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We report the results of the pressure-dependent measurements of the static magnetization and of the
ferromagnetic resonance (FMR) of Cr,Ge,Tes to address the properties of the ferromagnetic phase of this
quasi-two-dimensional van der Waals magnet. The static magnetic data at hydrostatic pressures up to 3.4 GPa
reveal a gradual suppression of ferromagnetism in terms of a reduction of the critical transition temperature, a
broadening of the transition width, and an increase of the field necessary to fully saturate the magnetization M.
The value of M, ~ 3up/Cr remains constant within the error bars up to a pressure of 2.8 GPa. The anisotropy
of the FMR signal continuously diminishes in the studied hydrostatic pressure range up to 2.39 GPa, suggesting
a reduction of the easy-axis-type magnetocrystalline anisotropy energy (MAE). A quantitative analysis of the
FMR data gives evidence that up to this pressure the MAE constant Ky, although getting significantly smaller,
still remains finite and positive, i.e., of the easy-axis type. Therefore, a recently discussed possibility of switching
the sign of the magnetocrystalline anisotropy in Cr,Ge,Teg could only be expected at still higher pressures, if
possible at all, due to the observed weakening of the ferromagnetism under pressure. This circumstance may be
of relevance for the design of strain-engineered functional heterostructures containing layers of Cr,Ge,Teg.
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I. INTRODUCTION

The layered van der Waals magnet Cr,Ge,Teg [1] belongs
to a class of materials which are currently the subject of
intense research activities as these systems offer, on the one
hand, a materials base for experimentally exploring details
of two-dimensional magnetism [2—4]. On the other hand, the
weak couplings between individual layers render these ma-
terials promising as (magnetic) components in so-called van
der Waals heterostructures [5]. In both respects it is essen-
tial to properly characterize the magnetic anisotropies of the
investigated materials. At zero external pressure, Cr,Ge,Teg
features a uniaxial magnetic anisotropy with the magnetic
easy axis being oriented parallel to the crystallographic c axis,
i.e., perpendicular to the honeycomb layers extending in the
ab plane (see, e.g., Refs. [1,6-8]). In a previous study [9]
we established the value of the uniaxial magnetocrystalline
anisotropy energy density (MAE) Ky = 0.48 x 10° erg/cm?
by means of ferromagnetic resonance (FMR) measurements
under standard conditions at ambient pressure. A detailed
discussion of this result and its comparison with the band
structure calculations can be found in Ref. [9].
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One route to modify the magnetic properties of van der
Waals magnets is the application of hydrostatic pressure to
the crystals, which, in the case of Cr,Ge,Teg, was already
attempted in Refs. [10,11]. Lin ez al. [11] reported a change
in the MAE upon applying external pressures up to 2 GPa,
in particular a change in the sign of Ky. This implies that
the anisotropy of the system transforms from easy-axis type
(easy axis parallel to the crystallographic ¢ axis) to easy-plane
type (easy direction perpendicular to the ¢ axis and thus in
the ab plane). However, details of the MAE as a function
of applied pressure have not been investigated so far. This
motivates a systematic, combined magnetization and FMR
study on Cr,Ge,Teg at various hydrostatic pressures aiming
at a quantification of the pressure dependence of Ky. To
our knowledge, the FMR experiments on Cr,Ge,Teg under
pressure and the magnetization studies at pressures exceeding
1 GPa were not reported so far.

In the present work we communicate a comprehensive
investigation of the effect of the hydrostatic pressure on the
static magnetic and FMR properties of single crystals of
Cr,Ge,Teg at pressures up to P = 2.39 and 3.4 GPa applied in
the FMR and magnetization experiments, respectively. With
increasing pressure, the magnetic ordering temperature grad-
ually decreases from 7, = 66K at P =0 down to 45 K at
P = 3.4 GPa. Concomitantly, the transition width broadens,

©2021 American Physical Society
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and the saturation field increases. Remarkably, the saturation
magnetization stays practically constant up to P = 2.8 GPa
and decreases at a higher pressure. The FMR measurements
performed at T =4.2K < T; in the frequency range 50—
260 GHz for the two orientations of the applied magnetic
field, H || ¢ and H L ¢, evidence that the excitation energy
gap characteristic of an easy-axis ferromagnet closes at P >
2 GPa. The data analysis in the frame of a phenomenological
theory of FMR reveals that the seemingly isotropic magnetism
of the studied crystals manifesting in the gap closure is a result
of the compensation of the intrinsic easy-axis magnetocrys-
talline anisotropy of Cr,Ge;Teg and the shape anisotropy of
the sample. It follows from our analysis that the MAE con-
stant Ky is reduced by a factor of 2 at the highest applied
pressure in the FMR experiment but still remains sizable. This
suggests a robustness of the easy-axis type ferromagnetism of
Cr,Ge,Teg to the application of pressure up to P = 2.39 GPa
despite a reduction of T;. Our findings motivate further pres-
sure experiments to address the question of whether the sign
of the MAE could be changed at still high pressures before the
ferromagnetic state would be fully suppressed. From the tech-
nological perspective, the results of the present work on the
pressure tunability of the magnetic anisotropy of Cr,Ge,Teg
may be insightful for accessing the use of this material as a
magnetic element of spintronic devices with strained archi-
tecture.

II. SAMPLES AND METHODS

Single crystals of Cr,Ge, Teg were grown with the self-flux
technique and thoroughly characterized as described in detail
in our previous work in Ref. [9]. As-grown single crystals
were thoroughly characterized by powder x-ray diffraction
and energy dispersive x-ray spectroscopy; both agree well
with the crystal structure in the R3 space group as well as with
the expected stoichiometry of Cr,Ge,Teg [12].

The bulk magnetization data were measured using a
custom-built pressure cell for a commercial Quantum De-
sign superconducting quantum interference device (SQUID)
magnetometer (MPMS-XL). Inside the CuBe cell, two op-
posing cone-shaped ceramic anvils compress a CuBe gasket
with a cylindrical hole used as sample chamber [13,14].
The plateletlike-shaped single-crystalline sample (m ~ 3.3 x
10-° g) of Cr,Ge,Tes with the ¢ axis normal to the plate
was installed into the gasket hole (diameter @ = 0.6 mm
and height 7 = 0.8 mm) and rested on the flat part of the
ceramic anvil. Given the longitudinal magnetic field direction
in the SQUID magnetometer, the H || ¢ orientation was easily
achieved. The uniaxial force is applied at ambient tempera-
ture, and it is converted into hydrostatic pressure in the sample
chamber using Daphne oil 7575 as the pressure-transmitting
medium. We checked the pressure value and its homogene-
ity at low temperature by measuring the pressure-dependent
diamagnetic response associated with the superconducting
transition of a small Pb manometer inserted in the sample
space [15]. Such measurements were performed in applied
fields of H =35 Oe. In order to ensure a stable pressure
throughout all measurements due to the thermal expansion
of the cell upon temperature sweeps, a thermal cycling was

performed once from ambient temperature to 2 K and back to
ambient temperature before the actual data acquisition.

Note that a magnetic background is detected in our DC
magnetization measurements arising from the pressure cell
itself. Here, we performed a detailed magnetic characteriza-
tion of the empty pressure cell within the same conditions
as the real experiments with the aim of a quantitative and
reliable disentanglement of the sample signal from the overall
magnetic response. The background correction was done by
subtracting the fitted signal of a gasket without a sample mea-
sured under the same conditions, given that the raw signal of
the gasket in our setup can be described by a magnetic dipole
in our SQUID detection coils. While at temperatures above
~20 K a temperature-independent pressure cell background
ensures excellent background subtraction, at low temperatures
a strongly temperature dependent magnetization of the CuBe
cell limits the resolution of our experiments. Consequently,
only background-subtracted data for 7 > 10 K are shown.
Small kinks in the magnetization curves around 40 K were
identified as instrumental artifacts. More detailed information
about the background of our pressure cell can be found in
Ref. [16]. Still, the combination of the very small magneti-
zation above the ferromagnetic ordering temperature of our
samples with a very small mass (m ~ 3.3 x 107 g) and the
large uncertainty of absolute pressure values for 7 > 150 K
using Pb as a manometer at low 7' in our ceramic anvil pres-
sure cell restrains us from a quantitative Curie-Weiss analysis
in the high-temperature regime.

Ferromagnetic resonance is a resonance response of the
total magnetization of the ferromagnetically ordered material
exposed to the microwave radiation. The FMR frequency not
only is determined by the strength of the applied external
magnetic field but also sensitively depends on the magnetic
anisotropy of the studied sample, as will be explained in
Sec. III B. The magnetic anisotropy can be accurately quan-
tified by measuring FMR at different excitation frequencies.
Therefore, in the present work FMR experiments were car-
ried out using a multifrequency electron spin resonance setup
equipped with a piston-cylinder pressure cell with a maximum
pressure of about 2.5 GPa. Its detailed description can be
found in Ref. [17]. Microwave radiation with frequencies in
the range 50-260 GHz was provided by a set of Gunn diode
oscillators and detected by a “He-liquid-cooled hot-electron
InSb bolometer. Magnetic fields up to 10 T were gener-
ated by a cryogen-free superconducting magnet. Plateletlike
single-crystalline samples of Cr,Ge,Teq with typical lateral
dimensions of ~3-4 mm were put inside the pressure cell
in a Teflon capsule filled with a pressure-transmitting fluid
(Daphne 7373 oil from Idemitsu Kosan Co., Ltd. [18-20]).
The advantage of having a well-defined c-axis direction of
the samples facilitated their orientation in the FMR pressure
cell. For the H || ¢ field geometry the studied sample was
placed on the flat bottom of the Teflon capsule. For H L ¢
it was firmly fixed with a thin Teflon tape to the side of a
small rectangular parallelepiped placed on the bottom of the
Teflon capsule. The inner pistons of the pressure cell made
of ZrO,-based ceramics ensured low-loss propagation of the
microwaves through the cell. The pressure was calibrated
using a superconducting tin-based pressure gauge. All FMR
measurements were performed at a temperature 7 = 4.2K
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FIG. 1. Temperature dependence of the magnetization M(T) of
Cr,Ge,Teg measured in the FC mode at uoH = 0.1 T parallel to the
¢ axis for pressures up to 3.4 GPa. The inset shows the corresponding
dM(T)/dT curves.

for two orientations of the sample with respect to the applied
magnetic field, H || ¢ axis and H L ¢ axis.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Pressure-dependent magnetization study

The field-cooled (FC) magnetization curves M(T) as a
function of temperature are shown in Fig. 1 for an applied
magnetic field uoH = 0.1 T oriented parallel to the ¢ axis
under an applied pressure up to 3.4 GPa. Due to the small
magnetization values, resulting from the very small mass of
the sample, the absolute values at high temperature show a
small artificial shift in the magnetization axis, coming from a
highly sensitive background subtraction. Two main character-
istics are observed. First, the onset of the magnetic transition
at approximately 80 K is persistent within £1 K despite the
pressure change. The onset was determined from the deriva-
tive dM/dT curve (Fig. 1, inset) while moving from high to
low temperature as the point of its departure from a very small,
close to zero, value dM/dT ~ 0 caused by just a small polar-
ization of paramagnetic moments to the negative values due
to the gradual development of the spontaneous ferromagnetic
moment. Second, the transition broadens continuously, and
the ferromagnetic (FM) transition temperature 7, defined as
the minimum of the dM (T )/dT curve [21,22], shifts to lower
temperature upon increasing pressure, as shown in the inset of
Fig. 1. This behavior is in line with an earlier report [10] in
which magnetization measurements at pressures up to 1 GPa
showed the same tendency. Remarkably, the absolute value of
the magnetization in the FM state at the given field of the mea-
surement is gradually reduced with increasing pressure up to
3.4 GPa. This can be explained by a shift of the saturation field
Hg, as a function of pressure to higher values, which reduces,
consequently, the magnetization at small applied fields such
as 0.1 T (see Fig. 2 and discussion below).

S
m
3
= ° 0GPa
° 13 GPa
| ° 22GPa
' s 2.8GPa
0'5 34GPa |
oo+ vy
0.0 0.5 1.0 1.5 2.0 25 3.0

ﬂoH (T)

FIG. 2. Magnetization M as a function of applied field H || ¢ at
T = 15K for pressures up to 3.4 GPa. The solid lines are guides to
the eye. A demagnetization correction has been applied [23].

The magnetic field dependence of the magnetization M (H )
is depicted in Fig. 2 for the same pressure values as shown for
the temperature dependences. To minimize the influence of
the nonperfect subtraction of the background signal from the
pressure cell at low temperatures, the curves were measured at
T = 15K, which is still low enough to capture the characteris-
tic behavior of the FM state (see Fig. 1). The M (H) data set in
Fig. 2 includes a reference measurement performed at ambient
pressure on a more massive single crystal (m ~ 4mg) and
without the pressure cell. The ambient pressure data yield a
saturation moment M of 3.05ug /Cr, which is consistent with
the value found in our previous study [9]. Importantly, the data
in Fig. 2 show that M is pressure independent up to about
2.8 GPa within the experimental error bar, the latter mostly
being determined by the comparably strong background sig-
nal due to the reduced mass of our sample. At higher pressure,
however, M reduces to about 2.5ug /Cr at 3.4 GPa. Another
important observation is that, contrary to the saturation mo-
ment, the saturation field Hg, continuously shifts to higher
values under applied hydrostatic pressure. While saturation
can be achieved at ~0.1 T for ambient pressure, poHgy in-
creases to ~1.5 T at 3.4 GPa. A possible explanation for the
shift of the saturation field was proposed by Sun ef al. [10]
through first-principles calculations. According to them, the
pressure-induced decrease in the Cr-Cr bond length favors
antiferromagnetic exchange, while a concomitant deviation
from the 90° Cr-Te-Cr bond angle leads to a suppression of
the FM superexchange interaction. Increasing competition be-
tween the easy-axis MAE and the easy-plane shape anisotropy
under pressure (see below) may also contribute to an increase
of Hg,. Magnetization measurements at still higher pressures
would be enlightening in this regard.

The results of the above analysis of the M(T) and M (H)
dependences are summarized in Fig. 3, where we plot the
M; and T; values as a function of the applied pressure with
the corresponding experimental error bars. As already noticed
above, the ordering temperature value estimated from the first
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FIG. 3. Saturation magnetization M and the FM transition tem-
perature 7. as a function of the applied pressure (symbols). M
was calculated as the average magnetization value for applied fields
noH > 2T, with 2T determined as the lower limit of the applied
field at which dM/dH = 0 for all the curves within the experimental
error bar. The solid lines are guides to the eye.

derivative criterion is less accurate for higher pressures due
to the broadening of the transition under pressure (Fig. 1,
inset). Still, we could clearly validate the long-range ordered
ferromagnetic ground state of Cr,Ge,Teg at 4.2 K and up to
3.4 GPa, i.e., for the parameter ranges where FMR experi-
ments were performed (see below). In contrast to T;, the FM
saturation moment is approximately constant for pressures up
to 2.8 GPa with a subsequent reduction for P > 2.8 GPa.

B. Pressure-dependent FMR study

The FMR data sets presented in this section were col-
lected by measuring three different single-crystalline samples
of Cr,Ge,Teg from the same batch with similar, but slightly
different, lateral dimensions. As will be discussed below, the
differences in demagnetization factors associated with differ-
ent sample dimensions are, however, negligible in the analysis
of the FMR data.

Selected FMR spectra measured for the two field geome-
tries used in this work are shown in Figs. 4(a) and 4(b). A shift
of the signal to higher fields for H || ¢ and to smaller fields for
H L c by applying pressure is clearly visible. The results of
frequency-dependent FMR measurements at a temperature of
4.2 K with H || ¢ and at different applied external pressures
between 0 and 2.39 GPa are summarized in Fig. 4(c). At
0 GPa, Cr,Ge,Teg features an easy-axis-type MAE with the
easy axis oriented parallel to the ¢ axis, as was investigated
in detail in our previous study [9]. This kind of anisotropy
directly manifests in an FMR measurement by a shift of the
resonance line towards smaller magnetic fields with respect
to the resonance position in the paramagnetic state if the
external magnetic field H is applied parallel to the magnetic
easy axis (¢ axis) and towards higher magnetic fields if H is
normal to the magnetic easy axis. This behavior is illustrated
in Figs. 4(a) and 4(b), where, depending on the direction of
the applied field, the FMR signal at P = 0 is shifted either to
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FIG. 4. Representative FMR spectra of Cr,Ge,Tes at zero and
the maximum applied pressure for the applied magnetic field (a) par-
allel and (b) perpendicular to the ¢ axis. The sharp spike is a
signal from the paramagnetic reference DPPH with a g factor of
g >~ 2. Some distortions of the line shape can be ascribed to the
interference effects of the microwaves in the pressure cell [24,25].
(c) The frequency-field diagram obtained from FMR measurements
at various pressures up to 2.39 GPa for H || ¢. Solid lines are fits
according to Eq. (2), while the dashed blue line indicates the para-
magnetic v(H,.s) dependence of the DPPH reference sample with
g =~ 2. Details of the frequency-field diagram for intermediate fields
are shown in the inset in order to emphasize the systematic shift of
the resonance line with increasing pressure.

the left or to the right side of the signal from the paramagnetic
reference sample 2,2-diphenyl-1-picrylhydrazyl (DPPH) with
a g factor g >~ 2, which is commonly used as a magnetic field
marker. Remarkably, the application of an external pressure
counteracts these tendencies by shifting the FMR line towards
the paramagnetic position for both field geometries. As a
result, with increasing the applied pressure from P = 0 to
2.01 GPa the FMR signal from the sample becomes isotropic;
that is, the resonance field H.s does not depend on the direc-
tion of the applied field at this value of pressure [Fig. 5(b)].
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FIG. 5. Examples of simulations (solid lines) of the mea-
sured frequency-field dependences (symbols) at (a) 0 GPa and
(b) 2.01 GPa. In these simulations experimental data sets obtained
for H || ¢ (circles) and H L ¢ (squares) were taken into account
simultaneously in order to determine the value of Ky.

The frequency-field dependence of the paramagnetic ref-
erence sample DPPH is shown in Fig. 4 as a blue dashed
line for comparison with the ferromagnetic resonance fields
H,., measured on the Cr,Ge,Teg samples for H || ¢ axis. Hies
shifts continuously to higher magnetic fields with increasing P
and thereby approaches, but does not cross, the paramagnetic
resonance branch in the frequency-field diagram. This system-
atic shift is emphasized in the inset of Fig. 4, where details of
the frequency-field diagram are shown for intermediate field
strengths. The change in the FMR line position as a function
of external pressure evidences a reduction of the MAE of the
studied system. However, the shift of the resonance fields of
Cr,Ge, Teg is determined not only by the strength and the sign
of the MAE constant Ky but also by demagnetization fields
resulting from the specific sample shapes which favor, in the
case of the platelike-shaped Cr,Ge,Teg crystals, an in-plane
magnetization. As a consequence, the internal demagnetiza-
tion fields will lead to a shift of the resonance position to
higher fields if the external magnetic field is applied perpen-
dicular to the honeycomb layers, i.e., for H || ¢ axis. Thus,
the size of the anisotropy constant Ky derived from shifts of
the resonance position would be underestimated if demagne-
tization effects were not taken into account (see the related
discussion in Ref. [9]). These demagnetization fields Hp can
be calculated using the elements of the demagnetization tensor
N; (i =x,y,z, with x,y,z being the principal axes of the
tensor) [23,26,27]:

HL = —4nN;M, (1)

where M denotes the magnetization of the sample. Since the
thickness of the platelike samples used in this study could not
be quantified precisely, the real sample shape was approxi-
mated using the demagnetization factors for a flat (infinite)
plate oriented perpendicular to the z axis (which was chosen
to coincide with the crystallographic ¢ axis of Cr,Ge,Teg),
i.e.,, Ny =Ny =0, N, = 1. This assumption is supported by
the fact that the lateral dimensions in the ab plane of the used

Cr,Ge,Teg crystals were much larger than the thicknesses
of the samples parallel to the ¢ axis. Using the value of the
saturation magnetization Mg >~ 3ug/Cr (which corresponds
to M, ~ 201 erg/G cm?® for Cr,Ge,Teg) yields a demagneti-
zation field puoHp in the fully saturated ferromagnetic phase
of —0.253 T if the external field is applied parallel to the
¢ axis. The frequency-field dependences measured with this
field orientation were then fitted by the following expression:

B
Vres = g]:;o[Hres + Hp + Hal, (2)

where vs denotes the resonance/microwave frequency and
H, is the anisotropy field describing the intrinsic mag-
netocrystalline anisotropy. Here, wp, @o and h are Bohr
magneton, magnetic permeability and Plancks constant, re-
spectively. Fits of Eq. (2) to the measured data are shown
in Fig. 4(c) as solid lines. For the fitting, the g factor and
Hy were treated as free fit parameters. The g factor varied
very little within the error bars around the mean value of
2.03 (see Sec. IV), whereas Hy significantly decreased with
increasing pressure. Using the latter parameter, it is possible to
calculate the uniaxial MAE Ky according to (see, for instance,
Ref. [28])

3)

The results obtained from this fitting procedure are discussed
in the following section together with results from an alterna-
tive approach for a quantitative analysis of the FMR data.

IV. SIMULATIONS OF THE FREQUENCY DEPENDENCE
AND DETERMINATION OF
THE MAGNETIC ANISOTROPIES

In order to simultaneously take into account the results
of our FMR measurements performed with H || c and H L ¢
field geometries, the measured frequency-field dependences
were numerically simulated for each pressure value. This
led to a refinement of the determination of Ky, in par-
ticular at higher pressures. For the simulations we used a
well-established phenomenological model of FMR (see, e.g.,
Refs. [28-30]) in which the resonance frequency vy is ex-
pressed as

2 0°F 3°F 9%F \2
2 ﬂ[ — ( ) :| 4)

T RM2sin’ 0| 962 9g?  \06dg

Here, F is the free-energy density, and 6 and ¢ are the spher-
ical coordinates of the magnetization vector M (M, ¢, ).

This phenomenological model is applicable for ferro-
magnets with fully saturated magnetization at temperatures
sufficiently lower than T, i.e., the case of the fully devel-
oped ferromagnetic phase. According to the above-discussed
results of our pressure-dependent magnetization study, both
criteria are safely fulfilled for the T, P, and H parameter
ranges of the FMR study.

To obtain the resonance position of the FMR signal, F in
Eq. (4) should be taken at the equilibrium angles ¢, and 6,
of M. In the simulations, the minimum of F with respect to
0 and ¢ for a given set of experimental parameters, such as
the microwave frequency and the direction and the strength
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of the magnetic field, was found numerically. For Cr,Ge,Teg,
accounting for both the intrinsic uniaxial magnetic anisotropy
and the (extrinsic) shape anisotropy of the particular studied
sample enabled an accurate description of all FMR data sets.
In this case the free-energy density (in cgs units) is defined as

F=—H -M — Ky cos*(0)
+ 2 M?[N, sin*(8) cos*(¢)
+ N, sin*(0) sin*(¢) + N, cos*(9)] (5)

and comprises, besides the Zeeman energy density expressed
by the first term, contributions due to the uniaxial and shape
anisotropies, the second and third terms, respectively.
Representative simulations of frequency-dependent mea-
surements at 0 and 2.01 GPa are shown in Figs. 5(a) and
5(b), respectively. At 0 GPa, the separation of the v(Hye)
curves obtained for the two different field orientations clearly
evidences the easy-axis-type magnetic anisotropy with the
H || ¢ curve being shifted to smaller fields and the H L ¢
curve being shifted to higher fields compared to the param-
agnetic position. The 0-GPa data could be simulated using the
value of Ky of 4.8 x 10° erg/cm® obtained in our previous
study [9]. Keeping the value of Ky fixed, the g factor and
demagnetization factors were adjusted in order to consistently
describe different studied samples. It turned out that all O-
GPa data could be described successfully with an isotropic
g factor of 2.03, which is consistent with our previous in-
vestigations, and the same set of demagnetization factors
Ny =N, =0, N; =1 despite the (small) differences in the
shapes of the samples. These parameters were kept fixed in
the simulations of the frequency dependences measured at
several nonzero pressures. The only free parameter in these
simulations was the anisotropy constant Ky, which allowed
us to determine the pressure dependence of the MAE. As can
be seen in Fig. 5(b), at a pressure of 2.01 GPa, the measured
frequency dependences are nearly identical for both orienta-
tions of the external magnetic field (a similar frequency-field
diagram was obtained for 2.39 GPa), giving the impression
of isotropic behavior. However, the contributions of the mag-
netocrystalline anisotropy and the shape anisotropy to the
free-energy density [Eq. (5)] have opposite signs within the
pressure range of this study. Thus, the apparently isotropic
frequency dependence is, in fact, a consequence of the sim-
ilar strengths of these two contributions. This allows us to
conclude that an application of pressures between 2.01 and
2.39 GPa reduces the uniaxial MAE Ky to a value that
compensates the shape anisotropy of the crystals. With the
demagnetization field uoHp = —0.253 T and saturation mag-
netization M ~ 201 erg/G cm? estimated above, one obtains
the shape anisotropy constant Keape = (HpM;)/2 ~ —2.54 x
10° erg/cm?. Its absolute value is indicated by the dashed line
in Fig. 6. Moreover, the pressure-dependent FMR studies do
not provide any evidence for a pressure-induced sign change
in the magnetocrystalline anisotropy or a vanishing of the
intrinsic uniaxial anisotropy up to pressures of 2.39 GPa. This
is in contrast to the conclusions drawn in Ref. [11] on a spin
reorientation transition at pressures between 1.0 and 1.5 GPa
based on magnetotransport investigations of Cr,Ge,Teg.
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FIG. 6. Pressure dependence of the uniaxial magnetocrystalline
anisotropy constant Ky of Cr,Ge,Tes. Red circles denote the results
obtained from fitting the different v(H,s) curves according to Eq. (2)
for H || c¢. Blue squares are the Ky values determined from simula-
tions according to Eq. (5) considering the experimental data sets for
H || c and H L ¢ simultaneously. The horizontal dashed line shows
the absolute value of the negative shape anisotropy constant Kgape
—2.54 x 10° erg/cm?®. It compensates the decreasing positive value
of Ky at p 2 2 GPa, yielding a seemingly isotropic behavior.

The pressure dependence of Ky as obtained from fitting
of the H || ¢ data to Eq. (2) and from the simulations of all
data available for both field orientations according to Eq. (5)
is shown in Fig. 6. Qualitatively, both methods reveal a similar
behavior, in particular a reduction of Ky with increasing pres-
sure. However, the deviation between the Ky values derived
from the fits and the simulation increases at higher pressures.
This could be attributed to the fact that the simulations simul-
taneously take into account the frequency dependences mea-
sured for both field orientations. Therefore, the reliability of
the Ky values from simulations is higher despite the larger er-
ror bars, in particular at higher pressures at which differences
between both field orientations become very small. Finally, it
is worth mentioning that in Ref. [31] a pressure-induced dif-
ference in the unit-cell volume of Cr,Ge,Teg between applied
pressures of 0 and 3 GPa of about 4% was reported. As the
unit-cell volume enters into the calculation of the saturation
magnetization, such a reduction of volume with increasing
pressure could change the absolute value determined for Ky.
However, it was found that the pressure-induced contraction
of the unit-cell volume by 4% does not affect the determina-
tion of Ky but is within the given error bars.

V. CONCLUSIONS AND OUTLOOK

Our combined magnetization and ferromagnetic resonance
study on single crystals of the quasi-two-dimensional ferro-
magnet Cr,Ge,Teg has revealed a significant effect of the
application of hydrostatic pressure P on the properties of
the ferromagnetic state of this compound. It manifests in a
reduction of the critical temperature 7, and a concomitant
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broadening of the transition to the FM state, as well as in
a gradual increase of the saturation field Hgy. In contrast,
the saturation magnetization remains practically constant up
to P = 2.8 GPa and reduces by approaching the highest ap-
plied pressure of 3.4 GPa. The frequency-dependent FMR
measurements performed in the fully developed FM state
at T < T. and H > Hg, at various external pressures up
to 2.39 GPa revealed a systematic shift of the resonance
fields with increasing P, evidencing a continuous reduction
of the magnetocrystalline anisotropy constant Ky. From the
quantitative analysis of the data, which takes into account
demagnetization effects, it follows that Ky, although being
significantly reduced at the highest pressures applied in this
study, neither vanishes nor changes its sign up to pressures
of about 2.4 GPa. Therefore, noting that FMR is a very di-
rect method for the quantitative determination of magnetic
anisotropy, it can be concluded with confidence that there is
no evidence for a switching of the magnetic anisotropy from
the easy-axis to the easy-plane type within the pressure range
under consideration. Further pressure-dependent studies on
Cr,Ge,Teg are desired to understand the apparent discrepancy
between our work and the magnetotransport study in Ref. [11]
claiming a spin-reorientation transition in Cr,Ge,Teg at pres-
sures 1 < P < 1.5 GPa and to address the question of whether
a pressure-induced sign switching of the magnetic anisotropy
could be achieved at pressures exceeding 2.39 GPa.
Although in terms of the spatial dimensionality we in-
vestigated bulk three-dimensional crystals of Cr,Ge,Teg, we
showed in our previous electron spin resonance/FMR study
that the low-temperature magnetism of the bulk crystals is es-
sentially of a two-dimensional (2D) nature due to a very weak
interlayer magnetic coupling in this van der Waals compound
[9]. Considering the intrinsic magnetic two-dimensionality
of the bulk material, our pressure-dependent study could be
relevant for the research on Cr,Ge,Teg in the truly 2D spatial
limit. In this respect, the pressure control of the magnetic
anisotropy investigated in our work may provide important
hints for a targeted design of functional magnetoelectrical
heterostructures containing layers of Cr,Ge,Teg.

In particular, a recent prediction of remarkable strain and
electric field tunability of a single layer of Cr,Ge,Teg is
encouraging [32]. It remains yet an open question whether
the design of a heterostructure with strain € of the order of
+1%-2% for the Cr,Ge,Teq layer, as proposed in Ref. [32],
can be achieved. However, a sizable effect on the mag-
netic anisotropy which we observed at hydrostatic pressures
up to 2.39 GPa corresponds to an even smaller compres-
sive in-plane strain € ~ 0.7% [31]. Such straining seems
plausible to achieve since, in general, 2D van der Waals
materials are known to sustain large strain. For example, it
was shown that biaxial compressive and tensile strain of ~1%
can be achieved in single-layer molybdenum dichalcogenide
deposited on a thermally compressed or expanded polymer
substrate [33].
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