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Topological surface states above the Fermi energy in Hf2Te2P.

T. J. Boyle,1 A. Rossi,1, 2 M. Walker,1 P. Carlson,1 M. K. Miller,1 J. Zhao,1 P. Klavins,1

C. Jozwiak,2 A. Bostwick,2 E. Rotenberg,2 V. Taufour,1 I. Vishik,1 and E. H. da Silva Neto1, ∗

1Department of Physics, University of California, Davis, California 95616, USA
2Advanced Light Source, Lawrence Berkeley National Lab, Berkeley, California 94720, USA

We report a detailed experimental study of the band structure of the recently discovered topological
material Hf2Te2P. Using the combination of scanning tunneling spectroscopy and angle-resolved photo-
emission spectroscopy with surface K-doping, we probe the band structure of Hf2Te2P with energy and
momentum resolution above the Fermi level. Our experiments show the presence of multiple surface
states with a linear Dirac-like dispersion, consistent with the predictions from previously reported band
structure calculations. In particular, scanning tunneling spectroscopy measurements provide the first ex-
perimental evidence for the strong topological surface state predicted at 460 meV, which stems from the
band inversion between Hf-d and Te-p orbitals. This band inversion comprised of more localized d-states
could result in a better surface-to-bulk conductance ratio relative to more traditional topological insulators.

Topological quantum phases have been discovered in a
variety of materials such as topological insulators, Dirac
and Weyl semimetals, and nodal line semimetals [1–5]. All
of these topological phases result in non-trivial topological
surface states (SSs), which could be used for future low-
dissipation electronic or spintronic technologies [2, 6, 7].
Although several materials that host one of the aforemen-
tioned topological phases have been discovered, quantum
materials that exhibit several SSs at distinct regions of
energy-momentum space are not common. Recently, band
structure calculations and experiments indicate a rich phe-
nomenology of Dirac-like electronic states in Zr2Te2P [8]
and in Hf2Te2P [9], including multiple SSs. In particular,
for Hf2Te2P, the calculations find four Dirac-like SSs as
follows, where the energies are relative to the Fermi level
(EF ): three Dirac dispersions at the Γ point near 0.46 eV
(SS1), 0.17 eV (SS2), −1.2 eV (SS3), and a Dirac node-
arc along the Γ-M direction, centered at the M-point near
−0.9 eV (SS4). Similar features (SS1, SS2 and SS4) were
also predicted in Zr2Te2P. This unusual multitude of Dirac
states in a single material stems from the topological char-
acter of various bulk bands originating from Te-p and Hf-d
orbitals. Following Fu and Kane [10], the four topologi-
cal Z2 invariants were computed from the calculated band
structure. From this analysis, SS4 at −0.9 eV was iden-
tified to have a weak topological Z2 invariant, while SS1
at 0.46 eV yields a strong Z2 invariant. The topological
nature of SS2 and SS3 could not be clearly resolved, with
SS2 displaying a significant bulk-surface mixing [9].

Among the SSs in Hf2Te2P, SS1 at 0.46 eV may be the
one with the greatest potential toward future applications
for several reasons. First, excluding SS2 due to its surface-
bulk mixing, SS1 is the closest state to the Fermi level
of Hf2Te2P. Second, it is the only SS centered within a
clear direct gap in the bulk. Third, its topological nature
originates from the inversion of Te-p and Hf-d orbitals,
which could lead to a better surface to bulk conduction ratio
when compared to more traditional topological insulators
like Bi2Te3 or Bi2Se3, where only p-orbitals are involved

[8, 9, 11]. This favourable surface conduction stems from
the more localized nature of the Hf-d (or Zr-d in the case
of Zr2Te2P) states, leading to a higher effective mass for
the bulk electrons when compared to Bi2Te3 or Bi2Se3, or
even to the other SSs in Hf2Te2P that do not involve Hf-
d orbitals. Additionally, this would render the interesting
combination of topology and strong electron correlations,
if EF is tuned to within the pseudogap.

Experimentally, the Dirac SSs in Zr2Te2P and
Hf2Te2P below the Fermi level, EF , have been resolved
through angle-resolved photo-emission spectroscopy
(ARPES) measurements, showing a remarkable agreement
to the band structure predictions [8, 9]. However, since
ARPES experiments are not able to probe the SS1 state
above the Fermi level, this key topological state still lacks
direct experimental evidence.

Here, we use two methods to experimentally access the
states above EF and provide the direct evidence for SS1
in Hf2Te2P. First, through the deposition of K atoms we
electron-dope the surface of the material, enabling ARPES
to measure states up to approximately 160 meV above
the original EF . Second, we use scanning tunneling mi-
croscopy and spectroscopy (STM/S) to measure energy-
resolved quasiparticle interference (QPI) patterns on the
surface of Hf2Te2P, which allows us to probe the energy-
momentum structure both above and below EF [12–16].
Using our combined ARPES and STM/S data, and their
comparison to the reported surface band structure calcula-
tions, we resolve the SSs of Hf2Te2P above EF and iden-
tify Dirac-like dispersive bands centered at 170 meV and
460 meV, where the SS1 and SS2 states have been pre-
dicted.

Single crystals of Hf2Te2P were grown from va-
por transport following the synthesis developed for the
isostructural Zr2Te2P [17, 18], also detailed in Ref. [19].
ARPES experiments were performed in ultra-high vac-
uum (UHV) at beamline 7.0.2 MAESTRO at the Ad-
vanced Light Source. The µ-ARPES endstation allows
for a spot size of 80 µm x 80 µm, which is crucial to
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FIG. 1. (a) Crystal structure of Hf2Te2P. (b) STM topography taken at −120 mV sample bias and 700 pA current setpoint. (c) Fermi
surface of pristine sample measured by ARPES. (d) STS measured dI/dV spectrum with current and bias set points of 450 pA and
−1.5 V.

scanning a homogeneous region in a cleaved area. After
growth, the Hf2Te2P crystals were sealed in an inert en-
vironment, transferred into a glove box at the beamline
and cleaved. From the glove box, they were transferred
into the ARPES chamber without air exposure and cleaved
a second time in situ. The measurements were done at
77 K with a photon energy of 100 eV. The sample sur-
face was doped with K using a commercial SAES alkali
metal dispenser. STM/S measurements were done with a
customized Unisoku USM-1300 instrument. The samples
were cleaved in situ in a UHV environment with pressures
below 1× 10−9 Torr. All STM/S measurements were per-
formed at 4.2 K.

Figure 1(a) shows the crystal structure of Hf2Te2P,
where the atoms between consecutive Te layers along the c-
axis are bonded by weak Van der Waals forces. This makes
the Te layer the most likely termination resulting from the
cleaving process [9]. Figure 1(b) shows an atomically re-
solved STM constant-current topography on a cleaved sur-
face of Hf2Te2P, featuring a hexagonal structure with lat-
tice constants that are consistent with those obtained from
x-ray diffraction [19]. Localized defects are observed,
appearing as depressions in the topography, as well as
smoother features which may reflect underlying defects.
We note that scanning multiple crystals, and many distinct
microscopic regions within each cleave, we have only ob-
served the Te-termination in the STM measurements. Us-
ing the same in situ cleaving process, our ARPES measure-
ments yield the occupied electronic structure of Hf2Te2P.
Figure 1(c) displays the result of the ARPES measured
Fermi surface, which shows a hole-like pocket centered
at the Γ point and electron-like flower patterns, consis-
tent with previous measurements. Overall, the momen-
tum distribution curves (MDCs) show extremely sharp fea-
tures which, together with the atomic resolution obtained
in STM measurements, indicate the high quality of the sur-
faces obtained from the cleaving process [18]. Figure 1(d)
shows a representative measurement of the differential con-
ductance, dI/dV , which is proportional to the density of
states as a function of energy. The most prominent feature

in the spectrum is a pseudogap centered around 500 mV,
with a small but non-zero density of states that could have
surface and/or bulk origin.

First we focus on SS2, which is predicted near 170 meV
at the Γ point [9]. To access states above EF with ARPES,
we deposited K atoms on the cleaved surface of Hf2Te2P,
which occupy the states aboveEF and enables their photo-
emission [20]. Figures 2(a-e) show the evolution of the
constant energy contours for positive energies where zero
refers to the Fermi energy of the sample before K-doping.
The data in Fig. 2(a-e) indicate the collapse of hole pocket
into a single point at Γ, which is more clearly observed in
the dispersion plot through ky = 0, Fig. 2(g), and could
not be resolved without the K-doping – compare to data in
Fig. 2(f), prior to K-doping.

We also confirm the presence of the Dirac state at
170 meV via STS measurements of QPI patterns. Fig-
ures 3(a-c) show dI/dV maps for different energies above
EF over a large field-of-view, 120 nm × 120 nm. It is
evident from the STS maps that the characteristic length
scales of the modulations in the local density of states
(LDOS) are much larger than the inter-atomic distance
and are strongly energy-dependent. This last behavior
is typical of quasiparticle interference where the modula-
tions are characterized by an energy dependent wave vector
~Q(E) = ~kf (E) − ~ki(E), where ~ki,f (E) are determined
by the band structure. The two-dimensionalQ-space struc-
ture of the LDOS is obtained by Fourier transformation
of the STS maps, g̃(Q,E), as seen in Figs.3(d-f). Note
that g̃(Q,E = 80 eV) roughly features a hexagonal shape,
while g̃(Q,E = 160 eV) more closely matches a star
shape, Fig. 3(d-f), which more clearly conveys the energy
dependence of the real-space QPI patterns.

We are able to quantitatively compare the results of the
ARPES and STS measurements for energies between EF

and 160 meV, which is the range accessed by both K-doped
ARPES and STS. Line cuts of g̃(Q,E) along the two high
symmetry directions show distinct peak features on top of
a large background. For example, a linecut along [Qx = 0,
Qy] at 240 meV reveals a distinct peak at 0.09 (1/Å),
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FIG. 2. (a-e) ARPES measured constant-energy contours of the K-doped sample for different positive energy values. (f) Dispersion
curve of the undoped sample along Γ-M. (g) Dispersion curve of the doped sample along Γ-M. (h) Zoomed in version of (g) showing
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direction of the dotted line in (a). (j) Zoomed in version of (i) showing the Q-vectors (green lines) for five different energies.
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Fig. 4(a-b). From g̃(Q,E), we construct QPI dispersion
maps along the two high symmetry directions, Fig. 4(c),
using the second-derivative method to clearly visualize the
dispersive features. In the 0 to 220 meV range we observe
two peaks which disperse inwards as a function of energy.
A detailed comparison to the ARPES data indicates that
the inner dispersive peak matches the intra-pocket distance
across Γ, while the outer peak dispersion more closely
matches the separation between adjacent electron-pocket
petals – see the cyan and green circles in Fig. 4(c), which
correspond to the cyan and green lines in Figs. 2(h,j). In
fact, ARPES cuts along [kx, ky = −0.53] (1/Å) indicate
a linear dispersion which extrapolate to a Dirac node near
220 meV, Figs. 2(i,j). A similar state has been observed in
Zr2Te2P, with spin-orbit coupling expected to open a gap
since the Dirac crossing is located away from time-reversal
invariant momenta and is not protected by any crystalline
symmetry [8]. Our STS measurements do not resolve the
presence of a gap at the 220 meV Dirac node, although our
resolution was limited to 10 meV. [The dI/dV was mea-
sured via a lock-in technique using a 10 mV modulation
to the bias voltage.] Contrary to the outer peak, the inner
QPI feature originates from the band centered at Γ, a time-
reversal invariant point, as further confirmed by the excel-
lent agreement with reported band structure calculations
(blue line in Fig. 4(c)) [9]. Thus, our triple quantitative
agreement between STS, ARPES and theory confirm the
presence of a Dirac-like dispersion centered at 170 meV.

Finally, we focus on SS1, the strong topological SS pre-
dicted near 460 meV. Although ARPES cannot access this
state, even with K-deposition, it can be resolved with STS
measurements. First we note that although QPI signals can
be the result of multiple surface or bulk bands, the calcu-
lated band structure of Hf2Te2P indicates that the high-
est energy SS near Γ exists inside a large bulk pseudo-
gap (≈ 0.13 eV), consistent with the observed minimum
in the tunneling DOS, Fig. 1(e). Focusing on that energy
region, we observe a dramatic increase of the characteris-
tic QPI wavelength as the bias is varied from 380 meV to
420 meV in our STS measurements, see Fig. 3(g-h). The
same trend is observed in the Fourier transforms, Fig. 3(j-
k) where a circular pattern shrinks towards Q = 0, re-
flecting the expected QPI pattern from an isolated Dirac
cone. Then, the expectation is that precisely at the Dirac
point g̃(Q) should display a single peak at Q = 0, which
becomes broad in the presence of disorder. Indeed, the
real space STS data in Fig. 3(i) shows a spatially inhomo-
geneous LDOS, due to the structural defects of the crys-
tal, and a single central peak in the Fourier transform data,
Fig. 3(l). This trend is summarized in Figs. 3(m-o), which
display line cuts of the data in Figs. 3(j-l), showingQy 6= 0
peaks converging to a single point at 460 meV. We note
that in the absence of a predominant Q 6= 0 QPI signal
at the Dirac point, g̃(Q,E = 460 meV) displays a weak
halo, Fig. 3(l,o), that stems from the intrinsic inhomogene-
ity of Hf2Te2P. Indeed, we find identical spatial patterns
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FIG. 4. (a) Fourier transform of the STS map at 240 mV. (b)
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Qy = 0.09 (1/Å). (c) QPI dispersion maps along the Γ-M and
Γ-K directions. The ARPES measured Q-vectors are overlaid by
cyan and green dots (with solid line error bars) for the disper-
sion curves displayed in Fig. 2(h) and (j) respectively. Q-vector
dispersions from the band-structure calculations along Γ-M are
represented by the red and blue lines.

in both the g̃(Q,E = 460 meV) and the topographic map
over the same area [18], which confirms the non-QPI ori-
gin of the halo in Fig. 3(l). Thus the intensity observed in
the second-derivative map in Fig. 4(c) at E = 460 meV
and Q ≈ ±0.17 (1/Å) is not indicative of an additional
band. Now focusing on the energy-dependent QPI signal
at lower Q and comparing its energy dispersion to the pre-
diction from calculations (red lines in Fig. 4(c)), we find
a remarkable agreement, thus demonstrating for the first
time the presence of the Dirac surface state with a node at
460 meV above EF .

Our combined ARPES-STS measurements and their re-
markable agreement with previous band structure calcula-
tions indicate the presence of TSSs above the Fermi level
in Hf2Te2P. Although the topological nature of the var-
ious SSs and their spin-texture still requires more direct
evidence from, for example, spin-polarized ARPES [21]
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or STS near extended defects [22], the remarkable agree-
ment to the reported band structure calculations strongly
suggests their topological nature. If these states are to be
harnessed towards novel technologies they need to be tuned
to EF by either chemical doping or surface gating. Here,
the states above EF uncovered by our studies may pro-
vide a more direct path to these technologies than the pre-
viously measured states at −0.9 eV. Also, the surface state
centered at 460 meV is observed in the absence of other
bands in our QPI measurement, suggesting a small contri-
bution from the bulk, although only detailed measurements
of the electronic bulk properties would confirm this. Still,
a high surface to bulk conductance ratio could be achieved
in Hf2Te2P, since the strong topological nature of the Dirac
surface state at 460 meV originates from the band inversion
of Hf-d and Te-p orbitals, in contrast to traditional topolog-
ical insulators. Note that the mixing Hf-d and Te-p orbital
character, and its topology, may be tuned by chemical sub-
stitution, with the substitution of Hf (e.g. by Zr or Ti) con-
trolling the d-orbitals and the substitution of Te (e.g. by Se)
regulating the p-character – not to mention the modification
of lattice parameters by doping the P site (e.g. by As) or
by chemical intercalations between layers. Finally, since
the current topological insulators suffer from contaminant
conducting bulk channels that bypass the topologically pro-
tected surface states, the topological states uncovered by
our studies may offer an alternative avenue for future ap-
plications.
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Source, which is a DOE Office of Science User Facility
under contract no. DE-AC02-05CH11231. M. K. M. and
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