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Uniaxial pressure effects in the two-dimensional van der Waals ferromagnet Crl;
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Magnetoelastic coupling and uniaxial pressure dependencies of the ferromagnetic ordering temperature in
the quasi-two-dimensional layered van der Waals material Crl; are experimentally studied and quantified by
high-resolution dilatometry. Clear anomalies in the thermal expansion coefficients at 7¢ imply positive (negative)
pressure dependencies d7¢/d p; for pressure applied along (perpendicular to) the ¢ axis. The experimental results
are backed up by numerical studies showing that the dominant, intralayer magnetic coupling increases upon
compression along the ¢ direction and decreases with negative in-plane strain. In contrast, interlayer exchange
is shown to initially increase and subsequently decrease upon the application of both out-of-plane and in-plane

compression.
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Introduction. Quasi-two-dimensional (quasi-2D) layered
van der Waals (vdW) materials have been intensively studied
in recent years due to their rich physics including long-range-
ordered phases down to the single layer [1-4]. Thanks to the
layered structure, they allow one to address the fundamen-
tals of low-dimensional physics and also hold an outstanding
promise for technological applications, as demonstrated, e.g.,
by Cr;Ge;Og/NiO heterostructures or NiPS;-based field-
effect transistors [5,6]. In Crl3, ferromagnetism emerges in the
bulk at 7c = 61 K, and persists even down to the monolayer
thickness with a slightly reduced ordering temperature [1].
As magnetic long-range order in isotropic 2D spin systems is
supposed to be suppressed by thermal fluctuations according
to the Mermin-Wagner theorem [7], the presence of intrinsic
ferromagnetism below about 45 K in single layers of Crls
raises the question of its driving origin(s).

The coupling between localized spins in Crl; is gov-
erned by different physical processes. The nature of isotropic
(Heisenberg) interactions, which are usually dominant in ma-
terials with localized spins, is relatively well understood [8,9].
At the same time, the role of spin-orbit coupling is not
completely elucidated. It is clearly important, as it pro-
vides a necessary source of magnetic anisotropy which
breaks the spin rotational invariance, opening the gap in
the magnon excitations and thus allowing for the long-range
magnetic order to exist at finite temperatures [10]. How-
ever, the exact shape of the spin Hamiltonian describing
bulk Crl; is debated. Different studies suggest the impor-
tance of Dzyaloshinskii-Moriya [11], Kitaev [12,13], or even
nonrelativistic higher-order interactions [14]. As previously
discussed [10], several models are equally successful in de-
scribing the inelastic neutron scattering data including the
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gap of A &~ 5 meV at the Dirac points, which points towards
the existence of highly intriguing topological magnons in this
material. Further experiments are needed to fully understand
the nature of ferromagnetic (FM) order in Crl; and exploit it
in applications. Magnetism in Crl; is also closely related to
the crystal structure. At Tg ~220 K, Crl; features a discontin-
uous phase transition from the high-temperature monoclinic
(C2/m) to the low-temperature rhombohedral (R3) phase [15].
This transition is absent in few-layer systems, and different
stacking patterns appear in thin and bulk samples at low
temperatures, thereby affecting the evolution of magnetic
order [16,17].

Here, we report high-resolution thermal expansion on bulk
single crystals of Crl;. The data show clear anomalies at
the onset of bulk ferromagnetism which allow the quantita-
tive determination of uniaxial pressure dependencies of Tt.
Furthermore, we compare our experimental results with nu-
merical calculations on the strain dependence of the dominant
magnetic exchange couplings to elucidate a microscopic pic-
ture of the mechanisms governing ferromagnetism in bulk
CI'I3.

Methods. The experiments were performed on Crlj single
crystals from HQ Graphene [18] which display a structural
transition at 7g ~ 212 K and ferromagnetic order at Tz =
61 K. The magnetization was studied by means of a Physi-
cal Properties Measurement System (Quantum Design) using
the vibrating sample magnetometer option. High-resolution
dilatometry measurements were performed by means of a
three-terminal high-resolution capacitance dilatometer in a
home-built setup placed inside a variable temperature insert of
an Oxford magnet system [19,20]. With this dilatometer, the
relative length changes dL;/L; out-of-plane and in-plane, i.e.,
along the crystallographic ¢ direction and in the ab plane, re-
spectively, were studied on thin single crystals of dimensions
1.2 x 1.8 x 0.06 mm?. The thermal expansion measurements
were performed upon warming at a rate of 0.3 K/min. A
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point-by-point derivative of the preprocessed data yields the
linear thermal expansion coefficients «; = (1/L;)dL;(T)/dT
(i =c, Lc). Due to air sensitivity of the crystals, fresh sam-
ples from the same batch were utilized for the respective
measurements.

For numerical studies of strain effects, the equilibrium
crystal structure of bulk Crl; was obtained by performing
a complete structural optimization within density functional
theory (DFT). As for the initial guess, we adopted the pa-
rameters of the experimental low-temperature structure and
kept the same point group symmetry (R3) [15]. The lat-
tice parameters and atomic positions were relaxed using the
Perdew-Burke-Ernzerhof [21] functional by means of a pro-
jector augmented wave method as implemented in the VASP
code [22,23]. The plane-wave kinetic energy cutoff was set to
350 eV along with a 12 x 12 x 12 k-point grid. The forces
on each atom were minimized down to 1 meV/A. Once
the equilibrium structure was obtained, we applied the strain
within the plane of the magnetic layers (ab) as well as along
the perpendicular direction (c¢ axis). For every chosen value
of strain, the positions of all the atoms in the material were
optimized.

In order to extract magnetic interactions, the system was
mapped onto a Heisenberg model:

1‘7 = — Z],‘je,‘ - €, (1)
(i)

where e; is the unit vector pointing along the spin moment of a
Cr** ion and J; ; 1s the exchange interaction between Cr atoms
at lattice sites 7 and j. In this sum, we restrict ourselves to
the nearest-neighbor (NN) coupling J; and interlayer coupling
J1. In order to calculate the exchange coupling between two
selected atoms, we calculated the energies of four magnetic
configurations: | - £ - ), [« 4 ) [ L )| ),
which we denote as E", EN, EV!, EVY respectively. The
rest of the spins were pointing “up,” thus representing the FM
background, corresponding to the ground state in bulk Crl;.
This way, the exchange coupling was calculated as follows:

1
S_Z[EN —i—EM _ (ETT +EW)], )

J,’ i =
where z is the number of equivalent neighbors j for a given
site i. The values of J; and J, were obtained for several values
of in-plane and out-of-plane strain. In order to minimize the
effect of more distant couplings, these calculations were per-
formed in an orthorhombic («/ga, a, c) supercell containing
48 atoms.

There is a number of previous studies which used the same
methodology to assess the magnetic exchange in CrX; sys-
tems both in bulk and monolayer forms [12,24-29]. The effect
of strain in this class of materials was studied, for instance, in
Refs. [26,30,31].

Results and discussion. The thermal expansion coefficients
presented in Fig. 1(a) display anomalies in both «, and «, at
the ferromagnetic ordering temperature, thereby evidencing
magnetoelastic coupling in Crl;. While the anomaly temper-
atures coincide with the peak in magnetization at ¢, the
anomaly in the magnetization at 7* = 49.5 K signaling the
evolution of antiferromagnetic ordering of the surface lay-
ers [32-35] is not associated with clear anomalies in the
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FIG. 1. (a) Thermal expansion coefficients of Crlz, as well as
(b) magnetization and its derivative, —d(MT)/dT, obtained at B||
ab =10 mT in a field-cooled measurement. Dashed lines mark the
ferromagnetic ordering temperature 7¢ and the evolution of a surface
antiferromagnetic/bulk ferromagnetic phase at 7*.

thermal expansion. In addition, the out-of-plane thermal ex-
pansion also displays an anomaly at the structural transition
temperature 7g ~ 215 K. However, while the data are well
reproducible below 150 K, this is not the case around Ts.
We attribute this to irreversible stacking defects appearing
in the sample at Ty and, hence, restrict the discussion to the
temperature regime below 150 K [15]. In contrast, the in-
plane thermal expansion data are fully reproducible and do
not show any detectable anomaly in ¢y, at Tg, i.e., there are
no anomaly-related in-plane lattice changes in the detection
limit dL ~ 10~ m (see Supplemental Material Fig. S1 [36]).
Comparing in-plane and out-of-plane data, thermal expansion
in Crl; is considerably larger along the ¢ axis as compared to
the ab plane, which is associated with very distinct directional
chemical bonding. A comparably strong anisotropic behavior
of the thermal expansion coefficients has been observed, for
instance, in graphite, although o, becomes negative at low
temperatures [37].

At Tc = 61.5(5) K, the small but distinct thermal expan-
sion anomalies in «, and o, exhibit opposite signs, which
implies opposite uniaxial pressure dependencies of Tg, i.e.,
dTc/dp. > 0 and 0T¢/9pa, < 0. To estimate the size of
the anomalies, we fitted the thermal expansion coefficients
well above T¢ and well below T* by a polynomial which
is indicated in Fig. 1(a). Anomalous contributions to the
thermal expansion coefficients are obtained by subtracting
the polynomial background from the experimental data (see
Fig. 2). Note that, by construction, this phenomenological
background includes putative contributions due to magnetic
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FIG. 2. Anomalous contributions to the thermal expansion coef-
ficients and the specific heat from Ref. [38] (see the text). The data
o, are multiplied by a factor 4.

short-range correlations above T which presence has been
reported [15,38].

The anomaly at ¢ is about four times larger in o, than in
o4, Which implies that the corresponding in-plane and out-of-
plane pressure derivatives of T¢ differ by that factor, as well.
Applying the same procedure for background determination
to the specific heat data from Spurgeon et al. [38] reveals
a quite similar temperature dependence of the anomalous
contributions to «; and to ¢, (see Fig. 2), thereby signal-
ing a temperature-independent Griineisen ratio y; = o;/cp,
at the ferromagnetic phase transition. This experimental ob-
servation implies the presence of a single dominant energy
scale €* which enables us to exploit the Griineisen relation
Vmy: = 0lne*/ap; [40-42]. Moreover, identifying €* with
the ordering temperature 7¢ provides the uniaxial pressure
dependencies of 7¢ which are listed in Table I [39,41-44].

In an alternative approach to determine 07¢/dp; from
the data, we have deduced the actual jumps in the thermal
expansion coefficients Ac; and in the specific heat Ac, at
the ferromagnetic transition by means of area-conserving
constructions and used the Ehrenfest relation d7¢/dp; =
TcVinAai/ Acy, [45—47]. As shown in Table I, this procedure
yields similar results as the above-mentioned Griineisen anal-
ysis.

While uniaxial pressure dependencies for Crl; have not
been reported yet, two recent studies confirm a monotonic

TABLE I. Griineisen parameters and uniaxial pressure depen-
dencies of Ine* and 7¢ as obtained from the Griineisen parameter
(middle columns) and from the anomalies Ac; and Ac, (right col-
umn), for pressure applied along and perpendicularly to the ¢ axis
(see the text).

Yi 81116*/8[7,* BTC/Bp,- chmAOli/ACp
(mol/J) (102/GPa)  (K/GPa) (K/GPa)
pllc 3.5 x1077 2.8(5) 1.7(3) 1.5(6)
plec —87x1078 0.7(2) —0.4(1) —0.4(1)

increase of T¢ upon the application of hydrostatic pres-
sure [48,49]. Note that the thermodynamic analyses presented
above yield the respective initial pressure dependencies,
i.e., for p; — 0. The initial hydrostatic pressure coefficient
d1c/9p ~ 1.3 GPa reported by Ghosh et al. [48] is in good
agreement with the results of our analysis in which we
find 0Tc/0p = 0Tc/9p. + 2(0Tc/dpap) ~ 0.9 K/GPa [50].
In contrast, Mondal et al. report a value that is roughly six
times larger [49]. However, a direct comparison between the
presently reported pressure dependence obtained from ex-
perimental uniaxial measurements with hydrostatic pressure
experiments from the literature is not straightforwardly pos-
sible. Due to the strong structural anisotropy, the effect of
hydrostatic pressure is not a priori clear and supposed to
mainly modify the interlayer structure, such as the layer sepa-
ration and stacking order, thereby effectively reflecting mainly
uniaxial pressure along the ¢ axis [51]. In general, pressure
effects reported for quasi-2D honeycomb magnets in the liter-
ature vary by almost three orders of magnitude. In «-RuCls,
hydrostatic pressure initially suppresses long-range antifer-
romagnetic order at a rate of ~22 K/GPa [50]. Whereas,
the ordering temperature in the S = 1 Heisenberg system
Na3Ni;SbOg is suppressed by only ~0.05 K/GPa [20]. The
pressure coefficient obtained from the analysis of our data
on Crl; is in between these values and is comparable to
d1n/9p ~ 0.7 K/GPa found by dilatometric studies on the
Kitaev iridate 8-LiyIrO5 [47].

In the following, we compare the experimental results with
ab initio calculations to investigate the microscopic origin of
pressure evolution of magnetism in Crls. The structural opti-
mization we performed results in a NN Cr-Cr distance of 4.04
A, which is in reasonable agreement with the experimental
value of 3.96 A[IS]. The Cr-I-Cr bond angle was found to be
95° in the calculations and 93.3° in experiment. Overall, our
DFT calculations result in a good description of the intralayer
structural parameters. In the case of the interlayer spacing,
the agreement is less good: 7.3 A against 6.602 A in exper-
iment. This disagreement originates from neglecting the van
der Waals interactions which govern the coupling between the
layers. The estimates were shown to improve by employing
vdW-corrected functionals [15]. Due to the different quality
of the predicted estimates for in-plane and out-of-plane con-
stants, one can expect the results for in-plane strain to be
more reliable. However, these differences should not affect the
overall trends in the changes of the exchange interactions as a
function of strain.

Figure 3 shows the calculated stress for a given value of
applied strain applied within the plane of the atomic layers
and perpendicular to it. Here, strain is €; = dL;/L;. It can be
clearly seen that compressing the lattice along the ¢ direction
is associated with considerably smaller stress as compared to
compression within the ab plane, which is an expected result
for systems consisting of weakly coupled layers.

Next, we constructed supercells of the obtained crystal
structures and extracted the most important exchange param-
eters. The results shown in Fig. 4 reveal that compressive
in-plane strain tends to decrease the values of the dominant
Jp interaction while applying the stress along the ¢ direction
leads to a weak increase. Interlayer coupling J, responds to
both in-plane and out-of-plane compression in a similar way.
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FIG. 3. Calculated stress (o) for different values of strain (€)
applied along the same direction.

Being relatively small, J; is shown to be quite sensitive to
strain and is even able to change its sign from FM to anti-
ferromagnetic (AFM) for a sufficiently strong compression.
Similarly, numerical calculations on the strain dependence of
the exchange parameters in bilayer Crl; also imply a transition
of the magnetic interlayer coupling from AFM to FM at a
compressive in-plane strain of ~1% [52].

Strain dependence of the exchange parameters and the
T, in monolayers of CrX; (X = Cl, Br, I) was studied in
Ref. [26]. It was shown that compressive (in-plane) strain
leads to the decrease of the NN Cr-Cr exchange interaction
in the whole series of CrX3 monolayers. For sufficiently large
compression, the sign of the coupling even switches from
ferromagnetic to antiferromagnetic. In Ref. [53] the physical
origin of this change was explained in detail. In these systems,
the Cr atoms are surrounded by edge-sharing octahedra and
the exchange interactions are mediated by Cr-X-Cr networks.
In this situation, there are two competing contributions to the
NN exchange coupling [8,54-57]. First, there is a FM su-
perexchange interaction between half-filled #,,-like orbitals on
one site and nominally empty e,-like states on the neighboring
Cr atom. This coupling is opposed by the AFM exchange
between half-filled #,, orbitals which is governed by two
mechanisms: the superexchange via a single halide p orbital
and direct kinetic exchange between the #,, orbitals pointing
towards each other. As one compresses the lattice, the balance
between these contributions shifts and the AFM kinetic term
starts to dominate, changing the sign of the total exchange
integral.

Our results for the strain dependence of the NN J; cou-
pling fall within the same scenario. As for J,, this coupling
is rather weak and is likely to be mediated by higher-order
superexchange processes involving halide orbitals [17]. It is
likely that a decrease of interlayer spacing tends to increase
the overlap between wave functions involved in the dominat-
ing exchange process. In fact, this interaction is known to
be strongly dependent on the layer stacking [51,58]. In our
calculations we assumed the stacking not to change, which is
a reasonable approximation for such small values of strain as
we are dealing with here.

Summary. In summary, our high-resolution thermal expan-
sion studies are used to elucidate and quantify magnetoelastic
coupling and uniaxial pressure effects in Crl;. Thermal ex-
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FIG. 4. Calculated nearest-neighbor (J;) and first out-of-plane
exchange interaction (J ) as a function of strain. Positive sign of the
magnetic interaction corresponds to the FM coupling.

pansion anomalies ¢, and «, at the ferromagnetic ordering
temperature evidence magnetoelastic coupling and imply pos-
itive (negative) pressure dependencies d7¢/dp; for pressure
applied along ¢ (ab). While uniaxial pressure applied in plane
yields 7¢/dpap =~ —0.4 K/GPa, the pressure dependence on
pllc is positive and about four times larger. The response of
ferromagnetism in Crl; to applied stress is also confirmed
by numerical calculations showing that the dominating NN
coupling increases as the lattice is compressed along the ¢
direction, whereas negative in-plane strain leads to a reduc-
tion of J;. In contrast, interlayer exchange J, is shown to
initially increase and afterwards decrease upon the application
of both out-of-plane and in-plane compression. Therefore, the
experimentally observed uniaxial pressure dependencies of T
follow that of J; (but not of J, ), which confirms the dominant
role of J; for the evolution of long-range ferromagnetic order
in Crls. Overall, the results show that macroscopic length
changes can be used to investigate microscopic parameters
and in particular provide experimental values for uniaxial
pressure dependencies in quasi-two-dimensional systems.
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