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We present a combined experimental and theoretical study of the evolution of the Fermi surface
of the anomalous superconductor Pbi_;T1,Te as a function of thallium concentration, drawing
on a combination of magnetotransport measurements (Shubnikov de Haas oscillations and Hall
coefficient), Angle Resolved Photoemission Spectroscopy (ARPES), and density functional theory
(DFT) calculations of the electronic structure. Our results indicate that for T1 concentrations beyond
a critical value the Fermi energy coincides with resonant impurity states in Pb;_,T1,Te, and we
rule out the presence of an additional valence band maximum at the Fermi energy. Comparison to
non-superconducting Pb;_;Na,Te implies that the presence of these impurity states at the Fermi
energy provides the enhanced pairing interaction and thus also the anomalously high temperature

superconductivity in this material.

Pb;_,T1,Te is a hole-doped narrow band-gap semi-
conductor that exhibits by far the highest known super-
conducting critical temperature, T, of any material of
equivalent carrier density [I, 2]. Superconductivity in
very low density systems is in itself unexpected from the
conventional phonon-mediated BCS theory of supercon-
ductivity, and has prompted discussion of a number of ex-
otic pairing mechanisms. In n-doped SrTiOs, for exam-
ple, non-adiabatic phonon pairing [3|, 4], pairing through
the exchange of a plasmonic [5] or a soft optical phonon
mode [0], pairing from quantum ferroelectric fluctuations
[7, and an enhancement of the density of states (DoS)
and/or pairing potential due to multi-band Fermi surface
(FS) effects [8HI0] have been proposed; whereas enhanced
electronic correlations from multi-valley FS effects have
been invoked to explain the recently discovered bulk su-
perconductivity in Bismuth [IT] [12]. The present case of
superconductivity in PbTe, however, has the additional
curiosity of occurring only when hole-doping is achieved
by thallium (T1) impurities [I3} 4], which suggests that
a unique property of the dopant may be key.

A number of experimental studies have inferred the
presence of shallow impurity levels in the valence band
of Pby_,T1,Te [13]. Density functional theory (DFT)
calculations [I6HIS] find that low levels of atomic substi-
tution profoundly modify the band structure. Therefore,
doping cannot be pictured as a rigid shift of the chemi-
cal potential. In the case of T, the valence of impurity
states depend on the position of Fermi energy, Er. For
large (small) hole concentrations, TI3* (T1'*) is favored
[18]. Interestingly, these distinct charge states become
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FIG. 1. Illustration of two possible scenarios of valence band
filling in Pby_,Tl,Te, showing schematic diagrams of the DoS
g(E) as a function of energy F, and the FS morphology (in-
sets). (a) The situation in which Er > AFE, and impu-
rity states play no role. The upper valence band maximum
(the L-pocket, red) and the second valence band maximum
(the X-pocket, blue) are both above EF, giving four degen-
erate valleys for L-states, and twelve degenerate valleys for
Y.-states, and an increased DoS for Er > AFE, where AFE,
is the difference in energy between the band maxima. In-
set: Calculated FS for Er > AFE, [15]. (b) The situation in
which the ¥X-band is never populated because resonant impu-
rity states (shown in green) associated with Tl doping occur
at ¥ = Er < AE,. Ep is pinned by resonant impurity
states at an energy Er < AF,, leading to an increase in the
DoS. Inset: Calculated FS for Er < AE, [15]. In this paper
we establish that scenario (b) is the correct description for
Pbi_,Tl,Te with z > z., with immediate implications for
the origin of the anomalous superconductivity observed for
this material.

energetically degenerate when Efr lies about 50 meV be-
low the top of the valence band, as suggested by earlier
heuristic arguments [13]. Charge fluctuations associated
with such resonant impurity states have been proposed



as an alternative pairing interaction in Tl-doped PbTe
[19-21], potentially accounting for the anomalously high
T. and other normal state properties [22] 23], and possi-
bly related to similar ideas suggested for doped BaBiOj
[24H26]. However, other scenarios are also possible, in
particular a second (heavy) valence band maximum oc-
curs at a similar energy in DFT calculations [I5], rais-
ing the alternative view that additional pockets in the
FS could produce a less exotic superconducting mecha-
nism by increasing the DoS and/or providing additional
inter-band scattering mechanisms [14]. These two sce-
narios, illustrated in fig. |1} can be distinguished based on
characterization of the low-energy electronic structure of
Tl-doped PbTe. Here we present a combined experimen-
tal and computational study of the low-energy electronic
structure and FS of Pby_,T1,Te, utilizing Shubnikov de
Haas (SdH), angle-resolved photoemission spectroscopy
(ARPES), and Hall effect measurements, as well as DET
calculations of the electronic structure [16]. We defini-
tively establish that the ¥-pocket remains well below Er
for all compositions of Pby_,Tl,Te and therefore does
not drive the superconductivity in this material. Further-
more, by contrasting our data with similar data from the
non-superconducting analog Pby_,Na,Te, we observe a
number of phenomena that distinguish superconducting
and non-superconducting compositions, which we show
to be consistent with the presence of additional mobile
charges associated with the resonant impurity states in-
troduced by T1 doping.

Single crystals of Pb;_,T1,Te were grown by an un-
seeded physical vapor transport method [I6]. For mag-
netoresistance measurements, the crystals were cleaved
into [100] oriented rectilinear bars. Electrical contacts
were made in a 4-point geometry. Compositions z = 0%,
0.15% and 0.4% were measured to 35T at the DC fa-
cility of the National High Magnetic Field Laboratory
(NHMFL) in Tallahassee, FL, USA; z = 0.3%, 0.8% and
1.3% were measured to 32T (DC) at the High Field Mag-
net Laboratory in Nijmegen, The Netherlands; and addi-
tional measurements for = 0.15% and 0.8% were taken
up to 60T at the pulsed field facility of the NHMFL, in
Los Alamos National Laboratory. The angle dependent
data were obtained at a temperature of (1.5 +0.2) K us-
ing a single-axis rotator probe. Hall measurements were
taken for all the samples studied at a temperature of
1.5K. ARPES measurements were performed at beam-
line 7.0.1 of the ALS and at the SIS beamline of the
Swiss Light Source, Switzerland using a photon energy of
hv=70eV at 40K. All samples were cleaved in-situ prior
to measurement.

Figure a) shows the magnetoresistance of a repre-
sentative Pb;_,Tl,Te sample with £=0.15% (with Hall
number py = 1.67 x 10¥%cm=3) for different field ori-
entations in the (110) plane, clearly exhibiting SdH os-
cillations. The (110) plane is a natural plane to study
the angle evolution of the SAH frequencies in PbTe as it
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FIG. 2. Magnetoresistance measurements as a function of
magnetic field rotated in the (110) plane for a representa-
tive sample Pbi_;T1;Te with z =0.15%. (a) Symmetrized
resistivity, [pea(H) + pze(—H)]/2, as a function of applied
magnetic field for different field orientations along the (110)
plane. (b) The oscillating component of the correspond-
ing magnetoresistance curves in (a) as a function of inverse
field. (c¢) Amplitude of the normalized FFT, represented by
the color scale, as a function of the angle of the field from
the [100] direction, and the frequency. The white curves
are the expected angular evolution for a perfect ellipsoidal
model (solid-lines for fundamental frequencies, dashed-lines
for second-harmonics).

passes through all of the crystallographic high symme-
try directions and allows the determination of both the
transverse and longitudinal extremal cross-sectional ar-
eas of the ellipsoidal pocket known to describe the first
valence band maximum situated at the L-point (the ‘L-
pocket’) in PbTe. Figure b) shows the oscillating com-
ponent of the magnetoresistance as a function of inverse
field, where the non-oscillating component has been re-
moved by fitting and subtracting a cubic spline from the
data in fig. a). Fourier analysis reveals multiple os-
cillatory components that are periodic in inverse field,
as expected for quantum oscillations, with frequencies
and magnitudes that vary as a function of angle. This
variation is illustrated in fig. [2(c) which shows how the
amplitude of the fast Fourier transform (FFT) of the os-
cillatory component of the magnetoresistance (fig. [2(b))
evolves with frequency and angle. Similarly to the non-
superconducting Na-doped analog [I5], all of the fre-
quencies observed at every angle can be very well fitted
by fundamental and second harmonics corresponding to
four ellipsoidal FS pockets at the L-point. This analy-
sis was repeated for each sample [16] and yields the val-
ues of the minimum and maximum cross-sectional areas

A [110]

[11

[100]
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FIG. 3.

Comparison of T. (panel (a); from ref. 23) and
L-pocket cross-sectional areas (panels (b-d)) as a function
of the measured Hall number, of Tl-doped PbTe (red data
points), non-superconducting Na-doped PbTe (black data
points, from ref. (15 and solid-green data point from ref. 27)),
and non-superconducting Pb;_sTe (open-green data points,
from refs. and [28). Insets illustrate the field orientations
relative to the L-pocket (pink ellipse), corresponding to an-
gles of 54.7°, 0° and 35.3° relative to [100]. The difference
between superconducting and non-superconducting composi-
tions is highlighted by yellow shading. Solid black lines in
panels (b-d) illustrate the functional dependence of pi{g ex-
pected for a perfect ellipsoidal model with fixed anisotropy.
Open red circles represent data obtained from SdH measure-
ments in fields only up to 14 T for Pby_,T1,Te; the fmnq- data
point for the highest Na concentration is represented by a gray
square in order to emphasize possible deviations from perfect
ellipsoidicity seen in this sample; and the f,q. data points for
the two highest T1 concentrations (pink circles) were deter-
mined from f,,;, and assuming a constant pocket anisotropy
K =14.3 [16].

of the L-pocket, which for this particular composition
are fmin = (36 £9) T and fiae = (125 £ 8) T respec-
tively. No signature of the ¥-pocket or any features of
non-ellipsoidicity of the L-pocket were observed at any
composition measured in this study.

The values of fiin, frmaz and fiog) (SAH frequency
with B || [100]), of the L-pocket measured here in
Pb;_,Tl,Te are shown in figs. b—d) as a function of

Hall number py (which is a good approximation to car-
rier concentration in a single band-ellipsoidal F'S [15]29]),
and compared to the same values previously found in
non-superconducting Pby_,Na, Te [15] and Pb;_sTe [27,
28]. As discussed in ref. [I5] in Pb;_,Na,Te and Pb;_sTe
the cross sectional areas follow the p?f’ evolution ex-
pected for a single-band perfect ellipsoidal model for all
the range of carrier concentration (except for the highest
Na doping measured, where there may be a small devi-
ation). This model also holds for non-superconducting
concentrations of T1 where x < z., but there is a clear
break from this trend for z > x. in Pb;_,T1,Te with
the deviation growing as x increases, concurrently with
T. (see fig. [3(a)). Evidently, the emergence of super-
conductivity in Pby_,T1,Te is concomitant with the for-
mation of a second electronic reservoir distinct from the
L-pockets.

In non-superconducting Pb;_,Na,Te the Luttinger
volume of the L-pocket and py are in excellent agreement
for all compositions, indicating that all mobile charges
are contained within the L-pocket [I5]. This is shown
in fig. a) where the black line shows the expectation if
each dopant contributes a single carrier (or equivalently
two carriers per lead vacancy) and the Luttinger volume
of Pb;_,Na,Te (black squares) follows this closely. How-
ever, the present data shows that Pb;_,TI1,Te departs
from this trend for > x.. The Hall number (open red
circles) falls below the expected value if each T1 dopant
were to contribute a single hole (as expected for a TI'*
valence), but still gives a significantly higher estimate
of the carrier concentration than the L-pocket Luttinger
volume, for composition above x.. The almost unchang-
ing Luttinger volume indicates that E'r has become al-
most fixed at around 130 meV for x > x., in sharp con-
trast to Pby_,Na,Te (fig. [f{b)). Er was calculated via
Kane’s model for an ellipsoidal non-parabolic band that
has been shown to be appropriate for the L-pocket in
PbTe [15, 29]. The applicability of Kane’s model further
allows the electronic DoS of the L-pocket to be estimated
and thus compared to the value derived from the Som-
merfeld coefficient of the specific heat that necessarily
encompasses all states at the Fermi energy. Similarly to
the comparison between the Luttinger volume and the
Hall effect, if all states are accounted for in the L-pocket
then these values should be in agreement, but fig. c)
shows a large surplus (blue-shaded area, fig. [fj(c)) of DoS
observed via heat capacity for x > . in Pb;_,Tl,Te that
cannot be accounted for by the L-pocket observed in the
present data. Whilst some of this anomalous increase
in the DoS could be due to a zero-bias peak associated
with the charge-kondo effect proposed in this material
[22], when taken together with the discrepancy between
Luttinger volume and py (shaded area, fig. [ffa)) it is
natural to conclude that there must be additional mobile
states outside of the L-pocket that continue to increase
in number with increasing composition despite E'r being
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FIG. 4. (a) Evolution of the Luttinger volume of the L-pocket
obtained from quantum oscillation measurements, (b) Fermi
energy (EF)), measured from the valence band edge at the
L-point, and (c) density of states at Er (g(EFr)) as a func-
tion of dopant concentration, x. Data for self-doped PbTe
(pEPivae) shown by green-triangles, Na-doped PbTe (pYN )
by black-squares, and Tl-doped PbTe (pi..) by red-filled
circles. Estimates of the carrier density obtained from pg
for Tl-doped samples (pglan) are shown by red-open circles
in panel (a). In all three panels, the expected evolution of
a single band ellipsoidal F'S, assuming one hole per dopant
and Kane’s model, is shown by a black curve [15, 30, BI]. Er
and g(Er) as calculated from the experimentally determined
L-pocket Luttinger volume and a single-band Kane’s model
dispersion (gz.(Fr), left-axis). Blue-diamonds in (c) represent
the total DoS of Tl-doped PbTe samples as obtained from
the electronic contribution to the heat capacity in ref. [23
(9cp(EFr), right-axis). Pink-shaded region in panel (a), and
blue-shaded region in panel (c), indicate respectively the ad-
ditional carriers and additional DoS found for Tl-doped PbTe
that do not belong to the L-pockets.

almost constant [16].

Although the data shown in figures[3]and [4] confirm the
presence of additional carriers outside of the L-pocket,
they do not unambiguously differentiate between the res-
onant impurity state and >-pocket scenarios. The quan-
tum oscillation amplitude is expected to be significantly
smaller for the 3-pocket owing to its low mobility relative
to the L-pocket [29] and therefore could be present but
unobserved in the data. Furthermore, the relatively large
DoS expected for the X-pocket could give the impression
that Er is pinned, which is the expectation for an impu-
rity state that is well defined in energy, as df—af is signif-
icantly reduced as Er reaches the ¥-band edge. To con-
firm that the X-pocket remains below Er for x > x. in
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FIG. 5. Band structure analysis of the ¥-pocket for two differ-
ent T1 concentrations illustrating that the 3-pocket remains
below Er for all T1 compositions. Dotted curves are guides
to the eye. (a) Projection of the Brillouin zone showing the
momentum locations of band dispersion data (green arrows).
(b)-(c) Band dispersion data of the ¥-band along the I'-X
direction, measured for Tl concentration (b) z = 0.29% and
(c) z = 1.39%. (d)-(e) Same as (b)-(c) but along the di-
rection perpendicular to the I'-¥ direction. (f) Energy dis-
tribution curves at selected momentum points in vicinity of
the X-pocket top, shown for both Tl dopings. Black and red
arrows point the locations of the top of the X-band. The
top of the Y-pocket is found to lie well below Er for all Tl
concentrations.

superconducting Pb;_,Tl,Te low-temperature ARPES
measurements were performed, the results of which are
shown in figure Fig. a) shows the location and di-
rection in the k;, ky plane of the band dispersion data
shown in figs. b—e) for the main and transverse axes
of the Y-pocket. The location of the Y-point was de-
termined from photon energy k, scans. The >-band at
this point is weakly k, dispersive. In both compositions
measured, =0.29%~ z. (fig.[5b&d)) and 2=1.39%> z
(fig. [ff(c&e)), the S-band is seen to remain below Ep by
approximately 170meV and 100meV respectively. This
is consistent with existing ARPES results that also con-
clude that only the L-pocket crosses Er for a sample of
2=0.5% [32]. This result strongly supports the conclu-
sion that the Y-pocket is not responsible for the anoma-
lous fermiology and superconductivity in Pby_,T1,Te at
X > Te.

The experimental results presented here lead to a num-
ber of robust conclusions about the nature of the Fermi-
ology of Pb;_,TIl,Te. The key conclusion is that the -
pocket remains well below Er for all compositions mea-
sured, directly showing that this additional band maxi-
mum is not responsible for superconductivity. Moreover,
Er becomes pinned in a narrow band of energies for
x > x., coincidently with the onset of superconductiv-



ity, which has previously been inferred but never defini-
tively established [I3] 14 22| 33]. Also, despite Er being
pinned, we find evidence that additional mobile carriers
are present but not associated with a coherent F'S pocket,
which could not previously have been inferred from ex-
isting data [34]. All of these conclusions strongly sup-
port the impurity band scenario illustrated in fig. b),
and are inconsistent with the Y-pocket scenario shown in
fig. [[a). This study provides the strongest experimental
evidence to date that attention should be focused on the
T1 impurity states in order to understand the supercon-
ductivity of Tl-doped PbTe.

It remains to be seen how the resonant impurity
states contribute to the enhanced superconductivity in
Tl-doped PbTe. Existing data in very heavily doped
Pb;_,Na,Te achieves a similar DoS to that seen in super-
conducting Pb;_,T1,Te yet still does not exhibit super-
conductivity down to 10 mK, which directly implies that
it is the pairing interaction (Vi from the BCS gap equa-
tion) that is introduced extrinsically by the T1 dopants
[35] that is the key factor determining the onset of su-
perconductivity. Phenomenological models that capture
the elements of the electronic structure associated with
these impurities certainly indicate that charge fluctua-
tions can provide an effective pairing interaction [19] [24].
It is also possible that the impurity states locally induce
an enhanced e-ph interaction, possibly due to correla-
tion effects, similar to what has been proposed for doped
BaBiOjs [36]. Independently of these questions, the un-
derstanding of the evolution of the electronic structure of
Pb;_,Tl,Te points the way towards the design of other
superconductors based on a similar mechanism.
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