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Layered van der Waals ferromagnets, which preserve their magnetic properties down to exfoliated
monolayers, are fueling a bonanza of fundamental research and nanoscale device demonstration.
CrGeTes is a prime example for this class of materials. Its temperature-pressure phase diagram
features an insulator-to-metal transition and a significant increase of ferromagnetic Curie-Weiss
temperatures upon entering the metallic state. We use density functional theory to understand
the magnetic exchange interactions in CrGeTes at ambient and elevated pressure. We calculate
Heisenberg exchange couplings, which provide the correct ferromagnetic ground state and explain the
experimentally observed pressure dependence of magnetism in CrGeTes. Furthermore, we combine
density functional theory with dynamical mean field theory to investigate the effects of electronic
correlations and the nature of the high pressure metallic state in CrGeTes.

INTRODUCTION

The chromium tellurides CrSiTes and CrGeTes were
initially investigated as bulk ferromagnetic semiconduc-
tors [1-5] with ordering temperatures of Tc = 32K and
Tc = 61 K, respectively. Later it was discovered that the
van der Waals bonded layers of CrGeTes can be exfo-
liated and even monolayers remain ferromagnetic [6], a
fact that had been predicted theoretically [7]. Together
with a few other layered ferromagnets like Crls [8-11]
and Fe3GeTes [12], these materials may facilitate a host
of interesting applications [13], which encompass fabrica-
tion of heterostructures [14], e.g. with topological insu-
lators [15, 16], use as switchable resistive components in
phase-change random access memory [17] or as thermo-
electric materials [18, 19].

Following the successful exfoliation of ferromagnetic
monolayers of CrSiTes [20] and CrGeTes [6], these ma-
terials came under intense scrutiny. CrSiTes shows an
insulating ferromagnetic ground state [21, 22]. Apply-
ing pressure to this system leads to a insulator-to-metal
transition [23]. At a pressure of ~ 7.5 GPa a structural
phase transition suppresses ferromagnetism and a super-
conducting state with a T, of about 3 K emerges [23].
At a pressure of around 15 GPa CrSiTes undergoes a
polymorphic transformation. [24] While ferromagnetism
in bulk CrSiTes has a Curie-temperature of T = 32 K,
pressure dramatically enhances the Curie-temperature
to Tc ~ 138 K. [25] Various other studies have inves-
tigated the structural, electronic and magnetic proper-
ties of CrSiTes and similar materials both experimen-
tally [26-30] and theoretically [29-34].

CrGeTe;s is particularly interesting, since it undergoes
an insulator-to-metal transition at a pressure of about
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5 GPa [35], which is not coupled to a structural tran-
sition, in contrast to CrSiTes [23]. Only at pressures
of around 18 GPa a structural phase transition to an
amorphous state is observed. [36] Besides application of
pressure, the insulator-to-metal transition can also be
triggered by intercalation of organic ions [37] into bulk
crystals or ionic liquid gating to a field effect transis-
tor [38, 39]. This also applies to related materials [10-
12]. Both applying pressure and injecting charge carriers
dramatically increases the Curie temperature of CrGeTes
from T = 61 K at ambient pressure to T¢ ~ 200 K [39]
or even higher [35]. CrGeTes has been characterized as
a charge transfer insulator and its ferromagnetism has
been attributed to a superexchange mechanism via the
tellurium ions [29, 33, 35, 40].

It has been conjectured that the increased bandwidth
under pressure closes the charge transfer gap, which
in turn enhances the ferromagnetic superexchange and
causes the greatly enhanced Curie temperature [35]. Var-
ious other experimental [41-46] and theoretical stud-
ies [31, 45-50] for CrGeTes have investigated further de-
tails of this material.

We perform theoretical calculations for CrGeTes at
various pressures and focus on the issues of the enhanced
Curie-temperature and the conjectured shrinking of the
charge transfer gap. Our results confirm the experimen-
tally observed pressure phase diagram [35]. We find that
CrGeTes evolves from a charge transfer insulator into a
correlated metal with significant pressure- and orbital-
dependent electronic correlations, as the charge trans-
fer gap closes with increasing applied pressure. At the
same time, in-plane ferromagnetic exchange couplings are
strongly enhanced. Inter-plane ferromagnetic exchange
couplings also start to appear at the insulator-to-metal
transition and contribute to the experimentally observed
increase of the Curie temperature, which is explained
by our calculations. Furthermore, we discuss similari-
ties between the behavior of CrGeTes under pressure and
with electron doping, which is crucial for applications of
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FIG. 1. Result of DFT energy mapping for CrGeTes as function of pressure. Interpolated experimental crystal structures are
used as explained in the text. (a) First nine exchange interactions, evaluated at fixed Hund’s rule coupling Ju = 0.72eV and

on-site interaction strength U = 0.75eV. The exchange paths are visualized in (b).

via Eq. (2) from the Heisenberg interactions in (a).

(¢) Curie-Weiss temperature calculated

(d) Charge gaps obtained from the ferromagnetic state at U = 0.75¢€V,

Ju = 0.72¢eV by averaging over the 70 spin configurations per pressure point from (a).

CrGeTes and other van der Waals ferromagnets.

METHODS

We base our calculations on interpolated high pres-
sure crystal structures of CrGeTes (R3 space group, no.
148). For that purpose, we use the structural data from
Ref. [36]. We use splines for the lattice parameters and
a linear fit for the rather noisy fractional coordinates
(see Appendix A). We study the electronic structure and
magnetism using the full potential local orbital (FPLO)
basis [51] and a generalized gradient approximation to
the exchange and correlation functional [52]. Our many-
body calculations are based on a tight binding Hamilto-
nian obtained from projective Wannier functions [53, 54].
We determine Heisenberg Hamiltonian parameters using
an energy mapping method [55-57] based on DFT+U
[58] total energies; we fix the value of the Hund’s rule
coupling Ji = 0.72eV [59] and vary the onsite interac-
tion U. We perform DFT+DMFT calculations within
DCore [60] using a hybridization expansion continuous
time quantum Monte Carlo (CT-QMC) method [61, 62]
as impurity solver (see Appendix E for more details). We

use the Padé approximation for analytic continuation of
the self energy. For Cr 3d, we use interaction parame-
ters U = 2.0eV, Jg = 0.72eV. Based on those, Slater
integrals and orbital dependent interaction matrices are
calculated [63]. For the DMFT calculations, we prepare
36 band tight binding models including 36 orbitals from
two formula units of CrGeTes, in particular 10 Cr 3d, 18
Te 5p, 2 Ge 4s and 6 Ge 4p orbitals. Due to covalent
bonding but lower prevalence in the composition, Ge or-
bital weights and DOS resemble Te weights and DOS but
are much smaller; nevertheless, Ge orbitals are needed
to improve the overall agreement between tight binding
model and DFT band structure. In contrast, including
Cr 4s orbitals does not improve the results.

RESULTS

We first investigate the evolution of magnetism in
CrGeTes under pressure and extract the Heisenberg
Hamiltonian of the material via DFT energy mapping.
This method has been shown to be very reliable for Cr3+
based magnets [64]. We determine the parameters of the



Heisenberg Hamiltonian written in the form

H=> J;S;-S;, (1)

i<j

where S; and S; are spin operators and every bond is
counted once. Our results are summarized in Fig. 1. As
CrGeTes is a small gap semiconductor at ambient pres-
sure and becomes metallic under pressure, exchange in-
teractions are expected to be rather long-ranged. There-
fore, we resolve the first nine exchange interactions, ex-
tending up to 2.5 times the nearest neighbor distance.
To estimate the appropriate on-site interaction U,
we determine the Heisenberg parameters at ambient
pressure, calculate the Curie-Weiss temperature from
those parameters, and compare it to the experimental
value [35]. We find that the on-site interaction U has
to be chosen as small as possible (see Appendix B for
further details). In Fig. 1(a), we show the evolution
of exchange interactions with pressure for U = 0.75eV,
which is only slightly larger than the Hund’s rule coupling
Ju = 0.72eV. This means that the effective interaction
U — Jy is close to zero; nevertheless, the result of this
calculation is very different from the result of plain GGA
which severely overestimates the strength of magnetic in-
teractions. At ambient pressure, we find that the Hamil-
tonian of CrGeTes is dominated by two ferromagnetic
interactions, J; and .Jg. The interaction paths are visu-
alized in Fig. 1(b): Ji, J3 and Jg are first, second and
third neighbors in the honeycomb lattice, respectively.
The six other paths are interlayer exchange paths. We
determine the Curie-Weiss temperature according to

1
Oow = 755(5 +1)(3J1 + J2 4 6J3 + 3J4 + 65
+ 3Jg + 6J7 + 3Jg + 6J9) .

The pressure evolution of fcw is shown in Fig. 1 (¢). The
contribution to fcw from the six interlayer couplings is
almost constant at 8 K between P = 0 and P = 6 GPa
and then increases strongly (see Fig. 9). The strong in-
plane ferromagnetic exchange taken together with the
initially small but always ferromagnetic effective inter-
layer exchange means that the Hamiltonian determined
by DFT energy mapping clearly supports a ferromagnetic
ground state of CrGeTes for all investigated pressures.
Fig. 1(d) shows the charge gap of CrGeTes, obtained by
averaging over the 70 distinct spin configurations that
were calculated at all pressures. This measure places the
transition pressure for the insulator-to-metal transition
between ~ 4.5 GPa and ~ 7.5 GPa, based on either the
ferromagnetic solution, which likely underestimates the
transition pressure due to absence of spin fluctuations,
and the spin configuration average, which is an upper
limit due to the presence of many unfavorable magnetic
configurations.

The insulator-metal transition coincides with a signif-
icant strengthening of the dominant ferromagnetic ex-
change coupling J;, and with couplings Js, J7 and Jy
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FIG. 2. GGA band structure of CrGeTes at ambient pres-
sure. (a) Band weights and partial densities of states for
the three Cr 3d characters in trigonally distorted octahe-
dral environment. (b) Band weight and partial density of
states for summed up Te 5p. High symmetry points of
the rhombohedral space group are [29, 68] L = (1/2,0,0),
A= (v/2,v/2,—v), P = (n,v,v), Z = (1/2,1/2,1/2), X =
(v,0,—v) where n = (14+4cosa)/(2+4cosa), v =3/4—n/2.

turning ferromagnetic. This leads to a sharp upturn of
the Curie-Weiss temperature (Fig. 1 (c)). Our estimates
for the charge transfer gap and the Curie-Weiss tempera-
ture as a function of pressure are in very good agreement
with the experimental observations in Ref. [35]. In both
experiment and our theoretical calculations, the Curie-
Weiss temperature is nearly constant for a large pressure
range and then increase rapidly near the insulator-to-
metal transition. The prediction of the ferromagnetic
ordering temperature T¢ is complicated due to Mermin-
Wagner physics that suppresses order in the pure Heisen-
berg 2D magnet. It is known that the ordering temper-
ature is proportional to the in-plane exchange interac-
tions but the order depends logarithmically on the rela-
tive strength of interlayer exchange [65, 66] compared to
the in-plane exchange or it has a power law dependence
on the ratio between single-ion anisotropy [67] and in-
plane exchange. Therefore, the in-plane and interlayer
exchange interactions provide the qualitative trends for
the Curie temperature, but a precise ordering tempera-
ture requires complex calculations that are beyond the
scope of the present study. Notwithstanding some loga-
rithmic or power law corrections, the substantial upturn
of the Curie-Weiss temperature, which is also the mean
field ordering temperature, indicates that the Hamilto-
nian we determined will lead to a significant increase of
the Curie temperature T around P = 6 GPa.

Now we investigate the importance of electronic cor-
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FIG. 3. Pressure dependence of the renormalization factor
(quasiparticle weight) 27" for different orbitals m and spin
directions o. (a) Paramagnetic state at room temperature.
(b) Ferromagnetic state at 7= 100 K.

relations in CrGeTes under pressure. We use the same
interpolated experimental structures (shown in Fig. 6)
as in our previous calculations. The nonmagnetic GGA
band structure of CrGeTes has six Cr 3d bands (from two
formula units) crossing the Fermi level. Cr is strongly hy-
bridized with the spatially extended Te 5p orbitals (see
Fig. 2). In the trigonally distorted CrTeg octahedra, the
crystal field splits the 3d orbitals into a1, (d.2), € (dzy,
dy2_y2), and €f (dz», dy.) manifolds.
We first analyze the quasiparticle weight

o (1_ Imz%)) 3)

Wo

where X7 (w,,) is the self energy for spin o and orbital m.
The quasiparticle weight is a measure for the strength
of electronic correlations. While an uncorrelated system
has quasiparticle weights equal to 2z = 1, decreasing
quasiparticle weights z[* signal an increase in electronic
correlations. The inverse of the quasi-particle weight is
the mass enhancement

1 m*
el ’
zg*  MDFT

which indicates the increase of the effective mass m* com-
pared to the band mass mppT due to electronic correla-
tions. Figure 3 (a) shows the quasiparticle weight at room
temperature in the paramagnetic state. At all pressures,
the d.» orbital shows the strongest renormalization, fol-
lowed by d,, and d,2_,2. As a function of pressure, the
quasiparticle weight slightly increases. With constant in-
teraction parameters, this is to be expected under pres-
sure, because the band width increases and screening im-
proves as the material is compressed.

This picture changes in the ferromagnetic state at T' =
100K (Fig. 3(b)). In the magnetic insulator near am-
bient pressure, we find quasiparticle weights between 0.6
and 0.9, indicating only weak correlation effects. The cor-
relation strength increases at the insulator-metal transi-
tion, which happens near P = 3 GPa in our DFT+DMFT
calculations. This pressure value is somewhat lower than
what is observed in experiment. At the insulator-metal-
transition, in particular the d,2 orbital becomes substan-
tially more strongly correlated.

We now study the DFT+DMFT spectral function for
CrGeTes. At ambient pressure, our calculations predict
the outcome of future angle-resolved photoemission ex-
periments. Such experiments may not be feasible un-
der higher pressures, but our calculations under pres-
sure may still give relevant insights. Fig. 4 presents
both angle-resolved and angle-integrated spectral func-
tions at T = 300K; the paramagnetic solution shown
here is the ground state at room temperature. Fig. 4 (a)
and (c) compare the ambient pressure spectral function
A(w) without and with spin-orbit coupling, respectively.

The effects of spin-orbit coupling are large for the
heavy Te atoms, but not for the lighter Cr atoms. There-
fore, we include the effects of spin-orbit coupling at the
level of the DFT calculation from which we obtain the
non-interacting Hamiltonian. However, we use a projec-
tion of the fully relativistic bands on Imo quantum num-
bers and solve the dynamical mean field problem for Cr
3d without explicitly accounting for spin-orbit coupling
in the interactions.

Comparing Figs. 4 (a) and (c¢) with the GGA orbital
weights in Fig. 2, we see significant effects of spin-orbit
coupling for example in the occupied bands around the
I'" point which mostly carry Te orbital character. We
consider Fig. 4 (¢) more relevant for comparison with ex-
periment than Fig. 4 (a).

We now continue the analysis at low temperatures.
Figure 5 shows angle resolved and integrated spectral
functions of CrGeTes at T' = 100K in the ferromagnetic
state. While the experimentally observed ordering tem-
perature of CrGeTes is somewhat lower at T¢ = 61K, it
is computationally challenging to reach good convergence
for lower temperatures, since more Matsubara frequen-
cies are needed to cover the same energy range. Never-
theless, the spectral function does not change dramati-
cally between T' = 100 K and 7' = 50 K. At ambient pres-
sure (Figs. 5 (a) to (c)), we find a ferromagnetic (Slater)
insulator in agreement with the experiments of Bhoi et
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pressure without spin-orbit coupling, (c)-(d) including spin-orbit coupling in the DFT Hamiltonian. (e)-(f) Elevated pressure
of P = 5 GPa without effects of spin-orbit coupling, and (g)-(h) P = 5 GPa including spin-orbit coupling. Interaction parameters
for Cr 3d are U = 2.0eV, Ju = 0.72¢eV. The double counting correction is reduced by 4%.

al. [35]. The spectral functions at P = 5GPa show
a ferromagnetic metallic state. We clearly observe an
insulator-to-metal transition, which is predominantly in-
duced by the widening of Te bands under pressure, i.e.
the transition is band width controlled.

DISCUSSION

In our DFT calculations for the charge transfer gap, we
find gap values and a pressure dependence (see Fig. 1(d)),
which are consistent with experimental [15] and other
theoretical [33, 48, 49] estimates. Some studies have esti-
mated band gaps, which are orders of magnitude smaller,
probably due to differences in methodology. [45, 47]

Our DFT calculations for the magnetic interactions
of CrGeTes under pressure show a dramatic increase in
the strength of ferromagnetic exchange couplings in the
vicinity of the insulator-to-metal transition; some longer
range antiferromagnetic couplings even turn ferromag-
netic. These results are in good agreement with experi-
mental findings in Ref. [35]. In particular, we find that
smooth changes in the structural parameters produce the
observed strong increase of the Curie-Weiss temperature.
Therefore, this increase is of purely electronic origin and
not connected to a structural transition, in agreement

with the conjecture in Ref. [35].

Previous studies have focused entirely on the intra-
layer ferromagnetic exchange, while estimating inter-
layer exchange to be antiferromagnetic [6, 29, 35]. We
find that, at least in CrGeTes, several inter-layer anti-
ferromagnetic exchange terms also turn ferromagnetic at
the insulator-to-metal transition (see Fig. 1). Therefore,
also the inter-layer exchange contributes significantly to
the observed increase in the Curie-Weiss temperature
(see Fig. 9). We conclude that pressure does not only
enhance the intra-layer ferromagnetic exchange and close
the charge gap, as reported in other studies. Using
pressure to pass through the insulator-to-metal transi-
tion makes magnetic interactions in CrGeTes also signif-
icantly more three-dimensional, with many of the longer
range exchange terms assuming larger absolute values.
To our knowledge, this fact has not been reported else-
where.

Importantly, our results show that the inter-layer
contribution to the Curie-Weiss temperature only be-
comes significantly ferromagnetic at the insulator-to-
metal transition (see Fig. 9), while theoretical results by
Fumega et al. [49] predict a strong continuous increase
of the inter-layer contribution already in the insulating
state. The latter study uses a less detailed Hamiltonian,
which corresponds to only taking into account the cou-
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FIG. 5. DFT+DMEFT spectral function and density of states of CrGeTes at T = 100K in the ferromagnetic state. (a)-(c)

Ambient pressure P = 0GPa.

(d)-(f) Elevated pressure P = 5GPa. Interaction parameters for Cr 3d are U = 2.0V,

Ju = 0.72¢eV. The double counting correction is reduced by 4%.

plings J; and Jo of our model. Although the sign of
exchange couplings agrees with our study, their com-
putational approach averages out the effects of longer-
range couplings, which we are able to resolve in detail,
and yields a different pressure dependence of the Heisen-
berg Hamiltonian parameters. Furthermore, Fumega et
al. did not determine the behavior of exchange couplings
beyond the insulator-to-metal transition. Hence, their
study misses the peculiar sharp increase of the Curie tem-
perature at and beyond the transition.

The exchange Hamiltonian at ambient pressure has
also been determined by Sivadas et al. [31], taking into
account only the terms Jy, Jo and J3 from our model.
They obtained a roughly similar ferromagnetic Ji, but
predicted Jy and J3 to be antiferromagnetic at ambient
pressure. We find J5 to be ferromagnetic at ambient pres-
sure. Again, the results probably differ from ours because
this study did not take into account important longer-
range exchange paths like Jg and investigated fewer spin
configurations.

A DFT+U study at ambient pressure has also been

performed by Suzuki et al. [46], who find J; and Js to
be ferromagnetic, but do not resolve further exchange
couplings. This study also compares DFT+U calcula-
tions for CrGeTes at ambient pressure to momentum-
integrated photoemission experiments and concludes
that the effective interaction U,y = U — Jg should be
chosen close to Ueg = 1.1 eV. Comparing DFT+U cal-
culations to photoemission spectra may not give a fully
consistent picture of dynamical correlations in CrGeTes,
especially since we find the majority spin dz? orbital to
be strongly correlated already at ambient pressure. Qual-
itative differences in DFT+U compared to DEFT+DMFT
spectral functions and optical conductivity have also
been reported for the related material Crls. [69] In con-
trast, we choose Uyg = 0 in order to reproduce the ex-
perimentally observed Curie-Weiss temperature. Choos-
ing a larger Coulomb repulsion U would lead to severely
overestimated exchange couplings and Curie-Weiss tem-
perature (see Fig. 7 and Table I). This is also observable
in the study by Fang et al. [47], which overestimates the
exchange couplings of a simplified Hamiltonian by using



a large effective interaction.

For the Cr magnetic moments, we find a small de-
crease with increasing pressure, both in our DFT and
DFT+DMFT calculations (see Fig. 10). While exper-
iments seem to observe a significant decrease of mo-
ments only in the pressure range from P = 3 GPa to
P = 5GPa [35] and more or less constant behaviour out-
side of this range, our calculations rather show a smooth
decrease of the magnetic moment across the entire pres-
sure range. While the origin of this minor difference is
currently unclear, the overall size of the magnetic mo-
ment at ambient pressure is consistent with literature
results. [29, 33, 69]

The reduction of magnetic moments with increasing
pressure seems to be related to moderate changes in the
electronic filling of Cr 3d states, which increases slightly
(see Fig. 11(a)). The excess electrons populate the mi-
nority spin states and, therefore, decrease the observed
magnetic moment. In addition, the filling of majority
spin states decreases (see Fig. 11 (b)), which further de-
creases the magnetic moments. This can be understood
from Fig. 5(d) where one can see partial occupation of
minority 3d states and partial depletion of majority 3d
states at moderate pressure. This suggests a connec-
tion to experiments, which observed a strong increase
of the Curie temperature in CrGeTes upon electron dop-
ing. [37, 39] This increase has been attributed to strong
double-exchange upon electron doping [37] in addition
to ferromagnetic superexchange in the undoped mate-
rial [35, 40]. Similar to the doping study of Wang et
al. [37], we find that previously unoccupied € (ds., d-)
orbitals become occupied under pressure (see Fig. 5(e)
and Fig. 11). These orbitals may mediate a ferromagnetic
double-exchange [70] in addition to the ferromagnetic su-
perexchange via the a1y (d,2) orbitals, which is already
present at ambient pressure. [37] Based on the available
data we can, however, not decide which exchange mech-
anism is dominant under pressure. Nevertheless, the ap-
parent similarity between applying pressure [35, 49] and
direct charge carrier injection [10-13, 23, 37-39] certainly
deserves further investigation for the whole family of van
der Waals ferromagnets.

The importance of electronic correlations for layered
van der Waals ferromagnets has been highlighted for
Crl; [69], CrSiTes [29] and other materials in this fam-
ily [48]. We also find that correlations play a significant
role. In the ferromagnetic state we find that especially
the d,2 orbital is strongly correlated (see Fig. 3(b)). For
other orbitals the strength of electronic correlations in-
creases only slightly with pressure (i.e. the quasipar-
ticle weight decreases). The majority spin d.2 orbital
is the most correlated orbital in CrGeTes at zero pres-
sure. This changes at a pressure around P ~ 3 GPa,
where the minority spin d.2 electrons rapidly change their
nature from being relatively uncorrelated to being the
most correlated electrons in the material. At this pres-
sure of P ~ 3 GPa, the insulator-to-metal transition hap-
pens in our DEFT+DMFT calculations. As the minority

d,2 orbital occupation changes from essentially empty
to slightly occupied near Fg, the few d,2 carriers are
substantially affected by electronic correlations. In gen-
eral, we find the minority carriers to be more heavy than
the majority carriers, in agreement with both experiment
and theory for the related ferromagnet CoSq [71].

Since CrGeTes is isostructural to CrSiTes and Ge
is chemically similar to Si, we can compare our
DFT+DMFT spectral functions to ARPES experimen-
tal data and DFT+DMFT calculations for CrSiTes [29].
Our results for the I'-A and P-Z paths agree reasonably
well, in particular with spin-orbit coupling. For the path
I'-X we can compare our DFT4+DMEFT spectral function
in the ferromagnetic state at ambient pressure to ARPES
results by Suzuki et al. [46]. Even though the experiment
is carried out at T' = 150 K, the spectral function agrees
well with out results at 7' = 100 K (see Fig. 5(a) and (c)).
To our knowledge, quasiparticle weights and mass en-
hancements have not yet been determined in other stud-
ies on this class of materials.

CONCLUSIONS

We have performed DFT and DFT+DMEFT calcula-
tions for the layered van der Waals ferromagnet CrGeTeg
under pressure. We estimated the Heisenberg exchange
parameters for the material as a function of pressure. We
showed that ferromagnetic exchange couplings increase
rapidly, in absence of a structural phase transiton, as
the charge transfer gap closes. Since our Hamiltonian
also contains long-range couplings, we were able to re-
solve both intra- and inter-layer exchange parameters.
We showed that both intra- and inter-layer ferromagnetic
couplings contribute to the observed rapid increase of the
Curie-Weiss temperature under pressure, which is fully
explained by our calculations.

Our estimates for the correlation strength of Cr or-
bitals show that the majority spin d.2 electrons are most
strongly correlated at ambient pressure. The minor-
ity spin electrons start out relatively uncorrelated at
low pressure and rapidly become more correlated at the
insulator-to-metal transition. We observed that applica-
tion of pressure also leads to the partial occupation of
previously unoccupied Cr ej (d.., dy.) states, similar
to what has been observed in electron doped crystals of
CrGeTes.

The obvious similarity between the influence of pres-
sure, which we investigated here, and the effect of charge
doping reported in the literature deserves further atten-
tion, since the possibility to fabricate electronic devices
based on CrGeTes crucially depends on combining the
switchable resistivity and unusual magnetic properties of
the material.

The spectral functions we calculated are in reasonable
agreement with experimental and theoretical results for
CrGeTes and the related material CrSiTes. Our results
may serve as a reference for comparison to future ARPES



experiments on CrGeTes.
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Appendix A: Interpolation of crystal structures
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FIG. 6. Experimental structural data of CrGeTes as function
of pressure, shown together with interpolation. Data points
are from Ref. [36].

We base our high pressure calculations for CrGeTes
on the interpolation of the experimental crystal struc-
tures determined by Yu et al., Ref. 36. In Figure 6, we
show the experimental data points together with our in-
terpolation. This allows us to perform calculations on
an equidistant set of high pressure structures. For the
internal coordinates, we use only linear interpolation as
the data points are rather noisy.

Appendix B: Ambient pressure energy mapping for

CrGeTes
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FIG. 7. Exchange couplings of CrGeTes at ambient pressure
as function of on-site interaction strength U, calculated by
DFT energy mapping. The experimental value of the Curie-
Weiss temperature Ocw = 80 K (Ref. 15) is matched by a low
U value of 0.79eV.

The Heisenberg Hamiltonian parameters for CrGeTes
at ambient pressure have been determined by several
groups that use a mapping of DFT total energies at vary-
ing levels of sophistication. In Fig. 7, we present our cal-
culation for the P = 0 GPa structure of Ref. 36. Energies
of 70 distinct spin configurations have been mapped to
the nine exchange paths shown in Fig. 1 (b). An example
of the very good quality of the fit is shown in Fig. 8, in-
dicating that the energy mapping procedure works very
well for CrGeTes. Table I shows the four calculated sets
of couplings we determined. The last column gives the
Curie-Weiss temperature calculated with Eq. 2. The line
in bold face is interpolated to yield the experimental
value of o = 80K determined in Ref. [15]. Note that
a slightly different value of 8oy = 92 K was determined
in Ref. [45]. We expect that the value of U, which is
necessary to describe magnetism in CrGeTes correctly,
does not vary significantly with pressure. Therefore, we
use the value U = 0.75eV, which is valid at ambient
pressure, across the entire pressure range.



U(eV)| Ji(K)

| B(K) | LK) | JaK) | JK) | BE) | FE | JFE ] JE [few (K)

0.75 | -16.36(7) | 2.66(3) | -2.66(6) | -2.99(3)

7.01(4)

“1.33(8) | 2.02(6) | 1.21(7) | -0.35(1) | 75

0.785 |-17.32(7) | 2.54(8) |-2.59(6) |-2.95(3) |-7.05(4) [-1.35(8) | 1.99(6) | 1.17(7) [-0.34(1)| 80

1 |-22.92(8) | 1.85(8) | -2.17(6) | -2.72(3) | -7.30(5) | -1.44(8) | 1.84(6) | 0.98(7) | -0.30(1) | 108
1.5 | -34.47(7) | 0.70(8) | -1.45(6) | -2.20(3) | -7.71(4) | -1.52(8) | 1.67(6) | 0.70(7) | -0.23(1) | 161
2 | -44.61(6) | 0.02(6) | -0.94(5) | -1.65(3) | -7.95(4) | -1.47(6) | 1.70(5) | 0.55(6) | -0.17(1) | 202

TABLE I. Exchange interactions of CrGeTes at ambient pressure, calculated for four different values of the on-site interaction
strength U. The line in bold face is interpolated to yield the experimental value of the Curie-Weiss temperature (Ref. [15]),
using Eq. (2). Statistical errors from the fitting procedure are given.
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FIG. 8. Quality of the energy mapping for CrGeTes at
P = 0GPa at an on-site interaction strength of U = 0.75€eV.
The fit of the DF'T energies by nine exchange interactions is
excellent.

Appendix C: Additional energy mapping results

We present the detailed results of the DFT energy
mapping for CrGeTes as function of pressure in Table II.
The on-site interaction strength U = 0.75eV is cho-
sen based on the ambient pressure calculation (see Ap-
pendix B). The Hund’s rule coupling is fixed at Jy =
0.72eV [59]. The data of Table IT are plotted in Figs. 1 (a)
and (c). The exchange paths are illustrated in Fig. 1 (b).
Based on the in-plane couplings J;, J3 and Jg, we can
partially perform the sum in Eq. 2 and obtain the in-
plane contribution to the Curie-Weiss temperature; using
the six interlayer couplings, we can obtain an interlayer
contribution. These two parts of the Curie-Weiss tem-
perature are shown in Fig. 9.

Appendix D: Additional DMFT results

In Fig. 10, we show the evolution of the moments calcu-
lated within DFT+DMFT at T'= 100K in the ferromag-
netic state with pressure. Moments are monotonously
falling over the entire pressure range. The decrease of

250 | CrGeTes (GGA+U, U=0.75 eV)

in—plane contribution ¢
interlayer contribution

200 |
<150

3
5100

0 2 4 6 8
P (GPa)

FIG. 9. In-plane and interlayer contributions to the predicted
Curie-Weiss temperature of CrGeTes as function of pressure,
determined from Eq. (2).
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FIG. 10. Cr®" magnetic moments as function of pressure.
The DFT+U moments are averaged staggered moments from
the 70 spin configurations used in the energy mapping, calcu-
lated at U = 0.75¢eV.

the moments appears to accelerate a bit at the insulator-
to-metal transition but deviations from a constant rate
of decrease are small. We compare the DFT+DMFT
moments to the staggered moments obtained by averag-
ing over the 70 DFT+U spin configurations per pressure
value. DFT+4+U moments are initially slightly higher and
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P(GPa)| Ji(K) | J3(K) | Jo(K) | Ja(K) | Jo(K) | J5(K) | Jo(K) | Js(K) | Jo(K) |6ow (K)
0 |-16.36(7) |-2.66(6)| 2.66(3) |-2.99(3) [-1.33(8) | -7.01(4) | 2.02(6) | 1.21(7) |-0.35(1)| 75.1
1 -19.9(1) | -2.4(1) | 2.6(1) | -3.3(1) | -1.4(1) | -8.8(1) | 2.1(1) | 1.2(1) |-0.4(1)| 96.6
2 22.7(2) | -2.2(1) | 2.7(2) | -3.5(1) | -1.5(2) | -10.4(1) | 2.1(1) | 1.2(1) |-0.4(1) | 113.2
3 -24.2(2) | -2.1(1) | 2.9(1) | -3.6(1) | -1.3(2) | -11.5(1) | 2.3(1) | 1.4(1) |-0.3(1)| 118.3
4 -25.8(2) | -1.8(1) | 2.9(2) | -3.7(1) | -1.4(2) | -12.7(1) | 2.2(2) | 1.3(2) |-0.4(1) | 130.4
5 -27.5(2) | -1.5(2) | 3.0(2) | -3.8(1) | -1.4(2) | -14.0(1) | 2.3(2) | 1.4(2) |-0.4(1) | 140.1
6 29.4(2) |-1.1(2) | 3.0(2) | -3.8(1) | -1.4(2) | -15.4(2) | 2.2(2) | 1.3(2) |-0.4(1) | 152.2
7 |-34.8(1.1)| 1.9(9) |0.8(1.2) | -3.6(5) |[-2.9(1.2)| -17.5(7) | 0.2(9) |-0.3(1.1)| -0.5(2) | 226.
8 |-44.1(2.4)(6.6(1.9) |-4.1(2.6)|-3.3(1.0) |-6.2(2.6) [-20.9(1.5) |-3.6(2.0) |-3.6(2.4) | -0.5(3) | 370.0

TABLE II. Exchange interactions of CrGeTes as function of pressure, calculated for the on-site interaction strength U = 0.75eV.
Statistical errors from the fitting procedure are given.
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FIG. 11. DFT+DMFT occupation of Cr 3d orbitals. (a)

Total 3d occupation number. (b) Occupations n,, resolved
by orbital m.

are decreasing at a slightly lower rate compared to the
DFT+DMFT moments.

In Fig. 11, we show the occupation numbers from the
DFT+DMFT calculations as function of pressure. In
Fig. 11(a), a slow but steady increase of the total Cr
3d filling is found. The orbital resolved occupation num-
bers in Fig. 11 (b) show a slow and nearly linear increase
of minority occupation numbers and a similar decrease
of majority occupation numbers.

Appendix E: Details of the DMFT calculations

We study the effect of electronic correlations using dy-
namical mean-field theory (DMFT) [72, 73]. The Mat-
subara Green’s function of the 36-band model is given

by

G (iwn) = [iwn + p — Hppr(k)

. . E1l
+ Edc - 2loc(iwn)}ila ( )

where quantities with hat are (36 x 36)-matrices for
the band indices. HDFT(k) is the one-body Hamilto-
nian extracted from DFT calculations. 2dc is a double-
counting correction. We apply the Hartree-Fock approx-
imation to estimate 4. using the bare Green’s function,
Go.o(iwn) = [iwn, + p — Hprr (k)] 7. Liec(iwy,) is the lo-
cal (momentum-independent) self-energy to be computed
by DMFT. As in the case of CeBg [74], we use a slight
reduction of the double counting correction by 4%.

We consider correlations only between electrons
on the Cr 3d orbitals so that the local self-energy
Yloc(iw,) has non-zero matrix elements only on the
diagonals that represent the 3d orbitals on each Cr
atom. We represent these diagonal components of
the self-energy as X! _(iw,), where the subscripts a =
d.2, dyy, dy2 2, dgy, dy. and o =1, ] denote the orbital
and spin components, respectively. The superscript ¢ =
1,2 is an index for two symmetry equivalent Cr atoms.
The local self-energy is computed by solving a single-
impurity Anderson model. We consider density-density

terms in the Kanamori-type interaction, which is given
by

Hint =U Z NatNal + U/ Z NicN25
@ o (EZ)
+ (U/ - JH) anan20’7

where & stands for the spin component opposite to o.
The inter-orbital Coulomb interaction U’ is determined
from U and J by U' = U — 2Jg. The intra-orbital
Coulomb interaction U and the Hund’s rule coupling
Jy are fixed at U = 2eV and Jg = 0.72¢V. We
performed the DMFT self-consistency calculations us-
ing DCore [60] implemented on the TRIQS library [75].
The single-impurity problem was solved using an imple-
mentation [76] of the hybridization-expansion CT-QMC
method [61, 62] integrated into DCore. Summations
over k and w, are performed with n; = 203 points and
nyw = 3000 points (for positive frequencies) at room



temperature, n;, = 9000 at T = 100 K. The momen-
tum resolved spectral function for real frequencies w,
A(k,w) = —1/7ImTr G(w + i0) was computed by an-
alytical continuation from Matsubara frequency to real
frequency using the Padé approximation [77].

Appendix F: Transforming FPLO Wannier functions
to DCore input

The projective Wannier function module of the FPLO
code [54] provides hopping parameters, t;,,(Ar), where
I and m indices specify the lattice basis like orbital and
sub-lattice, and Ar is a transfer vector of the hopping.
On the other hand, DCore [60] supports hopping param-
eters ¢, (AR) with transfer vectors AR between Bra-
vais lattice vectors. To relabel hopping parameters from
tim (A7) to t1, (AR), we use the relation

Ar=AR+1 —Tn (F1)

where 1, and T, are basis positions in the lattice. While
this is in princple enough to convert FPLO to Wan-
nier90 format, we now give some details about the conver-
sion of the Hamiltonian. The FPLO hopping parameters
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tim (Ar) assume a Hamiltonian,

him(k) = Y i (i —rj)e”*mmmi) 0 (F2)
R,R’

while DCore supports a Hamiltonian of the form

Hyp(k) = > tim(R— R)e” ™ (B-F) (F3)
R,R/

where | and m represent the lattice basis, for example,
orbital and sub-lattice, R and R’ are Bravais lattice vec-
tors, and r; and r; are positions of sites. These vectors
are related by

r=R+m

F4
Tj:R/+Tm ( )

To transform hy,, (k) to Hy,(k), the following two steps
are needed. First, the hopping parameters are relabeled
from i, (r; — 7j) to tm (R — R') with the relation of
Eq. F4. Second, the phase factor is changed.

Hjp (k) = Z tim (7 — T/)e_ik‘[(""i"l‘fl)—("'j+7'm)]

R,R/ (F5)
_ eik-(-rl —‘rm)hlm (k)
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