Two-Step Electronic Response to Magnetic Ordering in a van der Waals Ferromagnet
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The two-dimensional (2D) material CroGezTes is a member of the class of insulating van der
Waals magnets. Here, using high resolution angle-resolved photoemission spectroscopy in a detailed
temperature dependence study, we identify a clear response of the electronic structure to a dimen-
sional crossover in the form of two distinct temperature scales marking onsets of modifications in
the electronic structure. Specifically, we observe Te p-orbital-dominated bands to undergo changes
at the Curie transition temperature T¢ while the Cr d-orbital-dominated bands begin evolving at a
higher temperature scale. Combined with neutron scattering, density functional theory calculations,
and Monte Carlo simulations, we find that the electronic system can be consistently understood to
respond sequentially to the distinct temperatures at which in-plane and out-of-plane spin correla-
tions exceed a characteristic length scale. Our findings reveal the sensitivity of the orbital-selective
electronic structure for probing the dynamical evolution of local moment correlations in vdW insu-

lating magnets.

Exploring the magnetism in quasi-2D materials has
been a fascinating subject in quantum physics for more
than five decades. This field has received strong stimuli
from both the discovery of high temperature supercon-
ductivity in the lamellar copper oxides in the late 1980s
and, more recently, by studies of the ferromagnetism in
van der Waals (vdW) materials [1-10]. The chromium
tellurides CraXsTeg (X=Ge, Si and Sn) belong to a cate-
gory of insulators with intrinsic long-range ferromagnetic
order down to the 2D regime [6-17]. CroGeyTeg, in par-
ticular, exhibits ferromagnetism with a T¢ that ranges
from 65 K in bulk to around 40 K when exfoliated down
to bilayer flakes, with the easy axis along the ¢ direc-
tion [18-22]. The nature of the magnetism in two dimen-
sions in the vdW magnets can be understood to origi-
nate from the magnetic anisotropy that can counteract
the strong thermal fluctuations. A neutron scattering
study on CraSisTeg (To= 35 K) has provided direct ev-
idence on the development of the magnetic order, where
the exchange interaction along the ¢ direction is much
smaller than that in the in-plane directions, and the dy-
namic correlations can persist in the ab plane up to at

least 300 K [23]. Such an effective 3D to 2D dimensional
crossover behavior of the magnetic order in CrySizTeg
has also been confirmed by spin correlation driven lat-
tice distortions [24]. Electronically, these Cr-based vdW
ferromagnets are gapped at the Fermi level due to strong
Coulomb repulsion [11, 15]. In contrast to the metal-
lic Fe,,GeTey (n=3-5) systems, CryGesTeg as an insu-
lating magnet with a simple magnetic order untangled
with other competing or intertwined electronic orders is
an ideal platform to study the impact of low dimensional
magnetism on the electronic degree of freedom.

Here we report the observation of the electronic re-
sponse to the development of the spin correlations
across a wide range of temperatures in the vdW mag-
net CryGeyTeg via angle-resolved photoemission spec-
troscopy (ARPES). By mapping out the temperature
dependent band structure and the one-electron spectral
evolution across T, we observe two types of band evo-
lutions. One group associated with Cr d orbitals that
exhibits a gradual shift with an onset temperature well
above T, and another associated with Te p orbitals that
rapidly shift near T¢o. From a combination of neutron
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FIG. 1.

Crystal structure, magnetization, and electronic structure of CraGezTes.
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(a) Crystal structure. (b) Dilatometry

measurement of the c-axis thermal coefficient o (upper) and magnetization (lower). (c) ARPES constant energy contours
measured in the FM phase at 40 K, with energy referenced to the valence band top (VBT). BZ centers and boundaries are
shown, along with the polarization vector. (d) Spectral image along I'M-I'-K-K as marked in (c). (e)-(f) DFT calculated band
structures of the ferromagnetic Cr2Ge2Te6 projected onto the Cr-d (red) and Te-p (magenta) orbitals. (g) DFT calculations

for the non-magnetic state without local moments.

scattering, Monte Carlo simulations, and Density Func-
tional Theory (DFT) calculations, we arrive at a holis-
tic understanding of the sequential electronic response
as tracking the development of in-plane and out-of-plane
spin correlations. Due to the anisotropy in the in-plane
and out-of-plane exchange couplings, the in-plane corre-
lation length exceeds that of the lattice constant at a
temperature roughly twice that of T, while the out-
of-plane spin correlation length reaches that of a lat-
tice constant much closer to T, affecting more signif-
icantly the Te p orbitals through the Cr-Te-Cr superex-
change interactions near T¢. Our results provide a con-
sistent understanding of the two-step evolution of the
electronic response to the interplay between local mo-
ments in 2D magnets, and demonstrate the sensitivity
of using orbital-dependent electronic structure to track
evolution of spin correlations in these vdW magnets.

CryGeyTeg forms in the space group 148 (R3) in a lay-
ered structure with weak vdW coupling between adjacent
layers (Fig. 1(a)). The lattice parameters at 15K deter-
mined from neutron scattering are a = 6.832 A and ¢ =
20.386 A , consistent with previous reports [14, 15, 25].
The magnetic anisotropy favors the easy axis to be along
the ¢ direction. As shown in Fig. 1(b), our field-cooled
magnetization measurements show a clear paramagnetic
(PM) to ferromagnetic (FM) order transition at 65 K,
in agreement with previous studies [14, 15]. In addition,
the PM to FM transition can also be clearly observed in

our dilatometry measurement of the c-axis thermal ex-
pansion coefficient, o (Fig. 1b).

Next, we present the ARPES measured electronic
structure in the FM phase. The electronic structure of
CroGesTeg mimics that of a semiconductor, with hole-
like bands at the I" points of the Brillouin zone (BZ)
as the valence band top (VBT), consistent with previ-
ous reports [14]. We reference the energy axis to the
VBT. From the series of constant energy contours, the
electronic structure of the valence bands can be seen to
evolve from point-like features at I" to enlarged pockets at
deeper binding energy (Fig. 1(c)). This is corroborated
by dispersions measured along the I'-M-I'-K-K direction.
Along this high symmetry direction, a series of highly
dispersive valence bands are centered at the I' point and
merge into relatively flat dispersions in the energy range
between -1.0 and -1.5 eV. From comparison to orbital-
projected DFT calculations, the highly dispersive bands
near the VBT in the FM state are dominated by the
Te 5p, orbital (Fig. 1(f)), while the Cr 3d orbitals are
mostly concentrated within the energy range between -
1.0 eV to -1.5 eV. The overall electronic structure below
T¢ as shown in Fig. 1(d) is in qualitative agreement with
the DFT calculations (Fig. 1(e) and Fig. 1(f)).

To pave the way for understanding the temperature-
induced evolution of the electronic structure, we present
temperature-dependent ARPES data in Fig. 2. From
dispersions along the high-symmetry I'-M-I" direction
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FIG. 2. Temperature evolution and analysis. (a) Raw spec-
tral image and (b) its second energy derivative along I'-M-T"
measured at 45K (T < T¢ = 65 K). (¢)-(d) Same as (a)-
(b) but measured at 200K. (e)-(f) Fitted band position as a
function of temperature taken at energy/momentum points
as labeled by unique markers in (a). The color of each fitted
marker represents the abruptness of change at T¢, defined as
~Tiow
—Thigh
with a temperature onset (T.) well above T¢ are shown in (e)
and those with changes at T¢ shown in (f). The inset in (e)
shows the lattice a as a function of temperature adapted from
Ref. [26]. The blue and red lines mark the two temperature
scales.

’ . All fitted points are shown in (a), while those

measured at 45 K and 200 K, we observe that the in-
sulating nature is persistent across T¢ (Fig. 2(a)-(d)),
namely that an electronic gap remains. This is in dis-
agreement with the non-magnetic DFT calculation (Fig.
1(g)), which predicts a metallic state. As the Cr to, states
are partially filled, this inconsistency suggests that local
moments likely survive well above T¢ into the param-
agnetic phase, driving the system into a Mott insulating
state, consistent with the previous report on its sister
compound CrgSigTeg [23]. There are, nevertheless, ob-
servable changes across the temperature range. The cur-
vature of the o and 8 band tops, marked in pink and
orange in Fig. 2(b), changes with temperature. The
linear-like band, labeled as «, disappears with temper-
ature. Besides the overall changes of the «, # and ~
bands, all bands shift with temperature. To better un-
derstand the evolution of the bands, we perform a de-
tailed analysis of the energy distribution curves (EDCs)
across the I-M-I" cut by fitting and tracking the location
of the observable bands (see supplemental material (SM)
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at ARPES Measurements section and Fig. S1-3 for more
details). All fitted bands and momentum points are la-
beled by unique markers in Fig. 2(a). Interestingly, for all
the fittable bands, we can identify two temperature scales
where shifts in the band position onset, one at T and the
other (T,) around 150 K. To better visualize each band’s
tendency to shift at the two onset temperatures, we take
the ratio of the band shift between T and 200 K and

between 50 K and T¢, BB, Ty,

for each marker on each point. A larger value indicates a
greater change of the band position at T while a value
smaller than 1 indicates a larger change at the higher
temperature scale T,. As a result, the changes that are
strongly correlated with T¢ have a cold color on this
scale reflecting a value above 2, and changes correlated
with the higher temperature scale will have a warm color
reflecting a value below 1. Interestingly, most bands shift
gradually across T¢ except those near the VBT, where
the changes occur primarily near T¢. This is strongly
correlated with the orbital character of the bands, with
those primarily associated with Cr 3d smoothly evolving
across T¢ and those with Te 5p shifting abruptly across
Te. To better demonstrate this distinct temperature be-
havior, we plot the temperature-dependent shift for those
with an onset primarily at T, in Fig. 2(e), and those with
an onset primarily at T¢ in Fig. 2(f), all referenced to
the final band position at 200 K. The dichotomy of the
temperature behaviors is clearly contrasted.

as the color scale

As there are no known phase transitions above T¢,
the high temperature scale in the band evolution is likely
associated with the response of the electronic structure
to fluctuation effects associated with the FM order. In
CroGesTeg, it has been reported that the lattice pa-
rameter a (inset in Fig. 2(e)) shows a negative ther-
mal expansion with an onset temperature near 100 K,
well above T¢ [26]. To investigate the direct impact
of a temperature-dependent lattice change on the elec-
tronic structure, we performed DFT calculations using
the temperature-dependent lattice parameters refined at
5 K, 70 K and 150 K by neutron scattering experiment
(Fig. S6). However, both the direction and magni-
tude of band shifts are not consistent with the observed
band shifts, suggesting that the changes in the electronic
structure, particularly those that set in at high tempera-
tures, cannot be directly accounted for the temperature-
induced lattice change.

To gain insights into the possible origin of the higher
temperature band evolution, we consider that for a quasi-
2D magnet, while the in-plane and out-of-plane spin cor-
relations both diverge at the same rate near T¢, the in-
plane correlations, due to larger in-plane exchange inter-
actions, would exceed several lattice constants at higher
temperatures compared to that of the out-of-plane cor-
relations, manifesting in a 2D to 3D crossover behav-
ior, as has been reported for the iron-based supercon-
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FIG. 3. Neutron scattering and Monte Carlo simulations.
(a)-(b) Magnetic excitations measured via inelastic neutron
scattering along [H H 0] and [0 0 L] as a function of temper-
atures across T¢, the solid lines are Gaussian fits. (c¢) The
elastic peak width of the (110) peak measured by neutrons;
(d) The two-axis measurement at wavevector (1, 1, 3.43). (e)
The simulated change in the in-plane § and out-of-plane £,
correlation lengths, in units of the nearest-neighbor lattice
spacing, as well as their ratio, as a function of temperature.
The crossover scale Top ~ 2T, when f\l = 1. The horizontal
dotted line is a guide to the eye denoting the nearest-neighbor
spacing with T2p indicated here as the point where & begins
to exceed this distance.

ductors [27]. In order to investigate this behavior, we
probed the magnetic correlations by neutron scattering.
First, we observe no broadening of the (110) nuclear and
magnetic elastic peaks around T¢ (Fig. 3(c)). Second,
we performed a two-axis experiment at (H,K,L)=(1, 1,
3.43). The wave-vector-dependent magnetic susceptibil-
ity is proportional to the signal integrated over the en-
ergy transfer E:%, with m,, being the mass of neu-
tron [28]. This integration is achieved with triple-axis
spectrometer by removing the analyzer to accept all neu-
trons along the final wave vector ky, which was set ||
c. If the magnetic fluctuation is 2D in the ab-plane, the
magnetic scattering forms a ridge along the [1 1 L] direc-
tion. Only at a particular L value, 3.43 in this case, can
the condition for the integration over the magnetic ridge
be met. Therefore, the two-axis experiment can probe
instantaneous spin correlations. No critical 2D diver-
gence in the instantaneous correlations is observed at this
wavevector across T ¢, as expected since ultimately this is
a 3D phase transition (Fig. 3(d)). Interestingly, previous
experiments report a set of critical exponents consistent
with those near a 3D tricritical point—a second order to
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first order crossover point [29, 30]. To further determine
the temperature dependent spin excitations across T¢,
we performed inelastic neutron scattering experiments,
where we measured the spin excitation spectrum at dif-
ferent temperatures around T¢. From Fig. 3(a) we see
that the in-plane spin excitations do not vanish up to
75 K and independent measurements show that in-plane
spin excitations persist up to at least 150 K (see Fig. S4
in SM), indicating the existence of short-range spin-spin
correlations above T¢. For comparison, we measured the
out-of-plane spin excitations (Fig. 3(b)), which shows a
diffusive pattern instead of well-defined spin excitations
at 75K, confirming that the out-of-plane spin correlation
length drops below a lattice constant at temperatures
slightly above T¢ while the in-plane short-range order
persists to temperatures well above T'. This behavior is
consistent with the expected development of spin corre-
lations in quasi-2D magnets.

To substantiate this understanding, we carried out
classical Monte Carlo simulations using a classical
Heisenberg model with the anisotropic exchange cou-
plings from previous reports [2]. As shown in Fig. 3(e),
while both the in-plane correlation length & and the out-
of-plane correlation length &, diverge at T, where the
ratio of §/£ is constant, & grows beyond the nearest-
neighbor spacing (£ > 1) at a temperature scale (Thp)
much higher than that for the out-of-plane correlation.
Hence we can understand that in the range To<T<Tsp,
2D regions of short-range correlated magnetic moments
begin to form in-plane while the different planes es-
sentially remain uncorrelated, sustaining in-plane spin
waves. The electronic structure responds in turn by the
shift of Cr d-dominated bands. Just above T¢, out-
of-plane correlation length reaches the lattice constant,
leading to rapid response in Te p-dominated bands.

With this understanding, we finally discuss the im-
plications for the sequential band evolution observed by
ARPES in comparison to DFT calculations. To model
the development of in-plane and out-of-plane spin corre-
lations, we model the highest temperature phase above
Top with all single spins anti-aligned, which effectively
mimics the persistence of local moments with no ferro-
magnetic spin correlations. For Top > T > T, we sim-
ulate the in-plane FM spin correlations via A-type AFM
spin arrangement, where in-plane spins are co-aligned.
The lowest temperature T' < T is the FM order where
all spins are aligned along the ¢ direction. The orbital
projected DFT calculations for these three different mod-
els are plotted on top of the corresponding ARPES data
(Fig. 4). For the lowest temperature phase (T' < T¢),
the dip-like shape for the o and 8 band top and the linear
~ branch in ARPES data are all reproduced by the DFT
calculations (Fig. 4(b),(e)). As the temperature rises
above T¢ (Top > T > T¢), the a and S band top evolve
into two hole-like bands centered at I'. The 8 branch
with a larger slope and higher energy band top crosses
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FIG. 4. Spin correlation model and DFT calculations. (a) Schematic for the temperature evolution of spin correlations. Starting
with no spin correlations at high temperatures, the in-plane correlations length exceeds the lattice constant first, followed by out-
of-plane correlations length, leading to long range FM order at T¢. (b)-(d) Second energy derivatives of ARPES spectra from
the three temperature regimes, with eye guides for dominant spectral change. (e)-(g) Same spectra images with corresponding
DFT calculations for FM, A-type AFM and G-type AFM to simulate the three regimes, respectively. The green and yellow
lines represent the band structures contributed by Cr 3d and Te 5p projected orbitals, respectively.

the other branch, consistent with the DFT calculations.
When the temperature goes up to 200 K (T > Top), the
~ band disappears, again consistent with the disappear-
ance of this feature in the DFT model. The consistency
between the DFT calculations for the three models and
the measured temperature evolution of the band disper-
sions indirectly confirms our understanding that the band
evolution manifests the response of the electronic band
structure to the sequential development of spin correla-
tions from 2D to 3D.

Overall, supported by our combination of ARPES,
neutron scattering, DFT calculations and Monte Carlo
simulations, we come to a comprehensive understanding
of the development of the FM order in CroGesTeg. Local
moments from Cr d orbitals appear at very high temper-
atures, resulting in an electronically gapped system. Due
to the much larger exchange coupling in the in-plane di-
rection, the correlation length in the in-plane direction
exceeds that of a characteristic length scale first, caus-
ing bands with predominantly Cr 3d character to start
evolving well above T¢. With further lowering of the
temperature, the out-of-plane correlation length reaches
the characteristic length scale near T, and is manifested
most strongly in the bands associated with Te p, orbitals,
which play a critical role in bridging the magnetism along
the c-direction via the Cr-Te-Cr superexchange interac-
tions. The development of spin correlations is typically
probed by neutron scattering, which is limited to bulk
crystals and not applicable for exfoliated vdW flakes. As
a vdW system with a single untangled magnetic order,
CryGesTeg allows us to clearly demonstrate the sensi-
tivity of using orbital-dependent electronic structure to
track and resolve the development of spin correlations
through the dimensional crossover of the magnetic order
in quasi-2D magnets. We anticipate that this sensitiv-
ity can be potentially useful in probing the development
of spin correlations in the few layer or even monolayer

regime, and contribute to the understanding of low di-
mensional magnetism in the wider class of vdW magnets
with more complex order parameters.
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