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GeTe is a chemically simple IV — VI semiconductor which bears a rich plethora of different physical
properties induced by doping and external stimuli. Here we report a superconductor—semiconductor—
superconductor transition controlled by finely-tuned In doping. Our results reveal the existence of a
critical doping concentration z. = 0.12 in Ge;_,In,Te, where various properties, including structure,
resistivity, charge carrier type, and the density of states, take either an extremum or change their

character. At the same time we find indications of a change in the In-valence state from In

3+ to

In'* with increasing & by core-level photoemission spectroscopy, suggesting that this system is a
new promising playground to probe valence fluctuations and their possible impact on structural,
electronic, and thermodynamic properties of their host.

Superconductivity emerges from a wide range of parent
materials, including insulators and semiconductors, e.g.,
by doping, pressurizing, photo-irradation, etc. When
charge carriers are doped by partial substitution of one
element for another to form out a sufficiently large den-
sity of states (DOS) at the Fermi level (Er), supercon-
ductivity is established, provided that an effective attrac-
tive interaction works among electrons via lattice vibra-
tions. Therefore, choosing appropriate dopant atoms of-
fers to influence superconductivity through the formation
of DOS at EF, the provision of the attractive interaction
among electrons, and the frequency of lattice vibrations.
Historically, it was in the early 1960s that Cohen pre-
dicted superconductivity in many-valley semiconductors
and semimetals [1] due to their peculiar band structure,
which was experimentally confirmed soon after. Among
them is SnTe, which exhibits superconductivity below
critical temperatures T, of less than 300 mK. Interest-
ingly, 7. is strongly enhanced by In doping in its cu-
bic structure [2—4]. To explain this, the valence-skipping
nature [5-8] of In has been discussed [2-4] likewise Bi,
Sn, and T1. It should formally take its divalent state
but is expected to form out instead In'T and In3* or a
mixture of both. On the basis of the “negative-U mech-
anism” [5], the valence-skipping nature is predicted to
enhance the superconducting interaction as discussed for
Tl-doped PbTe [9], Ag-doped SnSe [10, 11], and K-doped
BaBiOs [12].

These interesting implications for superconductivity
turned our attention to GeTe [13], which exhibits a rich
variety of different phenomena [14], such as supercon-
ductivity [15], structural phase change memory function-
ality [16] and its magnetic analogue [17, 18], ferromag-
netism, multiferrocity [19-21], and good thermoelectric
properties [22] owing to its multi-valley band structure

[23]. Recently, it was pointed out that GeTe has poten-
tial to bear topologically nontrivial physics, making the
system even more attractive [24]. It is also well known
for a large Rashba spin splitting of its bulk bands due
to strong spin-orbit coupling and a polar distortion [25—
27] around 700 K from cubic to rhombohedral accompa-
nied with an elongation of the unit cell along the cubic
[111] direction, see Fig. 1(a) [28]. The band structure is
shown in Fig. 1(b) for cubic GeTe. The valence band is
mainly of Te 5p character while the conduction band pri-
marily consists of Ge 4p. Figure 1(c) gives a schematic
view of the DOS (left [29]) and the approximate position
of the atomic orbitals of In (right). In both panels the
small-gap feature of semiconducting GeTe is apparent.
In reality, however, GeTe features a metallic-like resistiv-
ity and superconducts at T, < 300 mK owing to unin-
tentionally doped holes due to Ge deficiency (Ge;_sTe)
[30]. Thus far, there have been only a few reports avail-
able focussing on thermoelectric properties and structure
in Gej_,In,Te and superconductivity in related systems
[31-34].

In this Letter we report the growth of Ge;_,In,Te by
employing a high-pressure synthesis method, the discov-
ery of a doping-induced superconductor—semiconductor—
superconductor transition, and the existence of a crit-
ical doping level (z. = 0.12) by means of transport
and specific-heat measurements. The results imply that
a change of the In-valence state from In®** (electron
doping) to In'* (hole doping) plays a role. Core-level
photoemission-spectroscopy data support this scenario:
At higher doping additional features appear, indicating
a different In-valence state. A model is proposed which
explains satisfactorily all observed features. These results
indicate that the valence-skipping feature of In governs,
or is intimately coupled with, the structural and elec-
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FIG. 1: (a) Schematic of the unit cell of GeTe. The grey
cube denotes the high-T' cubic unit cell, green the low-T
rhombohedrally-distorted modification. The black arrow in-
dicates the cubic [111] direction along which the distortion
takes place, cf. Ref. [17]. (b) Band structure of cubic GeTe.
The direct band gap of ~ 0.2 eV is located at the L point
of the Brillouin zone. The valence-band maximum (VBM) is
set to be zero energy. (c) Sketch of the density of states for
Gei—sTe [29] and the atomic energy levels of the In dopant.
The blue dotted line indicates Er for ideal GeTe without Ge
vacancies (& = 0). The more realistic case of Gej_sTe is
indicated with a red dashed line. Temperature-dependent re-
sistivities pyq(T") of Gei—zIngTe for (d) 0 < z < z. and (e)
ze <z < 1. (f) Expanded view of (e) for T' < 5 K.

tronic properties, including the emergence of supercon-
ductivity, of the whole phase diagram. For the details of
sample preparation, characterization, and measurements,
see the Supplemental Material (SM) [35].

Temperature (7') dependent resistivities p,, are sum-
marized in Figs. 1(d) (0 < 2 < 0.12) and 1(e) (0.12 < x <
1). As for the Ge;_sTe sample used here, § ~ 1.8% is es-
timated from the charge-carrier concentration at 300 K,
giving rise to metallic conduction [36]. When doping In,
the absolute values of p,, increase drastically. While
x = 0.04 still exhibits a metallic-like 7" dependence, sam-
ples with = > 0.1 feature a semiconductor-like p,. (7).
The largest absolute value of p,, is found for x, = 0.12.
As compared to z = 0, p,; at 2 K is enhanced by five
orders of magnitude. Nevertheless p,, (with the order of
a few Qem at 2K) exhibits a power-law T-dependence be-
ing clearly distinct from activation-type, and hence can-
not be associated with a finite band gap. Upon further
increasing x, pz, becomes again smaller, and for x > 0.44
all studied samples exhibit a metallic-like p.,(T). Fig-
ure 1(f) provides an expanded view for T' < 5 K, revealing
superconducting transitions as indicated by sharp drops
in pg(T) for x > 0.16. Moreover T, monotonously in-
creases with z.

Electronic specific-heat data ce) of selected samples are
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FIG. 2: Specific heat of Gej_zIn,Te for selected x measured
in B =0T (blue filled symbols) and B = 2 T (red open
symbols), which is sufficient to suppress the superconduc-
tivity. Dotted black lines denote the normal-state electronic
specific-heat coefficient y,,, dashed lines the electronic specific
heat in weak [green in (c)—(e)] or strong-coupling [red in (f)]
BCS theory, see text. Specific-heat anomalies are observed
for x > 0.16, indicating the formation of bulk superconduc-
tivity, which does not yet develop over the whole sample for
x = 0.16 as indicated by a residual nonsuperconducting phase
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displayed as ce1/T vs T plots in Fig. 2. For the details
of the analyses, cf. Ref. [4]. In agreement with resistiv-
ity, there is no anomaly visible for x = 0 in the T range
> 350 mK [Fig. 2(a)]. Doping In leads to a suppression
of the normal-state electronic specific-heat coefficient ,,
and hence the DOS at Ep. The lowest v, value is found
for . = 0.12 [Fig. 2(b)] which is most insulating. For
x = 0.16 [Fig. 2(c)], there is a jump-like anomaly on
top of a residual DOS corresponding to a nonsupercon-
ducting phase fraction of ~ 35%. Upon further doping
all samples are found to be bulk superconductors with
vanishing or rather small residual DOSs. Moreover, the
transitions are sharp, indicating a good sample quality.
Up to ¢ = 0.87, ¢q/T data can be well reproduced by
weak-coupling Bardeen-Cooper-Schrieffer (BCS) theory
[Fig. 2(c)—(e)] with A/kpT. = 1.764 (A represents the
superconducting gap). However, for x = 1 it is neces-
sary to increase A/kgT. to 1.95 to yield a satisfactorily
description [Fig. 2(f)]. This apparent difference is dis-
cussed in Section S9 of the SM [35]. As for the samples
with 0.12 < z < 0.16, we note that there are drops to zero
in resistivity data, but there is no accompanying specific-
heat anomaly, indicating filamentary superconductivity.

Several physical quantities of Ge;_; In,Te are summa-
rized in Fig. 3. The evolution of the unit-cell volume
with x is shown in Fig. 3(a). As summarized in Sec-
tion S2 of the SM [35], there is a coexistence region
0.08 < z < 0.14 with rhombohedral and cubic phase
fractions, and the structure is better described in rhom-
bohedral for x < 0.12 and in cubic above. Interestingly,
the unit-cell volume V shrinks as long as the system is
rhombohedrally distorted while V' strongly increases in
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FIG. 3: Variation of physical quantities in Ge1_zIn,Te. (a)
Pseudocubic unit-cell volume for rhombohedral (z < 0.12)
and cubic structure (z > 0.12) at 300 K. (b) Zero-field re-
sistivity at 300 K (red open symbols) and at low T (blue
filled symbols; at 2 K for z < 0.25 and above 7. for larger
z). (c) Charge-carrier concentration n at 300 K. Note that
n for © > 0.25 (dashed-dotted vertical line) are multiplied by
0.1 for clarity. (d) Superconducting 7T, as estimated from re-
sistivity, specific heat, and magnetization. The error bars for
data points below x = 0.16 indicate that these samples do not
superconduct down to approx. 400 mK. (e) Normal-state elec-
tronic specific-heat coefficients vn. (f) Electron-phonon cou-
pling strength deduced from specific-heat data. Dotted lines
are guide to the eyes, solid horizontal lines in (c) — (e) indicate
baselines, and the dashed vertical lines denote x. = 0.12.

the cubic phase. Notably, Vegard’s law is violated: the
slope of V(x) starts to increase above x ~ 0.25. The
lattice constants are shown in Fig. S3a of the SM [35].

Absolute values of p,, at 300 K and at low T' (at 2 K for
2z < 0.25 and above T, for larger x) are plotted against
x in Fig. 3(b). The sharp and strong enhancement of
Pae around z. = 0.12 is most pronounced at low 7' and
still clearly recognized at 300 K, highlighting this critical
In-doping concentration.

In Fig. 3(c) the charge-carrier concentrations n are
plotted against x as estimated from magnetic-field B de-
pendent Hall-effect p,,(B) measurements at 300 K, al-
though n deduced from p,.(B) may show some devia-
tion from the real value for metallic samples. The hole-
type charge-carrier concentration is quickly suppressed
when introducing In, and changes sign around z. = 0.12,
i.e., the most insulating doping range. In spite of the
semiconductor-like slope of p..(T) for 0.25 < x < 0.44,
the electron concentrations in these samples are already
of the order of 10?2 cm™2 and hence the conduction
regime is barely metallic. For x > 0.44, n stays al-
most constant around 10%2 cm~2. The cation deficiency
0, which may affect n, is described in Section S6 of the
SM [35].

Superconducting T, values as estimated from resis-
tivity, specific-heat, and magnetization data increase
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FIG. 4: (a) Valence-band photoemission spectra of
Gei1—gInzTe for x < 0.25 recorded by the photon energy of
hv = 90 eV. Data for different = are shifted with respect to
each other for clarity. The vertical solid line represents Er. At
each data set, horizontal solid lines indicate the baseline and
dotted lines are linear fits to the data below Er. The arrows
denote the energies where these lines intersect as a measure
of the valence-band-maximum (VBM) energy. (b) Replotted
VBM energies as a function of x. The sign change indicates
where Er shifts above the VBM, coinciding with z. = 0.12.
The dotted line is a guide to the eyes. (c) Peak energies of
In-3ds/2-core-level photoemission spectra are plotted against
x, demonstrating the two different In-valence states. Grada-
tions indicate the coexistence region of both valence states,
and the change from mainly In®** (blue; low doping) to mainly
In'" (red; high doping). Dashed horizontal lines indicate the
average peak energy of each feature which differ by approxi-
mately 200 meV. (d) Schematic illustration of the evolution
of the band structure [29] in Ge;_.In,Te with z, see text.

monotonously with # and agree well with each other, see
Fig. 3(d). Notably, near InTe, T, increases very rapidly.

Figure 3(e) shows the evolution of 7, with z. The ~,
value of the measured GeTe sample has a smaller value
than the sample for x = 0.04, probably due to the partic-
ular value of the Ge deficiency of the examined specimen.
Upon increasing z, 7y, is reduced and almost zero but fi-
nite around z. = 0.12 in accord with the charge-carrier
concentration. For larger x, v, increases monotonously.

Figure 3(f) summarizes the electron-phonon coupling
strength A\ as estimated from specific-heat analyses. It
increases with almost constant slope over the supercon-
ducting doping range 0.16 < x < 1. The strong enhance-
ment of T, for = 1 is neither clearly reflected in v, nor
in A, cf. Section S9 of the SM [35].

To obtain information on how the electronic structure
changes upon In doping, we performed photoemission
spectroscopy. Figure 4(a) shows the valence-band spec-
tra for x < 0.25 around Fpg, which is indicated by a
vertical solid line. The observed behavior is typical for
a p-type semiconducting system. Arrows indicate the
valence-band maximum (VBM). The energy values of the
VBM are replotted in Fig. 4(b). Apparently the VBM



shifts linearly with x from above to below Er and co-
incides with Er at x. = 0.12, indicating the depletion
of the charge carriers at and their sign change across ..
At higher > 0.44, the spectra change qualitatively from
semiconducting to metallic as seen in Figs. S6(a) and (b)
of the SM [35]. A step or edge at Ep reflects the metallic
character of these samples.

Bulk-sensitive x-ray PES measurements (hv =
1486.6 V) for the In-3ds /5 core-level allowed us to obtain
information about the valence state of In, cf. Fig. S6(c)
of the SM [35]. In the intermediate doping region 0.25 <
r < 0.64, the core-level structure broadens, and the peak
position changes suddenly around = = 0.34. The peak
energies are replotted in Fig. 4(c). These two values are
associated with the two valence states of In. Dashed hor-
izontal lines are guides for the energies of both features.
They are separated by approximately 0.2 eV, similarly as
Sn?* and Sn** peaks in Sn core-level spectra of AgSnSes
[11] or Sn oxides [37]. In the case of AgSnSey, Sn?T and
Sn*t peaks appear at binding energies of ~ 485.6 and
~ 486.3 eV, respectively, thus indicating a separation of
~ 0.7 eV. In analogy with this behavior, we attribute the
energetically shallower feature (~ 444.25 eV) to the In'™
and the deeper one (~ 444.44 eV) to the In®T state.

Given the observed superconductor—semiconductor—
superconductor transition induced by valence-skipping In
with favorable In'* (4d'°5s2) and In3* (4d'°5s%) valence
states [5, 7, 38], we will finally discuss their role based
on the sketch in Fig. 4(d). It illustrates the plausible
evolution of the In states as a function of « on the basis
of the results summarized in Figs. 1—-4. The left-most
schematic DOS shows the situation in Ge;_sTe. The
Fermi level lies in the Te-5p band, giving rise to metallic-
like conduction with hole-type carriers. The second pic-
ture shows the situation for light In doping, which ef-
fectively reduces the hole-type carriers, shifting Fr up-
wards. According to Ref. 2, light In doping leads to the
formation of impurity states located at the top of the
VBM. This is also confirmed by our band calculation for
xc = 0.12 [Section S10 in the SM [35]]. In the sketch, this
feature is labelled “In 5s5p” to emphasize its origin from
the respective atomic In orbitals. These newly-formed
states are mostly empty, and hence the initial valence
state of In is 3+.

Upon further doping, the impurity band becomes wider
and the initial “In 5s5p” states start to separate as shown
in the central drawing of Fig. 4(d). The conduction mech-
anism will gain again metallic character above z, = 0.12.
Recently the bonding state in GeTe is discussed as in-
cipient metal due to a competition between localization
and delocalization [39-41]. If this holds for light In dop-
ing, one might speculate whether this type of bonding
helps facilitating the superconductivity in Ge;_,In,Te as
soon as the In doping drives the system into a conduct-
ing regime again, i.e., for x > 0.12. The next schematic
shows how the bands of In 5p—Ge 4p and In 55— Ge 4s

characters form mixed orbital states at higher doping,
called “amalgamated bands” in Ref. [42]. When the dop-
ing level is sufficiently high, the In-5s orbitals will have
developed into a proper fully occupied band below Fg.
Only the In-5p band remains empty, thus In now takes
its 14 state.

The analysis of the In-3ds/, core-level photoemission
spectra yields further confirmation: For low doping up
to x ~ 0.25, we can only identify the feature at higher
binding energy (In3*). From x = 0.25 a second feature
develops, indicating that the valence state of the dopants
start to become 14. At the same time the peak rep-
resenting the In3t state fades away and is hardly seen
for © > 0.44, cf. Fig. S6(c) of the SM [35]. Therefore
the crossover from 3+ to 14+ mainly takes place between
x ~ 0.25 and ~ 0.64, cf. Fig. 4(c). Nevertheless it is likely
that some In dopants start to take their 1+ state already
around z. ~ 0.12 and hence leading to the formation
of additional DOS as indicated by the monotonous in-
crease of 7, for z > 0.12, cf. Fig. 3(e). When Ge;_,In,Te
has completely switched to cubic structure and sufficient
DOS has formed at Ey, superconductivity appears, i.e.,
at a slightly higher = > z.. Hence the emergence of su-
perconductivity is related to the valence instability of the
In dopant. The increasing number of In't dopants fur-
ther enhances the superconductivity by providing more
and more DOS, which explains why T¢, vn, and A [cf.
Figs. 3(d)—(f)] increase monotonically with z. The va-
lence change is also reflected in the nonmonotonous be-
havior of the unit-cell volume V' with z, cf. Fig. 3(a):
V decreases as x increases to x. = 0.12 because of the
smaller ionic radius of In3*, but tends to nonlinearly in-
crease above x. due to the increasing fraction of larger
In'" ions.

At higher doping, the system behaves like a metal as
indicated by resistivity data [Fig. 1(e)]. This situation is
sketched in the final drawing in Fig. 4(d) for pure InTe,
where a metallic ground state with a large Fermi surface
and empty In-5p bands is realized. To assume the 1+
state for In is reasonable even for metallic InTe, because
of the energetic proximity of the Te 5p and In 5p states
allowing an easy charge transfer.

In summary, we report the discovery of a
superconductor—semiconductor—superconductor transi-
tion in Ge;_,In,Te and the existence of a critical doping
concentration x. = 0.12, where various properties are
governed or strongly affected by the crossover of the In
valence state from 3+ to 1+: The structure changes
from polarly-rhombohedral to cubic, the resistivity
increases by orders of magnitude, the charge-carrier type
changes from holes to electrons, and the density of states
diminishes at the dawn of an emerging superconducting
phase. This highlights the question about the exact role
of the associated valence instability in superconducting
systems such as In-doped GeTe and SnTe, which is a
promising starting point for future studies.
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