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At least since the discovery of graphene and the subsequent finding of a plethora of other 2D materials, it
is well anticipated that the dimensionality of a material may constitute a functional parameter. In this paper,
we discuss zero-field >*Cr nuclear magnetic resonance (NMR) measured in the magnetically ordered state and
33CI nuclear quadruple resonance (NQR) data derived in the paramagnetic state of the two-dimensional van
der Waals material CrCl;, comparing the results for a bulk single crystal and a nanocrystal. In particular, we
apply these spectroscopic methods to monitor the evolution of local environments in the single crystal across
the structural phase transition and compare the structural and magnetic properties of a bulk single crystal and
nanocrystal sample at low temperatures. The actual structural transition is reported to be of first order, where
a certain hysteresis is to be expected. However, we see that both the high- and low-temperature phases coexist
in both sample types across the full temperature range (300 K-1.5 K) albeit with different phase fractions. This
coexistence of phases in different sample types originates in a kinetic arrest where the arrested structural domains
are related to defects and stacking faults. Such defects are to a large part found in the nanocrystal but to a smaller
extent in the bulk single crystal. These frozen-in phases have further consequences: The critical exponent S,
derived by fitting the >*Cr NMR data, is considered to denote the dimensionality of magnetic interactions. Here,
the values differ considerably for both sample types. Probably, the difference in g arises from the specific domain
structure of kinetically arrested phases and, in turn, from an altered interlayer magnetic exchange mediated by
magnetic moments related to frozen-in domains that are related to defects and stacking faults,with their number
being much higher in the nanocrystal. These findings may, in part, explain the different magnetic properties
reported for different samples as their individual defect landscape determines the kinetically arrested phase

fraction in CrCls. Hence, the structure-property relation in CrCl; is even more complex than anticipated.

DOI: 10.1103/PhysRevB.110.024202

I. INTRODUCTION

The dimensionality of a material has a significant im-
pact on its macroscopic properties. A paradigm example
constitutes research on materials with two-dimensional (2D)
structures, which culminated in the discovery of graphene
[1,2]. Since then, a plethora of 2D materials have been identi-
fied [3], e.g., chromium(IIl) halides CrX; with X = CI, Br,
I. Chromium(III) halides form honeycomb nets of corner-
sharing CrClg octahedra with weak van der Waals (vdW)
bonding between the 2D layers [4] and are, therefore, some-
times referred to as vdW materials [2,5]. Their specific crystal
symmetry and structure is determined by the stacking se-
quence of the honeycomb layers [see Fig. 1(a)]. Specifically,
CrCl; is reported to order in the monoclinic RhCl; structure
type [space group C2/m; Fig. 1(b)] at ambient tempera-
ture and to undergo a crystallographic phase transition at
approximately 240 K [6,7] to a rhombohedral Bil; structure
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type [space group R3; see Fig. 1(c)]. This transition relates
to a change in the layer stacking arrangement with an almost
unchanged intralayer structure [6,7].

The two-dimensional structure of chromium(IIl) halides
sets the stage for their highly anisotropic magnetic properties
[4,8,9] with Cr** ions as magnetic species having 3d° elec-
tronic configuration and S = 3/2 spin state. Bulk samples of
Crl; order ferromagnetically with T = 61 K [7,10,11], bulk
CrBrj is a ferromagnet with T = 37 K [12], and bulk CrCls
is an antiferromagnet with an ordering temperature near 17 K
[13,14]. However, the weak chemical interlayer bonding via
vdW interactions favors the formation of stacking faults which
in turn have consequences for the magnetic interactions [7,11]
and the magnetic ordering temperature typically decreases
with the increasing number of stacking faults [7]. Hence,
a broad range of magnetic ordering temperatures has been
reported for Cr(III) halides [6].

Upon downscaling, the magnetic properties of Crl3, as a
generic example, are determined by the number of layers, viz.,
by sample thickness, and change from ferromagnetic (fFM)
in the bulk to antiferromagnetic (AFM) in bilayers and FM

©2024 American Physical Society
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FIG. 1. (a) illustrates the honeycomb arrangement of Cr atoms in the C2/m structure type in the (a, b) plane. The CI atoms are not
differentiated by their Wyckoff position. (b) shows the same structure but viewed along the monoclinic b axis where the blue Cl-1 and grey
Cl-2 atoms represent the two different Cl positions and their 1:2 ratio. In this structure type, the corresponding layers have an ABABAB
stacking. (c) shows the rhombohedral structure type with only one CI position and ABCABC stacking of the layers.

in the monolayer limit [15,16]. This dependence is assumed
to originate in the preferred parallel out-of-plane orientation
of the magnetic moments within each layer and preferred
antiparallel interlayer coupling.

The interlayer coupling is relevant for the macroscopic
properties only if the number of exchange-coupled magnetic
moments within a layer becomes equivalent or small com-
pared to the number of interlayer coupled magnetic moments.
As aresult, a thickness-dependent crossover enables tuning of
the magnetic state by choosing the number of layers.

Typically, thin layers of vdW materials are prepared by
exfoliation of bulk samples and crystals where the mechan-
ical stress originating from the exfoliation itself introduces
additional stacking faults and, in turn, affects the magnetic
properties. Another approach is to grow nanocrystals by short
term chemical vapor transport (CVT) directly on suitable
yttrium stabilized zirconia (YSZ) substrates. This has been re-
ported to minimize the formation of stacking faults compared
to the preparation by exfoliation [4].

Due to the anticipated close relationship between the stack-
ing sequence of layers and the magnetic properties, a study of
both local structure and local magnetic properties, comparing
bulk and nanocrystals of chromium(IIl) halides, is of great
interest.

In this paper, we use zero-field 3Cr nuclear magnetic
resonance (NMR) in the magnetically ordered state and *>Cl
nuclear quadrupole resonance (NQR) spectroscopy in the
paramagnetic regime above and below the transition from
monoclinic to rhombohedral symmetry (= 240 K) to probe
the structural and magnetic properties comparing bulk single
crystals of CrCl; with the corresponding CrCl; nanocrystals.

II. EXPERIMENTAL DETAILS

Bulk single crystals of CrCl; were grown by the chemical
vapor transport technique starting from Cr powder (—100
mesh, 99.5%, Aldrich) and dried CI, gas (99.5%, Riedel-de

Haen) according to the protocol described in Ref. [17]. The
growth was carried out in a two-zone furnace. Starting mate-
rials were placed in a sealed quartz ampule which was heated
up to 750 °C, then the sink was slowly (1 K/min) cooled to
650 °C. The obtained crystals were analyzed by SEM/EDX
and x-ray diffraction, confirming the monoclinic (space group
C2/m) room-temperature modification of the title compound
[17]. Nanocrystals of CrCl; were derived by short-term CVT
directly on suitable YSZ substrates as described in detail in
Ref. [4].

Both types of samples were characterized using vari-
ous techniques (see Refs. [4,17]). The magnetic properties
were investigated by a superconducting quantum interfer-
ence device (SQUID) magnetometer from Quantum Design
(MPMS-XL). The CrCl; nanocrystals were measured as-
grown on and with the YSZ substrate using a plastic straw
where the magnetic field was applied parallel to the long axis
of the substrate, hence, perpendicular to the crystallographic ¢
axis. The magnetometry data of the same, yet uncovered YSZ
substrate, were subtracted. The sample mass of the nanocrys-
tals (mass of YSZ substrate subtracted) was 0.091 mg. The
mass of the corresponding bulk single crystal was significantly
larger (0.47 mg).

The NMR measurements were performed at different tem-
peratures in an automated, coherent, phase-sensitive, and
frequency-tuned spin-echo spectrometer (NMR Service, Er-
furt, Germany). All bulk single crystal spectra were recorded
over a frequency range 36.5 MHz-64.2 MHz with step size
0.1 MHz (exception: At 10 K, a step size of 0.05 MHz was
used) with a 90°—180° pulse of 0.8-1.6 us pulse length with
a delay between the pulses of 8 us and a repetition time of
30 ms for 1.4 < T < 425 K and 100 ms for 5 <7 < 10
K. Spectra of the nanocrystals were taken over a frequency
range of 53.2-64.1 MHz with step size 0.1 MHz (4.2-8 K) and
0.5 MHz (1.5-3 K). The spectrum at 8.5 K was taken at a fixed
frequency of 54.5 MHz with a 90°—180° pulse of 0.4-0.8 us
pulse length with a repetition time of either 200 ms (1.5-3 K)
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FIG. 2. Magnetization as function of temperature for (a) a CrCl; bulk single and (b) for CrCl; nanocrystals on a YSZ substrate. The bulk
single crystal was measured with field parallel or perpendicular to the crystallographic ¢* axis; the nanocrystals were measured perpendicular
to their crystallographic ¢* axis (see main text). The inset in (a) shows the first derivative of the molar susceptibility for the bulk single crystal
while the inset in (b) shows the first derivative of the magnetic moment measured for CrCl; nanocrystal on a YSZ substrate. The susceptibility
of the bare substrate (viz., before being covered with CrCl;) was measured and this diamagnetic signal was then subtracted from the overall
data (CrCl; on top of YSZ). However, as this approach leads to large error bars, we refrain from calculating the absolute susceptibility for the
nanocrystals that is not relevant anyway for the present analysis. The Néel temperature is derived at the steepest gradient of the peak (indicated

by green, blue, and red arrows, respectively).

or 50 ms (above 4.2 K). The NMR spectra were corrected
for their v dependence and all spectra were normalized for
their respective most prominent resonance line to allow for
comparison.

The NQR measurement at room temperature was per-
formed at a fixed frequency of 12.915 MHz. A pulse length
of 5 us and a delay between the pulses of 18 us was used. The
repetition time was 100 ms and the number of scans 600 000.
At low temperatures, we took spectra in a frequency range
from 12.915 to 13.095 MHz with a step width of 30 kHz (at
80 K), and from 12.965 to 13.095 MHz with a step width of
15 kHz (40 K). These spectra were Fourier transformed and
summed up. The number of scans at low T was 60000 and the
repetition time 20 ms.

The spectra were either fitted with an appropriate Gaus-
sian model or using homemade spectral simulation software
written in the Python programming language using the LMFIT
package [18] to perform least-squares fitting of the >*Cr zero-
field nuclear magnetic resonance (ZF-NMR) spectrum. The
software performs exact diagonalization of the nuclear spin
Hamiltonian, allowing for an objective function to which the
inputs are the characteristic NMR parameters such as the shift
tensor elements K, the electric field gradient (EFG) tensor
independent elements v, and 7, and the internal magnetic field
Bi., etc. For this specific case the 3Cr gyromagnetic ratio
is taken to be 3y /2w = —2.4115 MHz/T and the nuclear
quadrupole moment Q = —0.15 x 10728 m? [19].

The center of gravity of the zero-field NMR spectrum was
determined by the method of moments [20], using a Simpson
integration method SCIPY.INTEGRATE.SIMPSON in Python. The
center of gravity is given by the first moment,

1 fmax
M, = — FS(hHdr,

ey
MO fmin

where My = [ fin"“: S(f)df is the zeroth moment, S(f) is the
spectral function that describes our NMR spectrum, and fiin
and fi.x are the frequency limits of integration.

‘We then use the second moment,

1 Simax

to determine the variance of the spectrum, followed by deter-
mining the standard deviation, shown as error bars in Fig. 6.
Note that we chose the integration limits such that the full
observable spectrum was contained for the nanocrystal, but
for the single crystal we excluded the low-intensity peaks
at higher frequencies. This method allowed us to extract the
uncertainty of the center of gravity in a quantitative way
despite the fact that the spectra are not all described by the
same number of peaks over the measured temperature range.

M, (f —M\)S(f)df, @)

III. RESULTS AND DISCUSSION

A. Magnetic properties of CrCl; as bulk single
and as nanocrystal

Figure 2 shows (a) the molar susceptibility of a CrCls
bulk single crystal and (b) the magnetic moment of CrCls
nanocrystals measured on a YSZ substrate as function of
temperature. The inset in (a) shows the first derivative of the
molar susceptibility for the bulk single crystal while the inset
in (b) shows the derivative of the magnetic moment. The Néel
temperature is derived at the steepest gradient of the peak
[indicated by green, blue, and red arrows in Figs. 2(a) and
2(b)], revealing Ty to be approximately 13 £ 1 K for both
sample types in rough agreement with previous magnetiza-
tion studies on this material, although lower than reported
for highly ordered crystals [13,14,21,22]. Please note that the
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FIG. 3. Zero-field >*Cr NMR spectra of a CrCl; bulk single crys-
tal recorded between 1.4 K < 7 < 10 K.

small difference in the transition temperature for H parallel
and perpendicular to the ¢ axis of the CrCl; bulk single crystal
originates in an anisotropic magnetic exchange within and
perpendicular to the vdW layers and has been previously
reported, e.g., for RuCl; [23,24].

B. CrCl; studied by *Cr nuclear magnetic resonance
spectroscopy in the magnetically ordered state

Figure 3 shows the zero-field **Cr NMR frequency spectra
of a CrCl; single crystal at various temperatures between
1.4 K < T < 10 K in the magnetically ordered state. The
spectra taken at low temperatures 1.4 K < 7' < 5 K consist of
a clearly discernible three-peak-spectrum. This quadrupole-
split spectrum shifts to lower frequencies with increasing
temperature and seems to merge at higher temperature as
those spectra taken above 5 K consist of only one broad
resonance line.

Figure 4 shows the corresponding zero-field >*Cr NMR fre-
quency spectra of a CrCl; nanocrystal at various temperatures
between 1.5 K < T < 8.5 K. All spectra of the nano-crystal
seem to consist of two sets of similar spectral features as
seen in the bulk data, namely, two three-peak-spectra at low
temperature and two broader lines at higher temperatures.
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FIG. 4. Zero-field Cr NMR spectra of a CrCl; nano crystal
recorded between 1.5 K < T < 8.5K.

We illustrate the differences between the spectra of the
bulk single crystal and the nano-crystal and, in particular, the
doubling of the spectral features for the latter in more detail.
For that, we plot the data taken at representative low- [2.1
K; Fig. 5(a)] and high-temperature [Fig. 5(b)] regimes. The
spectra for the high-temperature regime were taken at 8.0 K
for the nanocrystal (magenta dots) and at 7.5 K for the bulk
single crystal (orange dots), respectively.

At the lowest temperature, we see a quadrupole-split
spectrum for the bulk single crystal and at least two three-
peak-spectra for the nanocrystal. A fit of the single crystal
data taken at 1.4 K with Gaussian lines reveals the three lines
at 62.09 MHz, 62.31 MHz, and 62.53 MHz (spacing approxi-
mately 0.22 MHz). Their full-width-half-maximum (FWHM)
is comparable (0.12 MHz) as well as their spectral weight.
The resonances of the nano-crystal show an unsystematic and
broader distribution of both spacing and FWHM along with
variable spectral weight. Hence, even two quadrupole-split
sets of resonances may not be sufficient to explain all spectral
features seen for the nanocrystal. The best congruence with
respect to FWHM and spacing between the bulk single crystal
and the nanocrystal spectrum is achieved upon shifting the
latter by —0.873 MHz. In this case, the three highest intensity
lines of the nanocrystal spectrum match the quadrupole-split
bulk single crystal spectrum [see inset of Fig. 5(a)], but with
two additional lines on the low- and one on the high-frequency
site.

The bulk crystal spectrum at 7 = 7.5 K [orange data set
in Fig. 5(b)] is approximated by a broad resonance line at
51.94 MHz [Fig. 5(a)], FWHM is &~ 0.99 MHz. The nanocrys-
tal spectrum taken at 8 K shows two broad lines at 54.61
MHZ (FWHM about 0.74 MHz) and at 55.66 MHz (FWHM
~ 0.51 MHz). The ratio of their spectral weight is roughly
66:36. The spacing between the two lines of the doublet is
rather small and about 1.04 MHz. Interestingly, the spectrum
of the bulk single crystal shows two additional small reso-
nances that nicely match in terms of line width and frequency
with the main broad double feature seen in the spectrum for
the nanocrystal at high temperature. This indicates that the
environment that constitutes the dominant component in the
nanocrystal at 8 K is also found in the bulk sample but to a
smaller extent.

We further analyze the differences at temperatures 1.4 K <
T < 10 K for both sample types by comparing the evolution
of the corresponding center of gravity of each zero-field NMR
spectrum (see Sec. II for details), which is a measure of the
average internal field.

We performed a fit with

T\?
fim = fint,O(l - T_N> (3)

to each data set, individually yielding the Néel temperature,
the critical exponent 8, and the saturation value of the fre-
quency at zero temperature fin o. The data were weighted by
the uncertainties in the least-squares fitting. The best fit and
corresponding parameters are shown in Fig. 6.

At high temperature, there is a significant gap between the
internal fields of the nanocrystal and the bulk single crys-
tal; the magnitude of this gap is not constant but decreases
with decreasing temperature and finally converges at zero
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FIG. 5. (a) Zero-field >*Cr NMR spectra measured at 2.1 K (low temperature regime) for the bulk single crystal (teal dots) and for the
nanocrystal (blue dots). (b) Zero-field >*Cr NMR spectra for the high temperature regime, measured at 8.0 K for the nanocrystal (magenta
dots) and at 7.5 K for the bulk single crystal (orange dots), respectively. The inset of (a) shows the data taken at 2.1 K with the spectrum of the
nanocrystal shifted by 0.873 MHz as one variant of line matching (see text).

temperature. The resulting saturation value of the frequency at
zero temperature fin o is 64.2 £ 0.1 MHz for the bulk single
crystal and 64.0 &£ 0.1 MHz for the nanocrystal, indicative of
comparable average internal fields at zero temperature. The
Néel temperature is Ty = 13.7 = 0.3 K for the bulk single
crystal and Ty ,x = 13.4 £ 0.5 K consistent with the magnetic
data (compare Sec. IIL A).

The critical exponent f is, in general, considered a crite-
rion for the dimensionality of magnetic interactions. In the
present case, the fit yields 8 = 0.27 & 0.01 for the bulk single
crystal and 0.16 = 0.01 for the nanocrystal. The value derived
for the bulk single crystal is in pretty good agreement with
those previously reported for quasi-2D systems with XY or
anisotropic Heisenberg type interactions [25,26]. The value
of the critical exponent for the nanocrystal is close to that for
a system with Ising spins on a two-dimensional crystal lattice,

R T R 1
50 R ]
e bulk single crystal (sx) e RN
~ 40F = nano-crystal (nx) N J
N \
= % Ty o =13.7£0.3K o
= 307 Ty =134205K L]
sl Trioe=642£0.1 Mz o]
friom = 64.0 0.1 MHz
10l Fx=027£001 ]
£, =0.16 £ 0.01
O 1 1 1 1 1 1

0 2 4 6 8 10 12 14
temperature (K)

FIG. 6. Center of gravity of the zero-field *Cr NMR spectra
as a function of temperature for a CrCl; bulk single crystal (sx:
red markers) and a CrCl; nanocrystal (nx: blue markers) and the
corresponding fits to the data (see text for details).

where the critical exponent 8 for T < Ty is reported to be
about 0.125 [27,28].

Considering the NMR spectra of the two samples, the
origin of their different exchange interaction may be related
to their individual defect landscape as the bulk single crystal
shows rather sharp lines, indicative of a small number of
defects and stacking faults, while the two sets of spectral
features seen for the nanocrystal hint at a much larger num-
ber of defects therein. In a recent work, Qian et al. [29]
identified the magnetic moments of antisite Mn atoms in
Mn(Bi;_,Sb,)4Te; as mediators for interlayer ferromagnetic
coupling that competes with the antiferromagnetic superex-
change coupling. The defects in the nano-crystal, similarly
to the Mn antisites in Mn(Bi;_,Sb,)4Te;, may alter the in-
terlayer magnetic exchange paths thereby altering the critical
exponent f.

These observations are consistent with our magnetometry
data where the magnetic transition temperature of both sam-
ples is comparable, albeit rather sharp for the bulk crystal and
smeared out for the nanocrystal.

C. Rationalizing the structure environments of *Cr and **Cl

CrCl; orders in a monoclinic RhCls-type structure (space
group C2/m) at temperatures above 240 K [6] (compare
Fig. 1), yielding two crystallographic Cl positions (Wyckoff
positions 4i and 8;) with a multiplicity ratio as given by the
Wyckoff indices of 1:2. Cl-1 (4i) has two Cr first-nearest
neighbors at about 2.347 A distance, while C1-2 (8) has one
Cr nearest neighbor at 2.340 A distance and the second nearest
at 2.342 A distance. Cr is surrounded by two CI-2 atoms at
2.340 A and two CI-2 atoms which are only marginally more
distant (2.342 A). Cr has also two Cl-1 neighbors at 2.347 A.

In the rhombohedral structure, viz., below 240 K, there is
one position for Cr (Wyckoff position 6¢) and one position for
Cl1 (Wyckoff position 18f), consistent with one unique crys-
tallographic environment for each nucleus (compare Fig. 1)
and a 1:3 multiplicity. Consequently, Cr is octahedrally coor-
dinated by six CI atoms in the first shell; the layer stacking
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sequence is ABCABC (compare Fig. 1) and, hence, the EFG
tensor is of high symmetry, i.e., n = 0.

Therefore, the *>C1 NQR spectroscopy is expected to show
two distinct lines at ambient temperature and one distinct line
at 5 K due to the first-order structural phase transformation,
consistent with the transformation from the two Cl positions
in the monoclinic structure that merge to one only one lo-
cal environment upon approaching the structural transition
temperature.

D. Simulation of the low-temperature >*Cr NMR spectrum

Towards a more quantitative analysis, we simulated the
3Cr zero-field nuclear magnetic resonance (ZF-NMR) spec-
trum of the bulk single crystal measured at 1.4 K using a
home-made spectral simulation software performing least-
squares fitting. Nuclei with spin / > 1/2 in an anisotropic
charge environment have a finite electric quadrupole moment
eQ with e the elementary charge and Q the nuclear quadrupole
moment. In the presence of an EFG at the atomic site, the
nuclear electric quadrupole energy levels are not degenerate
anymore. This is described by the following Hamiltonian:

_ 3eQV;,
411 - 1)

The corresponding coordinate axes are defined by the prin-
cipal axes of the EFG tensor. By exact diagonalization of the
nuclear spin Hamiltonian (equation 4), we yield characteristic
NMR parameters such as the shift tensor elements K,, the
EFG tensor with the corresponding tensor components V;;
= §%V /8x;6x;, the principal component of the EFG tensor
along c¢ direction (v.), the asymmetry of the EFG tensor (n
= (Vix — V3)/Vz2), the nuclear quadrupole moment (Q), and
the internal magnetic field Bjy,.

The nuclear quadrupolar moments interact with the EFG
tensor, yielding a resonance at the frequency

3eQV, 7)2
= 2= 4L
e = rar—onV' T3 ®)

where £ is the Planck’s constant.

To decide on the orientation of the EFG tensor with respect
to the internal field at the Cr site in CrCl;, we followed the
analysis of Narath and Fromhold [30-32] and Cable et al.
[14]. In an earlier work, Narath [32] found that the central
component of the spectrum of CrCl; is shifted by a second-
order effect to slightly higher frequency (—6 kc/sec) relative
to the satellites, which suggests the EFG is along the ¢ axis. In
1963, Narath [30] concluded that the hyperfine field at the Cr
nucleus in CrClj; is negative with respect to the direction of the
magnetization. Hence, the internal field By, is perpendicular
to the ¢ axis and to the EFG, viz., aligned along the crystal-
lographic a axis, therefore the internal field being in the vdW
layers. The Cr atoms are octahedrally coordinated by six Cl
atoms (compare Fig. 1 and Sec. IIIC). On that account, the
EFG tensor is of high symmetry, i.e., n = 0.

We start with the least-squares spectral fitting of the single-
crystal spectrum (blue dots in Fig. 7). The best fit is given
by the red curve in the same figure. The parameters that
characterize this best fit are summarized in Table I.

Based on the simplest structural model [6], we assume only
one 3Cr crystallographic position at 1.4 K (see Sec. IIIC)

BrE-10-H+ 102 +12)]. &

SCrNMR; T=1.4K
—— bulk single crystal
f fit with B,,, || a

N
o

o
fe )

o
)

o
N

0.2

normalized intensity (arb. units)

61.5 62.0 62.5 63.0 63.5
frequency (MHz)

FIG. 7. Normalized intensity of the zero-field **Cr NMR re-
sponse as a function of frequency for a bulk single crystal of CrCl;
at T = 1.4 K [same data as in Figs. 3 and 5(b)]. The red curve is the
best fit to the data with assuming the internal field By, is fixed along
the crystallographic a axis, corresponding to the internal field being
in the vdW layers, following Narath and Fromhold [30,31] and Cable
etal [14].

and vary four of the above variables during fitting, namely: (i)
The amplitude controlling the overall spectral weight being a
multiplicative factor that allows the simulation to be scaled to
match the experimental spectrum. (ii) The FWHM. Inciden-
tally, if we let FWHM vary, this would allow for different
linewidths of the satellite resonances (due to a distribution
of EFG parameters) with respect to the magnetic spectral
broadening that affects all resonances equally (due to, in this
case, a distribution of internal hyperfine fields in the magnetic
state). (iii) The hyperfine field in the a direction H{,, that is,
the hyperfine field component perpendicular to the principal
component of the EFG tensor and v, the principal compo-
nent of the EFG tensor. We find Hj;, = 25.84 T and v, =
0.446 MHz. In summary, the simulation describes our data
rather well (Fig. 6).

We refrain from fitting on the multisite spectrum observed
in the nanocrystal. As discussed above, this spectrum appears
to have at least three additional peaks, which indicates the
existence of at least one different local magnetic or charge
environment. Further measurements and simulations may be
helpful to constrain the parameter space and allow curve fit-
ting to aid in understanding the spectrum.

E. %Cl nuclear quadrupole resonance spectroscopy above
and below the structural transition temperature

At this point, we need to remind ourselves that the early
work by Narath reports on the evolution of several reso-
nance lines that dominate the NQR spectrum at a specific
temperature range that are not necessarily linked to struc-
ture or transition temperatures seen by x-ray diffraction [6].
Also, McGuire et al. reported a rather broad first-order phase
transition [7,22,33].

As the NQR signal intensity is weaker at high temper-
atures, we measured a conglomerate of several bulk single
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TABLE I. The parameters that characterize the best fit.

Fit Statistics

Fitting method least squares

Function evals 47

Data points 632

Variables 4

X2 1.08

Reduced x? 0.002

Akaike information criterion —4018.74

Bayesian information criterion —4001.94

Variables

H, [T] 0 (fixed)

Offset 0 (fixed)

Amplitude 3Cr 0.0135 + 0.001 (1.00%) (init = 0.05)
K, >Cr 0 (fixed)

K, >Cr 0 (fixed)

K. SCr 0 (fixed)

v, 3Cr [MHz] —inf (fixed)

v, 23Cr [MHz] —inf (fixed)

V. >3Cr [MHz] 0.446 £ 0.002 (0.38%) (init = 0.5)
n 3Cr 0 (fixed)

Hi 53Cr [T] 25.84 & 2.63 x 10~ (0.00%) (init = 25.83)
H™ 33Cr [T] 0 (fixed)

H 53Cr [T] 0 (fixed)

¢. (deg) 3Cr [degree] 0 (fixed)

6,y (deg) 3Cr [degree] 0 (fixed)

V., (deg) 3Cr [degree] 0 (fixed)

FWHM *3Cr [MHz] 0.116 =+ 0.001 (1.09%) (init = 0.1)
FWHM v, 3Cr [MHz] 0 (fixed)

Correlations (unreported correlations are < 0.100)

C (amplitude **Cr, FWHM 3Cr [MHz]) 0.500

crystals to yield the temperature-dependent NQR data. The
expected changes in the *>Cl NQR spectra (see Sec. IIIC
for details) were monitored at ambient temperature, at 80 K
and at 40 K as well as at 70 K, 60 K, and at 50 K (with
similar conclusions, data not shown). Using the same setup,
the same coil, and similar parameters did not enable us to
measure NQR data for the nanocrystal at 295 K even though
data accumulation lasted for five days.

The ambient temperature >>Cl1 NQR spectrum of the CrCls
bulk single crystal [Fig. 8(a)] shows two distinct peaks that
seem to reside on top of a rather broad line. The two pro-
nounced and sharp resonances are consistent with the two Cl
positions of the monoclinic structure type and their 1:2 mul-
tiplicity ratio. At 80 K, well below the anticipated structural
transition temperature, the NQR spectrum consists of mainly
one rather sharp resonance line. Besides the expected small
shift to higher frequencies, the spectra obtained at 40 and 80 K
are very similar.

Not all spectral weight in the ambient temperature spec-
trum is covered by the monoclinic structure. As the simplest
approach, we assumed disorder in higher coordination shells
where both types of Cl sense the differing environments in-
dividually, however, four Gaussian lines do not account for
the full spectrum at ambient temperature, but Voigt-type lines
do (not shown). The Voigt-type function is mathematically a
convolution of a Lorentz and a Gaussian profile and is used to
describe a line broadening by two contributions.

As a next-fit model, we assigned the spectral weight not
covered by two sharp Gaussian lines to a broad distribution of
slightly different environments of the two Cl nuclei (e.g., in
higher coordination shells), leading to a broad continuum of
overlapping resonances.

A fit based on this model to the high temperature *>Cl data
with two sharp and one broad Gaussian line yields the maxima
of the two sharp lines at 12.90 MHz and 12.94 MHz. Their
ratio is about 1:2.1, which roughly matches with the expected
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FIG. 8. (a) **C1 NQR data of the CrCl; bulk single crystal mea-
sured at (a) ambient temperature, (b) at 80 K, and (c) at 40 K.

multiplicity ratio. The center of gravity of the broad resonance
line is right between the sharp resonance at about 12.92 MHz,
corresponding to its right in the middle between the sharp
lines. The sharp lines have a comparable FWHM of ~ 9 kHz
while the broad Gaussian line has a FWHM of 72 kHz. The
spectral ratio of all three resonances is about 1:2.1:3.5.

At 80 K, the spectrum can be roughly approximated by a fit
with two Gaussian lines at 13.00 MHz. The sharp resonance
line has a FWHM of about 9 kHz, while the FWHM of the
broad Gaussian lines is 34 kHz. Their spectral weight is
6.9:7.8. The center of the two lines at 40 K are at the same
frequency (13.02 MHz) but also with very different FWHM
of 11 kHz (sharp line) and 39 kHz; their spectral ratio is
roughly 5:9.

To illustrate the changes in the spectra, we plot the NQR
data taken at different temperatures (Fig. 9) shifted by hand
to match on top of each other. We clearly see that the data at
80 K and at 40 K resemble each other while the line width
of the 80 K line is slightly smaller than the one at 40 K. A
broad contribution is found in all spectra and the evolution of
spectral weight at both sides of the main lines is consistent
in all data sets. However, although adding the broad line to
match the spectra is a good approximation to the data, one
additional broad line representing different Cl environments
may be oversimplified.

12.95 13.00 13.05 13.10
normalized frequency (MHz)

12.90 13.15

normalized **CI NQR intensity (arb. units)

FIG. 9. *CINQR data of the CrCl; bulk single crystal measured
at 295 K, at 80 K, and at 40 K. The spectra were shifted with respect
to each other to illustrate the similarities and differences of the
spectra taken at temperatures above and below the structural phase
transition.

IV. RECONCILING THE NMR AND NQR DATA TO
UNDERSTAND THE DIFFERENCES IN BULK SINGLE
AND NANO CrCl; crystals

A. Low-temperature properties

The well-resolved >*Cr three-peak-spectrum with spacing
of about 0.22 MHz seen at lowest temperature 1.4 K < T <
5 K for the bulk single crystal corresponds to the majority
of the Cr nuclei within the rhombohedral-type structure. The
splitting into three individual, sharp lines with a frequency
spacing of about 0.22 MHz (compare Sec. III D) originates
in quadrupolar interaction. This value is consistent with the
simulation yielding v, to be 0.22 £ 0.001 MHz (compare
Sec. III E). With increasing temperature 5 K < T < 7.5 K, the
lines broaden. At higher temperature 7.5 K < T < 10 K, these
lines merge to an asymmetric one; the increasing line width
results from increasing magnetic fluctuations and a broader
distribution of local fields as the temperature approaches the
magnetic ordering temperature (13 K; see Sec. III A).

The low temperature data for the nanocrystal show at least
two quadrupole-split spectra plus a merged asymmetric broad
line. The presence of more than one quadrupole-split spectrum
indicates that at least two local and clearly discernible Cr
environments exist in the nanocrystal. Those are, as minority
contribution, also found in the high-frequency region of the
bulk crystal spectra. Hence, the same local environments giv-
ing rise to the main contribution of the nanocrystal spectrum
must be present as a minority fraction in the bulk crystal, too.

The surface to bulk ratio of the nanocrystal is not the
source for the doubles features of the low-temperature NMR
resonances as their approximate 1:1 spectral weight (54:46)
is inconsistent with this scenario. This is a rather interesting
result, and makes the discussed AlCI;-type surface recon-
struction unlikely as the source of the suppressed structural
transition in both exfoliated CrCl; and Crls [34].

As second leading scenario to explain the absence of
the structure transition in exfoliated CrCl; and Crl; is a
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FIG. 10. Center frequency and FWHM from Gaussian fitting of the 3CI NQR data of the CrCl; bulk single crystal measured at different
temperature. Black symbols represent the sharp lines, red dots symbolize the broad lines. The green star represents the hypothetical FWHM,

assuming two broad lines for the 295 K data.

preservation of the high-temperature phase due to mechanical
stress and the formation of stacking faults [34]. Typically,
thin films relax upon reaching a certain thickness as the
influence of the substrate decreases with increasing dis-
tance, thereby minimizing stress and strain. Such relaxation
processes involve the formation of stacking faults. The ma-
jority of the nanocrystal flakes were determined to have a
thickness above 2000 nm [4] and we can safely assume
the largest part of the nanocrystal to be relaxed via for-
mation of stacking faults. In addition, also the structural
transition, as a first-order process, may lead to twinning.
Those “defects” may account for a certain frequency shift
and line broadening and even for line splitting, as strained
thin films of Co with a thickness of 1.5 nm show a
frequency shift of 2 MHz, corresponding to a strain of
roughly 2% stemming from the lattice mismatch between Co
and Cu [35].

B. Properties in the paramagnetic regime

The center frequencies for the sharp line (Cl nuclei in
the rhombohedral structure) show a linear evolution for the
low-temperature regime [Fig. 10(a)]. At 295 K, we see two
sharp lines, as expected, associated with the two Cl positions
in the high-temperature phase. Their center frequencies can
be matched to the linear trend upon averaging. In case of
the broad lines, we see a linear temperature evolution which
closely resembles that for the sharp lines, therefore their origin
is likely linked.

Similar to the frequencies, the FWHM of both the sharp
and broad lines show a monotonous, nonlinear increase with
decreasing temperature albeit inherently with different abso-
lute values as for the frequencies. In analogy, the average of
the FWHM for the two sharp lines at 295 K is consistent
with the overall trend [Fig. 10(b)]. The FWHM of the broad

line at 295 K needs a division by two to follow the overall
temperature evolution [green star in Fig. 10(d)].

Hence, the FWHM s and the center frequencies are rescaled
by simple arithmetic to yield consistent trends. This suggests
that the origin of all resonances is connected to a common
source. In a hand-waving model, the broad line implemented
in the fit at all temperatures may be interpreted to arise from
a broad distribution of different local environments leading to
a continuum of overlapping resonances. In this picture, the
broad line at 295 K represents contributions from the low-
temperature phase far above the transition temperature sensed
by 35l at two different sites, and the broad lines below actu-
ally represent two overlapping resonances on both sides of the
distinct main line, signaling a fraction of the high-temperature
phase far below the transition.

C. Structure of CrCl; above and below the transition

A coexistence of phases seen by *>Cl NQR is consistent
with the results from *Cr NMR at low temperature and is
easily rationalized by the following arguments: Both struc-
tural modifications may be visualized as close-packed layer
structures in which “honeycomb” sheets of chromium ions
are separated by two layers of close-packed chlorine ions.
In the high-temperature monoclinic structure, the chlorine
atoms are almost face-centered cubic close-packed, while
the low-temperature rhombohedral configuration is described
by nearly hexagonal close-packed arrangement of chlorine.
Hence, CrCl; exists in several variations which differ only
in the packing arrangement of adjacent “honeycomb sand-
wiches” along the crystallographic ¢ axis (compare Fig. 1).
Accordingly, the mechanism of the structural transition is
a simple translation of each sandwich along one direction
[6,7,22,33]. This small difference between the structure types
suggests a low energy barrier for translation, leading to
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several stacking variations which differ only in the packing
arrangement of adjacent honeycomb sandwiches along the
crystallographic ¢ axis. This low energy barrier may lead to
a vast temperature region in which both phases coexist as
only a small energy push may alter the local structure. This
phenomenon is a special type of polymorphism (different
crystal structures for the same chemical composition [34]) re-
ferred to as polytypism, which narrows the coexisting phases
down to close-packed and layered materials with stacking
variants [34].

Resuming along this line of arguments implies the fol-
lowing: (i) The sequence of phases is rather unusual as the
high-temperature monoclinic phase has lower symmetry than
the low-temperature rhombohedral phase. (ii) Interlayer inter-
actions drive the transition as the honeycomb sandwich layers
are not altered [22]. (iii) The transition is of first order, there-
fore a certain hysteresis is expected [7] along with twinning
and formation of stacking faults. (iv) Given the different >Cr
NMR data of the bulk and the nanocrystal, the specific ratio
of the two polytypes depends on the thermal and magnetic
history of a sample [7,22,34]. Therefore, kinetic aspects may
play an important role for the evolution of phase formation in
CrCl;.

Several magnetocaloric materials such as
Ce(Feg9sRug04)2 [36] and FeRh [37] also show polymor-
phism. Interestingly, growth of their low temperature AFM
phase out of a supercooled FM phase is strongly retarded
[36], analogous to a glasslike phase formation where the
supercooled phase appears to be frozen-in. This phenomenon
is called kinetic arrest [36].

To illustrate the peculiarity of a kinetically arrested phase
transformation, one may compare a conventional metastable
supercooled state which will undergo metastable to stable
transformation on lowering of temperature [38]. A metastable
state that is kinetically arrested will conserve frozen-in do-
mains of the high T phase even at lowest temperature, leading
to a nonergodic inhomogeneous state.

Such structural domains and their evolution throughout the
phase transition upon temperature cycling have recently been
reported for the sister compound Crl3 [39]. The authors con-
cluded that the evolution of structure domains is kinetically
driven.

For the present case of comparing a CrCl; bulk single
crystal and a nanocrystal, the concept of a kinetic arrest of the
phase transition where both phases form structural domains
and both coexist at all temperatures, viz., are frozen-in, con-
sistently reconciles our zero-field >*Cr NMR and *CI NQR
data. Moreover, the critical exponent 8, derived by fitting the
3Cr NMR data, may also hint at the formation of structural
domains, thereby affecting the interlayer magnetic exchange.

Similar to our results, the early work by Narath also
reported on the evolution of several resonance lines that dom-
inate the NQR spectrum at a specific temperature range [6]
whereas the temperature at which each line increases, de-
creases, or even vanishes is strongly sample dependent and
not strictly determined by the structural transition temperature
seen by diffraction [6,7].

Our interpretation is also consistent with the discrepancy
between the structural model and the diffraction data devel-

oped during the monoclinic to rhombohedral phase transition
as reported by McGuire ef al. [7], with the strain-tunable mag-
netic anisotropy in monolayers of Cr(II) halides [9] and with
different interlayer ferromagnetic ground states in bulk com-
pared to native exfoliated thin films Crl; [15]. Therefore, the
picture of a kinetically arrested phase transition with frozen-in
structural domains whose size and/or number depend on the
defect landscape suggests the macroscopic magnetic proper-
ties are even more complex than anticipated.

V. SUMMARY

We applied zero-field *Cr NMR and *Cl NQR spec-
troscopy to compare the properties of the van der Waals
material CrCl; in two types of samples, namely, as bulk
single crystal and as nanocrystals. An important finding is
that the change from a monoclinic to rhombohedral structure
is smeared out over a broad temperature range due to the
low energy barrier between the high- and low-temperature
phases. We also find indications for a kinetically arrested
phase transformation. This arrest hinders the complete phase
transition and, hence, the high-temperature phase is present
at temperatures far below the expected transition temperature
and vice versa. The nanocrystal is rather likely to be stressed
or strained and relaxes by formation of stacking faults, leading
to a pronounced kinetic arrest.

The different number of defects and stacking faults leads
to further consequences for the magnetic properties. By fitting
the evolution of the center of gravity of each zero-field NMR
spectrum, we yield the critical exponent 8, which is signifi-
cantly different for both sample types. In analogy to a previous
work on the van der Waals material Mn(Bi;_,Sb,)sTe;, a
high number of defects as in the nanocrystal may give rise to
additional interlayer magnetic exchange paths either directly
as for the Mn antisites in Mn(Bi;_,Sb,)sTe; or indirectly
by causing the kinetically arrested phase transformation and,
thereby, to coexistence of both structure types that, in turn,
alter magnetic exchange.

This finding may, in part, explain the different magnetic
properties found in different CrCl; samples since the presence
of stress or defects may prevent a complete structural phase
transformation with consequences for the magnetic properties
that may even be more complex than anticipated.
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