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We report a comprehensive investigation of the structural, magnetic, vibrational, and optical properties
of Fe-doped CrCl; under varying external pressures. By integrating high-pressure experimental techniques,
including Raman spectroscopy, photoluminescence (PL), magnetization, and thermal expansion measurements,
with density functional theory (DFT) calculations, we uncover pressure-driven phase and magnetic transitions in
this layered van der Waals material. At ambient pressure, Raman spectra exhibit all six expected Raman-active
modes, which systematically blueshift with increasing pressure. A distinct change occurs in A; mode near
9.2 GPa, suggesting an isostructural phase transition (IST), similar to that observed in pristine CrCl; around 11
GPa. PL measurements indicate a band gap of 1.48 eV at approximately 0.6 GPa, which increases with pressure
up to 9.2 GPa, followed by a slight decrease beyond this point. This further confirms the occurrence of the IST.
Magnetization measurements at ambient pressure under 0.001 T magnetic field reveal two magnetic transitions:
Ty at 14.3 K and T¢ at 16 K, indicating the coexistence of antiferromagnetic (AFM) and ferromagnetic (FM)
phases. Upon applying pressure, 7y and ¢ gradually become suppressed, and 7y disappears by 2 GPa. The
transition width associated with 7¢ broadens beyond 0.5 GPa, highlighting the pressure-enhanced FM behavior.
Field-dependent magnetization at ambient pressure shows complete suppression of 7y above 0.4 T, with FM
ordering dominating at higher fields. At 1.2 GPa, both Ty and Tt shift to lower temperatures. Notably, Ty
is suppressed above 0.2 T and only FM order remains. Griineisen analysis of the uniaxial thermal expansion
confirms the competition between FM and AFM interactions and yields very large uniaxial pressure effects of
—143%/GPa and +43%/GPa, at TN and TC, respectively. DFT calculations for pure CrCl; are consistent with
experimental data and predict a pressure-induced suppression of interlayer AFM exchange, accompanied by the
stabilization of FM intralayer coupling through enhanced Cr—Cl-Cr superexchange pathways. These calculations
suggest an AFM-to-FM interlayer stacking transition occurring near 1 GPa. Furthermore, increasing Fe doping
appears to support the persistence of AFM character. Our findings establish Fe-doped CrCl; as a promising
platform for pressure-tunable magnetism. The ability to manipulate FM and AFM interactions through external
pressure and magnetic fields opens avenues for applications in sensors, spintronic devices, and other functional
two-dimensional magnetic systems.

DOI: 10.1103/v717-f3wj

I. INTRODUCTION

Significant advancements in two-dimensional (2D) materi-
als research were catalyzed by the ground-breaking isolation

*Contact author: mahmoudhafiez@gmail.com of monolayer graphene from graphite in 2004 [1]. This
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milestone work expanded the horizons of condensed matter
physics, leading to the discovery of diverse and novel proper-
ties in a wide range of 2D quantum materials. Among these,
van der Waals (vdW) materials have garnered particular inter-
est due to their unique magnetic, electrical, and optoelectronic
properties, making them highly promising for next-generation
technologies [2,3]. These materials are defined by weak in-
terlayer van der Waals forces and strong intralayer covalent
bonding, giving rise to remarkable magnetic behaviors with
significant anisotropy [4,5]. Furthermore, the investigation
of spin dynamics and the establishment of long-range fer-
romagnetic (FM) order in 2D vdW systems underline their
substantial potential for spintronic applications, where control
over spin degrees of freedom can revolutionize information
processing and storage technologies [6,7]. An important class
of vdW 2D materials is the family of transition-metal tri-
halides (TMTHs) which have the general formula M X3, where
M represents a transition-metal cation and X is a halogen
anion. The long-range magnetic order is stabilized in TMTHs
by magnetic anisotropy that rises from spin-orbit coupling and
crystal field effects. This unique combination of electronic and
magnetic features positions TMTHs as ideal candidates for
advancing fundamental research and practical applications in
spintronics and quantum information science [8,9].

Chromium-based halide magnets, specifically CrX; (X =
Cl, Br, I), is one of the important TMTH materials with
highly tunable magnetic properties. As the halogen’s size is
increased from Cl to I, the FM transition appears at 14 K (for
CrCl3) [10,11], 34K (for CrBr3) [12,13], and 61 K (for Crls)
[14,15], i.e., larger halogens contribute the strong spin-orbit
coupling, significantly to the magnetocrystalline anisotropy
by direct and indirect exchange interactions. According to the
Goodenough-Kanamori-Anderson (GKA) rules, the Cr—X—Cr
bond angle determines the type of superexchange interaction
[16—18] and that Cr-Cr magnetic pair interactions change sign
from antiferromagnetic (AFM) to FM as the Cr-Cr distance is
altered [19].

These properties of vdW-layered 2D materials could be
modified further by external high pressure (HP), which is
an effective and impurity-free tool. It allows precise mod-
ulation of lattice uniformly, thereby altering interlayer and
intralayer bonding interactions of vdW systems subsequently
all other physical properties without introducing chemical
impurities [20,21], for example, increase of pressure shifts
Tc of Crl; from 61 to 66 K under 3 GPa, and it is reduced
to 10 K at 21 GPa. Theoretical calculations suggest that the
room-temperature analog of this phenomenon corresponds to
a semiconductor-to-metal transition at 21 GPa. This pressure-
induced metallization is further confirmed by HP Raman
measurements but at slightly earlier pressure of 17 GPa [22].
In the case of CrBrs, Tc decreases under pressure and FM
behavior is completely suppressed around 8 GPa. HP Raman
measurements on this system revealed an anomaly at 15 GPa
which potentially related to metallization property [23-25].
CrCl; exhibits short-range FM order at 17 K and long-range
AFM order at 14 K [11,26]. The disappearance of the A,
Raman mode of CrCl; was observed at 11 GPa [10,27].

The internal doping will easily modify the properties of
these systems such as the following: Doping Crl; with small
amounts of Mn or V shifts 7¢ to lower temperatures [28,29].

Mn-doped Crls shows higher saturation magnetization, while
V-doped Crl; exhibits higher coercivity and increased mag-
netocrystalline anisotropy [29]. The doping of alkali metals
in CrCl; increases T from 23 to 66 K, which is attributed to
the electron transfer by boosting the magnetic ordering [30].
Magnetic coupling parameters are decreased by doping, and
linear Dirac dispersion originates from the honeycomb lattice
formed by Cr atoms. Theoretical predictions suggests that the
suitable doping will bring direct and narrow band gaps to the
chromium-based halide magnets [31].

Among these three chromium-based halide magnets, CrCl;
has in-plane magnetic anisotropy and A-type AFM behavior
[8,31]. Pristine CrCls is a wide-gap semiconductor; while
doping it shifts the Fermi level and induces a transition to a
half-metallic state [30]. In this study we systematically inves-
tigate the effects of chemical doping by Fe at the Cr site in
CrCls, i.e., Cr;_,Fe,Cl3 (x = 0, 0.01, 0.02, 0.03, 0.04, and
0.05), as well as the influence of HP on the highly doped com-
position Cry gsFeg osCls. The goal is to elucidate the impact of
both internal (chemical) and external (physical) perturbations
on the structural, vibrational, and magnetic properties of the
system. To this end, we employ a combination of experimental
techniques, including Raman spectroscopy, photolumines-
cence (PL), dilatometry, and magnetization measurements
under varying temperature, magnetic field, and pressure con-
ditions. Fe is selected as the dopant due to its well-known
FM characteristics, which contrast with the AFM nature of
Cr, potentially enhancing FM ordering in the system. Further-
more, the larger atomic radius and higher atomic number of
Fe compared to Cr can mimic the effect of chemical pressure
by expanding the unit-cell volume. The experimental results
are supported by first-principles calculations based on density
functional theory (DFT).

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Chromium trichloride (CrCls) was synthesized using the
chemical vapor transport (CVT) method. High-purity CrCls
powder is sealed in an evacuated quartz ampoule along with a
transport agent, iodine, which facilitates the sublimation and
recrystallization of CrCl; in a temperature gradient. The am-
poule is placed in a two-zone furnace, where the source zone
is maintained at a higher temperature (650 °C-700 °C) and
the growth zone at a lower temperature (550 °C—600 °C) [32].
Over several days to weeks, CrCls vapor gradually deposits in
the cooler zone, forming well-defined layered single crystals.
To introduce iron (Fe) into the CrCls lattice, a controlled
amount of FeCl; and additional Fe precursors are added to the
CrCl; starting material, ensuring a stoichiometric composition
corresponding to Cr;_,Fe,Cl; with Fe concentrations x =
0.01, 0.02, 0.03, 0.04, and 0.05. The mixture is then sealed
in an evacuated quartz ampoule with iodine as the transport
agent and subjected to the same CVT growth conditions as
pure CrCl;.

Room-temperature (x-ray diffraction) XRD measurements
were carried out using a Rigaku SmartLab diffractometer
with a CuKoa x-ray source. Ambient and HP Raman-
scattering measurements were performed using a Renishaw
micro-Raman spectrometer. A 532-nm (2.33 eV) diode
laser was employed as the excitation source, enabling a
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diffraction-limited laser spot with a diameter of ~1.0 um and
a spectral resolution of around lem~!L. In situ, HP Raman,
and PL spectra were obtained using a symmetric diamond
anvil cell (DAC) with diamond anvils of 500-um culet size. A
300-um-thick SS301 stainless steel gasket was preindented
to a thickness of 100 um to enhance its hardness, and a
200-um-diameter hole was drilled in the center of the gas-
ket to create the sample chamber. Silicon oil was used as
the pressure-transmitting medium. The pressure inside the
sample chamber was measured using the ruby fluorescence
method, using ~5-um ruby chips placed with the sample for
calibration. During HP measurements, a waiting period of at
least 30 min was allowed between each pressure increment
to ensure that pressure equilibria were reached. The Raman
spectra were fitted with Lorentzian profiles to extract mode
frequencies and peak widths.

The ambient dc magnetization measurements were per-
formed in a Magnetic Properties Measurement System
(MPMS3) on CrygsFeposCl3 in the temperature range of
2-300 K and in fields up to 7 T applied along the crystallo-
graphic c direction. HP ac magnetization measurements have
been carried out in the above said system using a miniature
DAC with a culet size of diamond anvils of 800 wm. The
sample hole with a diameter of 300 or 400 um was prepared
in a BeCu gasket with initial thickness of 300 um. Several
pieces of crystals and liquidlike pressure-transmitting medium
Apiezon J oil (M & I Materials Limited) were held in the
sample cavity with some ruby balls. The pressure at room
temperature was evaluated by measuring the fluorescence of
ruby balls inside the sample chamber. The increase in pressure
at liquid helium temperature against that at room temperature
is at most 10%.

High-resolution dilatometry measurements were per-
formed in a three-terminal capacitance dilatometer from
Kiichler Innovative Measurement Technologies [33,34]. The
measurements were done in a home-built setup in a variable-
temperature insert (VTI) of an Oxford Instruments magnet
system at zero field and B = 15 T applied along the direc-
tion of measured length changes [35]. The sample thickness
in the measurement direction, i.e., the crystallographic ¢
axis, was 0.149 mm. The linear thermal expansion coeffi-
cients o = 1/L.(300K) x 0L.(T)/9T are derived from the
relative length changes. To explore HP properties of CrCl;
from first principles, we used DFT with static mean-field
correlation available in the vasp code [36]. The exchange-
correlation energy was described using the PBE-parametrized
generalized-gradient approximation. The rotationally invari-
ant Lichtenstein formulation of GGA+U, with U = 3 eV
and Jy = 0.6 eV, was used for a more accurate description
of electronic correlations, needed for correctly capturing the
insulating character of CrCl;. The chosen values of U and Jy
parameters provide a reasonable value of the electronic band
gap and the Cr magnetic moment magnitude and are kept fixed
for all studied pressures.

III. RESULTS
A. XRD characterization

Figures 1(a) and 1(b) represent the room-temperature XRD
patterns of Cr;_,Fe,Cl; (x = 0.01 and 0.05), respectively.
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FIG. 1. (a) Measured x-ray diffraction pattern of Cr,_,Fe,Cl;
with (a) x = 0.01 and (b) x = 0.05 at ambient pressure and room
temperature, together with the Rietveld refinement results (solid red
lines).

Rietveld refinement has been carried out on these XRD
profiles using the GSAS-II package, and it confirms that
both compositions crystallize in a monoclinic structure with
space group of C2/m. The refined lattice parameters of the
Crp.g9Fen 01 Cls sample are a = 5.959(2) A b= 10.146(9)
A, ¢ = 6.035(9) A, with a monoclinic angle 8 = 109.02°,
and a unit-cell volume of 345.1A3. In comparison, the
Cry.95Fep.05Cl3 sample exhibits expanded lattice parameters of
a=6.390(2) A, b = 10.893(1) A, and ¢ = 6.359(9) A, with
B = 107.39° and a unit-cell volume of 422.4 A3 [10,27]. The
systematic increase in lattice parameters and unit-cell volume
with increasing bigger Fe content at the place of Cr suggests
successful substitution of Fe into the CrClj lattice. We did not
observe any impurity peaks in our samples. To confirm the
compositional ratio further, EDX has been carried out on these
samples and the results are shown in Supplemental Material,
Fig. S1 [37]. The results confirm that the actual compositions
are consistent with the intended stoichiometries within exper-
imental uncertainty. It is worth noting that our samples exhibit
an unexpectedly large expansion in unit-cell volume with
increasing Fe doping. To gain a deeper understanding of this
observation, we intend to carry out further structural investiga-
tions using high-resolution transmission electron microscopy
(TEM) and synchrotron XRD.

B. Raman measurements

Figure 2 displays the Raman spectra of Cr;_,Fe,Cl; sam-
ples with varying Fe content (x = 0.01, 0.02, 0.03, 0.04, and
0.05), and the estimated Raman peak positions and FWHM
of the corresponding Fe-doped samples are summarized in
Table I.

These peaks are translational motion (7°) of Cl and
Cr atoms of the CrCls structure and are attributed to Raman
intralayer vibrational modes of A, only, since the prepared
sample is a flakey, thin-layer system. These are assigned as
Aé, Aé, Ag, Ag, Ag, and Ag, respectively, as shown in Fig. 2
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FIG. 2. Measured Raman spectra of Cr,_,Fe,Cl; (x =0.01, 0.02,
0.03, 0.04, and 0.05) samples under ambient conditions using a
532-nm laser source.

[38,39]. Upon doping of Fe with CrCls, the Raman profile
slightly shifts to lower wave numbers (i.e., redshift) and be-
come softened as well. Here, the interlayer spacing of CrCls
lattice expands due to bigger atomic size of Fe at Cr places and
so forces constants of Cr—Cl and C1-Cl bonding to weaken due
to this distortion. Consequently, the vibrational frequencies of
Raman peaks also decreased. These results are confirmed by
XRD data.

C. Pressure-dependent Raman study

HP Raman spectroscopy was employed to investigate the
vibrational transitions in CrygsFe( ¢sCls, the sample with the
highest doping Fe concentration in this series. Measurements
were conducted up to approximately 16 GPa of hydrostatic
pressure, and the evolution of phonon modes was explored
under compression and is shown in Fig. 3(a). At the initial
pressure 0.52 GPa, Cry 9sFe( ¢sCls exhibits six peaks at 114.2,
163.6,207.1, 244.8,298.3, and 342.3 cm ™! with these already
assigned Raman-active modes of Aé, Aé, Ag, Ag, Aé, and Ag.
As pressure increases, all the modes exhibit a smooth shift
toward higher frequencies (blueshift) with broadening, except
for Ag.

TABLEI. Measured Raman modes of vibrations for Cr;_,Fe,Cl;
(x =0.01, 0.02, 0.03, 0.04, and 0.05).

Raman shift (cm—1)

X Aé Aé AZ Ag Ag Ag References
0 (DFT) 118 166 207 250 300 345  [38,39]

0 (Exp) 116.5 1653 208.6 246.5 300.0 3445 [27]

0.01 115.3 164.2 207.1 245.6 298.3 343.0 This work
0.02 115.7 164.7 2074 2462 298.5 343.2

0.03 114.7 163.5 207.1 2422 296.3 338.7

0.04 1152 164.3 2074 245.0 298.1 342.6

0.05 115.3 164.5 207.2 245.1 298.1 342.5
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FIG. 3. (a) Measured Raman spectra for CrygsFepsCl; at se-
lected pressures at room temperature, and (b) enlarged view of Ag
mode.

Figure 3(b) shows the enlarged view of Fig. 3(a) around
Aé which illustrates two distinct rates of change in blueshift
of the Raman profile at 9.23 GPa. It suggests a possible
isostructural phase transition (IST). Upon decompression, the
Raman profile exhibits the redshift and reappears at 0.02
GPa, which confirms that the structural transition is reversible.
This reversible nature of the Raman peaks highlights the ro-
bustness and stability of the CrygsFeg ¢sCls lattice under HP
conditions.

For a detailed analysis of the pressure effect on
Raman spectra of CrggsFeg 9sCls, the Raman peak positions
and FWHMs at different pressures were estimated through
Lorentzian fitting and shown in Figs. 4(a)(i-vi) and 4(b)(i-vi),
respectively. The peaks against pressure follow two distinct
rates with the appreciable change in slope at 9.23 GPa which
suggests a possible IST. The linear fitting on each peak
of Fig. 4(a)(i-vi) in two different pressure regimes brought
the values of higher rates of 2.82, 5.39, 1.18, 3.36, 5.31,
5.15cm~!/GPa till 9.23 GPa and lower rates of 1.76, 3.34,
2.94,4.52, 4.18 cm~!/GPa above 9.23 GPa. The difference in
rates of blueshifts of each peak before and after 9.23 GPa is
accompanied with the pronounced broadening of the corre-
sponding peaks as shown in Fig. 4(b)(i-vi). In particular, the
A? mode disappeared and/or merged with Aé at the critical
pressure of 9.23 GPa.

This phenomenon is directly evident for the presence of
IST in the CrggsFeqsCls system. For reference, this same
phenomenon of IST has been already reported in pure CrCls,
Crls, and CrBr; systems at 11 GPa, 7.2 GPa, and 9.5 GPa
[10,22,24].

D. Pressure-dependent photoluminescence

Figure 5(a) shows the HP PL spectra of CrggsFeg gsCls,
while Fig. 5(b) illustrates the evolution of the optical energy
gap as a function of pressure up to 14.41 GPa. The PL spec-
trum at 0.65 GPa reveals an optical energy gap of 1.48 eV,
which closely corresponds to its indirect band gap of parent
CrCl; (1.67 eV) [10]. As the pressure increases, the PL peak
shifts toward shorter wavelengths until ~9 GPa. By further
increasing pressure, PL peaks shift to higher wavelengths
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FIG. 4. (a) Raman shift peak positions as a function of pressure
(six panels for each peak), and (b) FWHM of Raman peaks as a func-
tion of pressure (six panels for each peak) of Cry9sFe 0sCl;. Dashed
lines are guides to the eye for the change in the slopes at pressure
9.23 GPa.

very slightly up to 14.4 GPa. The estimated energy gaps (Ey)
against pressure points are shown in Fig. 5(b), indicating the
presence of a pressure-induced increase in the energy band
gap until 9 GPa with a trend change of very little decreasing
of E, above 9 GPa, which may be attributed to the onset of
an IST [16]. Pressure-induced IST has been reported in parent
CrCl;s systems at ~11 GPa through HP XRD measurements.
Here pressure shortens the metal Cr-ligand CI bonds slightly
without altering the space group of the system, resulting in an
upward shift of the conduction band or a downward shift of
the valence band, thereby widening the band gap. In our Fe-
doped CrClj system, IST has been observed slightly early at a
pressure of 9 GPa as the metallic nature of doped Fe supports
the band-gap reduction easily under the high-pressure regime.

This phenomenon is accompanied by a magnetic phase
transition from FM to AFM in parent CrCl;. However, in the
synthesized CrggsFe05Cls, a similar energy-band-gap trend
changes and the presence of IST is observed at ~9 GPa by HP
Raman and HP PL measurement. So, these results confirm that
the switching magnetic behavior under pressure is possible
in our doped sample [10]. Upon decompression, the system
returns to its original phase, with the energy gap recovering

(b)

1.65

1.60
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T~ 604GPq|
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FIG. 5. (a) Measured PL spectra of CrygsFeosCl; at selected
pressures at room temperature, and (b) calculated energy band gap
as a function of pressure from the PL study.

to 1.48 eV at 0.59 GPa. This reversibility indicates that the
structural and electronic changes induced by pressure are not
permanent, highlighting the resilience of the CrCl; lattice.

E. Pressure-dependent magnetization

Figure 6 shows the measured magnetization data of
CrocFep4Cl; as a function of temperature at B = 10 mT
and B = 1 T applied along the crystallographic ¢ axis. The
FM nature of CrygFe(4Cl; studied at hand is illustrated by
a sharp increase of magnetization, at low temperatures, while
long-range AFM order is signaled by a peak in M (T, B =
10 mT) at the Néel temperature (7y) = 13.5 K. The saturation
magnetization (data not shown), at 7= 1.8 K, assumes My, =
2.88(3) ug/f.u., which agrees with the 2.9 ug/f.u. reported in
Ref. [26] but is slightly smaller than 3.0 pg/f.u. from Ref. [11].
In addition, Fisher’s specific heat reveals a distinct anomaly
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FIG. 6. Temperature dependence of the magnetization measured
on CrocFeg4Cl; at B=10 mT and B=1 T applied along the
crystallographic c¢ axis. Left inset: Fisher’s specific heat d(x7)/dT
with an enlargement of the anomaly at the structural transition at
TS =251 K at B=1 T. Right inset: Fisher’s specific heat at
B =10mT.
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FIG. 7. (a) Measured temperature-dependent ac magnetization
data of Crg 9sFe( 05Cls under various fixed pressures up to 2.5 GPa in
the warming process after field cooling from 50 K down to 2 K under
the magnetic field of 0.001 T. (b) Pressure dependence of the max-
imum magnetic moment (M) at the transition temperature (blue
open circle symbols) in the left axis and the effective paramagnetic
moment (i.g) (red open square symbols) in the right axis.

at Ts = 251(1) K associated with the IST reported previously
[11].

Figure 7(a) presents the temperature-dependent ac mag-
netization [M(T)] data of Cryos5Feq o5Cls under various fixed
pressures up to 2.5 GPa, measured at an applied dc mag-
netic field of 0.001 T. At O GPa, the sample exhibits 7¢
of 16 K and the 7Ty of 14.3 K. Upon increasing pres-
sure, the M(T) curve shifts toward the lower-temperature
side, and the magnetic moment increases sharply up to
0.4 GPa. Beyond this point, the rate of increase dimin-
ishes, peaking at around 1.2 GPa, and then shows a
pronounced decline above 1.65 GPa. Simultaneously, the
sharp cusp associated with the AFM transition become
progressively broader under pressures of 0.4, 0.55, and
1.2 GPa. This broadening suggests a suppression of AFM
order and an enhancement of FM behavior, as indicated by
the black circle in the figure.

The rate of decrease in 7¢ and 7y is particularly high in the
low-pressure regions, i.e., below 0.5 GPa. The observed sup-
pression of both 7¢ and Ty with increasing pressure indicates
that pressure weakens the Cr—Cr and Cr—Cl magnetic ex-
change interactions by modifying the interlayer and intralayer

distances as well as the bond angles [10,21-23]. Additionally,
we analyzed the maximum magnetic moment (My,.x) at the
transition temperature (7¢) and the effective paramagnetic
moment (u.g) for each pressure, as shown in Fig. 7(b) (blue
open box and red open circles, respectively). From these
plots, it is evident that M, increases up to 1.2 GPa. Mean-
while, 7y decreases monotonically across the entire pressure
range. The consistently positive Weiss temperatures indicate
that intraplanar ferromagnetic interactions dominate the mag-
netic response, and these interactions become more prominent
above 0.5 GPa, leading to a broadening of the ferromagnetic
transition [11].

The increase in magnetic moment up to 1.2 GPa suggests
enhanced intralayer coupling and a reduction in interlayer
exchange interactions, favoring a more ferromagneticlike
magnetic state [22]. The monotonic decrease in T and Ty
with increasing pressure is attributed to pressure-induced
modifications in the Cr—Cr distances and Cr—CI-Cr bond
angles. The initial enhancement in magnetization at low pres-
sures is indicative of AFM-like behavior, which gradually
evolves toward FM ordering with further pressure increase
(see the Supplemental Material, Figs. S2-S6 [37]). This trend
is further supported by the behavior of the effective param-
agnetic moment (u.s), wWhich rises up to 0.55 GPa and then
decreases with pressure up to 2.45 GPa. Notably, the p.s
values remain significantly lower than the expected spin-only
value for Cr* ions (3.87 up), highlighting the complex mag-
netic interactions in the CrCl; system.

To further explore the influence of magnetic fields un-
der pressure, M(T) measurements were carried out at 0 and
1.2 GPa under applied magnetic fields ranging from 0.001
to 1 T, as shown in Fig. 8. At 0 GPa under 0.001 T applied
magnetic field, both FM and AFM are observed at 16 and 14.3
K [Fig. 8(a)] (see the Supplemental Material, Fig. S7 [37]). As
the magnetic field increases, Ty shifts to lower temperatures
and is completely suppressed above 0.4 T. This behavior is
consistent with that observed in parent CrCl; [11]. Above
0.4 T, ferromagnetic behavior is enhanced by the applied field,
with T¢ increasing to 22 K at 1 T (see the Supplemental
Material, Figs. S8—S10 [37]). In this regime, magnetic mo-
ments are aligned ferromagnetically within the layers, and
although the layers are antiferromagnetically stacked, the ex-
ternal magnetic field aligns all magnetic moments parallel
to its direction, resulting in a net ferromagneticlike response
[11]. Figure 8(b) presents the M(T) behavior at a pressure of
1.2 GPa. Under an applied field of 0.001 T, both 7y and T¢
shift to lower temperatures, appearing at 4.6 and 6.8 K, respec-
tively. With increasing magnetic field, 7y is fully suppressed
above 0.2 T while T¢ increases, reaching 10 K at 0.4 T. At
higher fields, particularly above 0.1 T, ferromagnetic charac-
teristics become increasingly prominent at both 0 GPa and
1.2 GPa, likely due to the alignment of crystallites along the
direction of the applied field (see the Supplemental Material,
Figs. S11-S14 [37]).

F. Uniaxial pressure effects: Thermal expansion
and Griineisen scaling

Our studies of the thermal expansion along the ¢ axis
provide further information on the magnetoelastic coupling
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FIG. 8. Temperature dependence of ac magnetization of
Crg95Feg.0sCls under a fixed pressure of 0 GPa (a) and 1.2 GPa (b):
(a) applied magnetic fields ranging from 0.001 T to 1 T, and (b)
applied magnetic fields from 0.001 T to 0.4 T.

in CrCl; and on the uniaxial pressure dependence of Ty. As
it is displayed in Fig. 9(a), the ¢ axis expands quasilinearly
upon heating above ~80 K. At high temperature, this changes
only marginally when applying a high magnetic field of
15 T. Upon cooling, anomalies in the vicinity of Ty and clear
effects of the magnetic field on the relative length changes
signal significant magnetoelastic coupling. This is particularly
evident if the thermal expansion coefficient ¢ is considered
[Fig. 9(b)]. Specifically, upon cooling it displays a jumplike
decrease at Ty and a change in slope at 7¢.

When applying B = 15 T, the jump at Ty vanishes and
o, decreases in the vicinity of 7c, i.e., up to about 30 K,
but increases at higher temperatures. It is straightforward to
attribute this behavior to field-induced suppression of the
antiferromagnetically ordered phase [11] and the increase of
ferromagnetic correlations above 7y, i.e., shift of associated
ferromagnetic entropy to higher temperatures. This behavior
in particular shows that short-range ferromagnetic correla-
tions are associated with an increase in o. Hence, according
to the Griineisen relation dIn(e)/dp; = Vinoi/cp, our data im-
ply the positive uniaxial pressure dependence of the energy

T T T T T T T T T T

I
2- T 4 crcl 8
T [
— N
(32] L I 4
IO L 1 | .
= ', o
_Io 1_ i 1 _
10 15
= 0T
% 3 .« 15T (shifted) 1

0 | I (a)_

a, (1/K 10°9)

T(K)

FIG. 9. (a) Uniaxial length changes and (b) thermal expansion
coefficient a. of CrCl;. Vertical dashed lines are a guide to the eye.
Data at 15 T have been shifted by —7 x 107> to match the zero field
data at 120 K and to illustrate the field effect.

scale €; driving in-plane ferromagnetic correlations [40,41].
In contrast, the jumplike decrease in «., at Ty, unequivocally
demonstrates that de;/dp. < 0, with €, being the driving en-
ergy of long-range AFM order. These results strongly support
the magnetization measurement results at ambient pressure.

This is further illustrated in Fig. 10 where «. is compared to
recently reported specific heat data [11]. The jump in ¢, at Ty
corresponds to the sharp anomaly in ¢;,. In addition, the regime
of particularly pronounced anomalous entropy changes be-
tween Ty and T¢ corresponds to a regime of decreasing o.
The comparison of ¢, and «. is illustrated by the overall
Griineisen ratio y, = o./cp in Fig. 10(c).

The magnetic Griineisen ratio which in principle can be
obtained by subtracting the phonon contributions to ¢, and o
cannot be derived reliably in the case at hand. As illustrated
in Fig. 10(a), we interpret the reported magnetic specific heat
in Ref. [11] (not shown here) as only a very small portion of
the total heat capacity, which in the temperature regime under
study is by far dominated by magnetic degrees of freedom.
The background estimated in Ref. [42], as well as our own
studies on isostructural materials, implies that the specific
heat, at 7Ty, is by far (> 90%) dominated by magnetic entropy
changes. This analogously holds for the thermal expansion
where the phonon background can be estimated from cf,gr by
means of phononic Griineisen scaling. The total Griineisen
scaling hence provides meaningful information on magnetic
degrees of freedom in CrCl;.

As seen in Fig. 10, our data imply three distinct temper-
ature regimes: (1) Above T¢, y. increases upon cooling and
assumes a broad maximum around T¢c. (2) At Ty < T < T,
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FIG. 10. (a) Specific heat Cp from Ref. [11] and (b) thermal
expansion coefficient o, of CrCls. (c) Griineisen ratio cp/o.. In (a),
we calculated the background used in [11] from the therein-reported
magnetic specific heat. In addition, we present our estimate of the
phonon background (green line). Vertical dashed lines are guide to
the eye.

. decreases, which coincides with the decrease of ¢ in this
temperature regime. This behavior corresponds to a regime
of increased cp, which signals the significance of in-plane
ferromagnetic short-range correlations [11,26]. (3) At Ty what
we observe is a negative cusp in ). that is associated with
a jumplike decrease in o, at the antiferromagnetic ordering
transition. The fact that o, decreases at Ty as well as in
temperature regime (2) suggests that the antiferromagnetic
interactions driving long-range order are relevant in regime
(2), too.

Qualitatively, as mentioned above, the sign of the anomaly
at Ty implies de,/dp. < 0, and it is straightforward to identify
€, with Ty. According to the Ehrenfest relation, uniaxial pres-
sure dependence can be obtained from the experimental data

TABLE II. Experimentally determined uniaxial pressure depen-
dencies for pl|c axis of several van der Waals materials. Materials
exhibiting ferromagnetic order (at 7¢) as well as ones with antifer-
romagnetic order (at 7Ty) are listed. We also show the result of our
Griineisen analysis in CrCl; at the crossover temperature T¢.

AFFM T [K] 5 lgs] 50 [ge]  Reference
CrCl, N 14 —-20 —143 This work
CrCl; Tc 17 +7 +43 This work
Cl'zGCzTCG TC 65 24.7 +38 [45]
Crl, Te 61 1.7 +3 [44]
«-RuCl; VNG 7 —10-14  —140-200 [46]

by means of the anomalies A, and Ac, in the thermal ex-
pansion coefficient and in the specific heat, respectively, at 7y,
using

8TN _ AO[C
pelp N " Acy

By using Ao, = —6.1 x 107K, Acy, =0.9]/(mol K),
and the molar volume [42] Vi, = 2.147 x 10~* m?/mol,
applying Eq. (1) yields d7n/dp. = —20K/GPa. This corre-
sponds to a relative pressure effect dln7y /9 p. of -143%/GPa.
Hence, in contrast to isostructural materials evolving FM
order, uniaxial strain applied perpendicular to the layers con-
siderably suppresses long-range magnetic order in CrCl;. The
sign of pressure effect, however, agrees to the effects in
o-RuClj (see Table II) [43-47].

Summarizing the results of the Griineisen and
Ehrenfest analyses, uniaxial pressure along the ¢ axis
strongly suppresses long-range AFM order while it enhances
ferromagnetic correlations. In an attempt to quantify the latter
effect, we employ y.(T = Tc) = 2 x 107° mol/J [Fig. 10(c)].
By means of the Griineisen relation, this yields the uniaxial
pressure dependence de/dp. ~ +7K/GPa at Tc. While
there may be several, i.e., AFM (¢;) and FM (¢€;), competing
energy scales relevant at 7c, this result confirms the relevance
of ferromagnetic interactions in this temperature regime as
well as their enhancement upon application of p||c axis. In
particular, we find competing effects of uniaxial pressure
similar to what is observed in the hydrostatic experiments
discussed above.

ey

G. Pressure-dependent properties from first-principles theory

We have considered two types of interlayer magnetic stack-
ing in our DFT calculations: FM and AFM configurations,
as both were experimentally observed at ambient pressure in
Crg9sFep 05Cl3. Initial calculations were carried out for pure
CrCls. In the FM configuration, the system remains insulating
under pressure, with the band gap decreasing modestly by
~0.1 eV between 0 and 5 GPa. A similar trend is observed
for the AFM configuration, where the band gap reduces by
~0.2 eV over the same range. The Cr magnetic moment
remains nearly constant at ~3 ug, consistent with the in-
sulating nature of the system and the one-electron picture
within DFT. Although many-body interactions and spin-orbit
coupling could further influence the magnetic moment, they

115145-8



PRESSURE-TUNED MAGNETISM AND BAND-GAP ...

PHYSICAL REVIEW B 112, 115145 (2025)

— 15 I I I . I -~ pure CrCl3
E 10 - - Cf0'5Fe(].5Clg
~ 5 —A- Cro.g17Fen.083Cl3
Z 5
£

£ 0

sy

D

S -10

=]

-15 1 ] ] 1

0.0 | 0.5 | 1.0 | 1.5 | 2.0 | 2.5
P (GPa)

FIG. 11. Crystal structure of AFM-ordered undoped CrCl; in
the hexagonal setting, pressure dependence of the enthalpy dif-
ference (AH) between the AFM and FM phases of Pure CrCls,
Cro917Fe0.033Cls, and Crg sFeq 5Cls, Pure CrCls indicating an AFM-
FM transition at around 1 GPa.

are not expected to significantly affect the AFM-FM energetic
competition discussed here.

The structural optimization was performed using total
energy minimization, where the lattice parameters and inter-
nal atomic positions were relaxed until Hellmann—Feynman
forces were below 5 meV/A and the stress tensor matched
the applied external pressure within 0.1 GPa. The enthalpy
difference AH = Hapm—Hpm, shown in Fig. 11, was used
to evaluate the magnetic ground state under varying pres-
sure. A negative AH corresponds to a stable AFM state,
while a positive value indicates a preferred FM configura-
tion. For pure CrCls, a pressure-induced transition from AFM
to FM stacking is predicted at around 1 GPa. This DFT
result is in excellent agreement with our experimental find-
ings for Cry 9sFeq 05Cl3, which also exhibit a coexistence and
competition between AFM and FM interlayer order at am-
bient pressure. With increasing pressure, the FM interaction
becomes more dominant and AFM coupling is gradually sup-
pressed, highlighting the pressure-driven magnetic crossover.
To study the effect of Fe doping, we modeled two com-
positions, Crgg17Fe083Cl3 (8.3%) and CrysFey5Cl; (50%),
by substituting Cr atoms with Fe in a checkerboard pattern
within a supercell. For these doped systems, the enthalpy
differences between AFM and FM configurations were eval-
uated as a function of pressure. Unlike the pure CrCl; case,
the doped compositions do not exhibit a transition to FM
order. In Crgg17Fep083Cl3, the AFM configuration becomes
increasingly favorable with pressure, and in CrysFeq sCl3,
the AFM phase remains strongly stabilized throughout the
pressure range of 0-3 GPa.

Notably, although 8.3% Fe is the lowest doping level we
could simulate due to computational constraints, the result
provides valuable insight into the behavior of Cry gsFeq 05Cl3.
The experimental composition exhibits a clear AFM-FM
competition at ambient pressure and a pressure-enhanced
stabilization of FM order. This is consistent with the trend
observed in pure CrCl; DFT results, where FM order
emerges beyond 1 GPa. However, our DFT simulations for

Crgo17Fep033Cl3 indicate that even a small amount of Fe
doping reinforces AFM stability, suppressing the FM state
entirely within the accessible pressure range. These findings
suggest that Fe doping counteracts the pressure-driven FM
transition observed in the pure compound, reinforcing the
robustness of AFM coupling in the doped systems.

Figure 12 shows the phase diagram of CryosFe 05Cls;
the experimental results reveal a complex magnetic structure
characterized by the coexistence of AFM and FM interac-
tions. Figure 12(a) presents the pressure dependence of the
Ty and T¢ for CrggsFep ¢sCls under an applied magnetic field
of 0.001 T. With increasing pressure, both AFM and FM
transition temperatures shift to lower values. Notably, the
AFM transition is completely suppressed at approximately 2
GPa. The FM transition exhibits a narrow temperature width
(~1 K) below 0.5 GPa, which broadens progressively with
increasing pressure. Figure 12(b) shows the magnetic field
dependence of Ty and T¢ at ambient pressure. As the magnetic
field increases, Ty shifts to lower temperatures and is fully
suppressed above 0.4 T. In contrast, 7¢ increases with field
strength, reaching 22 K at an applied field of 1 T. Figure 12(c)
illustrates the magnetic field dependence of Ty and T¢ under
a pressure of 1.2 GPa. Both transition temperatures are re-
duced compared to the ambient-pressure case. However, with
increasing fields, 7¢ rises from 6.8 to 10 K under an applied
field of 0.4 T, while Ty decreases from 4.6 to 2 K under a field
of 0.2 T. These observations indicate that the interlayer AFM
interaction is suppressed, while the intralayer FM behavior
is enhanced with the application of a pressure and magnetic
field. These experimental findings are consistent with our DFT
calculations on pure CrCls compound, which suggests that
applied pressure enhances virtual electron hopping between
neighboring Cr ions via Cl ligands, thereby promoting ferro-
magnetic superexchange interactions [21].

IV. CONCLUSION

In summary, we have investigated the effects of both
chemical doping and externally applied pressure on the 2D
magnetic material CrCls. Chemical pressure was studied
through Fe doping using XRD and Raman spectroscopy. XRD
analysis confirmed that all synthesized samples are in a single
phase, with no detectable impurity peaks. Fe doping leads to
an increase in unit-cell volume with increasing Fe concentra-
tion, accompanied by an elongation of Cr—Cr and Cr—ClI bond
distances. Raman spectroscopy revealed six Raman-active
modes, and a redshift in these modes with increasing Fe con-
tent further confirms the unit-cell expansion due to chemical
substitution. Externally applied pressure on CrggsFeq 5Cls
induced notable changes in structural, vibrational, optical,
and magnetic properties, especially around 9.2 GPa. Raman
measurements showed a smooth blueshift of all six Raman-
active modes up to 9.2 GPa. Above this pressure, the Ag mode

either disappeared or merged with the Aé mode, likely due
to modifications in bond lengths and angles. HP PL studies
revealed an increase in the optical band gap up to 9.2 GPa,
followed by a slight decrease up to 14.2 GPa. This trend,
observed in both Raman and PL data, indicates the presence
of IST in Cr0‘95F60.05C13 under HP.
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FIG. 12. Variation of 7y (blue open circle) and T¢ (pink open circle) as a function of (a) applied pressure, (b) magnetic field at 0 GPa, and

(c) magnetic field at 1.2 GPa for Cr 9sFe 05Cl3.

Magnetization measurements under pressure confirmed
the competition between AFM and FM orderings. AFM or-
dering is completely suppressed above 2 GPa, while the
FM transition is enhanced above 0.5 GPa. At ambient
pressure, magnetization under various magnetic field data
reveals the coexistence of AFM and FM components; the
AFM signal decreases with increasing field, while the FM
component becomes dominant under higher fields. Ther-
mal expansion measurements provided direct evidence of
strong magnetoelastic coupling, with clear anomalies at the
Ty and field-dependent contributions at elevated tempera-
tures. In particular, Griineisen analysis confirms the presence
of competing, i.e., ferro- and antiferromagnetic interac-
tions, the dependencies of which on uniaxial pressure along
the ¢ axis have been determined to be -143%/GPa and
+43%/GPa, respectively. Our experimental observations are
in good agreement with DFT calculations. DFT results pre-
dict pressure-enhanced FM superexchange interactions, and
an AFM-to-FM interlayer stacking transition near 1 GPa is
possible in pure CrCl;. Furthermore, increasing Fe doping
concentration was found to enhance AFM character at am-
bient pressure. Magnetization data at 1.2 GPa under varying
magnetic fields confirmed exclusive FM ordering, with no
AFM signal above 0.2 T, further supporting the theoretical
predictions on pure CrCl;. These findings underscore the po-
tential of Fe-doped CrCl; for pressure-tunable magnetic and
optoelectronic applications. The sensitive balance between
FM and AFM states under external stimuli offers promising
prospects for magnetic sensing devices. Future investigations
into magnetoresistance and pressure-induced magnetism in
Fe-doped CrCls could further advance our understanding of
this system, though such studies are beyond the scope of the
present work.
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