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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. Re-
cent 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 mid-infrared feature in the optical conductivity, indicating
the development of strong orbital-selective correlations in the high-pressure ferromagnetic phase.
We find a peculiar 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. In contrast to previous studies, our results clearly demonstrate
the existence of an optical gap in the metallic phase, ruling out the collapse of the charge transfer

gap under pressure.

Layered transition-metal chalcogenides host a vari-
ety of interesting physical properties and exotic phases
such as charge-density wave [1], Mott insulator [2-5], su-
perconductor [6-8], antiferromagnetic topological insula-
tor [9-12], Weyl semimetal [13-15], ferromagnetic (FM)
nodal-line semimetal [16-19], and topological magnon in-
sulator [20-22], which emerge due to electronic correla-
tions and non-trivial topology in these materials. Fur-
thermore, two-dimensional (2D) transition-metal chalco-
genides provide an ideal platform for realizing atomically
thin van der Waals (vdW) crystals with unique properties
such as 2D ferromagnetism [23, 24] or topological quan-
tum 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 ex-
amples 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] (see
Ref. [36]). At ambient pressure, CrGeTez is a charge
transfer insulator with an energy gap between 0.2 and
0.7 eV [35, 37, 38]. It shows FM order below the Curie
temperature Te = 61-67 K [35, 39, 40].

The generally weak vdW forces between layers make
these materials susceptible to tuning by application of
external pressure, which may lead to structural, mag-
netic or purely electronic phase transitions [33, 39, 41—

44]. Recent transport studies revealed that CrGeTes is
indeed sensitive to external pressure, which leads to a
correlated metallic state and near room-temperature fer-
romagnetism above ~ 3 GPa [39, 45]. X-ray diffrac-
tion and Raman scattering studies show the absence
of a structural phase transition in CrGeTes up to 10
GPa [46]. Furthermore, electron doping via chemical in-
tercalation [47] or electrostatic gating [30], tensile strain
via heterostructuring [48-50], and amorphization due to
irradiation [51] all lead to greatly enhanced Curie tem-
peratures in CrGeTes.

Naturally, this has lead to a debate on the mechanism
responsible for the enhanced T. While the ferromag-
netism of pristine CrGeTes at ambient pressure has been
conclusively attributed to FM superexchange [52, 53],
the situation is less clear for the aforementioned mod-
ifications. Some authors explain the increase in Curie
temperature with the onset of double-exchange interac-
tions upon electron doping [30, 47], while another study
reports a rise in T¢ upon hole doping [51]. Yet another
study attributes the rise in T upon lattice expansion
to a weakening of competing antiferromagnetic exchange
paths [48]. Under pressure, the increase in Curie temper-
ature has been explained in terms of a decreasing charge
transfer gap, which may enhance FM superexchange [39],
while we could not definitively pin down the mechanism
of enhanced T¢ in our previous theoretical study [45].

In the present study we attempt to resolve this contro-
versy by analyzing the optical conductivity of the vdW
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Pressure-dependent (a) reflectivity Rs—q and (b) real part of the optical conductivity o1 of CrGeTes at 25 K. (c)

Optical conductivity spectrum at 25 K and 5.8 GPa together with the Drude-Lorentz fit and contributions. The optical gap A
is indicated by the arrow. (d) Pressure-dependent correlation ratio ratiocorr (see text for definition) and optical gap size A, all
at 25 K. (e) Pressure-dependent Drude oscillator strength wg and oscillator strength Q% of the MIR oscillator, 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
wg. The shift of the magnetic transition temperature T¢ with pressure is indicated by the dashed line.

ferromagnet CrGeTes under hydrostatic pressure in a
combined experimental and theoretical approach. Us-
ing broad-frequency reflectivity measurements as well as
density functional theory (DFT) and dynamical mean-
field theory (DMFT) calculations, we clarify the effect of
both magnetism and electronic correlations on the elec-
trodynamic response across the insulator-to-metal transi-
tion (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 mid-infrared (MIR) feature emerges in the opti-
cal conductivity, which we can attribute to strong orbital-
selective electronic correlations. Our data unveils a pecu-
liar relationship between the observed plasma frequency
wyp and the ordering temperature T¢ of CrGeTes, which
clearly points to a double-exchange mechanism [54]. 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 [39]. Our study high-
lights the intertwined nature of magnetism and electronic
correlations in CrGeTes.

We obtain the optical conductivity spectrum through-
out the pressure-temperature phase diagram of CrGeTeg

by measuring the reflectivity of a small piece of single
crystal, loaded into a diamond anvil pressure cell, us-
ing Fourier-transform infrared spectroscopy at cryogenic
temperatures (see Ref. [36] for details). The reflectiv-
ity Rs—q of CrGeTes at 25 K is displayed in Fig. 1(a)
for selected pressures. Up to 3.1 GPa, the overall reflec-
tivity spectrum changes only modestly. For pressures of
3.7 GPa and above, the low-energy part (below 0.37 eV,
i.e. 3000 cm™!) of R,_4 changes drastically: Fabry-Perot
interference disappears, the reflectivity level suddenly in-
creases, 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
continuously increases the low-energy reflectivity level,
while the plasma edge becomes more distinct and shifts
to higher energies. Interestingly, a step-like plateau de-
velops below the plasma edge. The above observations
are evidence of a pressure-induced IMT, consistent with
recent reports [39, 45, 55]. 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. [39] (7 GPa), but in
very good agreement with a recent electrical transport
study [55].
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FIG. 2. (a) Optical conductivity o1 of CrGeTes at 1.7 GPa

at selected temperatures. The magnetic onset temperature
is identified by the asterisk. (b) Frequency position and (c)
width () of the L4, L5, and L6 excitations, as obtained from
Lorentz fits at 1.6 GPa as a function of temperature. The ver-
tical gray bar in (b) and (c) indicates the Curie temperature
Tc. (d) Comparison between the experimental and theoret-
ical interband conductivity o1 rnterband at 25 K, i.e., within
the ferromagnetic phase, together with the fit contributions
L4, L5, and L6 at 2.2 GPa.

The signatures of the IMT are also revealed in the real
part of the optical conductivity o1 (see Fig. 1(b)), ob-
tained from the Rs_4 spectra via Kramers-Kronig analy-
sis. For pressures below 3.7 GPa, o consists of three pro-

nounced high energy excitations at around 2.1, 1.6, and
1.3 eV (L6, L5, and L4 excitations, resp., in Fig. 2(d)),
followed towards 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 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 [56]. The absence of
the Drude term in the low-pressure regime confirms the
ambient-pressure insulating phase consistent with previ-
ous reports [39, 45, 55]. From the energy position of the
absorption edge, we can also estimate the optical gap
size A (see Ref. [36] for details), depicted in Fig. 1(d) as
a function of pressure at 25 K.

Above the critical pressure P, ~ 3.7 GPa, we need
to include a Drude term into the fitting model for the
optical response to account for the presence of itiner-
ant charge carriers. With this Drude term, the model
captures the sudden increase in the low-energy region
of o1 (see Fig. 1(c) as an example), consistent with
the recently reported increase in carrier concentration
under pressure [55]. Within the metallic regime, the
Drude oscillator strength wf,, which is the square of the
plasma frequency w,, increases with increasing pressure
(see Fig. 1(e)). w? serves as a measure to trace the metal-
lic regions 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. Addition-
ally, an absorption band appears at ~ 0.09 eV (MIR
band) (see Fig. 1(c)) and its oscillator strength Q%5
increases with pressure, as shown in Fig. 1(e). Simul-
taneously, the optical gap A suddenly shrinks around P,
(see Fig. 1(d)), indicating major changes in the electronic
band structure. The optical 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 calcu-
lations (see Ref. [36]). A finite optical gap in the metal-
lic state contradicts the assumptions made in Ref. [39],
where the onset of metallicity in CrGeTez at ~ 7 GPa
was ascribed to the collapse of the charge-transfer gap.

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 (insu-
lating phase, see Fig. 2(a)) and 5.8 GPa (metallic phase,
see Fig 3(a)). At 1.7 GPa significant changes upon cool-
ing 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 () of the L4 and L5
Lorentz oscillators and the appearance of the L6 excita-
tion during cooling down below 100 K, as displayed by
the vertical gray bar in Fig. 2(b) and (c). The appear-
ance of an additional excitation could also be due to a
splitting of the L4 excitation.

We interpret these excitations in the optical conductiv-
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FIG. 3. (a) Optical conductivity o1 of CrGeTes at 5.8 GPa
at selected temperatures. The magnetic onset temperature
is identified 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.

ity spectra and their pressure-induced changes using den-
sity functional theory (DFT) calculations of electronic
band structure and optical conductivity (see Ref. [36]
for details). Fig. 2(d) displays the pressure evolution of
the interband optical conductivity o1 interband in experi-
ment (at 25 K and after subtracting the Drude term) and
our DFT calculations. The theoretical calculations agree
well with the experimental interband conductivity spec-
tra (see Fig. 2(d)). In particular, the optical 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 calcu-
lations. The density of states is dominated by Cr 3d and
Te 5p orbitals. Te and 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 be-
ing mostly unoccupied for the minority spin. This occu-
pation 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 anal-

ysis 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 or-
dering 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 behavior in
its oscillator strength (see Figs. 3(b) and (c)). Two main
conclusions can thus be drawn from our optical data:
(i) the FM transition temperature is increased by pres-
sure, consistent with Ref. [39], and (ii) the FM ordering
strongly affects the optical response. The latter effect is
very rare and, according to our knowledge, has been ob-
served up to now only in FM manganese perovskites [57—
59] and the FM hexaboride EuBg [60, 61].

In our previous DFT+DMFT calculations [45] we ob-
served nearly momentum independent features of the Cr
3d.2 spectral function about 200 meV above (minor-
ity spin) and below (majority spin) the Fermi level at
P =5 GPa, which are created by electron-electron cor-
relations (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,2 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 differen-
tiated with respect to the orbital and spin species, with
Cr 3d,2 electrons being by far the most strongly corre-
lated. Our orbital-averaged experimental estimate of the
mass enhancement 1/ratioce,r &~ 1/0.7 &~ 1.4 gives sim-
ilar results (see Fig. 1(d) and Ref. [36]). Accordingly,
the metallic phase of FM CrGeTes is moderately cor-
related. In comparison with other vdW materials, the
correlation strength is similar to that of transition metal
dichalcogenides [62-64], but significantly less than FM
Crls monolayers [65] (see Table S1 in Ref. [36]).

We now analyze the experimental plasma frequency,
which shows a peculiar enhancement with pressure (see
Fig. 1(e)). Our previous theoretical study showed that
application of pressure creates both holes in the majority
spin Cr 3d orbitals and electrons in the minority spin Cr
3d orbitals [45]. In the insulating phase, electron move-
ment is strongly suppressed, because chromium atoms
are in a fully polarized Cr®+ state. The appearance of
holes in the Cr 3d,2 orbital, however, leads to electron
mobility and makes a double-exchange mechanism viable
(see Fig. 4(a)). A theoretical study for the previously
mentioned ferromagnet EuBg suggests that the Curie
temperature T should be a linear function of the squared
plasma frequency wg, if the double-exchange mechanism
is responsible for the increased ordering temperature [54].
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FIG. 4. (a) Schematic depiction of the double-exchange interaction between a d,2 electron on Cr** and a hole in the d_2 orbital
on Cr**. Black arrows denote majority spins. The red dashed arrow represents the majority spin after it has moved into the
hole. Horizontal grey lines represent energy levels of Cr 3d orbitals. The kinetic term is denoted as ¢ and Jg is the Hund’s
coupling. (b) Curie temperature Tc with experimental error bars from Ref. [39] versus the square of the plasma frequency wg
measured in the present study. The red line represents the linear relationship expected from a double exchange mechanism
in the metallic phase [54]. (c) Curie temperature Tc with experimental error bars from Ref. [39] versus pressure P. The red
line represents the Curie temperature Tc expected from a double exchange model based on our experimental plasma frequency
w?) 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.

In the metallic phase of CrGeTes, this relation is in ex-
cellent agreement with our data and those of Ref. [39]
(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 accurately
describes the rise in Curie temperature upon entering the
metallic phase. The appearance of holes in the major-
ity spin Cr 3d,2 orbital is also consistent with the slight
decrease in magnetic moment at the onset of increased
Tc [39]. These insights into the magnetism of CrGeTes
explain why nanoscale devices fabricated from this ma-
terial are so amenable to electric-field control [28, 30].

The double-exchange picture also explains the strong
differentiation of effective masses in CrGeTes by orbitals
and spins. The Cr 3d,2 orbital is most affected by corre-
lations, since it is fully polarized and closest to half filling.
The creation of holes in this orbital also changes the be-
havior of minority spin electrons, which localize around
these holes to avoid the Coulomb repulsion of a doubly
occupied sites (see Ref. [36]). This localization weakens
as more holes are created, which contributes to the ob-
served decrease of correlations (increase of ratioge,,) with
further application of pressure in the metallic phase (see
Fig. 1(d)). We conjecture that the formation of the MIR
feature is connected to the aforementioned processes, but
cannot prove this relation at the current stage.

In conclusion, our study shows that the optical conduc-
tivity of the van der Waals material CrGeTes is strongly
affected by ferromagnetic ordering and electronic correla-
tions, while being accurately described by DFT+DMFT
calculations. Based on our data, we can exclude a col-

lapse of the charge transfer gap under pressure. The
appearance of a MIR feature in the optical conductivity
is linked to the emergence of significant electron-electron
correlations upon entering the metallic phase, especially
in the Cr 3d,2> orbital. Based on our measured plasma
frequencies, we showed that the increased Curie temper-
ature in the metallic phase is explained by a double-
exchange mechanism, likely mediated by the pressure-
induced creation of holes in the Cr 3d,2 orbital. This
double-exchange picture also explains the strong orbital
and spin differentiation of mass enhancements in the Cr
3d shell observed in DFT+DMFT calculations.

Thus, we can resolve the controversy on exchange
interactions in CrGeTesz under pressure: in the low-
pressure insulating regime, FM superexchange domi-
nates, but gradually weakens as pressure causes devi-
ations from the optimal bond geometry; once the sys-
tem becomes metallic, double-exchange causes the sud-
den increase in T¢ to near room-temperature. Whether
the enhanced ferromagnetism of CrGeTes under ten-
sile strain [48] can also be explained within the double-
exchange framework, remains to be seen.

Finally, our study suggests that both an electron dop-
ing and a hole doping route to double-exchange mediated
near room-temperature ferromagnetism in CrGeTes ex-
ist: the electron doping route explored via chemical in-
tercalation [47] or electrostatic gating [30] and the hole
doping route explored so far by irradiation [51] or the
application of pressure. Our explanation in terms of a
double-exchange mechanism can be tested by electro-
static or chemical hole doping of CrGeTes at ambient
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I. SAMPLE PREPARATION,
CHARACTERIZATION, AND CRYSTAL
STRUCTURE

Single crystals of CrGeTes were grown by using GeTe
flux with a mixture of high purity powder of Cr, Ge,
and Te at a molar ratio of 2:6:36, as described in detail
in Refs. [1, 2]. The rhombohedral crystal structure of
CrGeTes with space group R3 is depicted in Fig. S1. It
consists of layers of honeycomb network of edge sharing
octahedra formed by central Cr atom bonded to six Te
atoms [1, 3] and having a unit order of Te-Ge-Cr-Ge-Te.

Previous studies have explained ferromagnetism in
CrGeTes in terms of ferromagnetic superexchange me-
diated via the close to 90 degrees angle of the Cr-Te-
Cr bonds [4, 5]. We show the pressure dependence of
this angle in Fig. S2. The angle slightly increases with
pressure, which could potentially lead to a weakening of
ferromagnetic superexchange, as observed in the pres-
sure range before the insulator-to-metal transition [2].
This weakening is not observed in our previous theoret-
ical study [6], since DFT does not properly capture the
paramagnetic insulating state of CrGeTes. Ferromag-
netic superexchange in a metal may, however, behave
more complex than a single leading-order term, as used
in Ref. [2].

II. LOW-TEMPERATURE HIGH-PRESSURE
INFRARED REFLECTIVITY MEASUREMENTS

High-pressure reflectance measurements during cool-
ing down from 295 to 6 K were performed for pres-
sures between 1.6 and 6.3 GPa and in the energy range
from 0.0248 to 2.48 eV (200 to 20000 cm~!). The mea-
surements were carried out using an infrared microscope
(Bruker Hyperion), equipped with a 15z Cassegrain ob-
jective, coupled to a Bruker Vertex 80v FT-IR spec-
trometer. A diamond anvil cell (DAC) from EasyLab
company equipped with type IIA diamonds, which are
suitable for infrared measurements, was utilized for pres-
sure generation. For cooling, a Lake Shore continuous
flow cryostat has been used. A freshly cleaved single

crystal of CrGeTes, with the size of ~ 160 x 150 Xx
40 pm?, was loaded in the hole of a CuBe gasket inside
the DAC. For ensuring the well-defined sample-diamond
interface throughout the experiment, finely ground Csl
powder was used as quasihydrostatic pressure transmit-
ting medium. The pressure was determined in situ in-
side the cryostat using the ruby luminescence method
[7, 8]. The pressure-dependent reflectivity spectra at
the sample diamond interface Rs;_4 in the energy range
0.0248 to 1.116 eV (200 to 9000 cm™~!), were determined
according to Rs—d(w):Rgasket—dia(W)X(Is(w)/Igasket(W))a
where I (w) is the intensity of the radiation reflected
at the interface between the sample and the diamond
anvil, Iyqsket(w) the intensity reflected from the CuBe
gasket-diamond interface, and Rgqsket—dia(w) is the re-
flectivity of the gasket material for the diamond inter-
face. While the R;_4 spectra in the energy range 1.116
to 2.248 eV (9000-20000 cm 1) were calculated according
t0 Rs.q(w)=Rgiax (Is(w)/Igia(w)), where Ry = 0.167 is
the reflectivity of diamond, which was assumed to be
pressure independent [9] and Ig;,(w) is the intensity re-
flected from the inner diamond-air interface of the empty
DAC.

III. ANALYSIS OF REFLECTIVITY AND
OPTICAL CONDUCTIVITY SPECTRA

To obtain the complex optical conductivity o(w)=
o1(w) + ioy(w), the Kramers-Kronig relations were ap-
plied to transform the reflectivity spectra Rs_4 to the
various optical functions, taking the sample-diamond in-
terface into account. The extrapolations of the Rs_4
spectra were done in a manner similar to our previous
publications [10-12]. To this end, Drude-Lorentz fitting
procedures were applied for extrapolating the reflectivity
data to zero frequency and interpolation in the frequency
range 1800-2700 cm ™!, which is affected by multiphonon
absorptions in the diamond anvils and not completely
corrected by the normalization procedure. Above 2.5 eV,
we used the high-energy extrapolation of the ambient-
pressure reflectivity spectrum obtained by x-ray atomic
scattering functions crystals [13] after adjustment for the
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FIG. S1. Rhombohedral crystal structure of CrGeTes with space group R3 consisting of honeycomb layers with edge sharing
octahedra formed by central Cr atom bonded to six Te atoms [1, 3].
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FIG. S2. Pressure evolution of the Cr-Te-Cr angle which cor-
responds to the nearest neighbour exchange path Ji. Struc-
tures were interpolated as in Ref. [6].

sample-diamond interface. Furthermore, R, 4 and the
optical conductivity were simultaneously fitted with the
Drude-Lorentz model for decomposition of the oy spec-
trum.

Within the Drude-Lorentz model the complex dielec-

tric function e(w)= €1(w) + iex(w) is given as

2 2
e(w) wp,Drude Qj

= €00 —
. 2 .
w? 4+ iw/TDrude — W~ w? — iwy;

(1)
where € is the high-energy contribution to €. wp, prude
and 1/7prude are the plasma frequency and scattering
rate of itinerant charge carriers, respectively. wo j, €,
and ; are the eigenfrequency, oscillator strength, and
width of the j** Lorentz oscillator, respectively. The de-
composition of the o; spectra into Drude and Lorentz
contributions as a function of pressure and temperature
is given in section VIII.

The optical gap size A was estimated by a linear ex-
trapolation of the absorption edge in the o; spectrum,
as illustrated in Fig. S3 for the conductivity spectrum at
25 K and 5.8 GPa.

IV. DENSITY FUNCTIONAL THEORY
CALCULATIONS

For the interpretation of the observed excitations in the
optical conductivity spectra, we perform density func-
tional theory (DFT) calculations within the full potential
local orbital (FPLO) method [14] in generalized gradient
approximation (GGA) [15] for the exchange-correlation
functional. We used experimental crystal structures for
CrGeTesz under pressure from Ref. [16], which we interpo-
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FIG. S3. Linear extrapolation of the absorption edge in the o1
spectrum at 25 K and 5.8 GPa as an example, for determining
the optical gap size A.
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FIG. S4. Orbital-resolved density of states of CrGeTes at
ambient pressure (P = 0 GPa) in the ferromagnetic state cal-
culated using DFT.

lated smoothly as explained in Ref. [6]. All calculations
were performed in ferromagnetic spin configuration.

We calculated the partial density of states (DOS) in
the ferromagnetic state at ambient pressure (P = 0 GPa)
from FPLO using a 50 x 50 x 50 k-point grid. The results
are shown in Fig. S4. The density of states is dominated
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FIG. S5. Spin contributions to the o, component of the
optical conductivity of CrGeTes at P = 0 GPa in the ferro-
magnetic state calculated using DFT. We relate the shaded
energy windows to the observed features A, B and C of the
measured optical conductivity.

by Cr 3d and Te 5p orbitals, with additional contributions
from Ge 4s and 4p states. Te and 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.

The optical conductivity in the main text was calcu-
lated using the FPLO density functional theory code on
a 50 x 50 x 50 k-point grid. For the figures in the sup-
plemental material, we modified the FPLO code to ob-
tain the inter-band contribution to the symmetric (in
band indices) band-resolved optical conductivity tensor
[0, (w)]ij, where i and j are band indices, which run over
all bands in the FPLO basis, and +/— stands for the
majority /minority spin. The band-resolved optical con-
ductivity tensor was calculated on a coarser 20 x 20 x 20
k-point grid (for performance reasons). We verified that
a sum over the band indices of this tensor reproduces the
result of the unmodified code. Alternatively, we could
have calculated the orbital-resolved optical conductivity
tensor, which would have required extensive changes to
the FPLO DFT code and caused further numerical effort.
Therefore, we chose not to pursue this route.

We calculated the spin-resolved optical conductivity
ot (w) at ambient pressure (P = 0 GPa) using the FPLO
method, with ab-initio inter-band transition matrix el-
ements. The total optical conductivity is defined as
the sum of the majority and minority spin component:
Oze(w) = of.(w) + 0, (w). The results are shown in
Fig. S5. We shaded the energy regions, in which we ob-
serve three distinct features that are similar to the ex-
perimentally observed optical conductivity. These are

feature A in the energy region [1.4 : 1.6] eV, feature B



in the energy region [1.6 : 1.9] eV and feature C' in the
energy region [1.9 : 2.5] eV. Under pressure these fea-
tures are shifted very slightly, but the qualitative picture
remains unchanged. The calculated optical conductivity
is in good agreement with experimental data.

The experimental optical conductivity at 25 K con-
tains three prominent features (see Fig. 2(d) in main text)
at around 1.3 eV (A), 1.6 eV (B) and 2.1 eV (C). Un-
der pressure an additional absorption band arises below
200 meV. The main three features A, B, and C can be
explained based on our DFT calculations (see Fig. S5).
Feature A is dominated by transitions between Cr 3d and
Te 5p states with majority spin. Features B and C are
explained by transitions between Cr 3d and Te 5p states
with both majority and minority spin. The dip in the
calculated optical conductivity between features B and
C follows from a gap between minority spin Cr 3d states
above the Fermi level. These transitions are indicated in
the schematic DOS in Fig. S6. A previous DFT study of
ambient pressure CrGeTes predicted similar features in
the optical conductivity, but at energies above 2 eV. [17].

In the following we visualize the contributions of each
band to the optical conductivity in the specific energy
regions. In addition to the standard band weights bi(]_f’),
which represent the weight of orbital j to band 7 at
a k-point E, we calculate multiplicative band weights
cl?t (Wrmin, Wmax) € [0,1] for each band i and energy in-
terval w € [Wmin,Wmax] Of the optical conductivity. For
this, we integrate over the frequency parameter of the
optical conductivity tensor:

/ dwlot Wy (@)

Wmin

[fo}ij (wmina wmax) ==

The raw weight of each band is then given by the sum
over one of the band indices of the tensor:

= Z[U;tm]’bj (wmina wmax)

J

Eli (wmin ) Wmax)

®)
=Y [ ikl

For convenience of visualization, we normalize these raw
weights so that they faithfully represent the relative con-
tribution of each band to the optical conductivity in the
energy region of interest:

@i (wmin, wmax)
max (Ej (wmirn wmax)a E; (wmina wmax))
) (4)
The band weights aiij(k:,wmin,wmax) we visualize in the
following are given by the product of the standard orbital

weight bi(%) and our custom weight cijE (Wrnin, Wmax )

Cii (Wminv wmax) =

a?;‘(kawminu Wmax) = b?;(k') . C?: (wmin,wmax) (5)

Here, i is the band index, while j is the orbital index.
Since the weights cii (Wrmin, Wmax) are zero for any bands,
which do not contribute to the optical conductivity in the
energy window [Wmin, Wmax), this multiplication filters out
bands, which are irrelevant for the optical conductivity in
the respective energy window. Important bands will be
represented by weights proportional to their contribution
to the optical conductivity as defined above. Our results
for the three energy windows identified in Fig. S5 are
shown in Figs. S7, S8 and S9.

Our analysis clearly differentiates the contributions of
majority and minority spin electrons and also allows us to
analyze the region of active bands for the optical conduc-
tivity, as well as the contribution of each orbital to these
bands. In these figures we only show orbital weights for
Cr 3d and Te 5p orbitals. Ge 4s and 4p and any other
weights on the relevant bands are relatively small, as can
be seen by comparing the band structure to the orbital-
resolved density of states (see Fig. S4 and also Fig. S6).

As explained in the main text, the calculated optical
conductivity does not change dramatically with pressure,
even though the material becomes metallic. At ambi-
ent pressure CrGeTes has an indirect band gap. Un-
der pressure, the system becomes metallic, but the band
gap closes only indirectly (see Fig. S10). Since optical
transitions do not transfer momentum, i.e. they occur
vertically in our electronic band structure diagrams, the
inter-band contribution to the optical conductivity re-
mains zero at low excitation energies due to the verti-
cal gap between highest occupied and lowest unoccupied
band at each k-point.

V. DENSITY FUNCTIONAL THEORY +
DYNAMICAL MEAN-FIELD THEORY
CALCULATIONS

We performed DFT + dynamical mean-field the-
ory (DFT+DMFT) calculations within DCORE [18] for
the electronic structure of CrGeTes, as explained in
Ref. [6]. In particular, we used the hybridization expan-
sion continuous-time quantum Monte Carlo (CT-QMC)
method to solve the DMFT impurity problem [19, 20].

Our previous analysis of the DFT+DMFT spectral
function in the ferromagnetic state at T = 100 K and P =
5 GPa (see Fig. 5d and 5e in Ref. [6]) shows an almost flat
in momentum space feature at around +200 meV for the
minority spin electrons. A corresponding feature appears
in the majority spin spectral function around -200 meV
(see Fig. 5e and 5f in Ref. [6]).

We performed additional analysis of the electronic
self-energy of CrGeTes to explain these features of the
spectral function. We can clearly identify the peaks at
4200 meV in the DFT+DMFT spectral function with
peaks in the DFT4+DMFT electronic self-energy for the
Cr 3d,2 orbital (Fig. S11). The imaginary part of the
self-energy resembles a doped Mott-insulator [27-30], al-
though the energy difference between the two features
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FIG. S6. Energy scheme of CrGeTes for (a) majority and (b) minority spin. The vertical arrows mark the possible electronic
transitions, which explain the three interband excitations A, B and C. (c) Comparison between the experimental and theoretical
interband conductivity o1, rnterband at 2.2 and 5.8 GPa and at 25 K, i.e., within the ferromagnetic phase, together with the fit

contributions L4, L5, and L6 at 2.2 GPa.

TABLE S1.

DFT+DMFT quasiparticle weights for CrGeTes and other compounds. In case two values are given for the

quasiparticle weight, these represent the values for the majority /minority spin states. For references containing temperature-
dependent values for the quasiparticle weight, we take the value corresponding to the lowest available temperature. For orbitals
not listed in our table, the cited references did not contain any values for the quasiparticle weight.

compound CrGeTes (P =5 GPa) [6] VSes [21] CoS; [22] NiSes [23]
weakly correlated orbitals Cr 3dgy, dm2_y2, Aoz, Ay V 3dyz, dy- Co 3day, duz, dy- Ni 3dzy, dez, dy=
quasiparticle weight ~ 0.8 ~ 0.65 1.0 1.0
strongly correlated orbitals Cr 3d,2 V 3d,2, duy, dy2_,02 Co 3d,2, dy2_,02 Ni 3d,2, dy2_,2
quasiparticle weight ~ 0.6 / ~0.45 ~ 0.4 0.83 / 0.59 ~ 0.5
compound SrNiO; [24] LaNiO» [24] NdNiO, [25] Crls monolayer [26]
weakly correlated orbitals Ni 3d,2, dzy, doz, dy= Ni 3d,2, dzy, dzz, dy- Ni 3d,2 Cr 3dzy, dsz, dy-
quasiparticle weight ~ 0.66 ~ 0.81 ~0.77 ~ 0.5/ ~0.42
strongly correlated orbitals Ni 3d,2_,2 Ni 3d,2_,2 Ni 3d,2_,2 Cr 3d,2, dy2_,02
quasiparticle weight 0.53 0.36 ~ 0.34 ~0.58 / ~0.25

suggests that these are not Hubbard bands. The spin-
spliting is induced by the ferromagnetism and resembles
previous theoretical results [31].

Therefore, the peaks in the spectral function at
4200 meV can be interpreted as correlation-induced fea-
tures of the Cr 3d,2 orbital. We conjecture that the
formation of these features in the spectral function is
connected to the double-exchange mechanism (see be-
low). Certainly, we can identify the mid-infrared (MIR)
feature of the optical conductivity as a transition of
minority-spin electrons from below the Fermi level to this
correlation-induced peak of the Cr 3d,2 spectral function
above the Fermi level.

The discussion above applies to a pressure of P =
5 GPa. At lower pressures, CrGeTez is an insulator.

Pressure induces a transition from an insulator to a cor-
related ferromagnetic metal due to the creation of holes
in the majority-spin states and electrons in the minority-
spin states of chromium, as well as an overall increase in
Cr 3d occupancy (see Fig. 12 in Ref. [6]). Therefore, we
believe that the inherent occupation imbalance of major-
ity and minority spin Cr 3d states under pressure helps
to avoid an insulating state.

We verified that the feature in the self-energy at an en-
ergy of about +200 meV is not an artifact of the analytic
continuation procedure, which is employed when work-
ing with CT-QMC impurity solvers. In Ref. [6] we used
the Padé method for analytic continuation [32], which
is known to capture well at least the features close to
the Fermi level. Here, we additionally used the recently
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FIG. S7. DFT-calculated spin-resolved electronic band struc-
ture of CrGeTes at P = 0 GPa in the ferromagnetic state
with orbital weights multiplied by the relative contributions
of each band to the optical conductivity in the energy window
[1.4:1.6] eV (feature A).
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FIG. S8. DFT-calculated spin-resolved electronic band struc-
ture of CrGeTes at P = 0 GPa in the ferromagnetic state
with orbital weights multiplied by the relative contributions
of each band to the optical conductivity in the energy window
[1.6:1.9] eV (feature B).

developed sparse modeling (SpM) analytic continuation
method [33], which may improve the accuracy at higher
energies.

As expected, the electronic self-energy of the minor-
ity spin Cr 3d,2 orbital is similar in both methods (see
Fig. S12). While the Padé result shows only one ma-
jor feature in both the real and imaginary part of the
self-energy, the SpM result contains additional minor fea-
tures.

Therefore, the spectral function of the minority spin
Cr 3d,2 orbital is very similar in both methods (see
Fig. S13). As expected, the low-energy region of the
spectral function is almost identical. The hump in the
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FIG. S9. DFT-calculated spin-resolved electronic band struc-
ture of CrGeTes at P = 0 GPa in the ferromagnetic state
with orbital weights multiplied by the relative contributions
of each band to the optical conductivity in the energy window
[1.9:2.5] eV (feature C).
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FIG. S10.  Full-relativistic electronic band structure of

CrGeTes in the ferromagnetic state calculated from DFT at
a pressure of 5 GPa. The chosen k-path differs from other
band structure plots, so that both hole and electron pockets
are easily recognizable.

k-integrated spectral function around 4200 meV, which
we believe is observed in the experimental optical con-
ductivity under pressure, is present irrespective of the
analytic continuation method. Minor differences only ap-
pear at energies higher than about 40.5 eV, which the
Padé method often does not capture in all detail. This
does not affect any of the conclusions of our previous
calculations for CrGeTes (see Ref. [6]).

To estimate the correlation strength in CrGeTes at
5 GPa, we calculate in our DFT+DMFT calculations
from the electronic self-energy 7" at the lowest posi-
tive Matsubara frequency wg the quasiparticle-weight 27"
where o denotes the spin and m denotes the orbital in-
dex [34]. The quasiparticle weight is also the inverse of
the mass enhancement over a pure DFT calculation due
to correlations, i.e. the effective mass m* divided by the
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FIG. S11. DFT4+DMFT self-energy on the real frequency axis
¥ (w) for the majority- and minority-spin Cr 3d,2> orbital of
CrGeTes at T = 100 K and P = 5 GPa in the ferromagnetic
state. Results are shown for the Padé analytic continuation
method. a) shows the real part of the self-energy Re X (w). b)
shows the imaginary part of the self-energy —Im X (w).

DFT band mass mpgr:

1 Im X7 (wp) m*
mTt=1- < = . 6
(25") o pe— (6)

Effects of electronic correlations among the Cr 3d or-
bitals in CrGeTes are strongly orbital-selective [6]. The
minority spin a1, (d.2) electrons are strongly correlated
under pressure, as demonstrated by a decreased quasi-
particle weight of about 0.45, which leads to a substan-
tial mass enhancement. The majority spin a4 orbital
is slightly less correlated, with a quasiparticle weight of
about 0.6. The €] (dyy, dp2_y2) and e (dy., dy.) or-
bitals are weakly correlated with a quasiparticle weight
of about 0.8. The strength of electronic correlations in
CrGeTes under pressure, as measured by the quasiparti-
cle weight, is similar to theoretical results for transition
metal dichalcogenides [21-23] and nickelates [24, 25, 35],
while monolayers of transition metal trihalides appear to
be more strongly correlated [26] (see Table S1).

We note here that the double-exchange picture ex-
plains the strong differentiation of effective masses by
orbitals and spins in CrGeTes. Since the Cr 3d,2 orbital
is closest to half filling and fully polarized, its electrons
are most impeded by electron-electron correlations. The
creation of holes in the majority spin Cr 3d,2 orbital not
only mobilizes the majority spin electrons, but also in-
creasingly localizes the minority spin Cr 3d,2 electrons
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FIG. S12. DFT+DMFT self-energy on the real frequency

axis X (w) for the minority-spin Cr 3d,= orbital of CrGeTes
at T = 100 K and P = 5 GPa in the ferromagnetic state.
Results are shown for both Padé and sparse modeling (SpM)
analytic continuation methods. a) shows the real part of the
self-energy Re ¥ (w). b) shows the imaginary part of the self-
energy —Im ¥ (w).

54 —— Cr 3d,2 minority (Padé)
=== Cr 3d, minority (SpM)
~_*os
S ]
O 5 10.4 A
E 31 |
o 10.24
O ] 4
0 270.04+—
] 0
11
-0.5 0.0 0.5 1.0 1.5

energy (eV)

FIG. S13. DFT+DMFT spectral function for the minority-
spin Cr 3d,2 orbital of CrGeTes at T = 100 K and P = 5
GPa in the ferromagnetic state. Results are shown for both
Padé and sparse modeling (SpM) analytic continuation meth-
ods. The inset shows the low-energy feature, which persists
independent of the continuation method.

in the vicinity of these holes, since they can lower their
energy by hopping into a hole, where they are only sub-
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FIG. S14. Schematic depiction of exchange processes relevant
for minority spin Cr 3d.2 electrons. (a) Hopping of a minority
spin electron into a majority spin d,2 hole. (b) Hopping of
a minority spin electron onto an occupied majority spin d,2
site.

ject to Hund’s rule coupling (see Fig. S14(a)), but avoid
the Coulomb repulsion of a doubly occupied site (see
Fig. S14(b)). Since the energy cost of spin misalignment
with respect to Hund’s coupling Jg (see Fig. S14(a))
is roughly equal to the distance of both peaks in the
spectral function (at 200 meV), it seems possible that
Hund’s coupling is responsible for these low-energy fea-
tures of the electronic self-energy (see Fig. S11(b)).

VI. EXPERIMENTAL ESTIMATE OF MASS
ENHANCEMENT

We can furthermore trace the strength of electronic
correlations based on the experimental optical conduc-
tivity spectrum. The extraction of the electronic corre-
lation strength from optical conductivity spectra is an
established procedure applied to various quantum ma-
terials [36-38]. The optical conductivity spectrum of
CrGeTes in the high-pressure (either paramagnetic or
ferromagnetic) metallic phase contains a MIR absorption
band, which, according to our theoretical calculations, is
attributed to electronic correlation effects. The spectral
weights of the MIR band and the Drude term can serve
as a measure for the electronic correlation strength, as
explained below. This gives us the unique possiblity to
trace the correlation strength as a function of pressure in
a 2D vdW material.

The Drude spectral weight wz serves as an estimate of
the optical kinetic energy K,,; of the quasiparticles, and
its reduction as compared to its value Kp,,q obtained
from non-interacting band theory calculations is a mea-
sure of the electronic correlation strength [36-38]. The
ratio Kopt/ Kpand can be estimated from the experimental
plasma frequency wy, of the Drude term and the oscillator
strength Qp/7r of the MIR band according to [37]

2
Kopt wWp
~ 2

Kpana W% + QMIR

(7)

ratiOcorr =

The value of ratio... ranges between 0 (Mott insulator)
and 1 (uncorrelated metal). It corresponds to the quasi-
particle weight calculated in section IV.

In case of CrGeTes, the so-obtained value of ratio.q,,
as a function of pressure at 25 K is shown in Fig. 1(d)
in the main text. At P,., ratio,. rises sharply and
saturates at the value 0.7 above 4.6 GPa Accordingly,
CrGeTes in its metallic phase is moderately correlated,
similar to the square-net nodal-line semimetal ZrSiSe and
slightly less correlated than the ferromagnetic kagome
metal CozSnaSy [36]. In comparison, for strongly corre-
lated metals such as cuprates and the vanadium oxide
V203 a value ratiog.»~0.2 would be expected [38] (see
also Table S1 for a comparison with other vdW materi-
als).

VII. ESTIMATE OF THE CURIE
TEMPERATURE FROM OPTICAL DATA

When entering the ferromagnetic state during cool-
ing, significant changes occur in the high-energy reflec-
tivity spectrum Rs_q4, as illustrated in Figs. S15(a) and
(c) for P=1.7 GPa and P=5.8 GPa, respectively. These
temperature-induced changes appear even clearer in the
first derivative of the reflectivity with respect to fre-
quency dRs_q/dv [see Figs. S15(b) and (d)]. For exam-
ple, at 1.7 GPa a clear dip feature develops in dRs_4/dv
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FIG. S15. High-energy reflectivity spectrum Rs_q4 of CrGeTes at 1.7 GPa (a) and at 5.8 GPa (c) together with the corresponding
first derivative dRs_q/dv at 1.7 GPa (b) and at 5.8 GPa (d).

at ~10.800 cm™! between 100 and 70 K [Fig. S15(b)]. 200 : . . . : .
Accordingly, magnetic order sets in below 100 K, and we

can estimate the Curie temperature Tc=85 K + 15 K at

1.7 GPa. Applying this criterion to all measured pres- %}
sures, we obtained the pressure dependence of the mag- 150 | / .

netic ordering temperature T as depicted in Fig. S16.

VIII. DECOMPOSITIONS OF THE o0, SPECTRA
AS A FUNCTION OF PRESSURE AND

Te (K)
8
——
.
AN
N\,

TEMPERATURE

- . 50 | ]
The decompositions of the o1 spectra as a function of
pressure and temperature are shown in Figs. S17, S18,

S19 and S20.
0 1 1 L 1 2 1 1 1 L 1 L 1 L
0 1 2 3 4 5 6 7
P (GPa)
FIG. S16. Ferromagnetic ordering temperature Tc of

CrGeTes as a function of pressure as obtained from the opti-
cal data.
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