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ABSTRACT

Developing functional, cleavable two-dimensional materials for use in next generation
devices has recently become a topic of considerable interest due to their unique properties. Of
particular interest, transition metal halides Cril; and CrCls have shown to be good contenders
for tunable and cleavable magnetic materials due to their unique magnetic properties in the
monolayer. Here, electron spin resonance spectroscopy is used to pinpoint the atomic origins
and underlying mechanisms of magnetic interactions as a function of temperature (5-500 K)
and microwave frequency (9.43, 120 GHz) on Crl; and CrCl; bulk single crystals. ESR signals
from Crl; due to Cr'" were observed to decay at 460 K, while ESR signals from CrCl; remain
up to 500 K. In the case of CrCl;, the temperature dependences of signal behavior, line width
and g-value show characteristic signatures of ferromagnetic fluctuations at around 40 K, near
to the antiferromagnetic phase transition at 17 K.

INTRODUCTION

The discovery and subsequent research excitement of new van der Waals
magnetic materials such as Crl; and CrCl; in the post silicon era offers novel applications
in computing and data storage due to the unexpected magnetic properties associated with
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the reduced dimension and layered structure. This is because such materials have weak
van der Waals forces between layers, and therefore can be cleavable down to a
monolayer where unique magnetic properties can be observed [1-3]. Particularly, the
transition metal halides Crl; and CrCl; are shown to be good contenders for tunable and
cleavable magnetic materials [4-6]. In these compounds, Cr’" ions are arranged in a
honeycomb network and located at the centers of edge-sharing octahedra of six halogen
atoms. Crl; is a ferromagnet with a Curie temperature (T¢) of 61 K, while CrCl; is an in-
plane ferromagnet and out-of-plane antiferromagnet with an ordering temperature (Néel
temperature, Ty) near 17 K [7-9]. The cleavable crystals are semiconducting, and
because of these unique magnetic properties, are currently being actively researched for
next-generation spintronic and magnetoelectronic applications [10-16]. By the nature of
their crystal structures, these compounds are strongly anisotropic with magnetic
behaviors determined by a weak interlayer coupling, single ion anisotropy and intralayer
coupling [17]. By taking advantage of these couplings, researchers have shown that it is
possible to electrically control the magnetic behavior of Crl; monolayer and bilayers
[11].

Electron spin resonance (ESR) spectroscopy provides important information on
the local magnetic nature, magnetic phase transitions and magnetic interactions in these
compounds. Several decades ago, a few ESR studies conducted at and below room
temperature (300 K) appeared in the literature on Crl; and CrCl; [8,18,19]. However,
interest in such materials was recently rejuvenated when long-range magnetic order in
pristine two-dimensional (2D) crystals Cr,Ge,Tes and Crl; [20], as well as the discovery
of 2D ferromagnetism in the Crl; monolayer were first reported [10], renewing interest in
compounds with similar magnetic and structural properties. In addition, to the knowledge
of the authors, there have been no new reports using ESR on such compounds since
1991, where Chehab et al. studied the temperature dependence of the ESR signal coming
from CrCl;, confirming that, when a field of the order of 3000 G is applied, CrCl;
exhibits magnetic properties characteristic of a 2D system [19]. To broaden the
knowledge and understanding, in the present work, the authors studied the ESR spectral
behavior above room temperature on CrX; (X = Cl, I) single crystals, where the magnetic
field was applied within the plane of the CrXj; layers. Here, X-band ESR (frequency, v =
9.45 GHz) spectroscopy as a function of temperature from 300-500 K was employed. In
addition, the magnetic phase transition in the CrCl; compound as a function of
temperature from 5-300 K at 120 GHz was studied by tracking the temperature
dependences of signal behavior, signal width, and g-value (spectroscopic splitting
factor). The peak-to-peak linewidth (AH,,,) of the ESR signal is directly connected to the
interactions of the spins with their local environment. The change in magnitude in the g-
value (g) gives information on the atomic or molecular orbital where the unpaired
electron is contained, the g-factor obtained from the resonance line reflects the strength
of microscopic spin-orbit coupling. This work compares the ESR spectral properties of
CrCl; and Crl; as a function of temperature and microwave frequency, which was
unreported previously. The ESR findings obtained on these bulk CrX; crystals can help
in understanding the few-layer magnetism of these compounds, as it has been shown
possible to infer information on single layer magnetism by ESR performed on other bulk
crystals of organic layered magnets [21].

EXPERIMENTAL DETAILS

The crystals used in this study were grown by chemical vapor transport (CVT)
method as described in Refs. 4 and 5. For ESR measurements, thin plate-like single
crystals were wrapped in Fisherbrand™ pure low density PTFE tape, capable of
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withstanding temperatures of -190-370 °C, inserted into 4 mm unsealed quartz tubes, and
inserted into a Bruker EMXplus™ X-band (v = 9.45 GHz) ESR Spectrometer, equipped
with high temperature probe head. Since the magnetic field was applied in the plane of
these thin plates, the demagnetization field is negligible. High temperature (300-500 K)
was controlled through the continuous flow of nitrogen gas. The complete system was
operated by Bruker Xenon software. Additionally, all ESR experimental settings were
kept constant for reproducibility. High frequency (120 GHz) ESR measurements were
recorded at the National High Magnetic Field Laboratory (MagLab) located at Florida
State University. High frequency ESR experiments are performed using the quasioptical
spectrometer developed by MaglLab. This setup uses a superheterodyne spectrometer,
employing a quasioptical submillimeter bridge that operates in reflection mode without
cavity using a sweepable 17 T superconducting magnet.

RESULTS AND DISCUSSION

Figure 1(a) shows the temperature (300-500 K) evolution of the first-derivative
ESR signals collected on CrCl; single crystals measured at 9.45 GHz. At 300 K, the ESR
signal is of Lorentzian shape, with an estimated g-value of 1.986 and AH,, = 131 G.
These are the benchmark signatures of cr’ (S =3/2) ions in the octahedral site where all
three spins are in the t,, state, which are responsible for the magnetic behavior [8,18,19].
While the ESR signal retains its shape throughout the temperature range as the
temperature is increased further to 500 K, the ESR signal starts broadening linearly from
131 to 146 G. This temperature-dependent ESR linewidth in the paramagnetic phase
could be due to the phonon modulation of Dzyaloshinskii-Moriya antisymmetric
exchange interaction between antiferromagnetically coupled spins in CrCl;. Similar
behavior has been previously reported in the case of manganites [22]. As shown in
Figure 1(b), the ESR signal intensity is observed to decrease as the temperature increases
(Curie-type), suggesting that this compound retains its pristine paramagnetic nature even
at 500 K.
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Figure 1. (a) Thermal (300-500 K) evolution of first derivative X-band (v = 9.45 GHz) ESR signals measured on CrCls

single crystal. Vertical lines represent the estimation of AH,,,. (b) Signal intensity/AH,, vs temperature.

Temperature dependent ESR measurements were performed on CrCl; single
crystals at 120 GHz from 5-289 K. The ESR signals as a function of temperature are
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shown in Figure 2. As the sample is cooled down from 289 to 40 K, only a single
Lorentzian signal with g = 1.98 and AH,, = 15 G is observed. As the sample is cooled
down further, a gradual increase in the number of additional signals can be seen down to
the temperature of 5 K. The temperature (~ 40 K) at which the single signal turns into
multiple signals is near the magnetic phase transition at Tyy=17 K. This can be attributed
to the fact that ESR spectroscopy is known to pick up the ferromagnetic (FM)
correlations much above the transition temperature. Multiple ESR signals are typically
observed in ferromagnetic compounds due to magnetocrystalline anisotropy, magnetic
phase separation and magnetic inhomogeneity [23-28]. However, in the present case the
former is ruled out because the magnetocrystalline anisotropy is negligible in this
compound. Hence, it is most likely the local magnetic inhomogeneity that causes the
multiple ESR signals due to the FM correlations that occur above the long-range
antiferromagnetic (AFM) ordering temperature of this material. Upon closer inspection
between 14 and 17 K, there seems to be a precursor magnetic state with some FM
behavior that evolves into the AFM long-range ordering upon cooling. In this study,
efforts are focused only on the signal appearing at g = 1.98 at room temperature, which
persisted throughout the temperature range studied.

'-*7 _ T ; T " ?;gf " T 'CrCIg

= u =120 GHz|
= 60 K
[ 50 K
E . 40K 4
. - 3K
~ F 30K
w b
T L 275K
:| F
8 25 K
£ |-
T F v 20 K|
T L
% r ]
P o 15K
F 10K

1 n 1 " 1 " 1 " 1 " 1

430 435 440 445 450 455 460 465 470 475
Magnetic Field (T)

Figure 2. Temperature (5-289 K) dependence of first derivative high-frequency (v = 120 GHz) ESR signals measured on
CrCls single crystal.

The temperature dependence of AH,, and g-value of this signal was tracked.
The data were obtained from the fits (not shown) using a Lorentzian line shape of the
signal appearing at g = 1.98 and are plotted in Figure 3. As the sample temperature is
lowered from 300 K, the AH,, begins to increase from 15 to 43 G, and starts to decrease
as the temperature is lowered after about 40 K. At around the same temperature of 40 K,
the g-value of the signal begins to fall sharply, possibly due to the creation of internal
magnetic fields because of magnetic phase transition. This temperature is close to the
AFM order (Ty) of CrCl;. AH,, typically linearly decreases when the temperature
approaches Ty from above due to the motionally narrowed relaxation in a system with
FM clusters or magnetic polarons. However, the broadening effect of AH,,, caused by the
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tendency of the enhanced exchange interaction among FM clusters or the enhancement
of magnetic inhomogeneity can also be developed due to the creation of internal
magnetic fields with decreasing temperature [29], such as the one observed in the present
work.
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Figure 3. Temperature (5-289 K) dependences of peak-to-peak signal width (left Y-axis) and g-value (right Y-axis)
extracted from the computer-generated Lorentzian fits of the high-frequency (v = 120 GHz) ESR signals measured on

CrCl; single crystal.

High temperature ESR measurements were performed on Crl; single crystals.
Thermal evolution of the ESR signal is depicted in Figure 4. At 300 K, the estimated g-
value from the single Lorentzian signal is 1.986 and AH,,, = 550 G. As the temperature is
increased, the signal is observed to broaden more than 2-times (~1250 G) at 450 K,
which is much stronger than that of CrCl;. Unlike the case of CrCl;, the ESR signal
decays as the measurement temperature increases from 300 to 450 K, and the ESR signal
disappears above 450 K or broadens beyond detection limit of X-band frequency.
Interestingly, at room temperature, the ESR signal appearing from CrCl; is narrower by a
factor of four, which is a direct consequence of distinct Dzyaloshinskii—Moriya
antisymmetric exchange interaction strengths between CrCl; and Crl; single crystals
[8,18,19,22]. This observation not only confirms the presence of Cr’* ions but shows the
effect of halide ions (through spin-orbit coupling) on the magnetic interaction of these
layered compounds, in agreement with prior studies [8,18,19]. Crl; is much more air
sensitive than CrCls;, and will degrade in air much more quickly, especially in moist
atmosphere. At elevated temperatures, the sensitivity will be enhanced, and one would
expect reaction with even a very small amount of O, or H,0O, which can make Crl; ESR-
silent. In addition, the possibility of a reaction of N, gas with Crl; at 500 K, which can
also make the compound ESR-silent or change the local environment of Cr*’, cannot be
ruled out. Further work is in progress to better understand this interesting observation.

It should be noted that in the case of CrCls, it is found that AH,, = 131 Gat T =
300 K when measured with 9.4 GHz ESR, while AH,, = 15 G at the same temperature as
measured by 120 GHz ESR. In attempting to understand the frequency-dependent
linewidth, it is noted that at room temperature these compounds are paramagnets and are
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therefore not expected to show magnetic relaxation effect at room temperature. The
magnetic field is applied in the same way (in-plane direction) at both frequencies, hence
line broadening due to the direction in which the magnetic field is applied can be ruled
out. This leads to the belief that high frequency and magnetic field play a major role in
the line broadening. Additional measurements are being performed at other frequencies
to confirm the frequency effect on linewidth.
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Figure 4. Thermal (300-500 K) evolution of first derivative X-band (v = 9.45 GHz) ESR signals measured on Crl; single
crystal.

CONCLUSION

In this paper, experimental findings on ESR investigations of CrX; compounds
(where X = Cl, I) as a function of temperature and microwave frequency are presented. It
is observed that ESR signals from CrCl; can be seen up to 500 K, while the signal from
Crls, due to Cr’”, begins to decay at 460 K or broaden beyond the detection limit of X-
band frequency above 450 K due to Crl; becoming susceptible to decay at high
temperatures. This susceptibility enhances the compound’s sensitivity to very small
amounts of O, or H,O in the environment, which could cause Crl; to become ESR-silent.
A reaction of N, gas with Crl; at 500 K, which can also make the compound ESR-silent
or change the local environment of Cr3+, is also possible. In addition, 120-GHz ESR
spectroscopy was employed in order to study the magnetic correlations across the AFM
phase transition in the CrCl; compound. The temperature dependences of signal
behavior, line width and g-value show characteristic signatures of in-plane FM
correlations at around 40 K, well above Ty = 17 K, which is evidence for 2D correlations
developing far above the long-range ordering temperature. This study shows that ESR
spectroscopy can give invaluable information on the underlying mechanisms of magnetic
interactions in transition metal halides such as Crl; and CrCl;, allowing for new
opportunities in developing 2D devices for electronic applications by enabling
magnetism to become a parameter that may be tunable.
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