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ABSTRACT

Broadening the knowledge and understanding on the magnetic correlations in van der Waals layered magnets is critical in realizing their
potential next-generation magneto-electronic applications. In this study, we employ high-frequency (v =240 GHz) electron spin resonance
(ESR) spectroscopy on plate-like quasi two-dimensional (2D) CrBr; to gain insight into the magnetic interactions as a function of tempera-
ture (4-200 K) and the angle of rotation. We find that the temperature dependence of the ESR linewidth is well described by the Ginzburg-
Landau critical model, indicative of the presence of 2D correlations. Furthermore, our findings show that the resonance field follows a
(3 cos? @ — 1)-like angular dependence, while the linewidth follows a (3 cos? 6 — 1)"-like angular dependence, a behavior indicative of 2D
correlations that are likely due to the interaction of the external magnetic field applied during the ESR experiment. This study demonstrates
the significance of employing spin sensitive techniques such as ESR to better understand the magnetic correlations in similar van der Waals
magnets.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051651

I. INTRODUCTION

Among various van der Waals (vdW) magnets, CrX; (where
X =Cl, Br, I) is a family of compounds that has gained considerable
attention due to their cleavable nature and persistent magnetic
properties even at the atomic limit.'> Of these, CrBrs is a soft

Electron paramagnetic/spin resonance (EPR/ESR) spectro-
scopy is an ideal tool to study the magnetic interactions and mag-
netic anisotropy in vdW magnetic materials."'”"> For instance,
through the use of high-frequency (v =240 GHz) ESR spectroscopy,
Lee et al. have reported on the fundamental spin interactions that

out-of-plane ferromagnetic (FM) insulator with a Curie tempera-
ture (T¢) of about 33 K™° and has been reported to show spontane-
ous magnetization down to the monolayer.” It is an interesting
platform to study magnetic interactions as atomically thin CrBr;
has been shown to exhibit ferromagnetic interlayer coupling,” while
recent spin-polarized scanning tunneling microscopy and spectro-
scopy studies have confirmed this coupling to be either ferromag-
netic (FM) or antiferromagnetic (AFM) in the bilayer depending
on the stacking order.' Basic magnetic properties of this title com-
pound have been reported earlier”'’ with magnetism arising from
the Cr** ion (S =3/2, spin-only contribution) and the easy axis of
magnetization along the c axis.

cause the magnetic anisotropy in Crl;.'' In another study, ESR
spectroscopy was carried out at various frequencies in the presence
of a high magnetic field in order to investigate the magnetic anisot-
ropy in another vdW magnet, Cr,Ge,Tes.'” In another recent
work, Zeisner et al. again used high-field ESR spectroscopy over a
range of frequencies to prove the existence of ferromagnetic short-
range correlations above the magnetic phase transition and
established the intrinsically two-dimensional (2D) nature of the
magnetism in CrCls."” Of significant relevance, through numerous
ESR studies on the spin dynamics of the 2D triangular
Cr-antiferromagnetic frustrated lattices ACrO, (where A =Li, Na,
Cu, Ag), Hemmida et al have determined that there exists a
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dominant role of magnetic vortices for the spin relaxation in
ACrO, and «call for further investigations on similar
compounds.'®™"? Additionally, our group has employed light-
induced ESR spectroscopy to study photoexcited magnetic interac-
tions in Crl; and CrCl,."”

While numerous ESR works have been carried out on two
compounds of the CrX; family (Crl; and CrCls), to our knowledge,
there has been only a few ESR works reported on CrBr; in the last
50 years.”””' However, the temperature dependence of the ESR
linewidth as well as the angular dependence of the ESR resonance
field and linewidth have not been discussed in detail. The tempera-
ture and angular dependences of the ESR spectral parameters such
as signal width and resonance field provide fingerprint-like signa-
tures of magnetic phase transitions as well as information on
microscopic magnetic interactions, which appears to be missing
from the literature. Since the magnetic resonance properties of bulk
CrBr; serve as a basis for the understanding of magnetic phenom-
ena in reduced dimensions, e.g., in few- or monolayer samples of
CrBr;, a profound understanding of magnetic correlations in CrBr;
is needed, especially considering that magnetic mono/few-layer
CrBr; have now become accessible.” Here, through the use of high-
frequency (v =240 GHz) ESR spectroscopy, we show that the tem-
perature dependence of the ESR linewidth, reflective of spin
dynamics, follows the Ginzburg-Landau critical model satisfacto-
rily, giving critical exponents indicative of two-dimensionality in
bulk CrBrs. In addition, we find that the Berezinskii-Kosterlitz—
Thouless (BKT) transition model is not applicable due to the
absence of magnetic phase separation. Furthermore, we find that
the angular dependence of the linewidth and resonance field from
CrBr; points toward 2D correlations, though the precise origin is
yet to be resolved.

Il. EXPERIMENTAL DETAILS

CrBr; single crystals of dimension 1x 1 mm* were grown by
the chemical vapor transport method as previously reported by
some of us.”>”’ High-frequency ESR measurements were con-
ducted at the National High Magnetic Field Laboratory located at
Florida State University using the quasi-optical spectrometer devel-
oped on-site. This system uses a superheterodyne spectrometer,
employing a quasi-optical submillimeter bridge that operates in
reflection mode without cavity using a sweepable 17 T supercon-
ducting magnet.'* In order to conduct ESR measurements as a
function of angle 6 (degrees) at T=200 and 4K, the sample was
loaded into the instrument while attached to a sample rotator,
allowing the plate-like sample to be rotated along the ¢ axis during
ESR measurements. The CrBr; unit cell and atomic structure of the
monolayer are shown in Fig. 1. The sample was cooled from room
temperature down to 200 K before a magnetic field was applied in
order to ensure that the vacuum grease used to attach the sample
to the rotator is solidified. ESR measurements were performed at
v=240GHz as a function of € at both T=200K (paramagnetic
phase) and 4K (ferromagnetic phase) while the plate-like sample
was rotated. Measurements were also conducted while the sample
was held at a fixed angle of #=70° due to an apparent field
minimum at that angle, at the temperature range of T'=4-200K
(as shown in Fig. 2). Magnetic susceptibility measurements were
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FIG. 1. Trigonal CrBrs unit cell and a side view of the monolayer atomic
structure.

performed by employing a Quantum Design MPMS-3 SQUID
magnetometer using a DC method.”>>*

lll. RESULTS AND DISCUSSION

Figure 2 shows the 240 GHz ESR spectra collected at the fixed
angle of 6=70° over the temperature range of 4-200 K in order to
gain insight into the behavior of the linewidth (full width at half
maximum, AH) and resonance field.

It is observed that the single paramagnetic signal of Lorentzian
line shape at 200K with g=2.016 begins to split into multiple
signals as the sample is cooled from 4-200 K. The temperature at
which the single signal becomes multiple is in the vicinity of
Tc=33K. Below T=32K down to 4K, multiple signals arise, and
the paramagnetic signal broadens. Due to the high sensitivity of ESR
spectroscopy, compared to conventional magnetometers, this techni-
que is able to pick up ferromagnetic correlations even at T >> T¢ as
reflected through the appearance of multiple signals at T> 32 K, con-
sistent with previous reports."' "> Numerous ESR signals, as seen in
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FIG. 2. ESR signals as a function of temperature at a single fixed angle.
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this experiment, are typically observed in ferromagnetic compounds
due to magnetocrystalline anisotropy, magnetic inhomogeneity, and
magnetic phase separation.””™’ Tt is also worth noting that the spec-
troscopic g-value is seen to increase at a somewhat exponential rate
as the temperature is lowered from T=4-200K (not shown). At
T=200K, g=2.016 and at T=4K, g=2.082. This g-value is within
close proximity to g=2 and is indicative of a quenched orbital
moment that is typically seen in the Cr’" ion.'®"” This exponential
behavior begins at T'= 40 K, within close proximity to T, suggesting
that this sharp change in g-value can be attributed to the creation of
internal magnetic correlations as the temperature approaches the
magnetic phase transition from above.

A. Ginzburg-Landau critical model and BKT transition

The ESR spectral parameters were extracted using a
Lorentzian (curve in red) fit at each temperature in the paramag-
netic phase (40-200K), some of which are shown in Fig. 3. It
should be noted that the narrow ESR signals modulated by a
broader signal for the spectra measured at and below the magnetic
phase transition were not fitted due to their apparent complexity.
We first discuss the temperature dependence of the ESR linewidth
as plotted in Fig. 4. Figure 4 shows the variation of linewidth as a
function of temperature represented by solid squares, where the
superimposed red curve is the computer-generated fit resulting
from the Ginzburg-Landau critical model. The critical model states
that

P+mT+AH0, (1)

4CrBr3

Jo=70°
70K
v =240 GHz 4_/\7

8.0 8.1 8:2 8i3 8.4 8.5
Magnetic Field (T)

dP/dH (arb. units)

FIG. 3. Computer-generated fits employing a Lorentzian line shape over a
range of temperatures represented by the smooth red curve. The black curve is
the collected ESR spectra.
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FIG. 4. Temperature dependence of the ESR linewidth at the fixed angle
6=70°; fitted to the Ginzburg-Landau critical model (solid red line) and the
Berezinskii-Kosterlitz—Thouless model (dashed blue line).

in which Q is an arbitrary constant of proportionality, T is the
Curie temperature, and p is a critical exponent, which is dependent
on the spatial and spin degrees of freedom and can give a clear
description of the dimensionality. The linear term m and a tempera-
ture independent term AH are added to describe the physics far away
from the magnetic phase transition.”””' Figure 4 also shows the var-
fation of linewidth as a function of temperature along with the fit
generated using the BKT model, a phase transition that takes place at
finite temperatures previously understood to be unique to the 2D XY
model, a limiting case of the 2D Heisenberg model.” A transition of
this type is not usually observed in condensed matter systems due to
inherent interlayer coupling, which inhibits the BKT transition due to
long-range order,” a property that 2D Heisenberg magnets lack at
finite temperatures.” The BKT transition, which is typically found in
2D systems approximated by the XY model, asserts

3b

)
S
Tgxr

In our experiment, b has been set to 77/2 for a square lattice in
consistency with previous reports, although it has been shown to
remain valid at any value.”” Figure 4 illustrates that our obtained
ESR data are described very nicely by (1) and (2) in the region well
above the magnetic phase transition (see Table I for extracted fit
parameters), with the extrapolated critical exponent p =0.9. This is
very close to the reported value of p=0.5-0.7, which has been
reported in most of the previously investigated layer-type antiferro-
magnets studied by Benner and Boucher.” Similar values of

AH(T) = AHeexp + mT + AH,. 2)
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TABLE |. Values of fit parameters and goodness of fit obtained from the Ginzburg—
Landau critical model and BKT model.

Critical model BKT model

Exponent from fit Exponent from fit

Q (T) 294.1 H(T) 117.5
P 0.9043 Tair (K) 13.74
Te (K) 32 b /2

m (T/K) 0.8759 H,, (T) 27.64
H(T) 148.9 m (T/K) 0.8641
R? 0.9903 R’ 0.9906

p=0.78 and 0.85 have also been reported in HCrO, and NaCrO,,
respectively, and are suggestive of antiferromagnetic fluctuations.'®
A similar BKT-like transition has been observed in the Cr**-doped
three-dimensional (3D) magnets such as Big 5Sry sMng ¢Crp ;03 by
Ashoka et al.’”** Through the temperature dependence of the ESR
linewidth, the authors employed the BKT model to satisfactorily
describe their experimental findings. The authors explained this
observation in terms of an effective 2D XY easy plane anisotropy
induced by the magnetic field applied in the ESR experiment that
presumably induces an interaction between the long-range spin
vortices and spin clusters that may have been formed during mag-
netic phase segregation.”’ In a separate study, these authors tested
the hypothesis that the applied EPR field is responsible for the
onset of BKT-like behavior in BaNi,V,0g and have shown that a
higher applied field allows for a higher temperature onset of the
threshold anisotropy required for BKT behavior, which will mani-
fest as a higher Tgir " This behavior is evidenced in another work,
where Seehra and Gupta find that the ESR linewidth in CrBrs
behaves differently when the frequency is increased from 9.1 to
24 GHz.”' As the applied field increases, the thermal behavior of
the linewidth and correlation length around T begins to vary,
where the spectroscopic linewidth broadens from AH ~ 55 Oe at
v=9.1GHz to AH~650e at v=24 GHz. This is in good agree-
ment with our data at v = 240 GHz, where the linewidth is calcu-
lated to be AH = 670 Oe at T =32 K (not shown).

B. Angular dependence of the resonance field

We now focus on the angular dependence of the ESR reso-
nance field and linewidth. In Fig. 5(a), we have plotted the reso-
nance field (solid squares, left y axis) as well as the g-value (hollow
inverted triangles, right y axis) as a function of angle collected at
T=200K. The g-values were interpolated with a spline function,
shown as dashed curve. The angular dependence of the resonance
field is fitted with the model,

H,s(6) = F(3cos*0 — 1) + G. (3)

The observed (3 cos? 8 — 1)-like behavior of the resonance
field is a characteristic behavior of 2D magnetic systems > and
has earlier been observed in K,MnF, K,CuF, and CrCls, which has
been experimentally shown to exhibit 2D Heisenberg behavior
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FIG. 5. Angular dependence of the resonance field at (a) 200K and (b) 4 K
fited with a modified form of (3) to take into account a phase shift:
Hres(6) = F[3cos?(0 — ¢) — 1]+ G. Here, the cyan data points show the cal-
culated g-values with a B-spline to guide the eye and illustrate the inverse rela-
tionship between resonance field and g-value.

and is reported to have correlations suggestive of a weak XY
model.”>*** The curve connecting the resonance field values
results from the fit using (3). An identical trend is observed for the
angular dependence of resonance field and g-value when the mea-
surement is conducted at T=4K, as plotted in Fig. 5(b). This
marked angular dependence of the resonance field at both tempera-
tures has been described as the noncubic distribution of the dipoles
within the 2D lattice where the resulting net dipolar field shifts the
resonance field according to (3).%

C. Angular dependence of the linewidth

Equation (4) accurately and adequately describes the depen-
dence of the linewidth on 6, both in the ferromagnetic and
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paramagnetic phases as seen in Fig. 6,

AH(8) = A(3cos* 6 — 1)° + B. (4)

The nearly “W”-shaped angular dependence of the linewidth
observed here is unique to low-dimensional magnets and has been
previously reported in MnPS;, a compound that has been shown to
have 2D characteristics,”” as well as other 2D magnetic systems
such as the 2D antiferromagnet K,MnF,”” and the in-plane 2D
Heisenberg antiferromagnet CrCly.”” The unique shape of this
curve with a maximum near lower angles and a shallow minimum
near 6=55° or the “magic” angle, has been observed in other
systems and is a known feature of low-dimensional systems.”
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FIG. 6. Angular dependence of the linewidth at (a) 200 K and (b) 4 K fitted with
a modified form of (4) 2to take into account a phase shift:
AH(6) = A[3cos?(6 — ¢) — 1] +B.
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Similar to the model described by (3), this (3 cos® 8 — l)z—like
behavior is also characteristic of 2D magnetic systems.”

Bulk CrBrj; has traditionally been known as a single phase fer-
romagnet.”>”'" Quite interestingly, in a recent report using Raman
spectroscopy mapping, Li et al”” revealed a novel mixed state of
layered antiferromagnetism and ferromagnetism in 3D Crl; bulk
crystals where the layered antiferromagnetism survives in the
surface layers and the ferromagnetism appears in deeper bulk
layers. Due to the structural similarities between Crl; and the title
compound, one may expect that the latter will also exhibit magnetic
phase separation. Therefore, in trying to understand the origin of
2D correlations, temperature dependent magnetization measure-
ments were conducted upon zero-field- and field-cooled (ZFC and
FC) conditions from T'=2-300K. For FC measurements, a mag-
netic field of H=0.01T was applied along the ¢ axis (easy axis)
while cooling the sample. As shown in Fig. 7, a clear bifurcation
between ZFC and FC traces is observed below T (see supplemen-
tary information in Ref. 22). This single-crystalline CrBr; sample is
well characterized and has been used in previous studies®”** and is,
therefore, expected to contain minimal crystal defects and crystal
grains, suggesting that this splitting is an indicator of a possible
competing minute magnetic phase present along with the domi-
nant ferromagnetic phase. Similar splitting between the ZFC and
FC curves has been reported previously in a number of low-
dimensional magnets such as CeCrOs;, PrysSrgsMnO;, and the
nanoscale charge ordered (CO) manganites RE; (AE.MnO;
(RE = Nd, Pr; AE = Ca; x = 0.5).>*"**! However, as discussed below,
we did not observe strong evidence of possible magnetic phase sep-
aration that may warrant the applicability of the BKT model in
CrBrs. First, in analyzing the molar magnetic susceptibility g, we

4.5+ CrBr3 180
4.0 _; H=0.01T L 160
0 = - 0.0008 140
~ 357 Ocw = 50.53 K I
;_OE 3.0 ueff = 3.35up L 120 m;
e ZFC
mE 25 T Fe —100%’
S 20- 80 £
g 151 L0 T
=
1.0 1 L 40
0-51 20
0.0- o

0 50 100 150 200 250 300
Temperature (K)

FIG. 7. Temperature dependence of magnetic susceptibility under zero-field-
and field-cooled conditions show a pronounced bifurcation between ZFC (blue)
and FC (red) curves (left y axis). Temperature dependence of the inverse sus-
ceptibility (blue curve, right y axis) is fitted with the CW expression (cyan line)
(see supplementary material in Ref. 22). Adapted from Abramchuk et al., Adv.
Mater. 30, 1801325 (2018). Copyright 2018 Author(s), licensed under a Creative
Commons Attribution (CC BY) license.
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have calculated a Curie-Weiss (CW) temperature of Oy = 50.53 K
by fitting with the CW expression y — y, = C/(T — O¢cw), where
C is the CW constant and g, is a small background. While the frus-
tration index”’ f=0cw/Tc is finite (>1), its magnitude is relatively
smaller. Second, to our knowledge, one report’” appeared in the lit-
erature where the authors infer the indications of BKT behavior
through the temperature dependence of susceptibility collected
when the ideal 2D frustrated magnet TmMgGaO, is cooled under
various magnetic field strengths. The authors observed that the sus-
ceptibility increases as the magnetic field decreases below T'<2K
(upper BKT transition), suggesting the onset of peculiar magnetic
correlations. We did not see this behavior in our preliminary sus-
ceptibility measurements (Fig. 7) on CrBrs, in which the suscepti-
bility increases as the cooling field increases. That might suggest
that the BKT phase does not exist in CrBrs. Therefore, we rule out
the possible presence of the BKT phase/correlations in CrBrs.
However, additional work is required to further the understanding.

IV. CONCLUSION

We have conducted high-frequency ESR spectroscopy on
quasi-2D CrBr; as a function of temperature from T =4-200K
and as a function of angle from 6= 0° to 162° to gain insight into
the effects of temperature and the angular dependence of the line-
width and resonance field on magnetic correlations. We find that
the Ginzburg-Landau critical model adequately describes the tem-
perature dependence of the ESR linewidth, indicative of the pres-
ence of 2D correlations. Furthermore, this work shows that the
resonance field follows a (3 cos? @ — 1)-like angular dependence,
while the linewidth follows a (3 cos®>6 — l)z-like angular depen-
dence. This suggests that the quasi-2D ferromagnet, which has
been described as an Ising or Heisenberg ferromagnet, could
present 2D magnetic correlations. With these findings, we have
illustrated the importance of employing high sensitivity spectro-
scopy via ESR in broadening the knowledge on magnetic correla-
tions in low-dimensional magnets. Additional work is in progress
to better understand the origin of magnetic correlations that can be
likely extended to other layered vdW magnets.
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