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The temperature dependence of the in-plane optical conductivity has been determined for Fe; ¢3Te
above and below the magnetic and structural transition at T ~ 68 K. The electron and hole pockets
are treated as two separate electronic subsystems; a strong, broad Drude response that is largely
temperature independent, and a much weaker, narrow Drude response with a strong temperature
dependence. Spectral weight is transferred from high to low frequency below T, resulting in the
dramatic increase of both the low-frequency conductivity and the related plasma frequency. The
change in the plasma frequency is due to an increase in the carrier concentration due to the closing
of the pseudogap on the electron pocket, as well as the likely decrease of the effective mass in the

antiferromagnetic state.

PACS numbers: 72.15.-v, 75.50.Bb, 78.30.-]

The discovery of superconductivity at high tempera-
tures in the iron-arsenic materials’ 3 prompted the search
for this phenomenon in other iron-based systems, in-
cluding the iron-chalocogenide materials. FeSe is an
ambient-pressure superconductor with a critical temper-
ature T, ~ 8 K; while the partial substitution of Te for Se
almost doubles the T, the end compound FeTe is not a
superconductor For nearly stoichiometric Fe; ;s Te there
is a first-order structural and magnetic transition® ' from
a tetragonal, paramagnetic (PM) state to a monoclinic,
antiferromagnetic (AFM) state at Ty ~ 68 K. In the low-
temperature phase a bond-order wave is observed that
has been attributed to ferro-orbital ordering.® At ambi-
ent pressure, the structural and magnetic properties de-
pend strongly on the amount of excess Fe. !V Fe;, sTe
is a poor metal that exhibits a non-metallic resistiv-
ity that increases with decreasing temperature;13 at
Tn the resistivity drops discontinuously, followed by a
metallic response decreasing steadily with temperature.
Optical works on FejisTe observe a rapid increase in
the low-frequency optical conductivity below Tx that
has been attributed to a reduction of the free-carrier
scattering rate 112 Electronic structure calculations re-
veal the multiband nature of this material with three
hole-like bands at the center of the Brillouin zone and
two electron-like bands at the corners:*' this result is
in agreement with Hall-effect measurements in FepsTe
where both the electron and hole carriers are observed 1>
Angle-resolved photoemission spectroscopy (ARPES) is
able to observe some of the predicted bands, but they
are strongly renormalized with a large mass enhance-
ment m*/my, ~ 6 — 20, suggesting a strongly-correlated
metal 1920 The enhancement of the effective mass in
the PM state has been attributed to an orbital block-
ing mechanism 4! In addition, a pseudogap of ~ 65 meV
has been observed on the electron pocket in the PM state
that closes in the AFM state?? The multiband nature of
this material suggests that an analysis of the optical data
that considers two different types of free-carrier contri-
butions is in order.23
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In this Rapid Communication we report on the detailed
temperature dependence of the in-plane optical conduc-
tivity of Feq g3Te above and below Ty where the electron
and hole pockets have been treated as two separate elec-
tronic subsystems. We infer that the hole pocket has a
large scattering rate, resulting in an almost incoherent
response that is largely temperature independent. This
is in contrast to the low-frequency conductivity associ-
ated with the electron pocket, which while roughly con-
stant above Tl, increases anomalously at low temper-
ature. This behavior is accompanied by a transfer of
spectral weight over much of the mid-infrared region to
low energy. The striking increase in the low-frequency
conductivity is due to a dramatic increase in the plasma
frequency associated with the electron pocket below Ty,
suggesting that we are observing the closing of the pseu-
dogap with a commensurate increase in the carrier con-
centration, as well as a possible reduction in the effective
mass.

Single crystals with good cleavage planes (001) were
grown by a unidirectional solidification method with a
nominal composition of Fe;g3Te and a magnetic and
structural transition at Ty = 68 K. The reflectance from
the cleaved surface of a mm-sized single crystal has been
measured at a near-normal angle of incidence for several
temperatures above and below T over a wide frequency
range (~ 2 meV to 4 eV) for light polarized in the a-
b planes using an n situ overcoating technique# The
temperature dependence of the reflectance of Fep g3Te is
shown in Fig. (a) in the far-infrared region and at higher
energies in Fig. [I{b). Above Ty the reflectance is metal-
lic but shows relatively little temperature dependence;
however, below T the reflectance increases rapidly in
this region. This behavior is consistent with the resis-
tivity (shown in the inset) which increases slightly from
room temperature to just above T, but which decreases
rapidly below T. In order to understand the metallic be-
havior of this material below T, the complex conductiv-
ity has been determined from a Kramers-Kronig analysis
of the reflectance?® which requires the reflectance to be
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FIG. 1. (a) The reflectance of Fej gsTe in the far-infrared

region for light polarized in the Fe-Te planes at several tem-
peratures above and below Tn. Inset: The temperature de-
pendence of the in-plane resistivity. (b) The high-frequency
reflectance at 295 and 5 K.

determined over the entire frequency interval. Given the
conducting nature of this material, the Hagen-Rubens
form for the reflectance is used in the w — 0 limit,
R(w) = 1—ay/w, where a is chosen to match the data at
the lowest-measured frequency point. Above the highest-
measured frequency the reflectance is assumed to be con-
stant up to 7.5 x 10* cm™!, above which a free electron
gas asymptotic reflectance extrapolation R(w) o 1/w? is
assumed 28

The real part of the in-plane optical conductivity is
shown in Fig. [2| for several temperatures above and be-
low Tx. The conductivity is difficult to explain within
a simple Drude model, which would follow a o1(w) =
o0/(1 + w?7?) form, where o9 = o1(w — 0) and 1/7 is
the free-carrier scattering rate. Above T the conductiv-
ity is essentially frequency and temperature independent
over much of the infrared region; only the region below ~
100 cm ™! shows any indication of following a Drude-like
response. Below Ty there is a small but abrupt decrease
in the conductivity over much of the mid-infrared region
at the same time that the Drude-like component increases
dramatically in strength, indicating a transfer of spectral
weight from high to low frequency. The spectral weight
is defined as the area under the conductivity curve over a
given interval N(w,T) = [ 01(w,T) dw. The temper-
ature dependence of the normalized spectral weight for
different cut-off frequencies is shown in Fig. [3| For small
cut-off frequencies the spectral weight is roughly constant
for T' > Tn; however, for T' < Ty it increase quickly. As
the cut-off frequency is increased this behavior becomes
less pronounced until by w. ~ 4000 cm~! the spectral
weight of the free carriers has been completely captured
and a temperature dependence is no longer observed. A
redistribution of spectral weight below T has also been
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FIG. 2. The temperature dependence of the real part of the
optical conductivity of Fe; o3Te for light polarized in the a-b
planes above and below Tn (the origin for the y axis is off-
set). The symbols denote the values for the dc conductivity
obtained from transport measurements. Inset: The temper-
ature dependence of the optical conductivity shown over a
larger energy scale showing the transfer of spectral weight
from high to low energy below T. The arrow indicates the
energy scale in the optical conductivity for the pseudogap on
the electron pocket in the PM state.

observed in ARPES 1822

In a single-band material, the evolution of a low-
frequency Drude response to an incoherent mid-infrared
band may be explained in one of two ways. First, the
Drude response may be superimposed on interband tran-
sitions, modeled as Lorentz oscillators, that begin at
very low frequency; while there is evidence for transi-
tions at energies as low as 30 meV in the iron-based
materials 2728 this is still not low enough to reproduce in-
coherent component observed in this material. A second
approach is to assume a strongly-renormalized scattering
rate due to electronic correlations2? However, FejysTeis
a multiband material ™ negating the application of the
single-band model to this material. For simplicity, the
multiple hole and electron bands are gathered into single
electron and hole pockets that are treated as two sepa-
rate electronic subsystems using the so-called two-Drude
model? with the complex dielectric function € = €1 +ieo,

. Wrpy 0F
- _ ,D; 1
E(w) €00 jzzl UJQ + i(A)/TD)j +; wi — w2 — Z’W')/k;’ ( )

where €, is the real part at high frequency. In the first
sum w? . = 4rnje? /m} and 1/7p ; are the square of
the plasma frequency and scattering rate for the delo-
calized (Drude) carriers in the jth band, respectively,
and n; and mj are the carrier concentration and effec-
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FIG. 3. The temperature dependence of the normalized spec-
tral weight as a function of cut-off frequency, w.. For values
of we 2 4000 cm ™! the spectral weight is completely captured

and no temperature dependence is observed.

tive mass. In the second summation, wg, V¢ and
are the position, width, and strength of the kth vibra-
tion or bound excitation. The complex conductivity
is 6(w) = 01 + io2 = —iw[é(w) — €x)/60 (in units of
Q~lem™1). The fits to the optical conductivity using this
approach are in general quite good and reveal a strong,
broad Drude component in combination with a narrow,
much weaker Drude component; in addition, there are
several strong, overdamped Lorentzian oscillators in the
mid- and near-infrared regions. Below Ty there is a sup-
pression of the optical conductivity over much of the mid-
infrared region and a transfer of spectral weight from
high to low energy. This behavior is reproduced by as-
suming a slight decrease in the plasma frequency for the
broad Drude component below Ty while assuming a con-
stant (within error) scattering rate. This result is in
agreement with previous optical work/1? and is similar to
what is observed in the normal state of the superconduct-
ing iron-arsenic material Bag ¢Kg.4FeaAsy 3% The strong
Lorentzian oscillator centered in the mid infrared shifts to
a somewhat higher frequency below Ty, but its strength
does not vary and it broadens only slightly. The results
of the fits at several temperatures above and below T
are summarized in Table [Il

We infer from the observation of the hole-like band
determined from scattering interference and the virtual
absence of the electron band in a related material 3t
Hall effect’® and the calculated band structure2 that
the broad, temperature-independent Drude component
is associated with the hole pockets, and that the narrow,
strongly temperature-dependent component is associated
with the electron pockets.

Although the optical conductivity is nearly frequency

TABLE I. The temperature dependence of the Drude param-
eters for the electron and hole pockets and the Lorentz os-
cillators (bound excitations); the estimated uncertainties are
for the fitted parameters is approximately 5%. All units are
in cm ™! unless otherwise indicated.

T (K) Wp,D;1 1/7pa 1/7'%,2 WZJ 72,1
295 1010 ~ 28 805 3030 12110
150 1200 ~ 38 776 3004 12016
100 1180 ~ 40 780 3027 12001
75 1050 ~ 38 786 3023 12022
60 1850 ~ 48 788 3285 12391
50 2035 ~ 48 765 3305 12470
40 2300 ~ 48 774 3278 12399
30 2570 ~ 48 784 3335 12462
20 2820 ~ 48 782 3342 12473

10 3010 ~ 48 772 3350 12505

2T >TN, wpp2=10700; T < TN, wp, p;2 = 11200 cm~L,
b Qr.1 =40800 cm!.

independent over much of the infrared region and dis-
plays little temperature dependence after entering the
PM state, there is a dramatic increase in the low-
frequency optical conductivity below T . To isolate this
behavior, the contributions of the broad Drude term and
the Lorentzian oscillators (Table [I) have been removed,
resulting in a residual component which we infer is due
to the contribution to the optical conductivity from the
electron pocket,

01D = 01— 0LD2 — ) 011y (2)
i

The resulting series of curves, shown in Fig. [4] have
a Drude-like response.  Using the contribution to
the conductivity from the broad Drude term, ops =
wi D:27D,2/60, and the values determined from transport,
0de = 1/pap, then the dc conductivity values for the elec-
tron pocket should be 1 p.1(w — 0) = 04 — op2; these
symbols are shown at the origin of Fig. In the zero-
frequency limit the conductivity extrapolates to these
values reasonably well. The Drude fits to the narrow
component have been constrained to agree with these val-
ues and indicate that while w, p.1 is increasing rapidly
below T, the scattering rate 1/7p 1 is roughly constant.
In fact, given that the Drude profile is a Lorentzian cen-
tered at zero frequency and the width at half maximum
is the scattering rate, the fact that 1/7p ;1 is not chang-
ing may be observed simply by inspection (dotted line in
Fig. . The two dashed lines in Fig. 4] show the results
of the fits just above Ty and for T' < Ty ; in general the
fits close to Ty are quite good while for T' < Ty the fits
are somewhat poorer, perhaps because there are in fact
two electron pockets rather than just one we have used
to model the low-frequency conductivity.

The rapid increase of the low-frequency conductivity
below T is striking. Normally, this behavior is associ-
ated with a decrease in the scattering rate, resulting in
a narrowing of the Drude feature. While this narrow-
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FIG. 4. The low-frequency in-plane optical conductivity of
Fei.03Te with the broad Drude contribution and the Lorentz
oscillators removed. The symbols at the origin denote o4, —
op2 (see text). The dotted line denotes 1/7p,1 = 6 meV, while
the dashed lines are Drude fits at 75 and 10 K using the values
from Table m Inset: The square of the normalized plasma
frequency for the narrow Drude component versus the reduced
temperature; the dotted line denotes mean-field behavior.

ing results in the transfer of spectral weight from high to
low frequency, the total weight associated with the indi-
vidual Drude component should remain constant. How-
ever, not only does the scattering rate actually increase
slightly upon entering the AFM state (whereupon it re-
mains roughly constant below T), the spectral weight
is observed to increase dramatically, indicating that is in
fact the plasma frequency that is increasing. The tem-
perature dependence of w? ., below Ty shown in the
inset of Fig. {4 follows a mean-field temperature depen-
dence. Given the definition of w;D;l = 4mnye?/mj, then
either the carrier concentration is increasing or the effec-
tive mass is decreasing. However, in this instance there
is evidence to suggest that both quantities are changing
below Tly.

In the PM state there is a partial gap (pseudogap)
on the electron pocket of A, ~ 65 meV (525 cm™1!).%2
In the optical conductivity a pseudogap in the spec-
trum of excitations shifts spectral weight associated with
the free-carriers in the electron pocket to energies above
2A, ~ 130 meV (1050 cm™!) resulting in a localized, in-
coherent response. This is precisely what is observed in
Fig. B} where w. > 2A, is necessary to recover the full
spectral weight. However, below T the pseudogap is ob-
served to close?? resulting in coherent charge transport;
this is consistent with the appearance of quasiparticles
below T 18 As a result, the number of carriers in the
electron pocket (nq) will increase below T with a com-
mensurate increase in the plasma frequency, (wp p.1). In

addition, there is also evidence that in the PM state of
FeTe there is a large mass enhancement of the Fe d,
orbital of m*/mpgnq =~ 7; this effect is attributed to an
orbital-blocking mechanism /2! In the AFM state the spin
fluctuations are observed to decreaseé!® and most signs of
correlations disappear?? suggesting that orbital block-
ing, and as a consequence the effective mass, may be
reduced below Tx. Thus, the increase in n; and the
decrease in mj may combine in tandem to lead to an
increase of the plasma frequency for the carriers on the
electron pocket in the AFM state.

To conclude, we have measured the in-plane optical
properties of Fej g3Te above and below Tn. The opti-
cal conductivity has been described using the two-Drude
model, revealing a strong component with a large scat-
tering rate associated with the hole pocket that varies
little with temperature, and a weaker component with
a much smaller scattering rate associated with the elec-
tron pocket that displays a strong temperature depen-
dence below T. The plasma frequency associated with
the carriers in the electron pocket increases anomalously
below Ty due to an increase in the carrier concentration
following the closing of the pseudogap, as well as the pos-
sible decrease of the effective mass in the AFM state.
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