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ABSTRACT: The manipulation of spin—phonon coupling in both
formations and explorations of magnetism in two-dimensional van der
Waals ferromagnetic semiconductors facilitates unprecedented prospects
for spintronic devices. The interlayer engineering with spin—phonon
coupling promises controllable magnetism via organic cation intercalation.
Here, spectroscopic evidence reveals the intercalation effect on the intrinsic
magnetic and electronic transitions in quasi-two-dimensional Cr,Ge,Teq4
using tetrabutyl ammonium (TBA®) as the intercalant. The temperature
evolution of Raman modes, Eg and Aé, along with the magnetization
measurements, unambiguously captures the enhancement of the
ferromagnetic Curie temperature in the intercalated heterostructure.
Moreover, the E; mode highlights the increased effect of spin—phonon
interaction in magnetic-order-induced lattice distortion. Combined with the first-principle calculations, we observed a substantial
number of electrons transferred from TBA" to Cr through the interface. The interplay between spin—phonon coupling and magnetic
ordering in van der Waals magnets appeals for further understanding of the manipulation of magnetism in layered heterostructures.
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dvancements in spintronics and valleytronics technology
spur the exploration of magnetism in two-dimensional
(2D) materials where charge and spin degrees of freedom of
charge carriers control their intriguing properties. The recent
discoveries of few-layer and monolayer 2D van der Waals
(vdW) crystals such as Cr,Ge,Tes (CGT)," Crl;,* and
Fe;GeTe,’ reveal the existence of long-range ferromagnetic
order at low temperatures. However, achieving room temper-
ature ferromagnetism involves the effective control of their
magnetism by tuning the interlayer magnetic coupling with
carrier doping,4 strain,’ pressure,6 electric fields,” and photo-
excitation” and, more recently, through cation intercalation.’
The intercalation of foreign ions in the vdW magnet opens the
possibility of manipulating magnetism and carrier dynamics by
electron—phonon coupling (EPC) and spin—phonon coupling
(SPC) mechanisms, respectively. Understanding these mech-
anisms is crucial for elucidating magnetic and thermal
relaxation processes in devices, alongside multiferroelectric-
ity.'" The heat dissipation mechanism and magneto-elastic
effects in prototype devices necessitate a comprehensive
understanding of the interplay between lattice vibrations
(phonons) and magnetism.
In this context, the temperature dependence of Raman
spectra exhibits several prominent features correlate with spin
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dynamics,'" EPC, phonon—anharmonicity, etc. Here, we probe
the interfacial coupling mechanism and its close correlation
with magnetic and electronic phase transitions in a quasi-2D
vdW magnet and its intercalated heterostructure. Temper-
ature-dependent Raman shifts can precisely record changes in
the vibrational frequencies entangled with their lattice
dynamics.

Pristine CGT is a ferromagnetic semiconductor with a band
gap of 0.2 eV to 0.74 eV below the Curie temperature T¢ &
61—67 K (see, Figure S1)."” The Cr*" ions carry itinerant spins
(S = 3/2) and local ferromagnetic moments and are
octahedrally coordinated by Te ligands to form a 2D
honeycomb lattice in the ab-plane. The individual magnetic
layers are weakly stacked by vdW interactions along the c-axis.
Prior work on an organic cation (tetrabutyl ammonium:
TBA") intercalated CGT heterostructure (TBA-CGT) re-
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Figure 1. Temperature-dependent magnetization (M—T) was collected on TBA-CGT with the magnetic field (a) Hllc and (b) Hllab, respectively.
(a)-1 First derivative of the M—T curve is shown in (a). (b)-I First derivative of the M—T curve is shown in (b). Magnetic hysteresis (M—H) loops
collected at a few representative temperatures under (c) Hllc and (d) Hllab configurations, respectively.

ported a dramatic elevation of T¢ ~ 208 K.” The magnetic easy
axis flipped from the (001) c-axis in CGT to the ab-plane in
TBA-CGT due to the transformation from a weak magnetic
super exchange interaction to a strong double-exchange
interaction, respectively.9 Moreover, TBA-CGT turned into a
metallic state at low temperatures, showing a semiconductor—
metal transition around 165 K.” However, how the
intercalation-induced magnetism relates to SPC for potential
applications remains elusive.

To that end, we investigated the temperature response of
Raman modes in TBA-CGT, especially as intercalation greatly
influenced the vdW interaction due to the modification in
stacking order and magnetic interactions. What differentiates
our study from prior literature is the use of temperature-
dependent Raman spectra to track the magnetic (ferromag-
netic — paramagnetic) and electronic (semiconductor —
metal) transitions in pristine and intercalated structures.’
Combining Raman spectroscopy and magnetization measure-
ments, we provide a comprehensive platform to understand
phonons with magnetic order. Finally, theoretical simulations
based on the first-principles calculations have also contributed
significantly to understanding intercalated CGT’s electronic
and magnetic properties.

The details related to the synthesis of CGT and TBA-CGT
crystals and other experimental techniques are described in the
experimental section. We studied their structural and bonding
characteristics using high-resolution scanning transmission
electron microscopy (HRSTEM), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS) (see Figures S2—
S4, respectively), which confirm the successful intercalation of
TBA into CGT.

At hypothetical zero temperature, CGT is described as a
Heisenberg ferromagnet.'© The ferromagnetic transition
temperatures T in 2D and 3D cases depend primarily on
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the excitation gap that originates from magnetic anisotropy and
magnetic exchange interactions."® Therefore, ion-mediated
electrochemical intercalation alters CGT’s interplanar mag-
netic exchange interactions, providing an ideal platform for
studying the magnetic ground state and SPC mechanism.

B MAGNETIC ANISOTROPY-DRIVEN MAGNETIC
PHASE TRANSITIONS

To describe ferromagnetism in TBA-CGT, we plot the
temperature-dependent magnetization (M—T) in Figure 1(a)
and Figure 1(b) when the applied magnetic field is along the
Hllc axis and Hllab plane, respectively. The derivative of
magnetization (dM/dT) in Figure 1(a)-I shows ferromagnetic
ordering at Curie temperature T¢ ~ 204 K in TBA-CGT and
agrees well with 208 K reported earlier.” Strikingly, upon
cooling, two consecutive minima in dM/dT curve around T} ~
178 K and at the Curie temperature Tc &~ 66 K”'* are
distinguishable and absent (see Figure 1(b)-I) when measured
under Hllab plane configuration. We note that T, & 178 K was
not reported in the literature for TBA-intercalated CGT,’
while T¢ 66 K represents the ferromagnetic ordering
temperature of CGT.

The transition temperatures T¢ and T reflect the actual
effect of ion migration and its impact on quasi-2D
ferromagnetic order in CGT. First, these temperatures depend
purely on the crystal lattice because the ions do not bond
strongly with the CGT layers. Second, TBA" did not affect the
intrinsic Tc, and the observation of T¢ is unambiguously
strong evidence of a long-range secondary 2D ferromagnetism
originating from the alteration of CGT atomic layers.

The strong effect of magnetic anisotropy is revealed by the
isothermal magnetization (M—H curves) measurements
conducted at various temperatures as shown in Figure
1(c,d). TBA-CGT possesses a typical ferromagnetic behavior

~
~
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Figure 2. (a) Raman spectrum with the identified vibrational modes measured at the temperature of 295 K and (b) the temperature evolution of
Raman spectra measured from 1.6 to 250 K for TBA-CGT. A mode marked as “*” in (a) represents the activated A,, mode (Raman inactive) and
might be a part of the Davydov doublet. (¢) 2D contour map of Raman spectra (E; and A; modes) for the (I) intercalated and (II) pristine CGT

ranging from 1.6 to 295 K (see text).

with a very low saturation magnetic field (~0.5 T) at the
lowest temperature of 2 K when Hllc (easy axis). In contrast,
when Hllab (hard axis), no saturation of the magnetization
exists even at the highest magnetic field of 7 T. With increasing
temperature, the change in the curvature of the M—H loop
indicates the onset of ferromagnetic—paramagnetic transition
above 200 K. The magnetic anisotropy constant (K,) for TBA-
CGT and pristine CGT (see Figure SS) along the magnetic
hard axis (Hllab) decreases significantly after intercalation.
Moreover, the magnetic easy axis does not change from the c-
axis to the ab-plane upon intercalation, in contrast with the
earlier study.” It was shown earlier that heavy doping (by
electrostatic gating) switches the sign of the magnetic
anisotropy energy and alters the magnetic easy axis from out
of plane to in plane.7 However, in the present case, the easy
axis of magnetization is stable and still preserves the long-range
ferromagnetic order with a high T =~ 204 K upon TBA'
intercalation. Similar to the present results, we recently
reported that the magnetic easy axis did not change in the
TBA*-intercalated Fe,_,GeTe,."”

B PHONON IMPRINTS OF MAGNETIC ORDERING

Raman spectroscopy proves invaluable for analyzing long-range
magnetic order and investigating the spin—phonon coupling in
magnetic transitions in 2D magnetic materials,'® such as CGT

(rhombohedral crystal structure'” as R?(Cé)), which exhibits
10 Raman active modes as I' = SE, + SAg.6a’l7 A typical

Raman spectrum for TBA-CGT at 295 K (Figure 2(a) and
Table S1) and its temperature (1.6 to 250 K) evolution are
depicted in Figure 2(b), tracking the most intense modes Eg
and Aé. In CGT, low-frequency (<150 cm™"), midfrequency
(180—240 cm™"), and high-frequency (>260 cm™") modes are
dominated b;r motions of Te, Cr, and Ge atoms,
respectively.®*'”" Despite noise interference, a low-frequency
Raman inactive mode A,, around 58.9 cm™' is noted and
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might be a part of the Davydov doublet due to a resonant
effect.'®

After a closer inspection of the two-dimensional intensity
contour plots, it is observed that Eé and Aé modes in TBA-
CGT (see Figure 2(c)-I) and CGT (see Figure 2(c)-II) exhibit
nonlinear temperature dependencies. In TBA-CGT, the modes
red-shift with decreasing temperature and display several
corrugated or kink-like features at discrete temperatures; T¢
(~204 K), T, (»178 K), T, (=102 K) (discussed below), and
T (766 K). Remarkably, these temperatures coincide with the
temperature minima in the dM/dT curve in Figure 1(a)-L In
contrast, in CGT, only one kink-like feature is present for both
modes around T (=66 K) (see Figure 2(c)-II) where
frequencies shift smoothly to higher energy. The rapid
reduction in the intensity ratio of Eg and Aé modes with
increasing temperature suggests that the in-plane vibrations
dominate over the out-of-plane vibrations (see Figure 2(b, c)),
and changes in the phonon mode intensities are associated
with the magnetic orders of these 2D materials.

Notably, a recent study indicates that the distinct changes in
the slolpe and intensity of the Raman mode frequencies around
180 K" occurred due to the short-range ordering of the spins
in CGT, coinciding with T, = 178 K, a feature highly
discernible only in TBA-CGT. Therefore, we suggest that
intercalation induces strong short-range spin ordering in TBA-
CGT compared to CGT.

B SPIN-PHONON COUPLING AND MAGNETIC
EXCHANGE MECHANISM

In TBA-CGT, all Raman modes shift to lower wavenumbers
(see Figure 3(a)), confirming the electron doping in CGT.”
We propose that with TBA" intercalation, some of the Cr’*
ions are replaced by Cr** ions (local cation doping), potentially
initiating a double-exchange mechanism. Cooling supports
energetically favorable hopping across Cr**—Te—Cr*" sites in
CGT and stabilizes the magnetic order.” It preserves the
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semiconductor—metal transition around T). The resistance values are extracted from ref 9. Solid lines depict the linear fits to the data (see text).

electron spins in the system, and a remarkable semiconductor—
metal transition occurs around T} in sharp contrast to the
semiconducting character in CGT.” The above conjecture
supports the development of the short-range spin ordering due
to intercalation.'””" First-order electronic transition in TBA-
CGT occurs by the carrier-mediated indirect exchange
mechanism through Cr’**—Te—Cr** links, where the charge
transfer happens by localized electrons. Additionally, the
considerable ferromagnetic exchange interaction arises from
the competition between the negative direct exchange (Cr’*—
Cr** sites) and the positive super exchange (Cr**—Te—Cr*")
interactions.'”" Further, TBA® intercalation causes lattice
expansion along the c-axis, which weakens the interlayer
nearest Cr’s exchange interaction. It enhances SPC in the CGT
layers nearest to the TBA interfaces, thereby simultaneously
tuning the electrical transport and magnetic order. Eg and Aé
modes involve the intralayer Te motions around Cr atoms in
the ab-plane during different magnetic exchange interactions,
which explains why they are highly susceptible to temperature.
The red shift of the Eé mode indicates the compression of the
associated bonds, akin to chemical pressure-induced inter-
calation effects observed in high-pressure studies.”” Thus,
electron doping impacts the in-plane phonon vibrations,
revealing a quasi-2D electron—phonon interaction above T
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~ 102 K'*** The electron spin resonance (ESR) and
ferromagnetic resonance (FMR) spectroscopic studies on
CGT evidenced a gradual onset of the short-ranged
ferromagnetic correlation at 100 K (Hllc), well above the
magnetic phase transition.””> Such correlation continuously
grows and slows down around T for Hllc. They also observed
the resonance line shift from the paramagnetic position below
100 K, indicating an increasingly static net magnetization
arising from ferromagnetic coupling between spins.

Bl CATION INTERCALATION-INDUCED ELECTRON
DOPING

Raman frequencies follow nonlinear temperature dependencies
(see Figure 3(a) (i-viii)), exemplified by the E mode, and are
plotted simultaneously with its electrical re51stance (Figure
3(b)).” The slope changes occur at various rates (—0.007
em™ /K, —0.015 cm™'/K, —0.004 cm™'/K, and —0.017 cm™'/
K), encompassing the electronic and magnetic transitions in
the materials. In contrast, CGT’s E> mode remains less
sensitive (—0.003 cm™!/K for 100—300 K**'"*) or changes
monotomcally with temperature. Certain modes like A E2
and E involving the Te atom motions around Cr atoms
remain robust against temperature and exhibit blue-shift below

https://doi.org/10.1021/acs.nanolett.4c00976
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Figure 4. (a) Relaxed TBA-CGT heterostructure and isosurface charge density difference from first-principles calculations. (b) Linear charge
change (Ap(z)) as a function of heterostructure distance. Note that we plot the charge density difference of intercalated TBA-CGT in both
isosurface and linear charge density plots to illustrate the prominent charge transfer between TBA layers and Cr atoms.

T¢, suggesting bond compression due to the intercalated
cations.

As hinted above, the electrochemical cation intercalation-
induced electron doping resembles an electrostatic gating
effect.” If the intercalation is fully realized, the high-density and
localized electrons are available between monolayers, and
additional electrons at the interfaces generally give rise to a
charge transfer between the layers. We define the linear charge
density of electrons as p.(z) and summed over the xy-plane
per unit length such that / P (2)dz is equal to the number of
electrons. In Figure 4, we plot the charge density change
(Ap(2) = pear/reas(2) = pear(z) — prpac(z)) obtained from
our density functional theory calculations. These results show a
substantial electron transfer from TBA® to Cr through the
interface, including charge accumulation near the interfaces
(numerical values provided in Table S2), corroborating our
experimental findings. We also calculated electronic band
structure in the CGT/TBA' heterostructure,” and a semi-
conductor—metal transition occurred with intercalation, with
metallic band contribution at the Fermi level (see Figure S6
(left panel)) mainly from the Cr-d and Te-p orbitals (see
Figure S6 (right panel)).

The magnetic transition mechanism depends on the strength
of SPC via the involvement of the Cr motion in each
vibrational frequency.'””** Hence, E; and Eé modes have the
largest SPC, about 3.19 and 1.24 cm™), respectively.'”” The
rest of the Raman modes have weak SPC coefficients involving
Ge or Te atoms. Interestingly, the temperature dependency of
Eg mode (antiphase motions of the Cr atoms) for both samples
are qualitatively different (linear temperature dependency)
from their own E, counterparts. The Eg mode in TBA-CGT
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differs from CGT and softens faster (—0.034 cm™'/K) than
CGT (=0.011 cm™!/K) possibly due to lattice,” onset of
ferromagnetic order, and increased SPC strength below 204 K
(see Figure 2(a)). It also explains the direct impact of
intercalation on temperature-dependent lattice shrinkage and
magnetic order-induced lattice distortion.

B ELECTRON-PHONON COUPLING AND PHONON
ANHARMONICITY

Temperature evolution of Raman shifts can be expressed as
o(T) = wy + Aw,(T) + Aw,,,(T) where Aw,,(T) and
Aw,,,(T) are the volume/implicit and the true/explicit
anharmonicity counterparts, respectively.”> The solid lines in
Figure 5(a) show the best fit (extended Klemens—Hart—
Aggarwal—Lax phonon decay model of phonons) to the
experimental data applied for Tp < T < T¢" in TBA-CGT
(Supporting Information, Table S3).

The modes in the paramagnetic phase (T > =) strongly
deviate from the Boltzmann-sigmoidal fits. We calculate spin—

Aw 3 4l 4
5) for E,, A, and Eg for

TBA-CGT and CGT (Table S3), where Aw is the frequency
difference at the lowest temperature (0 K) and T¢; S is spin on

phonon interaction parameters A=

the magnetic ion/site; (S;-S;) is the spin—spin correlation
function between the i and jth site of the magnetic ions; and S
= 3/2 for the Cr’" magnetic ion.'”* The negative values of A’
indicate the hardening of the phonon frequencies with a
reduction of the temperatures up to 1.5 K. A" is higher for Eg
compared to Eé and Aé in TBA-CGT. It reconfirms the
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Figure 5. (a) Temperature dependence of phonon frequency shifts for TBA-CGT. The solid line shows the model fits discussed in the texts. The
vertical dash line indicates Tc. (b) Temperature variation of full width at half-maximum (FWHM) (circles in blue) and phonon lifetime (open
squares in green) for TBA-CGT have been plotted together for the Eg mode. The electron—phonon coupling, along with the three- and four-
phonon scattering terms, fitted for Eg mode (red solid curve). The phonon lifetime is fitted with the Gaussian curve (blue solid curve).

substantial modification of the exchange coupling after
intercalation.

Here, we reveal a close correlation between EPC and a sharp
drop of resistance around T, & 100 K in TBA-CGT.” The
extracted Eg mode line width (FWHM: the full-width at half-
maximum) as a function of temperature shows anomalous and
distinctly nonlinear characteristics (see Figure 5 (b),
Supporting Information). In the presence of strong EPC, a
rapid reduction in line width occurs below 100 K. The EPC
strength at a hypothetical absolute zero temperature is
estimated as I'ppc(0) ~ 3.72 + 0.31 cm™’. Around and

below T; = 100 K, the phonon lifetime 7 = —L s the
2mc(FWHM)

longest, about 1.1—1.5 ps, where ¢ is the velocity of the light. A
recent THz spectroscopy study on CGT reported 7 = 1.15—
1.11 ps®® along with an attenuation of FWHM due to the
formation of magnetic correlations below the spin fluctuation
temperature of 160 K.*° In pristine CGT, it has been reported
that lattice parameter @ demonstrates the onset of a negative
thermal expansion around T,."””” Hence, we can infer that the
enhancement of 7 of in-plane vibration (E; mode) (see Figure
5 (b)) occurs due to the reduced phonon—phonon
interactions because of lattice expansion in the ab-plane with
decreasing temperature. However, 7 decreases due to the
increased phonon—phonon scattering events at higher temper-
atures. For the other modes, only phonon—phonon interaction
exists without any EPC. We suggest that EPC triggers the
semiconductor—metal transition in TBA-CGT, producing a
sharp resistance drop around T.

The time-reversal symmetry breaking lifts degeneracy,
causing splitting the lowest energy phonon mode (Eé: 78.6
cm™) in CGT at low temperatures, originating from the Cr**—
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Te—Cr* superexchange mechanism.'”**" Due to the weak
intensity, broadness of the peak, and limitation of the spectral
resolution, it would be erroneous to estimate the exact
temperature at which the splitting occurs (see Figure S7), and
splitting grows as magnetic order sets in near T¢. Strong SPC
with a Cr’*—~Te—Cr’ configuration hinders the phonon
splitting at low temperatures in TBA-CGT, indicating a shift
from super exchange to double exchange after intercalation.
Background Raman scattering (a large magnetic quasi-electron
scattering signal) also dramatically changes at transition
temperatures (see Figure S7 and Figure S8), confirming the
quasi-2D nature of magnetism of intercalated CGT."”

By investigating the temperature-dependent Raman spectra
in an intercalated quasi-2D vdW magnetic TBA-CGT, we
analyzed the spin—phonon and electron—phonon coupling
mechanisms, closely linked to magnetic exchange interaction.
Upon cooling, Eg and Aé Raman modes display temperature-
dependent changes consistent with magnetization measure-
ments, elevating ferromagnetic Curie temperature and semi-
conductor—metal transition in the intercalated CGT. The Eg
phonon mode with the largest SPC constant (largest
intraplanar Cr’* motions) correlates with the existence of
strong electron—phonon coupling during the electronic
transition. The magnetic easy axis remains unchanged in
TBA-CGT, while the magnetic interaction changes from super
exchange to double exchange through Cr**—Te—Cr** links.
This study provides insights into tunable SPC dynamics in 2D
magnetic materials pertinent for spin-related applications like
spin filtering, spin Seebeck effect, spin wave control, etc.

Sample Synthesis. We fabricated Cr,Ge,Te, using a flux
growth reaction using Cr powder, Ge, and Te pieces in the
ratio 2:6:36 with an AL Oj frit (LSP ceramics™®). The details of
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the synthesis are described in the Supporting Information. We
recorded the discharge curve during the electrochemical
discharge process during TBA" intercalation (see Figure S2).

Sample Characterization: X-ray Diffraction (XRD). We
took room temperature X-ray powder diffraction of the
material’s (00) face with a Bruker D8 Discover system using
Cu-K, radiation (4 = 1.78897 A) (see Figure S3) (Supporting
Information).

X-ray Photoelectron Spectroscopy (XPS). XPS was
performed using a Kratos Axis Ultra system with a
monochromatic Al-K, excitation source operating at 15 kV
and 10 mA (Supporting Information, see Figure S4). The
native surface oxide layer of CGT and TBA-CGT was removed
using Ar* sputtering prior to photoelectron collection. Data
analysis was conducted with Shirley’s backgrounds using
CasaXPS.

Magnetometry. For TBA-CGT, low-temperature bulk
magnetometry measurements in-plane (HIIb) and out-of-plane
(Hllc) of the magnetic field were conducted using a Quantum
Design Physical Property Measurement System with the AC
Measurement System option. We extracted DC moment data
in a temperature range extending from S to 200 K and a
maximum magnetic field of +30 kOe.

Raman Spectroscopy. Raman measurements were
performed in the parallel polarization configuration on the
bulk crystals in the 1.5-295 K temperature range. Raman
measurements were performed in the parallel polarization
configuration using an Attocube 2100 cryostat coupled to a
Horiba T64000 spectrometer. The bulk crystal was probed
with 514 nm excitation at a power below 1 mW focused
through a 50X objective.

Theoretical Calculations. Electronic structure calcula-
tions were performed within the framework of density
functional theory using the projector augmented wave method
and the VASP package.”” We use the generalized gradient
approximation (GGA) method™ with intrasite Hubbard U for
Cr d-electrons (Supporting Information).”" The total energy
was converged to 107° eV with a Gaussian-smearing method.
We calculated using a 4 X 4 X 1 I'-centered k-mesh with 16 k-
points in the Brillouin zone.
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