Blei, J. L. Lado, Q. Song, D. Dey, O. Erten, V. Pardo, R.
Comin, S. Tongay, and A. S. Botana, Synthesis, engineering,
and theory of 2D van der Waals magnets, Appl. Phys. Rev. 8,
021301 (2021).

[15] D. Zhong, K. L. Seyler, X. Linpeng, R. Cheng, N. Sivadas,
B. Huang, E. Schmidgall, T. Taniguchi, K. Watanabe, M. A.
McGuire, W. Yao, D. Xiao, K.-M. C. Fu, and X. Xu, Van der
Waals engineering of ferromagnetic semiconductor heterostruc-
tures for spin and valleytronics, Sci. Adv. 3, e1603113 (2017).

[16] Z. Wang, I. Gutiérrez-Lezama, N. Ubrig, M. Kroner, M.
Gibertini, T. Taniguchi, K. Watanabe, A. Imamoǧlu, E.
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