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Charge-carrier localization induced by excess Fe in the superconductor Fe,,Te;_,Se,
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We have investigated the effect of Fe nonstoichiometry on properties of the Fe1+y(Te,Se) superconductor
system by means of resistivity, Hall coefficient, magnetic susceptibility, and specific-heat measurements. We

find that the excess Fe at interstitial sites of the (Te, Se) layers not only suppresses superconductivity but also
results in a weakly localized electronic state. We argue that these effects originate from the magnetic coupling
between the excess Fe and the adjacent Fe square-planar sheets, which favors a short-range magnetic order.

DOI: 10.1103/PhysRevB.80.174509

I. INTRODUCTION

The discovery of high-temperature superconductivity in
Fe-based  compounds has  generated tremendous
excitement.'® Fe,, (Te,Se) is an important ferrous super-
conducting system. The superconducting transition tempera-
ture of the end member, FeSe (T.,~8 K), whose supercon-
ductivity was first discovered by Hsu et al.,” can be raised to
14-15 K by partial Te substitution for Se,*® and up to
~27-37 K by applying hydrostatic pressure.'®!3 Density-
functional theory (DFT) calculations showed that Fermi sur-
faces (FS) of FeSe and FeTe are similar to those of FeAs
compounds,'# which was confirmed by recent photoemission
studies.'> Superconductivity in Fe,,,Se is extremely sensi-
tive to stoichiometry'® and cannot be understood in the stan-
dard electron-phonon picture.'*!7-!8 The observation of spin
resonance below T, and enhancement of spin fluctuations
near 7, in this system suggests a superconducting pairing
mechanism mediated by spin fluctuations.'>** While this ma-
terial series possesses a crystal structure resembling those of
iron arsenides’ with Fe square planar sheets [Fe(1) in Fig. 1]
forming from the edge-sharing iron chalcogen tetrahedral
network, it exhibits an interesting aspect: the interstitial sites
of the (Te, Se) layers allow partial occupation of iron, result-
ing in nonstoichiometric composition Fe,,,(Te,Se), where y
represents excess Fe at interstitial sites [Fe(2) in Fig. 1].212
This structural characteristic is analogous to that of
Li;_,FeAs in which Li occupies interstitial sites of As
layers.?32

The end member Fe,,,Te in the Fe,,,(Te,Se) series is not
superconducting. Instead it exhibits a simultaneous structural
and antiferromagnetic (AFM) phase transition near 60-70 K
(Refs. 21, 22, and 26) with the AFM structure distinct from
those seen in undoped FeAs compounds.?’~?° The AFM order
in Fe,,,Te propagates along the diagonal direction of the Fe
square lattice?>?¢ while in FeAs compounds the propagation
direction of the spin-density wave (SDW)-type AFM order is
along the edge of the Fe square lattice.?’-2° Another interest-
ing feature of Fe,, Te is that its AFM wave vector can be
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tuned by the excess Fe, changing from commensurate to in-
commensurate when y is increased above 0.076.2> These re-
sults suggest that the mechanism of magnetism in Fe,, Te
should be very different from that of the FS nesting driven
SDW order in FeAs parent compounds. In fact, FS nesting
associated with the SDW instability as well as the expected
SDW gap was not observed in Fe,,,Te.!>3" Several theoret-
ical models have been proposed to explain the unusual mag-
netic order in Fe,,,Te '
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FIG. 1. (Color online) Upper panel: schematic crystal structure
of FeHy(Te,Se). The iron on the square-planar sheet is denoted by
Fe(1); the iron partially occupying at the interstitial sites of the (Te,
Se) layers is the excess Fe, denoted by Fe(2). (a) Magnetic suscep-
tibility as a function of temperature x(7) measured under a mag-
netic field of 30 Oe (applied along the ¢ axis). (b) In-plane resistiv-
ity as a function of temperatures p,,(7). SC1 and SC2 represent two
superconducting samples with 3% and 11% Fe(2).
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TABLE I. Sample nominal compositions and compositions mea-
sured by EDXS.

Nominal composition =~ Measured average composition  Label
Fe(Teg ¢Seq.4) Fe, 03(Teg 635€0.37) SCl
Fe | 15(TeggSeo.4) Fe, 11(Teq 645€0.36) SC2
FeTe Fe 1 '04TC NSCl1
Fe]'lgTe Fel'”Te NSC2

The observation of the dramatic effect of excess Fe on the
AFM order in Fe,,Te suggests that the effect of excess Fe
on the superconducting properties of Fe,,,(Te,Se) must be
understood in order to understand the superconducting pair-
ing mechanism. In this paper, we report experimental results
showing how the superconducting and normal-state proper-
ties of the Fe,,,(Te,Se) system are controlled by the excess
Fe: the excess Fe was found to lead to weakly localized
electronic states and the suppression of superconductivity.
We argue that the weakly localized states are caused by mag-
netic coupling between the excess Fe and the adjacent Fe
square-planar sheets.

II. EXPERIMENT

Two groups of single crystals with nominal compositions
Fe,,Te and Fe;,,(TegsSeq4), y=0 and 0.18, were used in
this study. From our previous studies on polycrystalline
samples,® the composition Fe,,,(Te,Seg4) should have the
highest T, while Fe,,Te is not superconducting. The single
crystals were synthesized by a flux method. Mixed powders
of these compositions were sealed in evacuated quartz tubes
and slowly heated to 930 °C, and slowly cooled to 400 °C
at a rate of 3 °C/h before the furnace was shut down. Single
crystals with dimensions of ~1 cm X 0.5 cmX 0.5 cm can
easily be obtained with this method and are shown to be the
pure B phase (called « phase in Refs. 7 and 8) with the
P4/nmm space group by x-ray diffraction. The sample com-
positions were analyzed using an energy dispersive x-ray
spectrometer (EDXS). Table I summarizes all nominal and
measured compositions of samples used in this study. We
will use SC1 and SC2 to denote the superconducting samples
with less and more excess Fe, and NSC1 and NSC2 for the
nonsuperconducting  parent compounds, respectively.
Samples SC1 and NSC1 have approximately 3—4 % excess
Fe whereas Samples SC2 and NSC2 have approximately
11% excess Fe. We have performed comprehensive studies
on these samples through measurements of resistivity (using
a four-probe method), Hall effect (using a five-probe method
with magnetic field applied along the ¢ axis), specific heat (a
standard semiadiabatic heat-pulse technique), and magnetic
susceptibility. These measurements were performed in Quan-
tum Design Physical Property Measurement System and su-
perconducting quantum interference device magnetometer.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the magnetic susceptibility of the
samples SC1 and SC2 measured under a magnetic field of 30
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FIG. 2. (Color online) (a) In-plane resistivity as a function of
temperature p,,(7) for superconducting samples SC1 [3% Fe(2)]
and SC2 [11%Fe(2)]. (b) Resistivity along the ¢ axis p,(T) for
samples SCI and SC2.

Oe with a zero-field cooling. Sample SC1 was found to show
large diamagnetism reflecting bulk superconductivity, consis-
tent with a recent report of bulk superconductivity in single-
crystal samples FeTe,sSeys.>> Sample SC2, on the other
hand, shows small diamagnetism and a broad transition, sug-
gesting the absence of bulk superconductivity. In-plane resis-
tivity (p,,) measurements showed an onset superconducting
transition temperature 70" of ~14.8 K for sample SC1 and
11.6 K for Sample SC2 [Fig. 1(b)]. The transition width AT,
was found to be 1.3 K for sample SC1 and 5.1 K for Sample
SC2. These observations suggest that the excess Fe lowers
not only the 7, but the superconducting volume fraction in
Fey,,(Tep6Seg4) as well. A similar trend was found previ-
ously in Fe,, Se.'®

The physical origin of suppression of superconductivity
by the excess Fe in Fe,,,(Te;Se4) can be inferred from its
effects on the normal-state transport properties. As shown in
Figs. 2(a) and 2(b), the sample SC2 with high excess Fe
shows nonmetallic behavior above the superconducting tran-
sition in both p,, and p, with logarithmic temperature depen-
dences below 50 K [Fig. 3(a)]. The logarithmic behavior is
characteristic of weak localization in two dimensions.
Sample SC1 containing less excess Fe, on the other hand,
features metallic behavior below 200 K for p,, [Fig. 2(a)]
and below 75 K for p, [Fig. 2(b)]. These observations sug-
gest that the increase in excess Fe concentration results in a
weakly localized electronic state.

The behavior of the nonsuperconducting parent com-
pounds Fe,,,Te is also strongly affected by the excess Fe. As
seen in Fig. 4, the sample NSC1 with low excess Fe exhibits
metallic behavior below the structural and AFM transitions
at Tgr=72 K in both p,, and p., consistent with early results
on our polycrystalline samples.® Moreover, quadratic tem-
perature dependence below 28 K was observed in this
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FIG. 3. (Color online) (a) Resistivity as a function of tempera-
ture plotted on the log T scale for superconducting sample SC2
[11%Fe(2)]. (b) Resistivity as a function of temperature plotted on
the 72 scale for nonsuperconducting sample NSC1 [4% Fe(2)].

sample, as shown in Fig. 3(b). This feature, together with the
constant electronic specific coefficient observed at low tem-
peratures (see below), suggests a Fermi-liquid (FL) ground
state. However, for the sample NSC2 with more excess Fe
and Tgt=65 K both p,, and p. show weakly nonmetallic
behavior following a minimum below Tgr, suggesting a
weakly localized electronic state, similar to the phenomena
seen in the sample SC2. We note that both SC2 and NSC2
samples exhibit a kink in p, near 120 K; this feature seems
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FIG. 4. (Color online) (a) In-plane resistivity as a function of
temperature p,,(7) for nonsuperconducting samples NSCI [4%

Fe(2)] and NSC2 [11% Fe(2)]. (b) Resistivity along the ¢ axis as a
function of temperature p.(7) for NSC1 and NSC2.
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FIG. 5. (Color online) (a) Hall coefficient Ry as a function of
temperature for superconducting samples SC1 [3% Fe(2)] and SC2
[11%Fe(2)]. (b) Hall coefficient Ry as a function of temperature for
nonsuperconducting samples NSC1 [4% Fe(2)] and NSC2 [11%
Fe(2)]. Inset in (a): Hall resistivity p,, vs magnetic field at various
temperatures for sample SC2. '

associated with the ~125 K magnetic anomaly observed
previously in polycrystalline samples.® Its origin has not yet
been clarified.

The influence of excess Fe on electronic states is further
revealed in the temperature dependences of Hall coefficient
Ry of these samples, as shown in Fig. 5. Ry is determined
from the slope of Hall resistivity p,,(H) [inset of Fig. 5(a)].
Both SC1 and SC2 have positive Ry; above T, indicating that
their electronic transport is dominated by holes. The tem-
perature dependence of Ry, however, revealed significant
differences between them: sample SC1 exhibits a broad peak
at approximately 60 K while sample SC2 exhibits an upturn
below 50 K, below which logarithmic temperature depen-
dence was seen in resistivity. The increasing Ry at low tem-
peratures seen in SC2 implies that the charge carry density
decreases with decreasing temperature, consistent with the
localization behavior seen in the temperature dependence of
resistivity. The broad peak in sample SC1 is similar to that
seen in the Co-doped BaFe,As, superconductor.’® Samples
NSC1 and NSC2 were also found to display marked differ-
ences in the temperature dependence of Ry. Sample NSC1
has positive Ry at temperatures above Tgp and shows a sharp
drop near Ty, from ~1.5X 10~ m?/C to a negative value
of ~=2X 10~ m?/C, consistent with a previous result ob-
tained on a similar sample.®® In contrast, Ry for Sample
NSC2 was found to exhibit a slight decrease below Tgr, re-
maining positive for the whole temperature range measured.
These observations indicate that the increase in excess Fe
results in a significant change in carrier density in both su-
perconducting and nonsuperconducting samples.
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FIG. 6. (Color online) Heat capacity C/T as a function of tem-
perature for superconducting samples (a) SC1 and SC2, and nonsu-
perconducting samples (b) NSC1 and NSC2. Inset in (b) shows C/T
versus 72. The solid lines represent the fit to experimental data
below 12 K (see the text).

Specific-heat data taken on these samples show a signifi-
cant anomaly at 7, for SC1 and no discernable feature for
SC2 (Fig. 6), confirming the absence of bulk superconduc-
tivity in the latter as suggested above. For samples NSC1 and
NSC2, the low-temperature specific-heat data can be well
described by C=yT+ BT+ 8T°, where yT and BT>+ 8T° are
electron- and phonon-specific heats, respectively. Plotting
C/T against T? and fits to experimental data below 12 K
[inset to Fig. 6(b)] yield an estimate of y=33 mJ/mol K>
for NSC1 and 27 mJ/mol K? for NSC2. The decrease in y
caused by the increase in excess Fe concentration suggests
that the excess Fe gives rise to a decrease of the density of
states (DOS) near the Fermi level, consistent with the differ-
ences in resistivity and Hall coefficient between samples
with more and less excess Fe.

The charge-carrier localization observed in Fe,,(Te,Se)
system with excess Fe can be attributed to the magnetic cou-
pling between the excess Fe and the adjacent Fe square-
planar sheets. DFT calculations on Fe,,Te showed that the
excess Fe at interstitial sites of (Te, Se) layers is magnetic,*’
in good agreement with the neutron-scattering experiment
showing that the excess Fe at interstitial sites [Fe(2)] and the
Fe on the square lattice [Fe(1)] are magnetically coupled,
following the same magnetic modulation.”? This coupling
plays an important role in tuning the AFM order from com-
mensurate to incommensurate when the excess Fe content is
increased.?? Furthermore, DFT calculations?’ indicate that in
Fe,,Te the electronic states near Er are dominated by the
Fe(1) 3d characteristics with smaller contributions from the
Fe(2) 3d band; the formation of local moments at Fe(2) sites
not only reduces the Fe(2) 3d DOS at Ep but also consider-
ably decreases the Fe(1) 3d DOS at Ep, resulting in a
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pseudogap near Ep. These theoretical results are consistent
with our experimental results. Therefore the Fe(1)-Fe(2)
magnetic coupling is the driving force for the charge-carrier
localization in Fe,,Te.

The magnetic coupling between Fe(1) and Fe(2) is also
responsible for the lack of bulk superconductivity and the
charge-carrier localization observed in SC2. While this
sample does not exhibit a long-range magnetic order, a short-
range magnetic order was observed in both polycrystalline??
and single-crystal®® samples with the excess Fe content close
to that in SC2. In addition, the magnetic susceptibility of
SC2 is ~0.02 emu/mol right above T, which is about one
order of magnitude larger than that of SC1. These observa-
tions suggest that Fe(2) is magnetic in SC2 and that its mag-
netic coupling with Fe(l) is essential for facilitating the
short-range magnetic order. Moreover, our previous neutron-
scattering measurements revealed that the short-range mag-
netic order in samples with rich excess Fe enhances notice-
ably below 40 K.?? This characteristic temperature is close to
the temperature below which the charge-carrier localization
behavior in both resistivity (Figs. 2 and 3) and Hall coeffi-
cient [Fig. 5(a)] was observed, suggesting that the short-
range magnetic order stabilized by the Fe(1)-Fe(2) magnetic
coupling is the origin of the charge-carrier localization in the
superconducting sample containing high excess Fe. The
small superconducting volume fraction observed in such
samples suggests that the Fe(1)-Fe(2) magnetic coupling that
mediates the short-range magnetic order suppresses super-
conducting pairing interaction. Disorders/defects introduced
by the presence of excess Fe or Se substitution for Te should
only have a minor effect on superconductivity since the
Fe,,,(Te,Se) system is believed to have a considerably high
upper critical field and a short coherence length as the
LaFeAs (O,F) and (Ba,K)Fe,As, systems.30-3:40

In general, short-range magnetic correlation could lead to
an anomaly in specific heat at low temperatures. In sample
SC2 with rich excess Fe we did not observe any feature
related to short-range magnetic correlations. This can be at-
tributed to the fact that this sample, while it does not exhibit
bulk superconductivity, undergoes an inhomogeneous, non-
bulk superconducting transition, as shown in the susceptibil-
ity data in Fig. 1(a); this would decrease electronic specific
heat, thus smearing the anomaly feature caused by short-
range magnetic correlations.

IV. CONCLUSIONS

In summary, we have investigated the role of excess Fe at
interstitial sites of (Te, Se) layers in the Fe,,,(Te,Se) super-
conductor system and shown that in the superconducting
Fe,,,(Te,Se) the excess Fe not only suppresses supercon-
ductivity but also leads to weak charge-carrier localization;
in the nonsuperconducting parent compound Fe,,,Te, how-
ever, the increase in excess Fe concentration causes an
electronic-state evolution from a FL to a weakly localized
state. Together with the magnetic structure previously estab-
lished by neutron-scattering studies and recent DFT calcula-
tions, our results suggest that such weak charge-carrier local-
ization is related to the magnetic coupling between the
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excess Fe and the adjacent Fe sheets, which is responsible
for the superconductivity suppression caused by the excess
Fe.
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