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Doping Induced Evolution of Fermi Surface in Low Carrier Superconductor Tl-Doped PbTe
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We have performed high-resolution angle-resolved photoemission spectroscopy on Tl-doped PbTe. We
observed a distinct energy shift of the valence band and core levels upon Tl doping, together with the
evolution of a small hole pocket around the X point in the Brillouin zone, while no clear evidence for the
localized states near the Fermi level is observed. These experimental results suggest that direct hole
doping into the valence band and resultant emergence of a small Fermi surface are responsible for the

metallic conductivity in Tl-doped PbTe.
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According to the Bardeen-Cooper-Shrieffer (BCS) the-
ory, superconductivity occurs when two electrons with op-
posite spins condensate into a Cooper pair [1]. The BCS
theory provides an excellent description of various physi-
cal properties of conventional superconductors by assum-
ing an isotropic electron-phonon coupling. However, it is
also well known that the physical properties of some other
superconductors show a remarkable deviation from the
conventional behavior, requesting an exotic superconduct-
ing (SC) mechanism beyond the simple electron-phonon
coupling scenario. Typical examples are the spin-mediated
superconductivity as discussed in high-7, cuprates and
heavy fermions [2], and the charge-mediated superconduc-
tivity as suggested in organic superconductors [3].

The impurity-doped narrow-gap semiconductor TI-
doped PbTe has also drawn considerable interest since its
SC properties apparently deviate from the conventional
behavior [4]. For example, the carrier concentration
(~10%° cm™3) at the maximum T, (~1.5 K for Tl concen-
tration of x ~ 1.5 at.%) is 2 orders of magnitude lower than
that of normal metals (~10*? cm~3) with a similar T, value
[4,5]. Superconductivity is not observed in other impurity-
substituted PbTe even when the carrier concentration is
similar to the Tl-doped one [6]. The 7, value monotoni-
cally increases with Tl doping up to the solubility limit of
x ~ 1.5 at.%, while the carrier concentration is almost
saturated beyond a critical Tl concentration (x,.~
0.3 at.%) [6-8].

To explain these anomalous properties, two different
types of theoretical models based on the localized impurity
states [5,8,9] or the negative-U effect [5,8,10—13] have
been proposed, although the applicability of these models
is highly controversial at present. In the former model, Tl
doping produces localized states with a relatively large
density of states (DOS) at the top of the valence band to
pin the Fermi level (Er) there [9]. In this case, the occur-
rence of superconductivity is most likely explained by the
electron-phonon coupling. In the latter model, the T1 im-
purity itself causes the electron pairing by acting as a
negative-U center, and the existence of two different va-
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lences in Tl ions (T1" and TI3") is essential for stabilizing
the superconductivity [10—13]. It has been suggested from
the experiments of low-temperature transport properties
[6,14] and the theoretical interpretation [13,15] that the
valence fluctuation between T1* and TI** ions plays a
crucial role for the superconductivity (charge Kondo
model). To examine the validity of these models as well
as to elucidate the origin of anomalous physical properties
of Tl-doped PbTe, it is essential to directly observe the
change of the band structure and the Fermi surface (FS)
upon T1 doping.

In this Letter, we report results of high-resolution angle-
resolved photoemission spectroscopy (ARPES) on
Pb;_,T1, Te (x = 0.0 and 0.5 at.%). We have determined
the valence band as well as the near-E band structure, and
directly observed the change of the electronic structure
upon TI doping. We found that the metallic conductivity
in Tl-doped PbTe arises from a small FS at X point in the
surface Brillouin zone (BZ) produced by the direct hole
doping into the valence band. We discuss the implication of
present experimental results in comparison with theoretical
models based on the impurity states [5,8,9] or the
negative-U effect [5,8,10—13].

High-quality single crystals of Pb,_,Tl, Te were grown
by the Bridgman method. We used pristine (x = 0.0%) and
SC(x = 0.5 at.%, T, = 0.35 K) samples for ARPES mea-
surements. We have performed ARPES measurements us-
ing a SES2002 spectrometer with high-flux discharge lamp
and a toroidal grating monochromator. We used the He 1«
and He Il resonance lines (hv = 21.218 and 40.814 eV,
respectively) to excite photoelectrons. The energy and
angular resolutions were set at 7-16 meV and 0.2°, respec-
tively. The sample was cleaved or scraped in situ along the
(001) plane at 20 K in a vacuum of 2 X 107! Torr.

Figure 1(a) shows the bulk fcc BZ of PbTe (black lines),
together with its surface BZ projected onto the (001) plane
(blue rectangle). We measured valence-band ARPES spec-
tra of pristine PbTe at 20 K along two representative cuts,
I'K and I'X directions [Figs. 1(b) and 1(c), respectively], as
a function of polar angle with respect to the surface normal
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FIG. 1 (color). (a) Bulk fcc BZ of PbTe (black solid lines) and
the surface BZ projected onto the (001) plane (blue rectangle).
Red and green shaded areas correspond to the emission planes
for the ARPES measurements along two high-symmetry lines,
I'K and I'X, respectively. (b) and (c) Valence-band ARPES
spectra of pristine PbTe measured with He I« line at 20 K along
the 'K and I'X directions, respectively. Polar angle (6) with
respect to the surface normal is denoted. (d) and
(e) Experimental band structures of PbTe along the 'K and
I'X directions, respectively. Bright areas correspond to bands.
Calculated bands [16] are also shown by red solid (k, = 0) and
broken (k, = ) lines.

(0). In the 'K cut [Fig. 1(b)], we find peaks at 0.9, 2.5, and
3.2 eV binding energy at § = 0°, which all show holelike
dispersion centered at § = 0°. We also find another band at
around 0.9 eV at 6 = 38°, which approaches Er with
reducing 6 and disperses back toward higher binding en-
ergy at 6 <20°. In the I'X cut, [Fig. 1(c)], we observe
similar bands around 6 = 0°, while the spectral feature at
0 larger than 10° looks significantly different from that in
the I'K cut. To see more clearly the dispersive feature of
bands, we have mapped out the band structure and show
the result in Figs. 1(d) and 1(e) for the I'K and I'X direc-
tions, respectively. The experimental band structure is
obtained by plotting the intensity of second derivatives of
the spectral intensity as a function of wave vector and
binding energy. Bright areas correspond to the experimen-
tal bands. We also show in Fig. 1(d) the band structure
calculated with the empirical pseudopotential method
along the I'K direction at k, = 0 and 7 (solid and broken
lines, respectively) [16]. As clearly seen in Fig. 1(d), the
experimentally determined valence-band structure shows a
good agreement with the calculations for both k, =

0('KX) and w(XKT), indicating that bands with different
k, values are simultaneously observed in the experiment
due to the large k, broadening. Hence the obtained ARPES
data mainly reflect the electronic states integrated over the
I'XT'X emission plane [red area in Fig. 1(a)], consistent
with the previous ARPES reports on PbTe [17,18].
According to the band calculation, these bands are as-
signed to the Te 5p orbital with small admixture from
the Pb 6p orbital. It is also inferred that the ARPES data
along the I'X direction would reflect the electronic states
integrated over the I'XXX emission plane [green area in
Fig. 1(a)], although the band calculation at k, = 7 (XWX
direction) is not available [16]. It is noted here that quite
similar valence-band dispersions are observed in the TI-
doped sample.

To clarify the change in the electronic structure upon TI
doping, we have performed angle-integrated PES measure-
ment for pristine and Tl-doped PbTe (x = 0.5 at.%) and
compare the result in Fig. 2. As clearly seen in Fig. 2, the
angle-integrated PES spectrum which roughly reflects the
valence-band DOS looks very similar between two
samples, while the spectrum of the Tl-doped sample is
slightly shifted as a whole toward low-binding energy by
about 50 meV with respect to that of pristine sample. This
demonstrates that 0.5% TI doping causes a chemical po-
tential shift of about 50 meV. This is further confirmed by
the Pb 5d core-level PES measurement shown in the inset,
where the spin-orbit-splitted Pb 5d3/, and 5ds,, peaks are
shifted as a whole toward low binding energy by 50 meV
upon T1 doping.

To see more clearly the change in the near-Ey band
structure upon Tl doping, we have performed high-
resolution ARPES measurements along the cut around X
point in the surface BZ [a green line shown in the inset to
Fig. 3(a)]. The X point corresponds to the projection of the
L point in the bulk BZ where the band approaches closest
to Er. Figure 3 shows ARPES spectra measured at 20 K for
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FIG. 2 (color). Angle-integrated PES spectra in the valence-
band region of pristine (red line) and T10.5% (blue line) PbTe,
measured with the He I« line. Inset shows the Pb 5d core-level
PES spectra for each sample measured with the He Il line.
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FIG. 3 (color). ARPES spectra near Ej for (a) pristine and
(b) T10.5% PbTe measured at 20 K with the He I« line along a
green line in the surface BZ (inset). (c¢) ARPES intensity plots of
(a) and (b) as a function of binding energy and wave vector.

(a) pristine and (b) T10.5% samples, together with (c) their
intensity plots. It is expected from the band calculation
[16] that when holes are doped into the valence band, a
small FS will appear at first at the L point of bulk BZ. We
find in Fig. 3(a) a relatively broad dispersive feature in the
pristine sample, which has the top of dispersion around the
X point at about 0.2 eV. By comparing with the calculation
[16], this dispersive band is assigned to the heavy hole
band which has the top of dispersion halfway between the
I" and K points. We also find a broad shoulderlike feature in
the low-binding-energy side toward E [Fig. 3(a) and 3(c)],
which is assigned to the calculated light hole band [16]
having the top of dispersion at the L point [19]. We infer
that a small Fermi-edge structure in the ARPES spectra
around the X point of the pristine sample may be explained
in terms of a tiny hole doping due to Pb defects in the
crystal [20]. In the T10.5% sample [Fig. 3(b)], the peak in
the ARPES spectrum at the X point is shifted toward E by
approximately 50 meV, consistent with the result in Fig. 2.
Furthermore, the spectral intensity at Ep drastically in-
creases and the momentum (k) region where a clear
Fermi edge is seen is substantially expanded in comparison
with that of a pristine sample. In contrast, no clear signa-
ture for the impurity level (band) at Ef is seen because the
Fermi-edge structure is observed in a relatively narrow k
region around the X point [Fig. 3(c)] contrary to the

small cross section of electrons in the T1 orbital, because
the expected bandwidth of the localized states is compa-
rable to the energy resolution of the present ARPES ex-
periment [21], and the localized states should be resolved
in the k region where the valence-band intensity vanishes at
Er even when the cross section of Tl electrons is relatively
small. All these experimental results indicate that the sub-
stitution of Tl for Pb causes the direct hole doping into the
light hole band of pristine PbTe. It is also noticed here that
the ARPES spectrum of the T10.5% sample in Fig. 3 is not
simply explained by a rigid-band model because the spec-
tral line shape itself changes with doping. This change
might be due to the binding-energy dependence of the
lifetime of electrons near Ep and/or a matrix-element
effect in the photoexcitation process.

To elucidate the effect of Tl doping on the k dependence
of near-Er electronic states, we have performed high-
resolution ARPES measurements to cover the full BZ.
Figure 4 shows plots of the ARPES spectral intensity at
Er measured at 20 K as a function of the two-dimensional
wave vector in the surface BZ, for (a) pristine and
(b) T10.5% samples. The spectral intensity was normalized
to the integrated spectral intensity in the energy range of
0—4.8 eV which covers the whole valence-band region. In
the pristine sample [Fig. 4(a)], we observe the finite inten-
sity in a very small k region centered at the X point, which
corresponds to the Fermi edge originating in the light hole
band [see Fig. 3(a)]. Upon Tl doping [Fig. 4(b)], this
feature becomes large and intense, and evolves into a large
spherelike FS. These changes with doping are robust to the
normalization procedure, since the change in the electron
number by T10.5% doping is negligible with respect to the
total number of valence electrons. We confirmed this point
by performing several normalizations with different energy

FIG. 4 (color). ARPES spectral intensity plots at Ep as a
function of the two-dimensional wave vector measured at 20 K
with the He Ia line for (a) pristine and (b) T10.5% samples.
Spectral weight is integrated within 15 meV with respect to Ef.
We have symmetrized the spectral weight by assuming the
fourfold symmetry. A momentum region where the ARPES
spectra were actually measured is shown by the gray triangle
area. (c) Intensity plot of |grad, n(k)| for the T10.5% sample.
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ranges. The topology of FS in Figs. 4(a) and 4(b) is hole-
like judging from the band dispersion in Fig. 3, consistent
with the positive value of the Hall coefficient [22]. We have
roughly estimated the volume of FS of T10.5% PbTe as
follows. We at first determined the position of Fermi
vectors (kr) in the surface BZ by tracing the local maxima
of |grad, n(k)| [23] shown in Fig. 4(c). We assumed an
ellipsoidal FS centered at the L point elongated along the
I'L direction as in the band calculation [16]. The estimated
separation between two kx points along the I' X direction
(0.25 + 0.06 A™1) is 1/+/2 of the longer axis (2b), while
that along the X M direction (0.16 * 0.04 A~") is the same
as the shorter axis (2a). The estimated volume of FS
(4ma’b/3) with respect to the full BZ volume is (5.1 =
2.8) X 1073, corresponding to the carrier concentration of
(1.5 £ 0.8) X 10%° cm™3. This value is roughly consistent
with the estimated value from the Hall coefficient
(~0.6 X 10%° cm™3) [6]. The difference by a factor of
2-3 may be due to the finite resolution in the ARPES
experiment which is likely to cause the overestimation of
the FS volume and/or additional hole doping caused by Pb
defects.

Now we discuss the implication of our experimental
results in comparison with theoretical models. We summa-
rize the present ARPES results: (i) Tl doping produces a
shift of the valence band and the core level, (ii) nondisper-
sive localized impurity states (bands) near Er are not
clearly observed in the T10.5% sample, and (iii) the FS is
observed only at the X point where the valence band of
pristine PbTe is closest to Er. All these experimental re-
sults suggest that the T1 doping of up to 0.5 at.% causes a
direct hole doping into the valence-band top of pristine
PbTe, but does not produce impurity states at Er. Since the
Tl concentration of the present sample (x = 0.5 at.%) ex-
ceeds the critical value (x, = 0.3 at.%) where the hole con-
centration starts to saturate, we should have observed the
quasilocalized impurity states at Er, if the impurity states
play an essential role for the saturation of the hole concen-
tration. The present ARPES results suggest the electronic
states of the T10.5% sample may not be well explained by
the localized impurity-state model. On the other hand, the
negative-U model assumes that all T]1 impurities in the
compound act as T1" for x < x, [13,15]. In this case, holes
are doped into the valence band of PbTe, consistent with
the chemical potential shift observed in the present experi-
mental result. While the negative-U model predicts a
presence of the Kondo resonance peak near E below the
Kondo temperature (Tg) [13,15], we do not find a clear
evidence for it in the ARPES spectrum, probably due to the
relatively high temperature of ARPES measurements
(20 K) compared to Tk (~6 K). This point should be clar-
ified in the future by ARPES measurements below 7. The
present ARPES result puts a constraint on the theoretical
model to describe the electronic states of Tl-doped PbTe.

In conclusion, we found by ARPES that Tl doping in
PbTe causes the direct hole doping into the top of valence
band of pristine PbTe. We also found no clear evidence for
the existence of the localized impurity states at E. These
results suggest that the doped holes in the valence band of
PbTe are responsible for the metallic conductivity in TI-
doped PbTe.
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