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Potassium-intercalated bulk HfS2 and HfSe2: Phase stability, structure, and electronic structure
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We have studied potassium-intercalated bulk HfS2 and HfSe2 by combining transmission electron energy
loss spectroscopy, angle-resolved photoemission spectroscopy, and density functional theory calculations. The
results reveal insights into (1) the intercalation process itself, (2) its effect on the crystal structures, (3) the
induced semiconductor-to-metal transitions, and (4) the accompanying appearance of charge carrier plasmons
and their dispersions. Calculations of the formation energies and the evolution of the energies of the charge
carrier plasmons as a function of the potassium content show that certain, low potassium concentrations x are
thermodynamically unstable. This leads to the coexistence of undoped and doped domains if the provided amount
of the alkali metal is insufficient to saturate the whole crystal with the minimum thermodynamically stable
potassium stoichiometry. Beyond this threshold concentration the domains disappear, while the alkali metal and
charge carrier concentrations increase continuously upon further addition of potassium. At low intercalation
levels, electron diffraction patterns indicate a significant degree of disorder in the crystal structure. The initial
order in the out-of-plane direction is restored at high x while the crystal layer thicknesses expand by 33–36%.
Calculations suggest that this expansion reaches its maximum at doping levels of x ≈ 0.25 before it reverses
slightly for higher concentrations. Superstructures emerge parallel to the planes which we attribute to the
distribution of the alkali metal rather than structural changes of the host materials. The in-plane lattice parameters
change by not more than 1%. The introduction of potassium causes the formation of charge carrier plasmons
whose nature we confirmed by calculating the loss functions and their intraband and interband contributions.
The observation of this semiconductor-to-metal transition is supported by calculations of the density of states
(DOS) and band structures as well as angle-resolved photoemission spectroscopy. The calculated DOS hint at the
presence of an almost ideal two-dimensional electron gas at the Fermi level for x < 0.6. The plasmons exhibit
quadratic momentum dispersions which is in agreement with the behavior expected for an ideal electron gas.

DOI: 10.1103/PhysRevMaterials.4.064002

I. INTRODUCTION

Hafnium disulfide and hafnium diselenide are semicon-
ducting transition metal dichalcogenides (TMDCs). Their
crystals are formed by slabs (molecular layers) linked by
relatively weak Van der Waals forces. Each slab consists of
an atomic hafnium layer sandwiched between two atomic
sulfur/selenium layers [Fig. 1(b)]. The compounds typically
assume the 1T polytype in which a unit cell comprises only
one molecular layer and six S/Se atoms are coordinated oc-
tahedrally around a hafnium atom (space group: P3̄m1, D3

3d )
resulting in a triangular arrangement of the atoms in the planes
[Fig. 1(a)] [1–4]. The weak interlayer bonding gives rise
to quasi-two-dimensional properties. This strong anisotropy,
band gaps of ∼1–2 eV, and predicted electron mobilities as
well as sheet current densities [5] that are significantly higher
than in many other TMDCs make the two compounds interest-
ing candidates for electronic devices. So far, transistors [6,7],
field-effect transistors [8–16], phototransistors [17–19], and
photodetectors [20–23] have been realized in experiments.
The materials are also considered for photovoltaic [24] and
photocatalytic [25] applications. Although the available body
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of research is somewhat smaller compared to other TMDCs
such as MoS2, the pristine materials have been investigated
with a wide range of experimental techniques such as various
optical methods [2,4,13,21,26–34], photoemission [13,20,35–
39], x-ray diffraction [22,40], and Raman spectroscopy [7–
9,11,13–15,17,19–23,41–46]. But also resistivity [40,47–49],
conductivity [3,43] Hall coefficient [47], magnetic suscepti-
bility [3], scanning transmission electron microscopy [39],
and electron energy-loss [50,51] experiments were performed.
The investigations were supported by numerous theoretical
approaches [11,14,27,31,38,43,52–59].

The weak Van der Waals interactions among the molecular
layers allow introducing intercalants into the gaps between the
slabs. This could alter the properties of the compounds signif-
icantly by affecting the atomic arrangements, band structures,
and band fillings, depending on the intercalants’ sizes and
electronegativities. This variability of characteristics makes
intercalated TMDCs interesting for new applications and as
research objects to obtain a better understanding of fundamen-
tal physical phenomena. Besides transition metals [60–62],
which have been intercalated into both materials, alkali metals
have been used as electron donors for HfSe2 [63,64]. Lithium
[65,66] and sodium [6,56] doping leads to a transition from
semiconducting to metallic behavior. In the pristine materials,
the valence states are mainly comprised of S/Se p orbitals
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FIG. 1. (a) Crystal structure and unit cell for the in-plane and
(b) out-of-plane directions for pristine HfS2 and HfSe2 with lattice
vectors a, b, and c. (c) Simulated in-plane electron diffraction pattern
and (d) Brillouin zone for those materials with reciprocal lattice
vectors a∗, b∗, and c∗ as well as labeled high symmetry points.

which are almost filled due to a transfer of electrons from the
hafnium atoms [67].

The conduction bands are formed largely by empty Hf d
states [48,67] that are split into eg and t2g orbitals [16]. The
nature of the orbitals comprising the valence and conduction
bands is reflected in the calculated density of states (DOS) in
Fig. 2. Intercalated alkali-metal atoms donate electrons to the
lowest conduction bands of the host materials leading to the
mentioned semiconductor-to-metal transition.

This transition made the two hafnium compounds at-
tractive for a study using transmission electron energy-loss
spectroscopy (EELS) supported by angle-resolved photoemis-
sion spectroscopy (ARPES). In particular, EELS permits the

FIG. 2. Density of states of pristine HfS2 and HfSe2 based on
DFT-optimized and experimental lattice parameters.

momentum dependent measurement of plasmons, the collec-
tive oscillations of charge carriers, typically associated with
the free electron gas in metals [68,69]. We combined the two
experimental methods with density-functional theory (DFT)
calculations to shed light on the effects of doping on crystal
structures, the semiconductor-to-metal transitions, the charge
carrier plasmons, and the dimensionality of the conduction
bands of the title compounds. This research is a continuation
of our previous efforts to investigate the effects of alkali-
metal doping on TMDCs via EELS for KxTaS2, NaxTaSe2,
KxNbSe2, NaxNbSe2 [70], KxTaSe2 [71,72], KxWSe2 [73],
and KxMoS2 [74].

II. EXPERIMENT

A. EELS experiments

EELS is a bulk sensitive scattering technique. The
spectra are proportional to the loss function L(q, ω) =
Im[−1/ε(q, ω)] [75]. In this equation, ε(q, ω) is the energy
[76] ω and momentum q dependent dielectric function. For
our experiments, we purchased bulk single crystals of hafnium
disulfide and hafnium diselenide from HQ Graphene and
cleaved them ex situ into thin films of approximately 100 nm
thickness using adhesive tape. Mounted on platinum transmis-
sion electron microscopy grids, the samples were measured in
a purpose-built transmission electron energy-loss spectrome-
ter operating with a primary electron energy of 172 keV and
equipped with a helium flow cryostat (see Refs. [77,78] for
more detailed descriptions of the instrument).

The intercalation was performed by thermally evaporating
potassium from SAES alkali metal dispensers onto the sam-
ples in an ultrahigh vacuum chamber (base pressure below
10−10 mbar) directly attached to the instrument. The films
were placed in the potassium vapor for time periods ranging
from 15 to 90 s and subsequently annealed for approximately
1–2 h at 80–200 ◦C between each EELS measurement to attain
a series of increasing doping levels in the same samples.
The highest achieved potassium concentrations were 0.90 and
1.25 for HfS2 and HfSe2, respectively (see Sec. II B for a
description of the method used to calculate the doping levels),
because additional intercalation attempts did not change the
diffraction patterns nor the loss spectra.

For an energy range between 0.2 and 70 eV, the EELS
spectra for the pristine and intercalated materials were ac-
quired for a momentum transfer of |q| = 0.1 Å−1 in the �K
and �M directions of the Brillouin zone [see Fig. 1(d) for a
picture of the Brillouin zone and its high symmetry points].
The same was done for spectra up to 10 eV for various |q|
between 0.075 and 0.7 Å−1. We also obtained electron diffrac-
tion patterns along those orientations in the momentum region
0.2 Å−1 < |q| < 5.0 Å−1 at zero energy transfer (E = 0 eV).
For selected doping levels, sets of such diffraction patterns
were measured consecutively in 1◦ steps across at least one
half of the Brillouin zone and subsequently combined to
form in-plane diffraction maps. In all those cases, the energy
and momentum resolutions were �E = 82 meV and �|q| =
0.04 Å−1. Moreover, core level spectra of sulfur/selenium and
potassium were obtained with resolutions of �E = 369 meV
and �|q| = 0.07 Å−1.
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FIG. 3. EELS spectra of the K 2p core levels for the highest
achieved intercalation levels.

Long-time EELS measurements did not reveal noticeable
beam damage in the crystals. Decomposition effects such as
the formation of salts (e.g., K2S or K2Se), which were re-
ported for MoS2 highly doped with potassium [79,80], sodium
[81], or lithium [82,83], were not observed in this investiga-
tion. Such a chemical reaction would cause a splitting of the
two K 2p core level peaks in the EELS spectra because of the
concurrent presence of potassium in the salt and potassium
in the Van der Waals gaps. The K 2p spectra in Fig. 3 do not
show such a behavior even at the highest achieved alkali metal
concentrations.

The ab planes of the two materials align with the sample
surfaces and are initially positioned perpendicular to the elec-
tron beam. In this configuration, the crystal planes are parallel
to the momentum transfer of the scattered electrons which lies
in a plane perpendicular to the beam. The instrument allows
us to rotate the sample surfaces up to 45◦ with respect to
the momentum transfer plane. We will refer to this angle as
polar angle which is 90◦ offset from the angle of incidence.
The spectrometer does not permit diffraction measurements
directly in the c direction. However, information for this
direction can be acquired by adjusting the polar angle until
the reciprocal lattice points of an adjacent crystal lattice layer
are aligned with the momentum transfer plane such that the
diffraction peak associated with the neighboring plane can
be detected. The momentum positions of two Bragg peaks
that are equivalent in the planes but not in the out-of-plane
direction (e.g., [110] and [111]) can than be related via the
Pythagorean theorem to calculate the separation of the planes
in momentum space and the layer thickness in real space. This
approach may be repeated for successive planes (e.g., [110],
[111], [112],...) up to the maximum polar angle of 45◦.

In an effort to deduce the unscreened plasmon frequencies
from the spectra of the intercalated samples, Kramers-Kronig
analyses were carried out. The resulting optical conductivity
functions were fitted according to the Drude-Lorentz model.
This classical approach models the dielectric function ε(ω)
as a function of the frequency ω of a series of oscillators
representing the excitation of the involved free (Drude term)
and bound (Lorentz term) charges [84,85]:

ε(ω) = ε∞ − ω2
p

ω2 + iγω︸ ︷︷ ︸
Drude term

+
∑
j=1

ω2
p j

ω2
j − ω2 − iγ jω︸ ︷︷ ︸

Lorentz terms

. (1)

Here, j is the index number of each oscillator in the sum, ω j

refers to the resonant frequency of the jth oscillator, and γ

and γ j represent the frequency widths (damping factors) of
the Drude and jth Lorentz oscillator, respectively. Further, ε∞
is the background dielectric constant combining the effects of
oscillators not included in the sum.

The oscillator strengths are expressed by the plasmon
frequencies ωp (ωp j):

for the Drude term: ωp =
√

q2
0n

m∗
eε0

and (2a)

for the Lorentz terms: ωp j =
√

q2
0n j

m∗
e jε0

. (2b)

Here, ε0 is the permittivity of free space, q0 the elementary
electron charge, n (nj) the electron density, and m∗

e (m∗
e j) the

effective electron mass related to the Drude oscillator (the
jth Lorentz oscillator). As defined in Eq. (2), ωp represents
the unscreened plasmon frequency of the free electrons. It
differs from the screened plasmon frequency reflected in
electron energy-loss spectra due to damping by single particle
excitations in the surrounding host material.

B. Calculation of intercalation levels in EELS measurements

Due to the setup of the experiments, it was not possible
to measure the potassium concentration x in the crystals in
a direct way. As an alternative, the charge carrier plasmon
peak position (see Sec. IV B) was extracted from the EELS
response associated with the intercalation step that produced
the most pronounced plasmon peak in an intercalation series.
The peak position was determined after eliminating the effects
of the quasielastic line by fitting the latter with a Gaussian
function and the plasmon feature with the loss function of a
Drude oscillator (see Ref. [86] for details). The peak energies
found in this way were matched with the interpolated plasmon
peak energies from the DFT loss spectra (see Sec. IV B) for
compounds with various simulated potassium stoichiometries.
This comparison of experimental and simulated plasmon peak
energies allowed the assignment of the interpolated simulated
doping levels to the experimental intercalation step. The spe-
cific spectra to which the described procedures were applied
turned out to be the ones with doping levels of x = 0.55
for HfS2 and x = 0.70 for HfSe2. All other doping levels
were determined by calculating the areas under the K 2p
core level peaks for each intercalation step. The integration
was performed after deducting a linear background between
293.5 and 308 eV from the spectra. The fractional changes
of each area relative to the area for which the doping lev-
els were determined from the plasmon peak positions were
multiplied with the concentrations stated above (xHfS2 = 0.55
and xHfSe2 = 0.70) to find the potassium concentrations for the
other intercalation steps.

C. Photoemission measurements

The photoemission measurements were performed at
room temperature in an instrument with a base pressure of
∼10−10 mbar equipped with a Scienta R4000 electron an-
alyzer, a helium discharge lamp with a photon energy of
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40.81 eV (He II), and an Al Kα x-ray source with energy
of 1486.6 eV. The crystals were attached to copper sample
holders with electrically conductive EPO-TEK H27D epoxy
and cleaved in situ. The potassium deposition on the samples
was achieved by thermal evaporation from SAES alkali metal
dispensers. The Fermi energy E f was determined by fitting
the Fermi edge of a gold sample measured under the same
conditions. The alkali metal concentrations in the samples
were derived from the fractions of the cross section adjusted
Hf 4 f and K 2p XPS core level peak areas.

The experimental setup does not allow an in situ transfer of
the samples between the EELS and the ARPES spectrometers.
Consequently, it was not possible to apply both methods to
the same specimens and intercalations had to be performed in
each instrument separately.

III. COMPUTATIONAL DETAILS

To support the interpretation of the experimental results,
we carried out density function theory calculations using the
18.00-52 version [87] of the full-potential local-orbital code
(FPLO) [88,89]. The Perdew-Wang-92 exchange-correlation-
functional [90] of the local density approximation (LDA) was
employed. The linear tetrahedron method with Blöchl correc-
tions was applied for k-space integrations. We checked the
importance of the spin-orbit interaction for the case of HfSe2.
A comparison of the DOS of HfSe2 with and without spin-
orbit interaction showed differences of up to ∼100 meV in
the band edges but an almost perfect overall agreement in the
whole relevant energy range between −5 eV and +10 eV (not
shown). Hence, we decided to perform all further calculations
only in the scalar relativistic mode.

Calculations were carried out for undoped bulk compounds
and for certain structural configurations of K-doped bulk
materials. The pristine crystals consist of planes in the se-
quence: A (Hf)-B (S/Se)-C (S/Se)-A(Hf). The intercalated
bulk structures for potassium concentrations up to x = 1 were
constructed by placing K atoms into the Van der Waals gaps
such that they occupy the A positions in the sequence: A
(Hf)-B (S/Se)-A(K)-C (S/Se)-A(Hf) [see Fig. 14(a) in the
Appendix]. Supercells extending in the ab plane were set
up containing the appropriate number of potassium atoms to
achieve the desired stoichiometries [see Figs. 14(b)–14(j) in
the Appendix].

For all considered structures, an iterative process was used
to optimize the lattice parameters. In each iteration step, one
of the lattice constants was changed by 0.01 Å and the atomic
positions were optimized by minimizing the total energy
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FIG. 4. Calculated and experimental c lattice parameters as a
function of doping level. The percentage values next to the data
points indicate the lattice expansions resulting from those data.

within the limitations of the applied space groups and an
accuracy of 1 × 10−3 eV Å−1 on each atom.

In addition, we also used experimental lattice constants
for the undoped materials. In those cases, only the internal
parameters were relaxed. The calculated lattice parameters
underestimated the experimental values by 2% or less which
is typical for LDA calculations [91].

We should note that materials with important contributions
of Van der Waals bonding require the consideration of the
related dispersion forces for accurate structure optimization.
Here, we neglect these contributions and instead rely on
error compensation with the known LDA overbinding. The
obtained realistic lattice parameters c (Fig. 4) provide an a
posteriori justification for our approach.

All used space groups, k meshes, optimized atomic co-
ordinates, as well as experimental and optimized lattice pa-
rameters are listed in Tables II and III of the Appendix. The
band structures, densities of states, formation energies, and
optical properties, in particular the loss functions and their
interband and intraband contributions, were calculated for all
structures described in those tables. The intraband contribu-
tions correspond to the Drude terms in Eq. (2a) modeling the
behavior of the free electrons in a metal and, therefore, reflect
charge carrier plasmons. They are collective oscillations of all
conduction electrons. Frequency widths of γ = 0.5 eV and
0.3 eV were applied to the Drude contributions [Eq. (1)] of
HfS2 and HfSe2, respectively, to match the calculated plasmon
peak widths to the experimental spectra. In order to test

TABLE I. Lattice expansions in c direction upon potassium intercalation.

HfS2 HfSe2

Doping level c parameter Expansion Doping level c parameter Expansion

x (Å) (Å) % x (Å) (Å) %

0.00 5.77 0.00 6.06
0.55 7.84 2.07 35.9 0.70 8.23 2.17 35.8
0.60 7.80 2.03 35.3 0.80 8.09 2.03 33.4
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FIG. 5. Diffraction patterns in the ab plane of pristine and K-intercalated HfS2 (left column) and HfSe2 (right column). All data were
measured using elastic electron scattering at T = 20 K. Without a particular reason, the maps for KxHfS2 and KxHfSe2 were acquired in such
a way that they are rotated by 30◦ with respect to each other.

convergence, calculations with finer k meshes (104 × 104 ×
56) were performed for the pristine bulk materials with
optimized lattice constants but did not yield any relevant
improvements in the DOS.

ARPES measurements are surface sensitive since the con-
tributions of the photoelectrons to the intensity I of the spectra
decrease with the distance d of the emitting atoms from the
sample surface:

I = I0e(−d/d0 ), (3)

where d0 denotes the characteristic escape depth. To simulate
the band structures produced by the ARPES measurements,
we constructed supercells consisting of five molecular crystal
layers separated by 20 Å of vacuum while retaining the op-
timized unit cell parameters, bulk atomic spacing, and bond
angles of the bulk layers. The computational and structural
details are also given in Tables II and III of the Appendix.
For the presentation of the band structures, the contributions
of the individual atomic layers were weighted based on their
distance from the crystal-vacuum border according to Eq. (3)
to account for the decay in intensity. The escape depth for
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of momentum transfer. All data were measured using elastic electron scattering at T = 20 K.

a photon energy of 40.81 eV was assumed to be d0 = 4 Å
based on the compilation of inelastic mean free path mea-
surements (universal curve) published by Seah and Dench
[92].

It should be pointed out that we did not attempt to
mimic the exact doped crystal structures observed in the
experimental diffraction patterns as this would have been too
extensive given the potential effects of disorder and large
wavelength modulations. Nevertheless, the generated results
turn out to be realistic enough to provide meaningful support
for our interpretation of the experimental findings.

IV. RESULTS AND DISCUSSION

A. Diffraction patterns

Electron diffraction patterns were acquired to observe the
effect of the potassium intercalation on the crystal structure.
For pure HfS2 and HfSe2, Figs. 5(a) and 5(b) show the
expected hexagonally arranged in-plane diffraction spots [see
Fig. 1(c) for the simulated diffraction pattern]. The diffraction

peaks for a number of [11w] reciprocal lattice points are
presented in Figs. 6(a) and 6(b). We were able to index the
peaks unambiguously confirming that the crystals are of the
1T polytype and of high crystallinity. The Bragg peak loca-
tions translate to real space lattice constants of a = 3.63 Å and
c = 5.77 Å for the sulfide compound as well as a = 3.76 Å
and c = 6.06 Å for the selenide compound (see Table IV in
the Appendix for the peak index and position details in the
c direction). The in-plane parameters, measured at T = 20 K
agree very well with and the c parameters are only less than
1.5% lower than values published by others (mostly measured
at room temperature) [1–3,29,40,47,64,93,94].

At a doping level of 0.35, HfS2 exhibits a clear
√

3a ×√
3a superstructure [Fig. 5(c)] where a refers to the lattice

parameter for the undoped material in the ab plane. This is
similar to what has been observed in alkali metal doped MoS2

where this diffraction pattern is caused by a distorted host
lattice referred to as 1T ′′′ structure [74,95]. It also fits to the
x = 0.33 superstructure used for our DFT calculations, see
Fig. 14(e).
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However, we were not able to index the Bragg peaks
associated with the [11w] reciprocal lattice points for that
potassium concentration [Fig. 6(c)]. This indicates a high
degree of disorder along the c direction. It appears that the
unit cell is not uniformly limited to only one molecular layer.
Consequently, it is unlikely that the in-plane superstructure is
caused by the occurrence of a 1T ′′′ crystal structure. Addi-
tional potassium (x = 0.55) lead to a significant reduction in
the intensity of the

√
3a × √

3a pattern and the appearance
of additional diffraction spots in the ab plane [Fig. 5(e)].
The measurements of the [11w] diffraction spots [Fig. 6(e)],
however, can be indexed which shows a restored order along
the c axis with one layer per unit cell which is retained
for all higher doping levels. This finding justifies the use
of the same, smallest possible, periodicity in c direction in
our DFT calculations. The reduced peak distances signify a
considerable lattice expansion perpendicular to the planes. At
the highest achieved alkali metal concentration of x = 0.90,
the in-plane diffraction pattern is rearranged again to show
mainly five diffraction peaks the lines between the main host
lattice spots [Fig. 5(g)].

The intercalation of HfSe2 resulted in weak multi-
peak clusters distributed in a

√
3a × √

3a manner at x =
0.30 [Fig. 5(d)]. At the same time, the crystal becomes
inhomogeneous in the c direction [Fig. 6(d)] which perma-
nently reverts back to a 1T order at x = 0.70 with increased
lattice parameter c [Fig. 6(f)]. Nevertheless, the in-plane
diffraction pattern undergoes further changes [Fig. 5(f)] until
it settles at a 4a × 4a superstructure for x = 1.25 [Fig. 5(h)].

Given the almost continuous, doping level-dependent
change of the diffraction patterns in the ab plane, it is unlikely
that this behavior is caused by structural changes in the host
crystals. Such phase changes have been reported for MoS2

where the Fermi level separates the fully occupied 4d2
z orbital

from the other 4d orbitals leading to a structural instability
upon electron doping [96–101]. As described above, the metal
5d orbitals in the hafnium compounds are initially unoccu-
pied. Consequently, there is no reason to believe that the initial
filling will result in a change of the atomic coordination.
Instead, the change in the Bragg peak positions appears to
be caused by the ordering of the potassium atoms which
rearrange themselves depending on their concentration. More-
over, a structural phase change has not been reported or pre-
dicted in the literature. Calculations for lithium-intercalated
ZrS2, which closely resembles HfS2, indicate no significant
structural distortions [102].

In some layered materials such as graphite, the potassium
atoms do not occupy every Van der Waals gap at low al-
kali metal concentrations but only every nth interlayer space
[103–107]. As the amount of potassium increases, n decreases
until finally all gaps are populated. Our experiments do not
reveal the formation of such potassium-load-dependent stage
phases in the two hafnium compounds. Instead, they show a
significant degree of disorder along the c direction at least on
the macroscopic level until the only identifiable stage of n = 1
is reached.

The intercalation affected the planar lattice parameters
only slightly by changing them by not more than 1% (not
shown). In contrast, the c constants increased by 2.03–2.17 Å
(33–36%) which is approximately the thickness of one potas-

sium layer. The details are listed in Table I. These per-
centage changes are similar to those observed in potassium-
intercalated MoS2 [74,74,79,108,109] and TaSe2 [71]. The
data show that the expansion is slightly reversed at high
doping levels, a fact also reported for tantalum diselenide
[71]. The interplanar widening is largely due to the size of
the potassium atoms which move into the Van der Waals gaps
spreading the comparatively rigid molecular crystal planes
apart from each other. That process has a large effect on
the layer spacing even at low alkali metal concentration x
but levels out quickly. However, the interlayer bonding grows
with increasing doping levels because of the larger number of
electrons in the conduction band. This counteracts the expan-
sion at larger values of x. A systematic comparison between
experimental and DFT lattice constants is presented in Fig. 4.
The out-of-plane lattice parameters are largest for x ≈ 0.25
before they begin to contract again. The calculated expansion
percentages agree very well with the experimentally observed
values.

It should be mentioned that x-ray measurements performed
by Whittingham and Gamble [64] found a unit cell spanning
3 molecular layers for lithium-intercalated HfS2 which is
in surprising contrast to our results. We assume that those
studies were done on samples with low intercalation levels
still showing some degree of disorder.

B. Semiconductor-to-metal transition

Figures 7(a) and 7(b) show the energy-loss spectra for
hafnium disulfide and diselenide for a number of intercalation
levels acquired at a momentum transfer value of |q| = 0.1 Å−1

parallel to the �M direction. Because of the isotropy of the
spectra in all directions at such small |q|, it is not necessary
to show the data for the �K direction as well. The spectra
are dominated by the volume plasmons, the collective os-
cillations of all valence electrons. They are centered around
20 eV for the undoped compounds [black plots in Figs. 7(a)
and 7(b)]. The features between 4 eV and 12 eV represent
interband transitions [50]. Hafnium 4 f core level excitations
account for the peaks at 17.6 eV and 22.0 eV. There are also
stimulations of the Hf 5p states between 33 eV and 45 eV in
both materials [50] that are superimposed on the effects of
multiple scattering. For increasing doping levels, the volume
plasmon peaks become more jagged and a feature forms at
∼18 eV arising from K 3p core levels.

In the low energy region, the spectra for the undoped
crystals [black plots in Figs. 7(c) and 7(d)] display band gaps
followed by excitonic transitions [51]. As potassium is added,
new features begin to form initially around 1 eV. They shift to
higher energies and rise in intensity as the K concentration is
increased before their intensity declines again while the peaks
become broader. The fact that those new excitations develop
in the energy region of the former band gaps and as a result
of the intercalation with an electron donor suggests that they
represent charge carrier plasmons and that semiconductor-to-
metal transitions have occurred. The same phenomenon has
been observed in K-intercalated WSe2 [73] which is also a
native semiconductor. The transition can also be seen in the
shift of the Fermi energy in the calculated density of states
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FIG. 7. (a) and (b): EELS spectra for pristine and potassium-intercalated HfS2 and HfSe2 for |q| = 0.1 Å−1 parallel to the �M direction at
20 K. The spectra were normalized at 70 eV. (c) and (d): Magnification of the spectra for the low-energy region. (e) and (f): Energy position
of the plasmon peak (PPP) as a function of the potassium concentration extracted from the experimental and calculated energy-loss spectra as
well as the calculated unscreened plasmon frequency ωp. The dotted lines serve as a guide for the eye.

leading to partially filled conduction bands (see Fig. 15 in the
Appendix).

Closer inspection of the DOS depicted in Fig. 15 reveals
that, for all cases with 0 < x < 0.6, the conduction band
bottom is characterized by a jumplike onset followed by an
almost constant DOS up to the Fermi level and beyond. This
means that the related systems host a quasi-two-dimensional
(2D) electron gas at the Fermi level. Given the observed
thermodynamic stability for x > 0.3, the title systems could
form a platform for investigations on a 2D electron gas with
densities 2 × 1014 − 6 × 1014 electrons per cm2. We note
that a quasi-2D electronic structure may seem natural for the

given anisotropic structure. However, at higher doping levels,
van-Hove singularities other than 2D-like singularities, signal
a 3D electronic structure close to the Fermi level [Fig. 15(o)
and 15(p)].

Let us turn back our attention to the EELS data. It is
unusual that such spectra assume the shape of a double peak
as can be seen for HfS2 at x = 0.20 and 0.30. The two maxima
are at 0.94 eV and 1.19 eV [Fig. 7(c)]. For HfSe2 they are
located at 0.94 eV and 1.31 eV for x = 0.65 [Fig. 7(d)]. More-
over, no plasmon peak forms in the energy region between
the two peaks for any of the investigated doping levels. All
other peak maxima are located either below or above those
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FIG. 8. Formation energies for KxHfS2 and KxHfSe2 for various
potassium doping levels.

energies. This behavior can also be seen in Figs. 7(e) and 7(f)
where the plasmon peak positions (PPP) are plotted against
the doping concentrations. In HfS2, the energetically higher
peak forms first before the double feature appears at higher x.
In contrast, the energetically lower lying peak develops before
the occurrence of the second one in hafnium diselenide. This
raises the question why plasmon formation is not observed
in the energy range between the two peaks. Possible reasons
could be a phase change at particular doping levels or certain
arrangements of the potassium ions in the host lattices. Be-
sides the peak splitting, the plasmon energies appear to remain
relatively constant until a certain K concentration is exceeded
after which the peak energy positions increase.

To gain a better understanding of the reasons for those
two observations, we calculated the formation energies per
formula unit (f.u.) Eform of the compounds for selected alkali
metal concentrations.

Eform = EKxHfCh2 − xEbcc−K − EHfCh2 , (4)

with EKxHfCh2 denoting the energy per f.u. of the doped
chalcogenide (Ch = S, Se); Ebcc−K and EHfCh2 denoting the
energies per f.u. of the reference systems bcc potassium and
HfCh2, respectively. The results are summarized in Fig. 8.
The concave slope of the plots for doping levels up to x ≈
0.3 indicates that a homogeneous doped phase is unstable
below that potassium concentration. In contrast, the slope
is convex for higher alkali metal concentrations implying
that all structures considered in the simulations with x �
0.3 are low-temperature stable against decomposition into
structures with different doping levels. We note that the DFT
calculations were carried out for bulk systems. Experimental
data were obtained for films and could be slightly influenced
by surface/interface effects or by kinetics. The suggested
thermodynamic instability of low potassium concentrations
could explain the fact that the plasmon position is relatively
unchanged during the initial doping steps. If the amount of
alkali metal is not sufficient to saturate the whole crystal uni-
formly at a thermodynamically stable concentration, domains
will form to accommodate the potassium at the smallest stable
concentration. As more potassium is added, the volume of
the already intercalated regions increases at the expense of
the pristine domains whose volume shrinks. The potassium

concentration and, consequently, the density of the supplied
conduction electrons remains constant in the intercalated do-
mains during this process. This conduction electron density n
determines the unscreened plasmon frequency ωp according
to Eq. (2a). The screened plasmon frequency changes almost
proportionally to ωp. Their relation can be seen by comparing
the positions of screened and unscreened plasmon frequen-
cies obtained from DFT calculations in Figs. 7(e) and 7(f).
Consequently, the experimental plasmon peak position, which
is close to the screened plasmon frequency, changes almost
proportionally to the square root of the charge carrier density.
Therefore, the relative stability of the plasmon peak position
in the EELS spectra is an indication of a constant potassium
concentration. In KxHfS22, this is the case up to x ≈ 0.35
and in KxHfSe2 up to x ≈ 0.65. Before those points, the
calculated potassium concentrations x represent the average
concentrations across the whole samples and not the con-
centration in the intercalated domains. The expansion of the
intercalated domains leads to an enhancement of the plasmon
intensities in Figs. 7(c) and 7(d). Once the whole film has
reached the minimum stable concentration, the doping level
and the plasmon energy position increase smoothly as more
potassium is provided. It is interesting that in contrast to those
observations, WSe2 [73], KxCuPc [110], and K2MnPc [111]
permit only one particular potassium stoichiometry causing
the plasmon peak position to be almost unchanged during the
intercalation steps. On the other hand, the metallic TMDCs
TaSe2, TaS2, NbSe2, and NbS2 appear to accept any alkali
metal concentration [70,71].

We used the FPLO code to calculate the energy loss spectra
for different doping levels to determine if they would repro-
duce the experimental results. The calculated plots, which are
presented in Figs. 9(a) and 9(b), show a single peak moving to
higher energies with increasing doping level. A peak splitting
of the kind seen in the measured data cannot be identified. The
emergence of the spectral double features at certain doping
levels most likely arises from the temporary formation of
two domains with differing doping concentrations that depart
significantly from the thermodynamic equilibrium. Those do-
mains are different from the ones described in the preceding
paragraph which exist in equilibrium conditions. This addi-
tional kinematic effect may be caused by the experimental
process where just one side of the crystal is exposed to the
potassium stream during the intercalation leading to initially
inhomogeneous alkali metal distributions. Such effects cannot
entirely be prevented even though the samples were annealed
after each intercalation step to minimize such issues. This
reasoning is supported by the fact that the energetically higher
one of the two peaks in KxHfSe2 at x = 0.65 disappeared
after longer electron beam exposure. The energy supplied
by the beam may have induced a further migration of the
potassium atoms and a more uniform distribution resulting
in an equalization of the two regions. Another observation
corroborating this assumption is that the double features exist
only for doping levels for which the crystals display signifi-
cant disorder in the c direction (see Sec. IV A).

We computed the intraband and interband contributions
to the loss function using FPLO. The intraband parts reflect
the unscreened plasmons as presented in Figs. 9(c) and 9(d).
Just like the screened plasmon peaks, the unscreened plasmon
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FIG. 9. (a) and (b): Calculated in-plane loss functions for KxHfS2 and KxHfSe2 for various doping levels. (c) and (d): Calculated intraband
contributions to the in-plane loss functions. The frequency widths [Eq. (1)] used in the calculations were γ = 0.5 eV and 0.3 eV for HfS2 and
HfSe2, respectively. (e) and (f): Calculated interband contributions to the in-plane loss functions.

features shift to higher energies with increasing x and show
no unusual behavior. For the undoped materials, the interband
contributions in Figs. 9(e) and 9(f) exhibit the expected band
gaps followed by the exciton signatures. At x = 0.75, weak in-
terband transitions begin to emerge near 1.1–1.3 eV. Stronger
excitations occur close to 0.8 eV for x = 1.00. Nevertheless,
the interband excitations are relatively weak compared to the
intraband excitations. This verifies that the peaks in the loss
function below ∼2 eV are largely plasmonic in nature and
that the same is true for the corresponding features in the
experimental loss spectra.

C. Unscreened charge carrier plasmon frequency

Because of their significance, we calculated the unscreened
charge carrier plasmon frequencies from the measured EELS
data. To extract the experimental values, it was necessary to
separate the plasmons from the single particle excitations in
the EELS spectra. For that purpose, the data for K0.55HfS2

and for K0.70HfSe2 measured in the energy range up to 100 eV
parallel to the �M direction were corrected for experimental
artifacts by eliminating the elastic line, centered at 0 eV, and
the effects of multiple scatting according to the approach
outlined in Refs. [77] and [86]. A Kramers-Kronig analysis
was performed on the outcomes based on the assumption that
the samples were metallic. The resulting optical conductivity
function σ (ω) [= ε0ωεim(ω)] is plotted in Fig. 10. It was
fitted with one Drude and 14 Lorentz oscillators in the energy
region up to 26 eV to obtain the parameters in Eq. (1). The
fitted values of ωp stopped fluctuating for a larger number of
oscillators. The complete fit parameter sets are provided in
Table V in the Appendix. The plots produced from them are
displayed in Fig. 10. They show that the Drude-Lorentz model
provides a good description of the optical conductivities. They
also indicate that σ (ω) below ∼1 eV is dominated by the
charge carrier plasmon (Drude oscillator) while excitations of
bound single particles (Lorentz oscillators) account mainly
for the behavior at higher energies. The process lead to
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FIG. 10. Optical conductivity based on the Kramers-Kronig
analysis of the electron-energy loss spectrum and its fitting with the
Drude-Lorentz model for (a) K0.55HfS2 and (b) K0.70HfSe2.

unscreened plasmon frequencies of ωp = 3.55 eV for
K0.55HfS2 and 3.89 eV for K0.70HfSe2, respectively. Those
values are somewhat lower than the theoretical numbers
for comparable doping levels of 3.86 eV for K0.50HfS2 and
4.14 eV for K0.66HfSe2. However, the values are in a similar
energy range and reasonably close given the approximations
we have made.

D. Plasmon dispersion

Another interesting aspect of doping-induced plasmons is
their dispersion. As stated above, the energy position of a
plasmon peak in a spectrum corresponds to the unscreened
plasmon frequency ωp damped mainly by interband exci-
tations. Besides an energy renormalization, the fundamen-
tal behavior of the screened plasmon peak position and
the unscreened plasmon peak position is nearly the same
[112]. This allows us to use the dispersion of the mea-
sured peak position as an approximation of the momen-
tum dependence of the unscreened plasmon frequency. In
an ideal metal, this frequency, and therefore the plasmon
peak position, changes almost quadratically as a function of
momentum [68,113]:

ωp(|q|) ≈ ωp(0) + 3

10

h̄2k2
f

m∗2
e ωp(0)

|q|2 + O(|q|4), (5)

where h̄ represents the Planck constant and k f the Fermi wave
vector. However, experiments also found results that deviate
from this ideal behavior. For example, the energy-momentum
relations in TaS2, TaSe2, and NbSe2 are negative [70,86,114].
They become positive and linear upon alkali metal intercala-
tion [70,72]. Bi2Sr2CaCu2O8, on the other hand, has quadratic
dispersion [115,116].

For each of the two materials under investigation, the
doping levels with the most intense plasmon peaks (x = 0.55
for HfS2 and x = 0.70 for HfSe2) were selected for an analysis
of their momentum dependence. The spectra, measured for a
range of momentum transfer values, are shown in Figs. 11(a)
and 11(b) and look very similar for both compounds. The
peaks continuously shift to higher energies (up to ∼2.69 eV
and 1.98 eV for HfS2 and HfSe2, respectively) and broaden
as |q| increases. The plots of the peak energy positions vs
momentum transfer in Fig. 11(c) reveal a quadratic dispersion
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FIG. 11. EELS spectra of (a) K0.55HfS2 and (b) K0.70HfSe2 mea-
sured for the indicated momentum transfer values (|q|) in the �K
direction at T = 20 K. (c) Energy-momentum dispersions for the
peaks shown in subfigures (a) and (b). For K0.70HfSe2, the plasmon
energy peak positions cannot be identified for |q| > 0.5 Å−1. The
solid lines outline the quadratic fit of the dispersion.

which coincides with the expectations for plasmons in ideal
metals according to Eq. (5).

Besides that strongly dispersing feature, a shoulder begins
to emerge in the spectra for HfS2 near 1.45 eV for |q| =
0.40 [Fig. 11(a)]. It develops into a separate peak at higher
momentum transfer values and has a slight negative disper-
sion. The same phenomenon occurs in HfSe2 around 1.25 eV
[Fig. 11(b)]. Those excitations represent interband transitions
as can be seen from the calculated interband contributions to
the loss functions in Figs. 9(e) and 9(f). The latter exhibit such
transitions in the energy region between 0.8 eV and 1.5 eV
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FIG. 12. (a) and (b): LDA band structures for pristine bulk HfS2 and HfSe2, respectively, based on LDA-optimized (black lines) and
experimental (red lines) lattice parameters. (c) and (d): LDA band structures for bulk K0.33HfS2 and K0.33HfSe2, respectively, based on LDA-
optimized lattice parameters. (e) and (f): LDA band structures for a slab of five molecular layers (based on LDA-optimized unit cell parameters)
of pristine HfS2 and HfSe2, respectively. The thickness of the band plots indicates the contributions of the photoelectrons to the spectral
intensity based on their escape depth.

for higher potassium levels. Their intensities are weak so
they cannot be distinguished from the stronger plasmons at
low |q|. As the momentum transfer is raised, the plasmon
peaks themselves peter out and shift away revealing the less
dispersive single particle transitions.

E. ARPES spectra

To confirm the occurrence of the semiconductor-to-metal
transition and the validity of our computational results, we
performed ARPES measurements on pristine and potassium-
doped hafnium disulfide and diselenide. Similar experiments

have been done before on pure [39] and sodium-doped [6,56]
HfSe2.

We calculated the bulk band structures for the undoped
materials. Figures 12(a) and 12(b) display the results obtained
from LDA-optimized as well as experimental lattice param-
eters (see Sec. IV A for the discussion of the experimentally
determined lattice parameters). The two data sets show some
moderate differences in the energy positions of parts of certain
bands but no fundamental differences regarding the relative
locations of the main features. The band structure for HfSe2

with optimized lattice parameters appears to be metallic even
though the material is a semiconductor. The valence band
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B
in

d
in

g
E

n
er

gy
(e

V
)

(a) HfS2

-1.5 -1.0 -0.5 0.0

-4

-3

-2

-1

0

Momentum kx (Å-1)
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(d) K0.4HfSe2

M Γ M Γ

M

K

(c) K0.35HfS2

M

K

(c) K0.4HfSe2

FIG. 13. (a) and (c): ARPES energy distribution curves for pris-
tine HfS2 and HfSe2, respectively. (b) and (d): ARPES energy dis-
tribution curves for potassium-intercalated K0.5HfS2 and K0.4HfSe2,
respectively. (e) and (f): In-plane ARPES spectra for K0.35HfS2 and
K0.4HfSe2, respectively, at the Fermi energy.

maxima (VBM) are located at the � point which agrees
with theoretical results found by others [27,31,38,52,57,91].
According to our calculations, the conduction band minima
(CBM) are at the L point. Because the local conduction
band minima at the L and M points are energetically very
close, it has been debated which one of them represents the
absolute CBM with some calculations pointing to L [27,91],
some to M [31,57], and some undetermined results [38].
Photoemission [38] and optical transmission [26] experiments
suggest that the indirect gap is between � and L. The di-
rect gap of HfS2 is in the range of 2.1–2.87 eV according

to conductivity and reflectivity measurements [3,4] while
absorption and differential transmission experiments report
indirect band gaps of 1.75–2.26 eV [2,24,60,67]. For HfSe2,
reflectivity experiments observed a direct gap of 2.02 eV [4].
Absorption and scanning tunneling spectroscopy indicate an
indirect gap of 1.1–1.13 eV [2,24,117]. Our calculations result
in significantly smaller gaps. This is not unexpected given that
LDA tends to underestimate those values [118].

The theoretical bulk band structures [Figs. 12(a) and 12(b)]
deviate in some details from the ARPES spectra of the pristine
samples in Figs. 13(a) and 13(c). Note that the energy zero is
placed at VBM in the calculated band structures. For example,
the topmost band from the theoretical spectra appears to be
shifted to a lower energy in the photoemission spectra leading
to an additional shoulder. Moreover, there seem to be a num-
ber of diffuse, indistinguishable bands at � between −3.5 eV
and −2.5 eV for the sulfide compound and between −3.5 eV
and −1.5 eV for the selenide one. One of the main factors
contributing to the differences is that ARPES experiments are
surface sensitive while the plots in Figs. 12(a) and 12(b) were
derived from calculations for bulk materials. To simulate the
fact that the photoelectrons can escape only from positions
very close to the sample surface, the band structures for a
periodic slab of five molecular layers surrounded by vacuum
were determined and presented in Figs. 12(e) and 12(f). The
bands are weighed by the distance of the photoelectron source
from the sample surface according to Eq. (3) with an escape
depth of 4 Å. The resulting spectra resemble the experimental
outcomes much better, in particular the valence band disper-
sion around � and the multitude of bands below the VBM seen
in the measured data. The outcome compares well to calcula-
tions performed by Aretouli et al. for free-standing six-layer
HfSe2 [39]. Nevertheless, the use of the bulk calculations is
appropriate for the interpretation of the transmission EELS
spectra because this method is bulk sensitive.

The ARPES spectra for the K-doped samples are depicted
in Figs. 13(b) and 13(d). For x ≈ 0.5, the influx of electrons
from potassium atoms leads to a shift of the valence band
maximum at � from ∼2.1 eV to ∼2.3 eV below the Fermi
energy in HfS2 indicating a rise of EF by ∼0.2 eV. The shift
creates an electron pocket at the Fermi energy representing
the minimum of the now partially filled conduction band.
The indirect gap between the VBM at � and the CBM at
M amounts to 2.2 eV. The position of the VBM is consistent
with the calculated VBM at the M/L points [see Fig. 12(c)]
obtained for an alkali metal concentration of x = 0.33, which
is reasonably close to the actual doping level. The observation
of this Fermi pocket is a clear sign of the semiconductor-to-
metal transition.

Similarly, the energy maximum at � decreases by 0.3 eV
to −1.3 eV in HfSe2 for x ≈ 0.4. The energy difference
between the electron pocket at M and the VBM is 1.2 eV.
This is slightly lower than Mleczko et al. observed for an
ARPES investigation of sodium-intercalated HfSe2 [6]. As
stated above, the calculated LDA band gaps in Figs. 12(c) and
12(d) are smaller than the experimental values. The hexag-
onal arrangement and shape of electron pockets is visible
in the momentum distribution curves shown in Figs. 13(a)
or 13(b).
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V. SUMMARIZING DISCUSSION

We used transmission electron energy loss spectroscopy
and angle-resolved photoemission spectroscopy supported by
DFT calculations to investigate the effect of potassium inter-
calation on bulk single crystals of HfS2 and HfSe2. Electron
diffraction patterns showed a significant degree of disorder
in the crystal structures for low doping concentrations. The
structures become well ordered again at alkali metal levels of
xHfS2 = 0.55 and xHfSe2 = 0.70. At those points the materials
show in-plane parameter changes of less than 1% and out-
of-plane lattice expansions of 33–36%. Calculations indicate
that the latter expansions reach their maximum at x ≈ 0.25
before they begin slightly to retract. Moreover, superstructures
appear in the planes that we attribute to an ordered arrange-
ment of the potassium ions minimizing their electrostatic
(Madelung) energy.

The intercalation leads to the formation of a new feature
in the energy-loss spectra below 2 eV which can be identified
as a charge carrier plasmon based on the calculated intraband
contribution to the loss functions. It is a clear indication of
a semiconductor-to-metal transition supported by computed
DOSs and band structures. Its peak position remains relatively
stable up to a certain potassium load. Close to this load, a dou-
ble peak is observed and the doping-level dependence of the
peak positions shows a clear gap. Related DFT calculations
of the formation energies show that low potassium concentra-
tions are thermodynamically unstable. These two observations
indicate the formation of domains at low potassium load,
i.e., the pristine phase coexists with a phase of lowest stable
doping level x. A possible reason for the instability of a
low-x phase could consist in the almost x-independent effort
to separate adjacent HfS2 or HfSe2 layers to accommodate
potassium atoms which is counterbalanced at higher x by
a gain in the binding energy of potassium that is roughly
proportional to x. Yet higher doping concentrations results in
a convex formation energy, Fig. 8, due to growing electrostatic
repulsion among the dopands. As soon as a sufficient amount
of potassium is intercalated to saturate the hole crystal with
the minimum stable concentration, the potassium stoichiome-
try increases continuously for subsequent intercalation steps.
This is reflected in a square-root-like increase of the plasmon
energy position.

The plasmons exhibit a quadratic momentum dispersion
which leads to the revelation of weak interband transi-
tions in the same energy region at larger q values. ARPES
measurements on the intercalated compounds show elec-
tron pockets from the conduction band corroborating the
transition to metallic behavior. Inspection of the calcu-
lated DOS and band structure revealed that the conduction
band bottom hosts an almost ideal 2D electron gas for
x ≈ 0.5, with an approximate density of 4 × 1014 electrons
per cm2.
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APPENDIX

The cell and supercell structures for the potassium stoi-
chiometries considered in the DFT calculation are depicted
in Fig. 14 and the associated parameters are listed in Tables II
and III. The simulated DOS for those structures are shown in
Fig. 15. The experimental lattice parameters and the measured
momentum transfer values of the diffraction peaks used for
the calculation of those parameters are listed in Table IV.
Moreover, the Drude-Lorentz model fit parameters for the op-
tical conductivity function used to determine the unscreened
charge carrier plasmon frequency are tablulated in Table V.

(a) (b) x = 0.00

(c) x = 0.17 (d) x = 0.25

(e) x = 0.33 (f) x = 0.50

(g) x = 0.66 (h) x = 0.75

(i) x = 0.83 (j) x = 1.00

A (K)

C (S/Se)
A (Hf)
B (S/Se)
A (K)

C (S/Se)
A (Hf)
B (S/Se)

A (K)

c

K Hf S/Se

FIG. 14. (a) Out-of-plane crystal structure showing the arrange-
ment of the crystal layers chosen for the calculations including the
alignment of the intercalated potassium atoms in the Van der Waals
gaps. The atomic plane sequence is defined to the right of the picture.
(b)–(j): ab planes of crystal structures demonstrating the chosen
distribution of the potassium atoms for the various doping levels x
used in the calculations. The unit cells/supercells are outlined by
black parallelograms.
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TABLE II. Optimized atomic coordinates, experimental/optimized lattice parameters, space groups, and k meshes for KxHfS2. The k
meshes were chosen such that the k-point density is approximately the same in all structures.

Optimized atomic coordinates

Calculation parameters Atom x/a y/b z/c

1. Bulk HfS2 (experimental lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 13 S 1/3 −1/3 0.248
k mesh for band structure/DOS/optics: 52 × 52 × 28
Lattice parameters: a = b = 3.63 Å, c = 5.77 Å

2. Bulk HfS2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 13 S 1/3 −1/3 0.256
k mesh for band structure/DOS/optics: 52 × 52 × 28
Lattice parameters: a = b = 3.56 Å, c = 5.71 Å

3. Bulk K0.17HfS2 (optimized lattice parameters):
Space group: P1 2/m1 (10) Hf 0 0 0
k mesh for structure optimization: 12 × 8 × 13 Hf 0 −1/2 −1/2
k mesh for band structure/DOS/optics: 25 × 18 × 27 Hf 0 −0.336 0
Lattice parameters: a = 6.15 Å, b = 10.65 Å, c = 7.62 Å Hf 0 0.170 −1/2
Axis angles: α = β = γ = 90◦ S −0.193 −0.167 −0.167

S 0.194 −0.333 −0.333
S −0.194 −1/2 −0.167
S −0.192 0 0.335
K 1/2 0 0

4. Bulk K0.25 HfS2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 14 × 14 × 11 Hf 0 −1/2 0
k mesh for band structure/DOS/optics: 29 × 29 × 23 S 0.167 −0.167 0.190
Lattice parameters: a = b = 7.08 Å, c = 7.80 Å S −1/3 1/3 0.189

K 0 0 −1/2

5. Bulk K0.33HfS2 (optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 15 × 15 × 11 Hf 1/3 −1/3 0
k mesh for band structure/DOS/optics: 33 × 33 × 23 S 0 −0.334 0.191
Lattice parameters: a = b = 6.13 Å, c = 7.79 Å K 0 0 −1/2

6. Bulk K0.50 HfS2 (optimized lattice parameters):
Space group: P1 2/m1 (10) Hf 0 0 0
k mesh for structure optimization: 11 × 24 × 13 Hf 0 1/2 −1/2
k mesh for band structure/DOS/optics: 25 × 18 × 27 S −0.196 0 −0.337
Lattice parameters: a = 6.15 Å, b = 3.55 Å, c = 7.66 Å S 0.196 1/2 −0.164
Axis angles: α = β = γ = 90◦ K −1/2 0 0

7. Bulk K0.66 HfS2 (optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 15 × 15 × 11 Hf 1/3 −1/3 0
k mesh for band structure/DOS/optics: 32 × 32 × 22 S 0 −0.332 0.198
Lattice parameters: a = b = 6.15 Å, c = 7.61 Å K −1/3 1/3 −1/2

8. Bulk K0.75 HfS2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 14 × 14 × 12 Hf 0 −1/2 0
k mesh for band structure/DOS/optics: 28 × 28 × 23 S 0.166 −0.166 0.198
Lattice parameters: a = b = 7.13 Å, c = 7.57 Å S −1/3 1/3 0.200

K −1/2 0 −1/2

9. Bulk K0.83 HfS2 (optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 10 × 10 × 14 Hf −0.330 −0.165 0
Lattice parameters: a = b = 12.37 Å, c = 7.56 Å Hf 1/2 1/2 0

Hf −1/3 1/3 0
S −0.500 0.333 0.196
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TABLE II. (Continued.)

Optimized atomic coordinates

Calculation parameters Atom x/a y/b z/c

S 0 0.333 0.201
S 0 −0.167 0.204
K 0.349 0.175 −1/2
K 1/2 1/2 −1/2
K 0 0 −1/2

10. Bulk K1.00 HfS2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 10 S 1/3 −1/3 0.202
k mesh for band structure/DOS/optics: 52 × 52 × 22 K 0 0 1/2
Lattice parameters: a = b = 3.59 Å, c = 7.50 Å

11. Surface HfS2 (5 structural unit cells and 20 Å vacuum):
space group: P3̄m1 (164) Hf 0 0 0.250
k mesh for band structure/DOS/optics: 52 × 52 × 3 Hf 0 0 0.375
Lattice parameters: a = b = 3.56 Å, c = 45.76 Å Hf 0 0 1/2

S 1/3 −1/3 0.283
S 1/3 −1/3 0.407
S 1/3 −1/3 −0.468
S 1/3 −1/3 −0.343
S 1/3 −1/3 −0.219

TABLE III. Optimized atomic coordinates, experimental/optimized lattice parameters, space groups, and k meshes for KxHfSe2. The k
meshes were chosen such that the k-point density is approximately the same in all structures.

Optimized atomic coordinates

Calculation parameters Atom x/a y/b z/c

1. Bulk HfSe2 (experimental lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 13 Se 1/3 −1/3 0.255
k mesh for band structure/DOS/optics: 52 × 52 × 28
Lattice parameters: a = b = 3.76 Å, c = 6.06 Å

2. Bulk HfSe2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 13 Se 1/3 −1/3 0.262
k mesh for band structure/DOS/optics: 52 × 52 × 28
Lattice parameters: a = b = 3.68 Å, c = 6.02 Å

3. Bulk K0.17 HfSe2 (optimized lattice parameters):
Space group: P1 2/m1 (10) Hf 0 0 0
k mesh for structure optimization: 12 × 9 × 14 Hf 0 −1/2 −1/2
k mesh for band structure/DOS/optics: 25 × 18 × 27 Hf 0 −0.337 0
Lattice parameters: a = 6.36 Å, b = 11.01 Å, c = 7.89 Å Hf 0 0.171 −1/2
Axis angles: α = β = γ = 90◦ Se −0.201 −0.168 −0.167

Se 0.203 −0.334 −0.332
Se −0.204 −1/2 −0.168
Se −0.199 0 0.337
K 1/2 0 0
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TABLE III. (Continued.)

Optimized atomic coordinates

Calculation parameters Atom x/a y/b z/c

4. BulkK0.25 HfSe2 (optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 14 × 14 × 11 Hf 0 −1/2 0
k mesh for band structure/DOS/optics: 28 × 28 × 23 Se 0.167 −0.167 0.196
Lattice parameters: a = b = 7.33 Å, c = 8.12 Å Se −1/3 1/3 0.195

K 0 0 −1/2

5. Bulk K0.33 HfSe2 (optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 15 × 15 × 11 Hf 1/3 −1/3 0
k mesh for band structure/DOS/optics: 32 × 32 × 22 Se 0 −0.335 0.197
Lattice parameters: a = b = 6.35 Å, c = 8.12 Å K 0 0 1/2

6. BulkK0.50 HfSe2(optimized lattice parameters):
Space group: P1 2/m1 (10) Hf 0 0 0
k mesh for structure optimization: 11 × 24 × 13 Hf 0 1/2 −1/2
k mesh for band structure/DOS/optics: 24 × 52 × 26 Se −0.199 0 −0.335
Lattice parameters: a = 6.37 Å, b = 3.68 Å, c = 7.99 Å Se 0.201 1/2 −0.168
Axis angles: α = β = γ = 90◦ K −1/2 0 0

7. Bulk K0.66 HfSe2(optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 15 × 15 × 11 Hf 1/3 −1/3 0
k mesh for band structure/DOS/optics: 31 × 31 × 22 Se 0 −0.332 0.199
Lattice parameters: a = b = 6.40 Å, c = 7.93 Å K −1/3 1/3 1/2

8. Bulk K0.75 HfSe2(optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 13 × 13 × 10 Hf 0 −1/2 0
k mesh for band structure/DOS/optics: 27 × 27 × 22 Se 0.166 −0.166 0.202
Lattice parameters: a = b = 7.41 Å, c = 7.89 Å Se −1/3 1/3 0.204

K −1/2 0 −1/2

9. Bulk K0.83 HfSe2(optimized lattice parameters):
Space group: P3̄1m (162) Hf 0 0 0
k mesh for structure optimization: 7 × 7 × 10 Hf −0.330 −0.165 0
Lattice parameters: a = b = 12.87 Å, c = 7.88 Å Hf −1/2 −1/2 0

Hf −1/3 1/3 0
Se −0.499 0.333 0.200
Se 0 0.333 0.204
Se 0 −0.167 0.207
K 0.348 0.174 1/2
K −1/2 −1/2 1/2
K 0 0 1/2

10. Bulk K1.00 HfSe2(optimized lattice parameters):
Space group: P3̄m1 (164) Hf 0 0 0
k mesh for structure optimization: 24 × 24 × 10 Se 1/3 −1/3 0.203
k mesh for band structure/DOS/optics: 51 × 51 × 22 K 0 0 −1/2
Lattice parameters: a = b = 3.74 Å, c = 7.82 Å

11. Surface HfSe2 (5 structural unit cells and 20 Å vacuum):
Space group: P3̄m1 (164) Hf 0 0 0.245
k mesh for band structure/DOS/optics: 52 × 52 × 3 Hf 0 0 0.373
Lattice parameters: a = b = 3.68 Å, c = 47.24 Å Hf 0 0 −1/2

Se 1/3 −1/3 0.279
Se 1/3 −1/3 0.406
Se 1/3 −1/3 −0.467
Se 1/3 −1/3 −0.339
Se 1/3 −1/3 −0.212
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TABLE IV. Measured momentum transfer values for diffraction peak positions with Miller indices [11w] and the unit cell parameters in
the c direction calculated from those values.

KxHfS2 KxHfSe2

Undoped (x = 0.00) Doped (x = 0.55) Undoped (x = 0.00) Doped (x = 0.70)

Miller Calculated Calculated Calculated Calculated
index Momentum unit cell Momentum unit cell Momentum unit cell Momentum unit cell
w value transfer parameter transfer parameter transfer parameter transfer parameter
([11w]) |q| (Å) ca (Å) |q| (Å) ca (Å) |q| (Å) ca (Å) |q| (Å) ca (Å)

0 3.47 3.49 3.35 3.33
1 3.63 5.76 3.58 7.93 3.51 5.93 3.41 8.26
2 4.09 5.77 3.85 7.75 3.92 6.14 3.66 8.19
3 4.76 5.77 4.24 7.85 4.55 6.12 4.05 8.18
4 4.75 7.81 4.50 8.31
Average 5.77 7.84 6.06 8.23

aCalculation of unit cell parameter: c = 2πw/
√

q2
[110] − q2

[11w] where q[11w] is the momentum transfer associated with the diffraction peak of
the Miller index [11w].

TABLE V. Drude-Lorentz model fit parameters for the optical conductivity function of K0.55HfS2 and K0.70HfSe2.

Oscillator Oscillator K0.55HfS2 K0.70HfSe2

index i Type ωi (eV) γi (eV) ωpi (eV) ωi (eV) γi (eV) ωpi (eV)

Drude 0 0.37 3.55 0 0.25 3.89
1 Lorentz 3.14 0.33 1.61 2.2 0.14 0.56
2 Lorentz 3.34 0.36 1.95 2.37 0.23 1.11
3 Lorentz 3.6 0.46 1.69 2.53 0.28 1.95
4 Lorentz 3.95 0.98 2.38 2.68 0.24 1.51
5 Lorentz 5.32 1.45 2.87 2.85 0.43 1.99
6 Lorentz 6.2 0.8 2.32 3.19 0.69 2.28
7 Lorentz 6.68 0.19 0.61 3.66 0.49 0.87
8 Lorentz 6.95 1.78 6.61 4.42 1.3 2.81
9 Lorentz 7.55 0.31 0.96 5.81 1.98 7.28
10 Lorentz 7.85 0.17 0.68 7.39 3.71 9.71
11 Lorentz 8.34 2.84 7.87 9.75 1.64 2.68
12 Lorentz 10.26 3.33 5.11 12.83 7.76 9.66
13 Lorentz 14.14 5.31 6.12 19.93 4.94 3.87
14 Lorentz 20.74 23.72 13.05 25.64 10.29 8.66
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FIG. 15. Density of states for KxHfS2 and KxHfSe2 based on optimized lattice parameters.
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