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The unexpected discovery of intrinsic ferromagnetism in layered van der Waals materials has sparked interest
in both their fundamental properties and their potential for novel applications. Recent studies suggest near room-
temperature ferromagnetism in the pressurized van der Waals crystal CrGeTes;. We perform a comprehensive
experimental and theoretical investigation of magnetism and electronic correlations in CrGeTes;, combining
broad-frequency reflectivity measurements with density functional theory and dynamical mean-field theory
calculations. Our experimental optical conductivity spectra trace the signatures of developing ferromagnetic
order and of the insulator-to-metal transition (IMT) as a function of temperature and hydrostatic pressure. With
increasing pressure, we observe the emergence of a midinfrared feature in the optical conductivity, indicating
the development of strong orbital-selective correlations in the high-pressure ferromagnetic phase. We find a
distinct relationship between the plasma frequency and Curie temperature of CrGeTes, which strongly suggests
that a double-exchange mechanism is responsible for the observed near room-temperature ferromagnetism. Our
results clearly demonstrate the existence of a charge-transfer gap in the metallic phase, ruling out its previously

conjectured collapse under pressure.
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Layered transition-metal chalcogenides host a variety of
interesting physical properties and exotic phases such as
charge-density wave [1], Mott insulator [2—-5], superconductor
[6-8], antiferromagnetic topological insulator [9—12], Weyl
semimetal [13—15], ferromagnetic (FM) nodal-line semimetal
[16-19], and topological magnon insulator [20-22], which
emerge due to electronic correlations and nontrivial topol-
ogy in these materials. Furthermore, two-dimensional (2D)
transition-metal chalcogenides provide an ideal platform for
realizing atomically thin van der Waals (vdW) crystals with
unique properties such as 2D ferromagnetism [23,24] or topo-
logical quantum spin Hall effect [25,26], as well as excellent
prospects for novel applications [27-30].

The 2D vdW transition-metal trichalcogenide CrGeTe; and
its sibling CrSiTe; are prominent examples for such materials
[20,31-33], especially since the discovery of long-range FM
order in few-layer CrGeTes [23]. Each layer of this material
forms a honeycomb network of edge-sharing octahedra with a
central Cr atom bonded to six Te atoms [34,35], as illustrated
in the Supplemental Material Ref. [36] (see also Refs. [37-82]
therein). At ambient pressure, CrGeTes is a charge-transfer
insulator with an energy gap between 0.2 and 0.7 eV
[35,83,84]. It shows FM order below the Curie temperature
Tc = 61-67 K [35,37,85].

The generally weak vdW forces between layers make
these materials susceptible to tuning by application of ex-
ternal pressure, which may lead to structural, magnetic, or
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purely electronic phase transitions [33,37,51,86—-88]. Recent
transport studies revealed that CrGeTes is indeed sensitive to
external pressure, which leads to a correlated metallic state
and near room-temperature ferromagnetism above ~3 GPa
[37,40]. X-ray diffraction and Raman scattering studies show
the absence of a structural phase transition in CrGeTes up
to 10 GPa [89]. Furthermore, electron doping via chemical
intercalation [90] or electrostatic gating [30], tensile strain via
heterostructuring [91-93], and amorphization due to irradia-
tion [94] all lead to greatly enhanced Curie temperatures in
CrGeTes.

Naturally, this has led to a debate on the mechanism re-
sponsible for the enhanced T¢. While the ferromagnetism
of pristine CrGeTes; at ambient pressure has been conclu-
sively attributed to FM superexchange [38,39], the situation
is less clear for the aforementioned modifications. Some
authors explain the increase in Curie temperature with the
onset of double-exchange interactions upon electron dop-
ing [30,90], while another study reports a rise in T upon
hole doping [94]. Yet another study attributes the rise in
Tc upon lattice expansion to a weakening of competing
antiferromagnetic exchange paths [91]. Under pressure, the
increase in Curie temperature has been explained in terms
of a decreasing charge-transfer gap, which may enhance FM
superexchange [37], while we could not definitively pin down
the mechanism of enhanced 7¢ in our previous theoretical
study [40].

©2025 American Physical Society
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FIG. 1. Pressure-dependent (a) reflectivity R,_, and (b) real part of the optical conductivity o; of CrGeTe; at 25 K. (c) Optical conductivity
spectrum at 25 K and 5.8 GPa together with the Drude-Lorentz fit and contributions. The charge-transfer gap Acr is indicated by the arrow.
(d) Pressure-dependent correlation ratio ratio, (see text for definition) and charge-transfer gap size Acr, all at 25 K. (e) Pressure-dependent
Drude oscillator strength wg and oscillator strength Q2. of the MIR band, all at 25 K. The vertical gray bar in (d) and (e) indicates the critical

pressure P, of the IMT. (f) Contour map of Drude oscillator strength a)g.

In the present study we attempt to resolve this controversy
by analyzing the optical conductivity of the vdW ferromagnet
CrGeTe; under hydrostatic pressure in a combined exper-
imental and theoretical approach. Using broad-frequency
reflectivity measurements as well as density functional theory
(DFT) and dynamical mean-field theory (DMFT) calcula-
tions, we clarify the effect of both magnetism and electronic
correlations on the electrodynamic response across the
insulator-to-metal transition (IMT). Our optical conductivity
measurements show clear signatures of developing FM order
as a function of temperature and pressure. In the high-pressure
metallic phase, a midinfrared (MIR) feature emerges in the
optical conductivity, which we can attribute to strong orbital-
selective electronic correlations. Our data unveils a distinct
relationship between the observed plasma frequency w, and
the ordering temperature 7¢ of CrGeTes, which clearly points
to a double-exchange mechanism [78]. Our data show that
the optical gap persists into the metallic phase, ruling out
a previously conjectured collapse of the charge-transfer gap
under pressure [37]. This, however, does not exclude the rel-
evance of FM superexchange under pressure (see Ref. [36]).
Our study highlights the intertwined nature of magnetism and
electronic correlations in CrGeTes.

We obtain the optical conductivity spectrum throughout the
pressure-temperature phase diagram of CrGeTe; by measur-
ing the reflectivity of a small piece of single crystal, loaded
into a diamond anvil pressure cell, using Fourier-transform

infrared spectroscopy at cryogenic temperatures (see Ref. [36]
for details). The reflectivity R;_s of CrGeTe; at 25 K is dis-
played in Fig. 1(a) for selected pressures. Up to 3.1 GPa,
the overall reflectivity spectrum changes only modestly. For
pressures of 3.7 GPa and above, the low-energy part (be-
low 0.37 eV, i.e., 3000 cm™!') of R,_, changes drastically:
Fabry-Perot interference disappears, the reflectivity level sud-
denly increases, phonon modes assigned to Te-Cr-Te bending
and Cr-Te stretching modes are screened, and a plasma edge
develops above 4.6 GPa. Further application of pressure con-
tinuously increases the low-energy reflectivity level, while the
plasma edge becomes more distinct and shifts to higher ener-
gies. Interestingly, a steplike plateau related to an MIR band
(see below) develops below the plasma edge. The above ob-
servations are evidence of a pressure-induced IMT, consistent
with recent reports [37,40,95]. We note here that the critical
pressure of the IMT in our study (3.7 GPa) is slightly lower
than the one reported in Ref. [37] (7 GPa), but in very good
agreement with recent electrical transport studies [95,96].
The signatures of the IMT are also revealed in the real part
of the optical conductivity o} [see Fig. 1(b)], obtained from
the R,;_, spectra via Kramers-Kronig analysis. For pressures
below 3.7 GPa, o) consists of three pronounced high energy
excitations at around 2.1, 1.6, and 1.3 eV [L5, L4, and L6
excitations, respectively, in Fig. 2(d)], followed toward lower
energies by a drop, marking an absorption edge at ~0.65¢eV,
and two phonon modes at around 0.032 and 0.027 eV. The
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FIG. 2. (a) Optical conductivity o; of CrGeTe; at 1.7 GPa at
selected temperatures. The magnetic onset temperature is identified
by the asterisks. (b) Frequency position and (c) width (y) of the L4,
L5, and L6 excitations, as obtained from Lorentz fits at 1.6 GPa as a
function of temperature. The vertical gray bar in (b) and (c) indicates
the Curie temperature T¢. (d) Comparison between the experimental
and theoretical interband conductivity o ierbana at 25 K, i.e., within
the ferromagnetic phase, together with the fit contributions L4, L5,
and L6 at 2.2 GPa.

phonon modes exhibit only minor changes, either by pressure
or temperature, and could be assigned to Te-Cr-Te bending
and Cr-Te stretching modes, as in CrSiTes [97]. The absence
of the Drude term in the low-pressure regime confirms the
ambient-pressure insulating phase, consistent with previous
reports [37,40,95]. From the energy position of the absorption
edge, we can also estimate the charge-transfer gap size Acr
(see Ref. [36] for details), depicted in Fig. 1(d) as a function

of pressure at 25 K. Accordingly, the charge-transfer gap is
almost constant up to ~3 GPa, whereas above ~3 GPa it starts
to decrease in a moderate fashion.

Above the critical pressure P, & 3.7 GPa, we need to in-
clude a Drude term into the fitting model for the optical
response to account for the presence of itinerant charge car-
riers. With this Drude term, the model captures the sudden
increase in the low-energy region of o; [see Fig. 1(c) as an
example], consistent with the recently reported increase in
carrier concentration under pressure [95]. Within the metallic
regime, the Drude oscillator strength wg, which is the square
of the plasma frequency wy, increases with increasing pressure
[see Fig. 1(e)]. a)g serves as a measure to trace the metallic re-
gions in the pressure-temperature phase diagram of CrGeTes
depicted in Fig. 1(f).

The presence of itinerant charge carriers leads to a
screening of the low-frequency phonon modes. Additionally,
an absorption band appears at ~0.09eV (MIR band) [see
Fig. 1(c)] and its oscillator strength Q3 increases with
pressure, as shown in Fig. 1(e). Simultaneously, the charge-
transfer gap Acr suddenly shrinks around P, [see Fig. 1(d)],
indicating major changes in the electronic band structure. The
charge-transfer gap is slightly reduced from ~0.65 to 0.4 eV,
but does not close even at the highest measured pressure,
consistent with our theoretical calculations (see Ref. [36]). A
finite Acr in the metallic state contradicts the assumptions
made in Ref. [37], where the onset of metallicity in CrGeTes
at ~7 GPa was ascribed to the collapse of the charge-transfer
gap boosting the interlayer ferromagnetic superexchange
interaction.

Next, we focus on the effect of pressure on the magnetic
ordering in CrGeTes, as revealed by the temperature-induced
changes in the optical response at 1.7 GPa [insulating phase,
see Fig. 2(a)] and 5.8 GPa [metallic phase, see Fig 3(a)].
At 1.7 GPa, significant changes upon cooling occur in the
high-energy excitations (above ~0.7¢eV) in the temperature
range 70-100 K (see also Ref. [36]). A decomposition of the
optical spectra reveals an anomaly in the frequency position
and width (y) of the L4 and L5 Lorentz oscillators and the
appearance of the L6 excitation during cooling down below
100 K, as displayed by the vertical gray bar in Figs. 2(b) and
2(c). The appearance of an additional excitation could also be
due to a splitting of the L4 excitation.

We interpret these excitations in the optical conductiv-
ity spectra and their pressure-induced changes using density
functional theory (DFT) calculations of electronic band struc-
ture and optical conductivity (see Ref. [36] for details).
Figure 2(d) displays the pressure evolution of the interband
optical conductivity o7 inerband in the experiment (at 25 K and
after subtracting the Drude term) and our DFT calculations.
The theoretical calculations agree well with the experimental
interband conductivity spectra [see Fig. 2(d)]. In particular,
the charge-transfer gap does not close even at the highest
studied pressure (6 GPa), which is also supported by the
high-pressure electronic band structure (see Ref. [36]).

The experimental optical conductivity at 25 K contains
three prominent features [see Fig. 2(d)] at around 1.3 eV (A),
1.6 eV (B), and 2.1 eV (C). The main three features A, B, and
C can be explained based on our DFT calculations. The den-
sity of states is dominated by Cr 3d and Te 5p orbitals. Te and
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FIG. 3. (a) Optical conductivity o; of CrGeTe; at 5.8 GPa at
selected temperatures. The magnetic onset temperature is identi-
fied by the asterisks. (b) Width and (c) oscillator strength of the
Drude term and the MIR oscillator at 5.8 GPa as a function of
temperature. The vertical gray bars in (b) and (c) indicate the Curie
temperature Tc.

Ge states are present for both the majority and minority spins.
The Cr 3d orbitals are spin split and mostly occupied for the
majority spin, while being mostly unoccupied for the minority
spin. This occupation pattern due to ferromagnetic ordering
generates the specific three-peak structure of Fig. 2(d), which
is nearly unaffected by pressure. For a more detailed analysis
see Ref. [36].

At 5.8 GPa (metallic phase), the high-energy excita-
tions are affected similarly when cooling down, though the
temperature-induced changes are less pronounced and occur
already at a higher temperature of ~150 K (see Fig. 3(a) and
Ref. [36]). The effect of magnetic ordering on the low-energy
Drude and MIR features upon cooling is, however, remarkably
strong: At around 150 K the Drude width shows a maximum
and its oscillator strength drastically increases with further
cooling. The MIR band sharpens and shows anomalous be-
havior in its oscillator strength [see Figs. 3(b) and 3(c)]. Two
main conclusions can thus be drawn from our optical data:
(i) the FM transition temperature is increased by pressure,
consistent with Ref. [37], and (ii) the FM ordering strongly
affects the optical response. The latter effect is very rare and,
according to our knowledge, has been observed up to now
only in FM manganese perovskites [98—100] and the FM
hexaboride EuBg [101,102].

In our previous DFT+DMFT calculations [40] we ob-
served nearly momentum independent features of the Cr 3d,.
spectral function about 200 meV above (minority spin) and
below (majority spin) the Fermi level at P = 5 GPa, which

are created by electron-electron correlations (see Ref. [36]).
The MIR feature is explained by an optical transition between
the Te 5p states at the Fermi level to these Cr 3d,: minority
spin states about 200 meV above the Fermi level, and is thus
a signature of electronic correlations in the metallic phase.
Based on our DFT+DMFT calculations we also extracted
orbital-resolved mass enhancements, which are strongly dif-
ferentiated with respect to the orbital and spin species, with
Cr 3d, electrons being by far the most strongly correlated.
Our orbital-averaged experimental estimate of the mass en-
hancement 1 /ratiogr & 1/0.7 & 1.4 gives similar results (see
Fig. 1(d) and Ref. [36]). Accordingly, the metallic phase of
FM CrGeTe; is moderately correlated. In comparison with
other vdW materials, the correlation strength is similar to that
of transition metal dichalcogenides [62—64], but significantly
weaker than in FM Crl; monolayers [67] (see Table S1 in
Ref. [36]).

X-ray absorption (XAS) and x-ray magnetic circular
dichroism (XMCD) measurements for CrGeTe; at ambient
pressure point to a mixed ground state of Cr’* and Cr?*
states due to hybridization between Cr and Te [38]. Consistent
with these findings, our previous calculations [40] showed
a Cr magnetic moment slightly above 3 u, at ambient pres-
sure, which decreases toward 2.5y at around P = 10 GPa
due to the appearance of both holes in the majority spin
Cr 3d orbitals and electrons in the minority spin Cr 3d or-
bitals. Such a decrease of magnetic moments under pressure
is also seen experimentally [37]. This suggests that the va-
lence fluctuations of Cr under pressure also include Cr**
states.

While these considerations already suggest that a double-
exchange mechanism may be responsible for the sharp
increase of the Curie temperature in the metallic phase, our
experimental determination of the squared plasma frequency
reveals a distinct enhancement in the metallic phase [see
Fig. 1(e)]. A mean-field study [78] of the double-exchange
Hamiltonian [79] shows that the Curie temperature 7¢ should
be a linear function of the squared plasma frequency a)g in
double-exchange magnets. In the metallic phase of CrGeTes,
this relation is in excellent agreement with our data and
those of Ref. [37] [see Fig. 4(b)]. By matching the values
of the plasma frequency back to the pressure axis, we obtain
Fig. 4(c), which shows that the double-exchange model accu-
rately describes the rise in Curie temperature upon entering
the metallic phase.

Magnetism and correlations in CrGeTes are intertwined
and strongly differentiated by orbital and spin. Due to the
trigonal crystal field, the Cr 3d. orbital has the highest energy
of all occupied orbitals in a Cr’" configuration. Therefore,
valence fluctuations in CrGeTes; mainly affect the Cr 3d,:
orbital. In particular, the creation of holes in the majority spin
Cr 3d,. orbital enables the double-exchange process, but also
affects the behavior of minority spin electrons, which localize
around these holes to avoid the Coulomb repulsion of a doubly
occupied site (see Ref. [36]). This localization weakens as
more holes are created, which contributes to the observed
decrease of correlations (increase of ratio.,,;) with further
application of pressure in the metallic phase [see Fig. 1(d)].
The minority spin electrons are nevertheless subject to un-
favorable Hund’s rule interaction (see Ref. [36]), which we
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FIG. 4. (a) Schematic depiction of the double-exchange interaction in CrGeTe; under high pressure between a d,» electron on Cr** and a
hole in the d,» orbital on Cr**. Black arrows denote majority spins. The red dashed arrow represents the majority spin after it has moved into the
hole. Horizontal gray lines represent energy levels of Cr 3d orbitals. The kinetic term is denoted as ¢, and Jy is the Hund’s coupling. (b) Curie
temperature T with experimental error bars from Ref. [37] versus the square of the plasma frequency a)fJ measured in the present study.
The red line represents the linear relationship expected from a double-exchange mechanism in the metallic phase [78]. (c) Curie temperature
Tc with experimental error bars from Ref. [37] versus pressure P. The red line represents the Curie temperature 7¢ expected from a double
exchange model based on our experimental plasma frequency a)fJ as a function of pressure. The double exchange mechanism clearly explains
the increase of the Curie temperature when entering the metallic phase. At present, our data only extend to a pressure of up to 6.3 GPa.

Therefore, the extension of double exchange to higher pressures is only a conjecture.

believe leads to the emergence of the MIR feature in the o
spectrum.

In conclusion, our study shows that the optical conduc-
tivity of the van der Waals material CrGeTe; is strongly
affected by ferromagnetic ordering and electronic correla-
tions, while being accurately described by DFT+DMFT
calculations. The appearance of an MIR feature in the
optical conductivity is linked to the emergence of signifi-
cant electron-electron correlations upon entering the metallic
phase, especially in the Cr 3d,. orbital. Based on our mea-
sured plasma frequencies, we showed that the increased
Curie temperature in the high pressure metallic phase can
be explained by a double-exchange mechanism, likely me-
diated by the pressure-induced creation of holes in the
Cr 3d, orbital. The hereby induced valence fluctuations
of Cr could be tested by XAS measurements under pres-
sure. Thus, we can resolve the controversy on exchange
interactions in CrGeTe; under pressure: in the low-pressure
insulating regime, FM superexchange dominates, but gradu-
ally weakens as pressure causes deviations from the optimal
bond geometry; once the system becomes metallic, double

exchange causes the sudden increase in 7¢ to near room
temperature.

According to our microscopic picture of magnetism and
electronic correlations in CrGeTes, both electron doping and
hole doping induces double exchange mediated near room-
temperature ferromagnetism: electron doping via chemical
intercalation [90] or electrostatic gating [30] and hole dop-
ing by irradiation [94] or the application of pressure. In
the endeavour to design 2D room-temperature magnets, the
doping of ferromagnetic van der Waals materials will play
an important role, and our study shows how the often in-
voked double-exchange mechanism can be experimentally
substantiated.
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