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Layered van der Waals ferromagnets, which preserve their magnetic properties down to exfoliated monolayers,
are fueling an abundance of fundamental research and nanoscale device demonstration. CrGeTe; is a prime ex-
ample of this class of materials. Its temperature-pressure phase diagram features an insulator-to-metal transition
and a significant increase in ferromagnetic Curie-Weiss temperatures upon entering the metallic state. We use
density functional theory to understand the magnetic exchange interactions in CrGeTe; at ambient and elevated
pressures. 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.

DOLI: 10.1103/PhysRevB.108.125142

I. INTRODUCTION

The chromium tellurides CrSiTe; and CrGeTe; were
initially investigated as bulk ferromagnetic semiconductors
[1-5] with ordering temperatures of Tc =32 K and T¢ =
61 K, respectively. Later, it was discovered that the van der
Waals bonded layers of CrGeTes can be exfoliated 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 Fe;GeTe, [12], these ma-
terials may facilitate a host of interesting applications [13],
which encompass fabrication of heterostructures [14], e.g.,
with topological insulators [15,16]; use as switchable resistive
components in phase-change random access memory [17];
and use as thermoelectric materials [18,19].

Following the successful exfoliation of ferromagnetic
monolayers of CrSiTes [20] and CrGeTe; [6], these materials
came under intense scrutiny. CrSiTe; shows an insulating
ferromagnetic ground state [21,22]. Applying pressure to this
system leads to an insulator-to-metal transition [23]. At a
pressure of ~7.5 GPa a structural phase transition suppresses
ferromagnetism, and a superconducting state with a 7, of
about 3 K emerges [23]. At a pressure of around 15 GPa
CrSiTes undergoes a polymorphic transformation [24]. While
ferromagnetism in bulk CrSiTe; has a Curie temperature of
Tc = 32 K, pressure dramatically enhances the Curie tem-
perature to Tc ~ 138 K [25]. Various other studies have
investigated the structural, electronic, and magnetic properties
of CrSiTes and similar materials both experimentally [26-30]
and theoretically [29-34].
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CrGeTes is particularly interesting since it undergoes an
insulator-to-metal transition at a pressure of about 5 GPa [35]
which is not coupled to a structural transition, in contrast
to CrSiTes [23]. Only at pressures of around 18 GPa is a
structural phase transition to an amorphous state observed
[36]. Besides the 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 transistor [38,39]. This also applies to re-
lated materials [10—12]. Both applying pressure and injecting
charge carriers dramatically increase the Curie temperature of
CrGeTes from Te = 61 K at ambient pressure to 7Tc ~ 200 K
[39] or even higher [35]. CrGeTe; 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 en-
hanced Curie temperature [35]. Various other experimental
[41-46] and theoretical studies [31,45-50] on CrGeTes have
investigated additional details of this material.

We perform theoretical calculations for CrGeTes at various
pressures and focus on the issues of the enhanced Curie tem-
perature and the conjectured shrinking of the charge transfer
gap. Our results confirm the experimentally observed pressure
phase diagram [35]. We find that CrGeTes evolves from a
charge transfer insulator into a correlated metal with signif-
icant pressure- and orbital-dependent electronic correlations,
as the charge transfer gap closes with increasing applied
pressure. At the same time, in-plane ferromagnetic exchange
couplings are strongly enhanced. Interplane ferromagnetic
exchange couplings also start to appear at the insulator-to-
metal transition and contribute to the experimentally observed
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FIG. 1. Result of DFT energy mapping for CrGeTe; as a function of pressure. Interpolated experimental crystal structures are used as
explained in the text. (a) First nine exchange interactions in kelvins, evaluated at fixed Hund’s rule coupling Jy = 0.72 eV and on-site
interaction strength U = 0.75 eV. The exchange paths are visualized in (b). (c) Curie-Weiss temperature calculated via Eq. (2) from the
Heisenberg interactions in (a). (d) Charge gaps obtained from the ferromagnetic state at U = 0.75 eV and Jy = 0.72 eV (diamonds) and by
averaging over the 70 spin configurations per pressure point from (a) (circles).

increase of the Curie temperature, which is explained by our
calculations. Furthermore, we discuss similarities between the
behaviors of CrGeTes under pressure and with electron dop-
ing, which is crucial for applications of CrGeTe; and other
van der Waals ferromagnets.

II. METHODS

We base our calculations on interpolated high-pressure
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 (GGA) to the exchange and correla-
tion functionals [52]. Our many-body calculations are based
on a tight-binding Hamiltonian obtained from projective Wan-
nier functions [53,54]. We determine Heisenberg Hamiltonian
parameters using an energy-mapping method [55-57] based
on density functional theory (DFT) 4 U [58] total energies;
we fix the value of the Hund’s rule coupling Jy = 0.72 eV
[59] and vary the on-site interaction U. We use energies of
70 distinct spin configurations to resolve nine exchange in-
teractions (see Appendix B). We perform DFT + dynamical
mean-field theory (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 approxi-
mation for analytic continuation of the self-energy. For Cr 3d,

we use interaction parameters U = 2.0 eV and Jy = 0.72 eV.
Based on those, Slater integrals and orbital-dependent interac-
tion matrices are calculated [63]. For the DMFT calculations,
we prepare 36 band tight-binding models including 36 or-
bitals 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,
the Ge orbital weights and density of states (DOS) resemble
Te weights and DOS but are much smaller; nevertheless, Ge
orbitals are needed to improve the overall agreement between
the tight-binding model and DFT band structure. In contrast,
including Cr 4s orbitals does not improve the results.

III. 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 Cr**-based magnets [64]. We de-
termine the parameters of the Heisenberg Hamiltonian written
in the form

H=Y"0,88, (1)

i<j

where S; and S; are spin operators and every bond is counted
once. Our results are summarized in Fig. 1. As CrGeTe; is
a small-gap semiconductor at ambient pressure and becomes
metallic under pressure, exchange interactions are expected
to be rather long ranged. Therefore, we resolve the first nine
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exchange interactions, extending up to 2.5 times the nearest-
neighbor distance.

To estimate the appropriate on-site interaction U, we deter-
mine the Heisenberg parameters at ambient pressure, calculate
the Curie-Weiss temperature fcw from those parameters, and
compare it to the experimental value [35]. Note that here,
we do not focus on the ferromagnetic ordering temperature
because in a layered van der Waals magnet it depends log-
arithmically on both interlayer exchange and the magnetic
anisotropy [65-67]. We find that the on-site interaction U
has to be chosen to be 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 = 0.75 eV, which
is only slightly larger than the Hund’s rule coupling Jy =
0.72 eV. 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 interactions. At am-
bient pressure, we find that the Hamiltonian of CrGeTe; is
dominated by two ferromagnetic interactions, J; and Js. The
interaction paths are visualized 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 the
mean-field formula

Ocw = —1S(S + 1)(3Jy + J2 + 6J3 + 3J4 + 65
+ 3Jg + 6J7 + 3Jg + 6J9), )

where S = 3/2 is the same spin eigenvalue that is used in
the energy-mapping procedure. The pressure evolution of cw
is shown in Fig. 1(c). The contribution to 6cw 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. Figure 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 and ~7.5 GPa,
based on either the ferromagnetic solution, which likely un-
derestimates the transition pressure due to the absence of spin
fluctuations, or the spin configuration average, which is an
upper limit due to the presence of many unfavorable magnetic
configurations. While the Heisenberg Hamiltonian is usually
applied to magnetic insulators, there are many cases where
the magnetic properties of metallic magnets are also well de-
scribed [68,69], and the energy-mapping approach used here
works well for metallized CrGeTes;. We would like to point out
that in choosing a particular U value for all pressures, we have
taken a practical approach that gives us a good picture of the
pressure evolution of the magnetic Hamiltonian. Nevertheless,
we have convinced ourselves that somewhat larger choices of
U give qualitatively similar trends with pressure.

The insulator-metal transition coincides with a signifi-
cant strengthening of the dominant ferromagnetic exchange
coupling J; and with couplings J3, J7, and Jy turning ferro-

magnetic. This leads to a sharp upturn of the Curie-Weiss
temperature [Fig. 1(c)]. Our estimates for the charge trans-
fer gap and the Curie-Weiss temperature as a function of
pressure are in very good agreement with the experimental
observations in Ref. [35]. In both experiment and our the-
oretical calculations, the Curie-Weiss temperature is nearly
constant for a large pressure range and then increases rapidly
near the insulator-to-metal transition. The prediction of the
ferromagnetic ordering temperature 7¢ is complicated due
to Mermin-Wagner physics that suppresses order in the pure
Heisenberg two-dimensional magnet. It is known that the or-
dering temperature is proportional to the in-plane exchange
interactions but the order depends logarithmically on the rel-
ative strength of interlayer exchange [65,70] compared to
the in-plane exchange or it has a power law dependence
on the ratio between single-ion anisotropy [71] and in-plane
exchange. Therefore, the in-plane and interlayer exchange
interactions provide the qualitative trends for the Curie tem-
perature, but a precise ordering temperature requires complex
calculations that are beyond the scope of the present study.
Notwithstanding some logarithmic or power law corrections,
the substantial upturn of the Curie-Weiss temperature, which
is also the mean-field ordering temperature, indicates that the
Hamiltonian we determined will lead to a significant increase
of the Curie temperature 7¢ around P = 6 GPa.

Now we investigate the importance of electronic correla-
tions in CrGeTe; under pressure. We use the same interpolated
experimental structures (shown in Fig. 6) as in our previ-
ous calculations. The nonmagnetic GGA band structure of
CrGeTes has six Cr 3d bands (from two formula units) cross-
ing the Fermi level. Cr is strongly hybridized with the spatially
extended Te 5p orbitals (see Fig. 2). In the trigonally distorted
CrTes octahedra, the crystal field splits the 3d orbitals into ay,
(dp), eg (dyy, d2_y2), and eg (dy, dy;) manifolds.

We first analyze the quasiparticle weight

m -1
o= (1 _ M) , 3)

wo

where X' (w,) is the self-energy for spin o and orbital m and
wy is the lowest positive Matsubara frequency [73]. This ap-
proximation is reasonable because the imaginary parts of the
self-energies of CrGeTes are linear to a good approximation
for low frequencies. The quasiparticle weight is a measure of
the strength of electronic correlations. While an uncorrelated
system has quasiparticle weights equal to 7 = 1, decreasing
quasiparticle weights z)' signal an increase in electronic cor-
relations. The inverse of the quasiparticle weight is the mass
enhancement
1 m*

- )
y MpFT

which indicates an increase in the effective mass m* compared
to the band mass mpgr due to electronic correlations. When
correlations open a gap, the quasiparticle weight indicates
the mass renormalization in the bands closest to the Fermi
level. Figure 3(a) shows the quasiparticle weight at room
temperature in the paramagnetic state. At all pressures, the d -
orbital shows the strongest renormalization, followed by d,,
and d>_,2. As a function of pressure, the quasiparticle weight
slightly increases. With constant interaction parameters, this
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FIG. 2. GGA band structure of CrGeTe; at ambient pressure.
(a) Band weights and partial densities of states for the three Cr 3d
characters in a trigonally distorted octahedral environment. (b) Band
weight and partial density of states for summed-up Te 5p. The high-
symmetry points of the rhombohedral space group are [29,72] L =
(1/2,0,0),A = (v/2,v/2,=v), P =(n,v,v),Z =(1/2,1/2,1/2),
and X = (v,0, —v), where n = (1 +4cosa)/(2+4cosa) and v =
3/4 —n/2.

is to be expected under pressure because the band-width in-
creases and screening improves as the material is compressed.

This picture changes in the ferromagnetic state at T =
100 K [Fig. 3(b)]. In the magnetic insulator near ambi-
ent pressure, we find quasiparticle weights between 0.6 and
0.9, indicating only weak correlation effects. The correlation
strength increases at the insulator-metal transition, which hap-
pens 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, orbital becomes substantially 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 experiments.
Such experiments may not be feasible under higher pressures,
but our calculations under pressure may still give relevant
insights. Figure 4 presents both angle-resolved and angle-
integrated spectral functions at 7 = 300 K; the paramagnetic
solution shown here is the ground state at room temperature.
Figures 4(a) and 4(c) compare the ambient pressure spectral
function A(w) without and with spin-orbit coupling, respec-
tively.

The effects of spin-orbit coupling are large for the heavy Te
atoms but not for the lighter Cr atoms. Therefore, we include
the effects of spin-orbit coupling at the level of the DFT calcu-
lation from which we obtain the noninteracting Hamiltonian.
However, we use a projection of the fully relativistic bands
on /mo quantum numbers and solve the dynamical mean-field
problem for Cr 3d without explicitly accounting for spin-orbit
coupling in the interactions.

(a) PM CrGeTeg, T=300 K
1 ‘ ‘
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FIG. 3. Pressure dependence of the renormalization factor
(quasiparticle weight) z2 for different orbitals m and spin directions
0. (a) Paramagnetic state at room temperature (7 = 300 K). (b) Fer-
romagnetic state at 7 = 100 K.

Comparing Figs. 4(a) and 4(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 con-
sider Fig. 4(c) more relevant for comparison with experiment
than Fig. 4(a). While our paramagnetic DFT+DMFT re-
sults show significant correlation effects, as seen from the
quasiparticle weights, they are not strong enough to open
a gap. Experimental resistivity, while significantly reduced
at room temperature compared to low temperatures, in con-
trast, still shows semiconducting behavior [35]. We speculate
that charge self-consistency or better treatment of spin-orbit
coupling may be needed to explain the small gap at room
temperature. This needs to be investigated in a future study.

We now continue the analysis at low temperatures. Figure 5
shows angle-resolved and -integrated spectral functions of
CrGeTes at T = 100 K in the ferromagnetic state. While the
experimentally observed ordering temperature of CrGeTe; is
somewhat lower at 7c = 61 K, it is computationally chal-
lenging to reach good convergence for lower temperatures
since more Matsubara frequencies are needed to cover the
same energy range. Nevertheless, the spectral function does
not change dramatically between 7 = 100 K and 7 = 50 K.
At ambient pressure [Figs. 5(a)-5(c)], we find a ferromag-
netic (Slater) insulator, in agreement with the experiments of
Bhoi et al. [35]. The spectral functions at P = 5 GPa show a
ferromagnetic metallic state. We clearly observe an insulator-
to-metal transition, which is predominantly induced by the

125142-4



PRESSURE EVOLUTION OF ELECTRONIC STRUCTURE ...

PHYSICAL REVIEW B 108, 125142 (2023)

CrGeTez P=0GPa

2 (a) without SO \
1
3
g 0
o | |
il // \/‘4
e
2
L T A LP Z T X A
CrGeTez P=5GPa
ith
5 (e) without SO . 12 2
1.5
! ¥ = 1
+3dx2,y2 _
8 d,,+3d,, — 0.5
0
| 6
-0.5
4 -1
1 -1.5
2
-2
0 -2.5

0

T 23 45
LE & ¥ N(E-E;) (states/eVif.u.)

XA

CrGeTey P=0GPa

ith SO
2 (c) wit v 12 (d) 2
15
5 R
1 1
-~ 82 05
_ ‘
5 S 05
NI o
LW-1 R AR 4= 1 -
/{\\F Y 1\ 1 5 ‘3‘1}3' -15
-2 ~ " N | sdye3dere — \ | -2
M \ o M oS 25
0 1 2 3 45 6
LT & LFEZ T &4 N(E-E) (states/eV/f.u.)
CrGeTey P=5GPa
ith
2 & i SO 12 &) 2
15
[ gy
+3dx2,y2 _
< d,,+3d,, — 0.5
— ’» 0
o -, / \ . -0.5
- - e “1
el k 15
Sl B
B 0 1 2 3 4 5 62°
£ .
ALP 2T XA NE-ES (states/eVitu,

FIG. 4. Momentum-resolved and -integrated spectral functions for CrGeTe; in the paramagnetic state at room temperature (7 = 300 K).
Ambient pressure (a) and (b) without spin-orbit coupling and (c) and (d) with spin-orbit coupling in the DFT Hamiltonian. Elevated pressure
of P =5 GPa (e) and (f) without the effects of spin-orbit coupling and (g) and (h) with spin-orbit coupling. Interaction parameters for Cr 3d
are U = 2.0 eV and Jy = 0.72 eV. The double-counting correction is reduced by 4%.

widening of Te bands under pressure; that is, the transition
is bandwidth controlled.

IV. 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 estimated band gaps
which are orders of magnitude smaller, probably due to dif-
ferences 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 vicin-
ity of the insulator-to-metal transition; some longer range
antiferromagnetic couplings even turn ferromagnetic. These
results are in good agreement with experimental findings in
Ref. [35]. In particular, we find that smooth changes in the
structural parameters produce the observed strong increase
in 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 intralayer
ferromagnetic exchange while estimating interlayer exchange
to be antiferromagnetic [6,29,35]. We find that, at least
in CrGeTes;, several interlayer antiferromagnetic exchange
terms also turn ferromagnetic at the insulator-to-metal tran-
sition (see Fig. 1). Therefore, the interlayer exchange also
contributes significantly to the observed increase in the

Curie-Weiss temperature (see Fig. 9). We conclude that pres-
sure does more than enhance the intralayer ferromagnetic
exchange and close the charge gap, as reported in other
studies. Using pressure to pass through the insulator-to-metal
transition makes magnetic interactions in CrGeTe; signifi-
cantly more three-dimensional, with many of the longer-range
exchange terms assuming larger absolute values.

Importantly, our results show that the interlayer contri-
bution to the Curie-Weiss temperature becomes significantly
ferromagnetic only at the insulator-to-metal transition (see
Fig. 9), while theoretical results by Fumega er al. [49]
predicted a strong continuous increase of the interlayer con-
tribution already in the insulating state. The latter study used
a less detailed Hamiltonian which corresponds to taking into
account only couplings J; and J, in 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 Heisenberg 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 in the Curie temperature at and beyond the transition.

The exchange Hamiltonian at ambient pressure was also
determined by Sivadas et al. [31], taking into account only
terms Jy, Jo, and J; from our model. They obtained a
roughly similar ferromagnetic J; but predicted J, and J; to
be antiferromagnetic at ambient pressure. We find J, to be
ferromagnetic at ambient pressure. Again, the results probably
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FIG. 5. DFT+DMEFT spectral function and density of states of CrGeTe; at T =

100 K in the ferromagnetic state. (a)—(c) Ambient pressure

P = 0 GPa. (d)—(f) Elevated pressure P = 5 GPa. Interaction parameters for Cr 3d are U = 2.0 eV and Jy = 0.72 eV. The double-counting

correction is reduced by 4%.

differ from ours because this study did not take into account
important longer-range exchange paths like Jg and investi-
gated fewer spin configurations.

A DFT + U study at ambient pressure was also performed
by Suzuki et al. [46], who found J; and J, to be ferromagnetic
but did not resolve further exchange couplings. This study
also compared DFT + U calculations for CrGeTes; at ambient
pressure to momentum-integrated photoemission experiments
and concluded that the effective interaction Uy = U — Jy
should be chosen to be close to Ug s = 1.1 eV. Compar-
ing DFT + U calculations to photoemission spectra may not
give a fully consistent picture of dynamical correlations in
CrGeTes, especially since we find the majority spin d,. orbital
to be strongly correlated already at ambient pressure. Qual-
itative differences in DFT 4+ U compared to DFT + DMFT
spectral functions and optical conductivity were also reported
for the related material Crl; [74]. In contrast, we choose
U = 0 in order to reproduce the experimentally observed
Curie-Weiss temperature. Choosing a larger Coulomb re-
pulsion U would lead to severely overestimated exchange
couplings and Curie-Weiss temperature (see Fig. 7 and Ta-
ble I). This is also observable in the study by Fang et al. [47],
which overestimated the exchange couplings of a simplified
Hamiltonian by using a large effective interaction.

For the Cr magnetic moments, we find a small decrease
with increasing pressure in both our DFT and DFT + DMFT
calculations (see Fig. 11). While experiments seem to observe
a significant decrease in moments only in the pressure range
from P =3 GPa to P =5 GPa [35] and more or less con-
stant behavior outside of this range, our calculations rather
show a smooth decrease in the magnetic moment across the
entire pressure 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
[29,33,74].

The reduction in magnetic moments with increasing
pressure seems to be related to moderate changes in the elec-
tronic filling of Cr 3d states, which increases slightly [see
Fig. 12(a)]. The excess electrons populate the minority spin
states and therefore decrease the observed magnetic moment.
In addition, the filling of majority spin states decreases [see
Fig. 12(b)], which further decreases 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
connection to experiments which observed a strong increase
in the Curie temperature in CrGeTes; upon electron doping
[37,39]. This increase has been attributed to strong double
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TABLE I. Exchange interactions of CrGeTes; at ambient pressure, calculated for four different values of the on-site interaction strength U.
The row in bold 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.

U (eV) Ji (K) J; (K) J> (K) Jy (K) Js (K) Js (K) J7 (K) Js (K) Jo (K) Ocw (K)
0.75 —1636(7)  2.66(8)  —2.66(6) —2993) —7.014) —133@8) 2.026) 121(7) —035(1) 75
0.785 —17.32(7)  2.548) —2.59(6) —2953) —7.054) —1358) 1.996) 1.17(7) —0.34(1) 80
1 —2292(8)  1.85(8) —2.17(6) —2.72(3) —730(5) —144(8)  1.84(6) 098(7)  —0.30(1) 108
1.5 —3447(7)  0.70(8) —1456) —2203) —771@4) —1528) 1.67(6) 0.70(7)  —0.23(1) 161
2 —44.61(6)  0.02(6) —094(5) —1.653) —7.954) —147(6) 1.70(5) 0.556)  —0.17(1) 202

exchange upon electron doping [37] in addition to ferromag-
netic superexchange in the undoped material [35,40]. We find
that, like in the doping study of Wang et al. [37], previously
unoccupied €j (dy., dy) orbitals become occupied under pres-
sure [see Figs. 5(e) and 12]. These orbitals may mediate a
ferromagnetic double exchange [75] in addition to the fer-
romagnetic superexchange via the aj, (d2) orbitals, which
is already present at ambient pressure [37]. Based on the
available data, we cannot, however, decide which exchange
mechanism 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; [74],
CrSiTes [29], and other materials in this family [48]. We
also find that correlations play a significant role. In the
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FIG. 6. Experimental structural data of CrGeTe; as a function
of pressure, shown together with interpolation. Data points are from
Ref. [36].

ferromagnetic state we find that especially, the d. orbital
is strongly correlated [see Fig. 3(b)]. For other orbitals the
strength of electronic correlations increases only slightly with
pressure (i.e., the quasiparticle weight decreases). The major-
ity spin d orbital is the most correlated orbital in CrGeTes at
zero pressure. This changes at a pressure P ~ 3 GPa, where
the minority spin d, electrons rapidly change their nature
from being relatively uncorrelated to being the most correlated
electrons in the material. At this pressure of P ~ 3 GPa, the
insulator-to-metal transition happens in our DFT 4+ DMFT
calculations. As the minority d,» orbital occupation changes
from essentially empty to slightly occupied near Ef, the few
dp carriers are substantially affected by electronic correla-
tions. In general, we find the minority carriers to be more
heavy than the majority carriers, in agreement with both ex-
periment and theory for the related ferromagnet CoS, [76].
Since CrGeTejs is isostructural to CrSiTe; and Ge is chem-
ically similar to Si, we can compare our DFT 4+ DMFT
spectral functions to angle-resolved photoemission spec-
troscopy (ARPES) experimental data and DFT + DMFT

(a) i CrgeTes (GGA+9, P=0 GPa) |
- ==1 0 5
[ v — v
-10}| 1
L [ { J1 | J3 A J6
<20} e 1
=
-30 B
40 | ]
b 1 1
( )200 3 B
<
=100 | B
& o
L
U (eV)

FIG. 7. Exchange couplings of CrGeTe; at ambient pressure as a
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 0.79 eV.
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calculations for CrSiTe; [29]. Our results for the I'-A and P-Z
paths agree reasonably well, particularly with spin-orbit cou-
pling. For the path I'-X we can compare our DFT + DMFT
spectral function in the ferromagnetic state at ambient pres-
sure to ARPES results by Suzuki et al. [46]. Even though the
experiment is carried out at 7 = 150 K, the spectral function
agrees well with our results at 7 = 100 K [see Figs. 5(a)
and 5(c)]. To our knowledge, quasiparticle weights and mass
enhancements have not yet been determined in other studies
on this class of materials.

V. CONCLUSIONS

We performed DFT and DFT + DMFT calculations for the
layered van der Waals ferromagnet CrGeTes under pressure.
We estimated the Heisenberg exchange parameters for the
material as a function of pressure. We showed that ferromag-
netic exchange couplings increase rapidly, in the absence of a
structural phase transition, as the charge transfer gap closes.
Since our Hamiltonian also contains long-range couplings,
we were able to resolve both intra- and interlayer exchange
parameters. We showed that both intra- and interlayer ferro-
magnetic couplings contribute to the observed rapid increase
in the Curie-Weiss temperature under pressure, which was
fully explained by our calculations.

Our estimates for the correlation strength of Cr orbitals
showed that the majority spin d,> electrons are most strongly
correlated at ambient pressure. The minority spin electrons
start out relatively uncorrelated at low pressure and rapidly
become more correlated at the insulator-to-metal transition.
We observed that application of pressure also leads to the
partial occupation of previously unoccupied Cr eg (dx., dy;)
states, similar to what has been observed in electron-doped
crystals of CrGeTes.

The obvious similarity between the influence of pressure,
which we investigated here, and the effect of charge doping
reported in the literature deserves further attention 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 experi-
ments on CrGeTes.
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APPENDIX A: INTERPOLATION OF CRYSTAL
STRUCTURES

We base our high-pressure calculations for CrGeTes on
the interpolation of the experimental crystal structures deter-
mined by Yu et al. [36]. In Fig. 6, we show the experimental
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FIG. 8. Quality of the energy mapping for CrGeTe; at P = 0 GPa
at an on-site interaction strength of U = 0.75 eV. The energies are
plotted against the spin configurational space. The fit of the 70 DFT
energies by nine exchange interactions is excellent.

data points together with our interpolation. This allows us to
perform calculations on an equidistant set of high-pressure
structures. For the internal coordinates, we use only linear
interpolation because the data points are rather noisy.

APPENDIX B: AMBIENT PRESSURE ENERGY
MAPPING FOR CrGeTe;

The Heisenberg Hamiltonian parameters for CrGeTe; at
ambient pressure were determined by several groups that
used a mapping of DFT total energies at varying levels of
sophistication. In Fig. 7, we present our calculation for the
P = 0 GPa structure of Ref. [36]. We use a sixfold supercell
of the primitive rhombohedral cell of CrGeTes, obtained using
the linear transformation

2 1
P=1-1 1
0 o

N OO

Energies of 70 distinct spin configurations are 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, indicating that
the energy-mapping procedure works very well for CrGeTes.
Table I shows the four calculated sets of couplings we de-
termined. The last column gives the Curie-Weiss temperature
calculated with Eq. (2). The row in bold is interpolated to
yield the experimental value of Ocw = 80 K determined in
Ref. [15]. Note that a slightly different value of 6cw = 92 K
was determined in Ref. [45]. We expect that the value of U,
which is necessary to describe magnetism in CrGeTes; cor-
rectly, does not vary significantly with pressure. Therefore, we
use the value U = 0.75 eV, which is valid at ambient pressure,
across the entire pressure range.

APPENDIX C: ADDITIONAL ENERGY-MAPPING
RESULTS

We present the detailed results of the DFT energy mapping
for CrGeTes as a function of pressure in Table II. The on-site
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TABLE II. Exchange interactions of CrGeTe; as a function of pressure, calculated for the on-site interaction strength U = 0.75 eV.

Statistical errors from the fitting procedure are given.

PGPy AR LK EE LK LK B RE KK KK e (K)
0 —1636(7)  —2.66(6) 266(8) —2993) —1338) —7.01(4) 2.02(6) 121(7)  —0.35(1) 75.1
1 —19.9(1)  —2.4(1) 26(1)  —=33(1)  —14(1) —8.8(1) 2.1(1) 1L2()  —0.4(1) 96.6
2 —227(2)  —22(1) 2702) =35(1)  —152)  —104(1) 2.1(1) 1.2(1)  —0.4(1) 1132
3 —24212) =211 29(1)  =3.6(1) —132)  —11.501) 2.3(1) 141 —03(1) 1183
4 —258(2)  —1.8(1) 292) =37(1)  —14(2)  —127(1) 2.2(2) 1320 —0.4(1) 130.4
5 —275(2) —15Q2) 3.002) -38(1)  —14(2)  —14.0(1) 2.3(2) 1.42)  —0.4(1) 140.1
6 —2942)  —1.1Q2) 3.002) -38(1)  —142) —154Q2) 2.2(2) 132)  —0.4(1) 152.2
7 —348(1.1)  1.909) 0.8(1.2) —3.6(5) —29(12) —17.5(7) 02(9)  —03(L.1) —0.5(2) 226.

8 —44.124)  66(1.9) —4.12.6) —33(1.0) —62(2.6) —209(1.5) —3.6(2.0) -3.6(24) —0.503) 370.0

interaction strength U = 0.75 eV is chosen based on the am-
bient pressure calculation (see Appendix B). The Hund’s rule
coupling is fixed at Jy = 0.72 eV [59]. The data in Table II
are plotted in Figs. 1(a) and 1(c). The exchange paths are
illustrated in Fig. 1(b). Based on the in-plane couplings Jj,
J3, and Jg, we can partially perform the sum in Eq. (2) and ob-
tain 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 temperature
are shown in Fig. 9.

As mentioned above, magnetic order in van der Waals mag-
nets occurs partly due to anisotropies. We add two anisotropic
terms to the Hamiltonian H in Eq. (1):

. 2
Hanisotropic =H+ Z J&ZSzZSj + K* (S;) ’ (Cl)
i<j
where J¥ is the nearest-neighbor exchange anisotropy and K*
is the single-ion anisotropy. Note that CrGeTe; is isotropic

in the ab plane. The parameters are obtained from an energy
mapping [77] via

1

K= E(ElgM - Egd + Expm — E;‘}};M)’
1 ' ,
JE = NS2 (ElgM - EI):CK/[ — EXpm + E/?FM)’ (C2)

where Efy, and Epy, are ferromagnetic energies with moments
along z and in the xy plane, respectively. EXp,; and E ., are

050 | CrGeTe, (GGA+U, U=0.75 eV)
in—plane contribution
200 [ | interlayer contribution ]
g150 F 1
3
S100f 1
50 .
0 0 2 4 6 8
P (GPa)

FIG. 9. In-plane and interlayer contributions to the predicted
Curie-Weiss temperature of CrGeTe; as a function of pressure, de-
termined from Eq. (2).

the corresponding energies for the Néel state, and N = 3 is
the number of nearest neighbors in the honeycomb lattice.
Figure 10 shows the evolution of K* and J** with pressure, cal-
culated with the same interaction parameters as the isotropic
exchange in Fig. 1(a). The single-ion anisotropy is substantial
at ambient pressure and continuously decreases with pressure.
The exchange anisotropy initially decreases rapidly with pres-
sure; in the metallic state, exchange becomes nearly isotropic.
The quantity %J “ + K*, which determines the energy cost of
spin orientation along the z axis (easy axis) compared to that
within the xy plane (easy plane), is very small at 0.4 to 0.6 K
for all pressures. It has been noted [6,45] that slightly larger
U values lead to a sign change of the single-ion anisotropy,
which brings DFT + U calculations into agreement with the
small easy axis anisotropy observed experimentally.

APPENDIX D: ADDITIONAL DMFT RESULTS

In Fig. 11, we show the evolution of the moments calcu-
lated within DFT + DMFT at T = 100 K in the ferromagnetic
state with pressure. Moments monotonously fall over the en-
tire pressure range. The decrease in the moments appears
to accelerate a bit at the insulator-to-metal transition, but
deviations from a constant rate of decrease are small. We com-
pare the DFT 4+ DMFT moments to the staggered moments
obtained by averaging over the 70 DFT + U spin configu-
rations per pressure value. DFT 4 U moments are initially
slightly higher and decrease at a slightly lower rate compared

CrGeTey

P (GPa)

FIG. 10. Single-ion anisotropy K* and exchange anisotropy J%
of CrGeTe; as a function of pressure, calculated for the on-site
interaction strength U = 0.75 eV.
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FIG. 11. Cr** magnetic moments as a function of pressure.
The DFT + U moments are averaged staggered moments from the
70 spin configurations used in the energy mapping, calculated at
U =0.75eV.

to the DFT + DMFT moments. With increasing pressure, as
Cr-Te distances decrease, covalency and Cr-Te hybridization
increase; this leads to fewer localized magnetic moments and
thus to a decrease in the size of the moment that can be
ascribed to Cr. Note that we work with 64 antiferromagnetic
spin configurations for which total moment zero is unaffected
by individual Cr moment size; the total moment 6up of the
other six configurations is precisely realized below 7 GPa,
and deviations are only 3% even at 9 GPa. The DFT + DMFT
moments decrease because increasing pressure leads to broad-
ening of Cr 3d bands and thus partial occupation of minority
3d states and partial deoccupation of majority 3d states.

In Fig. 12, we show the occupation numbers from the
DFT + DMFT calculations as a function of pressure. In
Fig. 12(a), a slow but steady increase in the total Cr 3d
filling is found. The orbital-resolved occupation numbers in
Fig. 12(b) show a slow and nearly linear increase of minority
occupation numbers and a similar decrease in majority occu-
pation numbers.

0.6 L L 1
g majority dy,/d2_2 & minority d/d,2 2 =
< d,,/d, a0,

041 dz o d,2 e

e

e o—o——*

0 2 2 6 8 10
P (GPa)

FIG. 12. DFT + DMFT occupation of Cr 3d orbitals. (a) Total
3d occupation number. (b) Occupations n,, resolved by orbital m.

APPENDIX E: DETAILS OF THE DMFT CALCULATIONS

We study the effect of electronic correlations using dy-
namical mean-field theory (DMFT) [78,79]. The Matsubara
Green’s function of the 36-band model is given by

GU (la)n) = [lwn + n— HDFT(k) + f:dc - ﬁ:loc(iwn)]ilv
(ED)
where quantities with a hat are (36 x 36) matrices for the band
indices. Hppr(k) is the one-body Hamiltonian extracted from
DFT calculations. 34 is a double-counting correction. We ap-
ply the Hartree-Fock approximation to estimate 3. using the
bare Green’s function, Gy, (iw,) = [iw, + p — Hprr(k)] L.
ﬁloc(iwn) is the local (momentum-independent) self-energy to
be computed by DMFT. As in the case of CeBg [80], we use a
slight reduction in the double-counting correction of 4%.

We consider correlations only between electrons on the
Cr 3d orbitals so that the local self-energy f)]oc(ia),,) has
nonzero 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 Z!_(iw,), where the sub-
scripts o = d2, dyy, dy2_y2, dyy, dy; and o =7, | denote the

orbital and spin components, respectively. The superscript i =
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

Hine =U ZnaTna¢ + U’ ananZ('r
o o

+ (U =) Y oo (E2)

where & stands for the spin component opposite o. The in-
terorbital Coulomb interaction U’ is determined from U and
Jg by U’ = U — 2Jy. The intraorbital Coulomb interaction
U and the Hund’s rule coupling Jy are fixed at U =2 eV
and Jy = 0.72 eV. We performed the DMFT self-consistency
calculations using DCORE [60] implemented in the TRIQS
library [81]. The single-impurity problem was solved us-
ing an implementation [82] of the hybridization-expansion
CT-QMC method [61,62] integrated into DCORE. Summa-
tions over k and w, are performed with n, =20° points
and n;, = 3000 points (for positive frequencies) at room
temperature and n;,, = 9000 at T = 100 K. The momentum-
resolved spectral function for real frequencies w, A(k, ) =
—1/7 Im Tr G(w + i0), was computed by analytical continu-
ation from Matsubara frequency to real frequency using the
Padé approximation [83].

APPENDIX F: TRANSFORMING FPLO WANNIER
FUNCTIONS TO DCORE INPUT

The projective Wannier function module of the FPLO code
[54] provides hopping parameters f;,,(Ar), where the [ and
m indices specify the lattice basis, in particular orbital and
sublattice, and Ar is a transfer vector of the hopping. On the
other hand, DCORE [60] supports hopping parameters #;,,(AR)
with transfer vectors AR between Bravais lattice vectors. To
relabel hopping parameters from #;,,(Ar) to #;,,(AR), we use
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the relation
Ar = AR+ 1, — 1)), (F1)

where 7; and T, are basis positions in the lattice. While this is,
in principle, enough to convert FPLO to WANNIER90 format, we
now give some details of the conversion of the Hamiltonian.
The FPLO hopping parameters #;,,,(Ar) assume a Hamiltonian,

him(k) =ty (ri — rj)e” 0, (F2)

RR

while DCORE supports a Hamiltonian of the form

Hin(k) =) tin(R — R e **F0, (F3)
RR

where [ and m represent the lattice basis, for example, orbital
and sublattice, R and R’ are Bravais lattice vectors, and r; and

r; are positions of sites. These vectors are related by
rr=R+71, ri=R +1,. (F4)

To transform Ay, (k) into Hj,(k), the following two steps
are needed. First, the hopping parameters are relabeled from
tim(ri —r}) to 1,,(R — R") with the relation in Eq. (F4). Sec-
ond, the phase factor is changed.

Hlm(k) — Z tlm(r _ r/)e—ik'[(ri+fl)_(rj+Tm)]
RE (F5)
= eik.(n_rm)hlm(k)-
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