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Highly Anisotropic Mechanical Response of the Van der

Waals Magnet CrPS,

Maurits J. A. Houmes, Samuel Mafias-Valero,* Alvaro Bermejillo-Seco, Eugenio Coronado,

Peter G. Steeneken, and Herre S. J. van der Zant*

Semiconducting van der Waals magnets exhibit a rich physical
phenomenology with different collective excitations, as magnons or excitons,
that can be coupled, thereby offering new opportunities for optoelectronic,
spintronic, and magnonic devices. In contrast with the well-studied van der
Waals magnets Crl; or Fe;GeTe,, CrPS, is a layered metamagnet with a high
optical and magnon transport anisotropy. Here, the structural anisotropy of
CrPS, above and below the magnetic phase transition is investigated by
fabricating nanomechanical resonators. A large anisotropy is observed in the
resonance frequency of resonators oriented along the crystalline a- and b-axis,
indicative of a lattice expansion along the b-axis, boosted at the magnetic
phase transition, and a rather small continuous contraction along the a-axis.
This behavior in the mechanical response differs from that previously
reported in van der Waals magnets, as FePS; or CoPS;, and can be
understood from the quasi-1D nature of CrPS,. The results pinpoint CrPS, as
a promising material in the field of low-dimensional magnetism and show the

long-range magnetic order was long
thought to be forbidden in the 2D limit,
as per the Mermin-Wagner theorem,?! but
this theorem can be circumvented if mag-
netic anisotropy is present, as this allows
for the stabilization of different magnetic
configurations.® Anisotropic behaviors are
not limited to magnetic systems as they
can also be observed in, for example, the
electronic, optical, and structural proper-
ties. In fact, these anisotropic properties
are often coupled, offering a fruitful avenue
for the control of collective excitations,
such as excitons, phonons, or magnons,
and allowing the design of new devices
in fields such as magnonics, spintronics,
optoelectronics, or information storage
and processing.[**! In this regard, van der

potential of mechanical resonators for unraveling the in-plane structural
anisotropy coupled to the magnetic ordering that, in a broader context, can be
extended to studying structural modifications in other 2D materials and van

der Waals heterostructures.

1. Introduction

Anisotropy is a fundamental property necessary to fully under-
stand the behavior of low-dimensional materials.['! For instance,
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Waals magnets with in-plane anisotropy
offer unique opportunities, both in the
fundamental understanding of these ma-
terials and in terms of applications, as
recently shown by the exciton-magnon
coupling reported for CrSBr or the fabri-
cation of spintronic and magnonic devices
based on 2D magnets,[®1% among others.

A promising van der Waals magnet exhibiting an interplay
between the optical, electrical, magnetic, and structural proper-
ties is the magnetic van der Waals semiconductor CrPS,.["1-14]
A single layer of CrPS, consists of edge-sharing CrS; octahe-
dra forming quasi-1D chains along the b-axis that are intercon-
nected along the a-axis by PS, tetrahedra, Figure 1a, thus ex-
hibiting a marked low-dimensional character.'*15] Magnetically,
CrPS, is an A-type antiferromagnet, where ferromagnetic layers
are coupled antiferromagnetically along the c-axis, Figure 1b, be-
low ca. 34 K, as corroborated by magnetic susceptibility mea-
surements, Figure 1c, and in agreement with previous results
in literature, where a rich magnetic phase diagram, including
spin-flop and spin-flip transitions, is reported.[''1¢17] Optically,
it exhibits a marked anisotropic behavior, as determined by
Raman spectroscopy or photoluminescence measurements; ex-
citonic emission is furthermore tuneable by temperature and
thickness.[121*18] CrPS, can be thinned down to the single layer
limit while preserving its magnetic ordering,'®! and thin-layers
have been incorporated into electronic devices, showing mag-
netic states controllable by the gate voltage.?%) In addition, the
insulating nature of CrPS, at low temperatures is ideal for
the electrical excitation and detection of magnons,/® and the
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Figure 1. a) CrPS, crystal structure along the ab-plane, in which CrSg oc-
trahedra form quasi-1D chains (up-down) connected via PS, tetrahedra.
The crystallographic a- and b-axis are indicated using red and green ar-
rows, respectively. The Cr, P, and S atoms are colored blue, green, and
yellow respectively. b) Layered structure of CrPS,; same color coding as
in a). The magnetic spin structure in the antiferromagnetic phase is in-
dicated by the black arrows through the Cr atoms. They are ferromagnet-
ically aligned in-plane and antiferromagnetically between the planes. c)
Temperature dependence of the magnetic susceptibility under 1 kOe field
applied parallel (orange), and perpendicular (blue) to the c-axis. The tran-
sition temperature is indicated with a black dashed line. The parallel and
perpendicular susceptibility show different behavior below the transition.
The inset shows the extended temperature range (6 — 300 K) of the same
data.

fabrication of multi-bit read-only memories.[!] Despite the ex-
citing properties of CrPS, described above, the role of the under-
lying in-plane anisotropic structural behavior remains still unex-
plored.

Here, we take advantage, on the one hand, of the van der Waals
nature of CrPS, for fabricating nanomechanical resonators based
on the layered structure of the material and, on the other hand,
of the high sensitivity of nanomechanical resonators to the strain
concomitant to a structural modification.[2-26] We observe a large
in-plane structural anisotropy while cooling down, exhibiting a
striking opposite mechanical behavior along the a- and b-axes. We
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also find indications of a previously unreported structural transi-
tion above 120 K.

2. Results and Discussion

Crystals of CrPS, are grown by chemical vapor transport (see Ex-
perimental section). Thin layers of CrPS, are mechanically ex-
foliated from their bulk counterpart and deterministically trans-
ferred on top of cavities etched in a SiO, on Si substrate, thereby
forming a nanomechanical resonator. Typical flake thicknesses
suitable for covering homogeneously the cavities are in the range
of 40 — 120 nm. Developing chemical routes for reaching atom-
ically thin layers of CrPS, with larger lateral sizes may enable
to study the mechanical properties of CrPS, down to the 2D
limit. The fundamental mechanical resonance is characterized as
a function of the temperature using a laser interferometry tech-
nique Figure 2a; see Experimental Section). In particular, our ex-
perimental configuration is based on an optical interferometer
where the CrPS, membrane acts as the moving mirror, and the
silicon surface at the bottom of the drum as the fixed mirror.
Thus, by focusing a red laser (Helium-Neon laser, A = 632.8 nm)
on the CrPS, membrane, we can track its motion since the am-
plitude of the vibration modifies the cavity length and, therefore,
constructive or destructive interference takes place. The interfer-
ence changes the intensity of the reflected light from the cavity,
which is detected with a photodiode. Another mechanism that
plays a role is the modulated absorption of the light by the CrPS,
drum.?”] The motion of the membrane is triggered photother-
mally by focusing a blue diode laser on it (4 = 405 nm). The res-
onance frequency depends on the geometry, the material prop-
erties (Young’s modulus, density, and Poisson’s ratio) as well as
the strain. Therefore, variations in the temperature imply a con-
traction or expansion of the unit cell of the material that causes
tensile or compressive strain and, consequently, modifies the res-
onance frequency. Thus, an enhancement (decrease) of the reso-
nance frequency relates to a compression (expansion) of the unit
cell.[]

2.1. Circular Cavity

A typical resonance response of a circular resonator is shown in
Figure 2b. This response is fitted using a Lorentzian function as
shown by the orange curve in Figure 2b. From this fit the reso-
nance frequency, f;, is extracted. Since the resonance frequency
is the lowest in the spectrum, we attribute it to the fundamental
mode. The dependence of the fundamental resonance frequency
on temperature is shown in Figure 2c.

A clear change in the resonance frequency over the measured
temperature range is present: in the region between 60 and
40 K the frequency slowly decreases with decreasing tempera-
ture, whereas in the region below 40 K this decrease becomes
stronger until around 28 K where the decrease becomes, weaker
appearing to level out at 10 K. No significant thermal hysteresis
between the heating and cooling cycles is observed (compare the
blue and red dots). A decrease in the resonance frequency, also
called softening, implies a decrease in tensile strain in the mate-
rial. Since, in this case, the decrease occurs solely as a response
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Figure 2. a) Schematics of the measurement setup. The vector network
analyser (VNA) power modulates a laser diode (4 = 405 nm), as to actu-
ate the vibrations of the drum in the cryo-chamber. Motion is read out with
a photodiode connected to the VNA using a He-Ne laser (A =632 nm), a
polarized beam-splitter (BS), and a quarter-wave plate (1/4) to create an
interferometer. Note, that the red and blue laser paths are offset for clar-
ity but in reality they are co-incident. The zoom-in of the sample shows a
schematic cut-through. b) Representative frequency response, measured
at 6 K. The blue dots are the experimental data and the orange line is a har-
monic oscillator fit to them, defining the resonance frequency (gray dashed
line), indicated by f;. c) Resonance frequency as a function of temperature
between 6 and 60 K. There is no significant difference between the heating
(red) and cooling (blue) cycles. The inset shows an optical microscope
image of a circular drum sample. The scale bar is 4 um. Data shown in
panels (b) and (c) correspond to a 120 nm thick CrPS, flake.

to a change in temperature, this softening implies an expansion
of the crystal lattice when cooling down, indicative of a negative
thermal expansion coefficient (TEC). This is comparable to pre-
vious results on the 2D magnet Cr,Ge,Te,,[??! also displaying an
softening response. Here softening is somewhat unexpected as
the related compounds of transition metal thiophosphates (such
as FePS,, MnPS;, CoPS;, or NiPS,),[2*%] show an increase of
f, with decreasing temperature (hardening); previously reported
measurements on the same material, CrPS,, by Li et al.,[?®! also
show a hardening response, in contrast to our results.
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2.2. Rectangular Cavities

A possible reason for the difference with the previously reported
measurements is the fact that those measurements were done
on a beam geometry for which alignment of the crystal is rele-
vant, especially for anisotropic materials such as CrPS,. There-
fore ,we further investigate the anisotropic contributions to this
strain behavior. In order to isolate the contributions of differ-
ent crystallographic axes, we create star samples, which consist
of an array of rectangular cavities arranged radially with a ro-
tational offset of 30 degrees. By transferring a flake of CrPS,
over the entire star multiple rectangular drums are created
each with a different orientation with respect to the crystallo-
graphic axes.[”)) By combining two star patterns with an off-
set with respect to each other of 15 degrees, the angular res-
olution is increased, albeit requiring larger flakes of the mate-
rial. An optical image of such a sample is given in Figure 3a.
The crystallographic a- and b-axes are determined as reported
by Lee et al.;*l they are indicated by the red and green arrows,
respectively.

We then compare the resonance frequencies of the cavities
with their short axis along the a- and b-axis respectively, see
Figure 3b. Strikingly different behavior is observed between the
two directions. For the b-axis, a softening of the mode occurs
while cooling, similar to the observation for circular drums, in-
dicative of decreasing tensile and a negative TEC. In contrast,
the resonance frequency of the a-axis orientation shows a small
increase in the resonance frequency over the same temperature
range. This increase indicates increasing tensile strain while low-
ering the temperature; there is no significant feature present near
the phase transition point in this case.

This behavior can be understood as a result of an expansion
between the Cr centers along the quasi-1D chains (b-axis), which
is enhanced upon the magnetic phase transition, and a rather
steady and small compression for the orthogonal direction, that
does not exhibit a discontinuity at the phase transition. These
findings are in line with the reported crystal structure above and
below the magnetic transition, where an expansion of the b-axis
is observed while cooling from 60 to 4 K.I'”] For completeness,
the temperature dependence for different angular directions is
presented in Figure 3¢, which emphasizes the clear anisotropic
dependence of the resonance frequency and thus the lattice con-
stants of the material. Similar trends are observed for other cir-
cular and star drums (see Sections S1 and S2, Supporting In-
fromation), manifesting the robustness of the underlying physi-
cal phenomena. Overall, we observe a pronounced negative ther-
mal expansion along the b-axis and a small positive thermal ex-
pansion along the a-axis. The presence of such a uniaxial neg-
ative TEC is a typical fingerprint of highly anisotropic systems,
as occurring in related compounds including metal halides, oxy-
chlorides, or CrSBr.[*2°31l This difference in the thermal expan-
sion coefficients along the a- and b-axes that appears below 120
K and persists down to low temperature may arise from dif-
ferences in the Griineisen parameter along the different crys-
tal axes, which leads to an increasing anisotropy that eventu-
ally can contribute to the magnetic phase transition at lower
temperature. These results may motivate further research on
the CrPS, properties at temperatures well above the magnetic
transition.
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Figure 3. a) Optical microscopy picture of a star sample, displaying two
arrays of rectangular cavities covered by a flake of CrPS,. In the lower left
corner of the flake, the fracture angle is highlighted and measured to be
67.5°. From this and the opposite angle of 112.5° the crystallographic axes
are determined. The crystallographic a- (red) and b-axis (green) are indi-
cated by colored arrows. The cavity highlighted red and green corresponds
to the cavity with its short axis aligned along the a- (0°) and b-axis (90°),
respectively. The scale bar is 20 um. b) Resonance frequency as a function
of temperature between 6 and 60 K for two cavities of the same flake with
their short axes aligned along the crystallographic a-axis (red) and b-axis
(green). There is a clear difference between the two directions, with the
a-axis showing no significant change in resonance frequency, and the b-
axis showing a transition behavior similar to that seen in circular drums
(Figure 2) when crossing the phase transition (black dashed line). c) Rel-
ative frequency change (color coded) with respect to 60 K as a function
of temperature. The angle corresponds to the angle that the short axis of
the cavity makes with the crystallographic a-axis; the cavity with the short
axis parallel to the crystallographic a-axis corresponds to 0°. Data shown
in panels (b) and (c) correspond to a 75 nm thick CrPS, flake.

2.3. Phase Transition

Above about 120 K, Figure 4a shows that the frequencies along
the a- and b-axis exhibit the same temperature dependence. This
indicates an equal expansion of the lattice for both axes as tem-
perature decreases. However, around 120 K, the distance between
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the green and red curves starts to become larger, indicating a
smaller expansion rate for the b-axis. Indeed, at T ~ 80 K we ob-
serve an upturn in the slope for the b-axis in the resonance fre-
quency versus temperature dependence, shifting from a positive
slope at low temperatures - expansion of the b-axis while cooling
down from 80 to 6 K, in line with the neutron experiments in
bulk CrPS, reported by Calder et al.l'’] or Peng et al.l*?] - to a neg-
ative one - compression of the b-axis while cooling from room
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Figure 4. a) Relative change in resonance frequency w.r.t. its value at 200 K
as a function of temperature between 6 and 200 K for two cavities of the
same flake with their short axis aligned along the crystallographic a-axis
(red) and b-axis (green). The data is the extended version from the data
shown in Figure 3b and serves to highlight that for temperatures above
120 K the two axes have the same behavior. b) Top panel: derivative of the
frequency squared with respect to temperature as a function of tempera-
ture of a circular cavity (blue) and averaged over all rectangular cavities ina
star sample (orange). The average shows a peak around 25 K, whereas the
circular cavity has a peak closer to 30 K. Middle panel: derivative of the fre-
quency squared with respect to temperature as a function of temperature
for two rectangular cavities with their short axis aligned along the a- (red)
and b-axis (green), respectively. The a-axis shows no clear variation with
temperature whereas the b-axis shows a peak around 25 K. Bottom panel:
difference between the change in frequency squared for two rectangular
cavities with their short axis aligned along the b- and a-axis, respectively.
The bulk transition temperature is indicated with the vertical black dashed
line. Data shown in panels (a) and (b, c) correspond to a 120 nm and
75 nm thick CrPS, flake, respectively.
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temperature down to 80 K. This structural anisotropy enhance-
ment around 120 K is to our knowledge unreported in literature.
This increased anisotropy and expansion of the quasi-1D chains
along the b-axis upon cooldown illustrates the interplay between
lattice parameters and magnetic order that, based on the change
in slope of the f;(T) curve, indicates that magnetic ordering also
has a substantial influence on the lattice parameters, leading to
further chain expansion.

Near the phase transition, the change in frequency for the
green curve (b-axis) is even more pronounced. In contrast, the
red curve (a-xis) shows a flattening off as temperature decreases
with no clear features. To further characterize the behavior near
the transition, we investigate the temperature derivative of the

W . o
frequency squared, % | as itis shown that this quantity is propor-
tional to the specific heat.?’] It is expected to have an anomaly

. . df? .
at the phase transition. Plotting the % a5 a function of temper-
ature, Figure 4b, we find that in the case of a circular drum this

2
i{_; exhibits a peak around 30 K, below the expected transition

temperature of 34 K. An even lower peak at 25 K is found for the
average behavior of a star sample, which is calculated by adding
up the response of all cavities with different angles and dividing

the total by the number of cavities involved.

. . df?
The reason for the discrepancy between the peak in ;—; and

the expected transition temperature is unclear but can have sev-
eral origins. It can be that the transition temperature is shifted
from the bulk value simply by going to thinner samples of the
material as it transitions to the value of a monolayer, although
the samples in this study are still quite thick, ranging from 40
to 165 nm, for this to be such a large effect. Another reason for
the deviation from bulk value can be that the strain in these sam-
ples shifts the transition temperature.l???] Since we do not ap-
ply any external strain, the strain responsible for this shift at the
transition temperature should be entirely due to the thermal ex-
pansion induced strain accumulated upon cool down of the sam-
ples. However, the change in strain required to account for the
observed shift is much larger than can be rationalized by the tem-
perature induced strain. A third reason can be that there is an ad-

ditional contribution in the ljr—OTZ, which dominates the peak caused
by the anomaly in the specific heat. Below the transition, mag-
netostriction, which couples the magnetic order parameter to
strain can give such a contribution, which we will now consider in
more detail. Strain or pressure modifies the bond distances - that
is, the superexchange pathways - and, within the Goodenough-
Kanamori-Arderson superexchange mechanism, the magnetic
exchange. Indeed, Bud’ko et al.l'®! have reported a suppression
of the Néel temperature of bulk CrPS, while applying hydro-
static pressure.

Assuming the magnetostrictive coupling coefficient to be tem-

. . a2 .
perature independent, we expect a peak in the ;—;, which co-

incides with the steepest slope in the order parameter. This is
consistent with the slope of Af? — Af?, Figure 4c, which is pro-
portional to the order parameter squared, [?, with the peak ob-

. . . . . .
served in %.[23] So the curve in this figure gives an impression

of the temperature dependence of the order parameter. The curve
does not follow the standard shape from mean-field theory as the
change at the transition temperature is not as abrupt. A possi-
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ble explanation is that the anisotropy present is not due to the
magnetic order, but further research is needed to verify this.

Comparing the % of the two different crystallographic axes a
peak around 25 K is present for the b-axis while no such feature
is present along the a-axis. The fact that no sign of the phase tran-
sition is visible in the a;lazxis can be understood from the fact that
the coupling between % and the specific heat is dependent on
the TEC. Since the TEC along the a-axis around the transition is
very small, as can be seen from the fact that the frequency does
not vary with temperature, this coupling along the a-axis is ex-
tremely weak.

Since % is proportional to the TEC of the material,|®*] the data
of Figure 4b can be used to estimate the TEC along the two crys-
talline directions. By using the approximate frequency for a rect-
angular drum of high aspect ratio:1?!

ﬂ)zz WE 1)

we find an adjusted formula for the TEC in rectangular drums,

=————=(T) +ag(T) )

here, E is the Young’s modulus, p the density, and w the length
of the cavity along its short direction. CrPS, is expected to have
an anisotropic Young’s modulus,**! with the values along the a-
(E,) and b-axis (E,) being respectively E, = 99.23 GPa and E, =
64.53 GPa, (see Section S3, Supporting Information).>* The val-
ues for the density, (p), and the width of the cavity, (w), are 2.9 x
10° Kg m~3,3%] and 4 um, respectively. For ag;(T) we use the data
of Lyon et al.l’] This results in a TEC along the a- and b-axis of
2% 1078 and —4 x 10~ K~! at 26 K (see Section S3, Supporting
Information).

3. Conclusion

In conclusion, we have probed by nanomechanical resonators a
large structural anisotropy in thin layers of the van der Waals
metamagnet CrPS,. While cooling down, we observe a contin-
uously increasing tensile strain along the a-axis, but a decreas-
ing tensile strain along the b-axis, that is largely enhanced upon
the magnetic phase transition. This suggests an increase in the
distances between the Cr®* ions along the quasi-1D chain direc-
tion. Our results highlight CrPS, as a van der Waals magnet that
is relevant for low-dimensional magnetism due to its marked
anisotropic behavior, in stark contrast with the most common
structurally isotropic 2D magnets, such as Crl,.13’] We also show
that when using nanomechanical resonators for studying van der
Waals magnets, careful choice of geometry is needed to account
for anisotropic effects. This provides an important insight for fu-
ture research directions, such as the anisotropic mechanical cou-
pling in van der Waals heterostructures formed by distinct 2D
materials or the role of collective excitations, like magnons or ex-
citons, in the 2D limit.
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4. Experimental Section

Crystal Growth: Crystals of CrPS, were grown following a solid-state
reaction inside a sealed evacuated quartz tube (pressure 5 x 10~° mbar,
length: 50 cm, internal diameter: 14 mm) with a stoichiometric amount
of Cr (99.99 %, Alfa-Aesar), P (>99.99 %, Sigma—Aldrich) and S (99.99 %,
Sigma-Aldrich). A three-zone furnace was used, with the material placed
in the leftmost zone, with a temperature gradient of 750/650/700 °C. The
temperature was kept constant for 21 days and rapidly quenched into wa-
ter. With this process crystals with a length of up to several centimetres
were obtained. The obtained crystals were analyzed by energy-dispersive
X-ray spectroscopy and by powder X-ray diffraction. The amount of ele-
ments obtained was Cr: 23.3 + 0.5 %, P: 14.8 + 0.4 % and S: 61.8 + 1.5%,
in good agreement with the expected ones (Cr: 24.6 %, P: 14.7 % and
S: 60.7 %). The refinement of the X-ray pattern (ICSD 25059) revealed a
monoclinic C face center crystal system with C121 space group and a unit
cell determined by & = y = 90° and f = 91.99(1)° and a = 10.841(9) A,
b = 7.247(6) A and c = 6.100(5) A. The obtained results were in accor-
dance with the ones reported in the literature.[!]

Bulk Magnetic Measurements: ~ Variable-temperature (2 — 300 K) direct
current (d.c.) magnetic susceptibility measurements were carried out in an
applied field of 1.0 kOe with a SQUID magnetometer (Quantum Design
MPMS-XL-5).

Sample Fabrication: Substrates consist of thermal SiO, of 285 nm
thickness, grown on highly doped (Si**) silicon. The rectangular cavities
were defined via e-beam lithography using AR-P 6200 resist. After devel-
opment, the exposed SiO, areas were fully etched via reactive ion etch-
ing. The AR-P 6200 resist was stripped in PRS-3000 and the sample was
cleaned in an O, plasma before stamping. The exfoliation and transfer of
multi-layer CrPS, flakes were done using a combination of polydimethyl-
siloxane (PDMS) and polycarbonate (PC) transfer methods. First, CrPS,
crystals were exfoliated onto the PDMS through scotch tape. Selected
flakes were then transferred to the star-shaped cavities in the SiO, /Si sub-
strate. For transfer of circular drum samples, the CrPS, crystals were exfo-
liated using scotch tape directly on un-etched Si/SiO, substrates. Selected
flakes are then transferred to circular-shaped cavities in the SiO,/Si sub-
strate using PC on PDMS.[38]

Laser Interferometry:  Samples were mounted on a heater stage, which
was cooled down to 4 K using a Montana Instruments Cryostation s50
cryostat with optical access. A blue diode laser (4 = 405 nm) was used
to excite the membrane optothermally via AC power modulation from a
vector network analyzer (VNA). Displacements were detected by focus-
ing a red He-Ne laser beam (4 = 632 nm) on the cavity formed by the
membrane and Si substrate. The reflected light, which was modulated by
the position-dependent membrane motion, was recorded by a photodiode
and processed by a phase-sensitive VNA. Laser spot size was =~ 1um.

Atomic Force Microscopy: Samples were mounted in a Cypher AFM
platform from Asyllum Research under atmospheric conditions and
scanned using Bruker FASTSCAN-A tips. In order to minimize contami-
nation of the samples AFM was performed after all other measurements.
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Supporting Information is available from the Wiley Online Library or from
the author.
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