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Microwave Study of FeSeq 3Te 7 Thin Film by
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Abstract—High quality epitaxial thin films of FeSe;_,Te,
(x = 0-1) have been successfully fabricated. Their supercon-
ducting transition temperatures are around 8-13 K. Microwave
properties of a film (x = 0.7) was studied by a sapphire dielec-
tric cavity at 9.315 GHz. The cavity, which has a quality factor
of 45000 in room temperature with TE,,,-mode, is specially
designed for the measurement of small samples with the sapphire
cylinder having a small hole in the center. Thin film samples
with dimension of 1-2 mm can be put in the middle of the hole,
supported by a very thin sapphire rod. The cavity is sealed in a
vacuum chamber soaked in the liquid “He and the temperature
of the thin sapphire rod (hence the sample) can be controlled from
1.6 K to 60 K with a stability about 1 mK. Temperature de-
pendence of transmission response and Q-factors were measured
by a network analyser (Agilent N5230C). The results showed a
clear signature of multi-gap superconductivity. No evidences of
existence of node in the energy gap were found as the normalized
change in the surface reactance and the corresponding normalized
change in the in-plane penetration depth have flat dependence at
low temperatures.

Index Terms—Cavity resonator, microwave measurement,
multi-gap, node.

I. INTRODUCTION

UST as CuO-plane is the basic building block of high-T.
cuprate superconductors, the FeAs-layer is the basic struc-
ture of the newly discovered FeAs-based superconducting
pnictides [1]. However, unlike the rigid CuO-plane in cuprates,
partial substitution of Fe by Co or Ni, or As by P within the
FeAs-layer can effectively induce superconductivity [2]-[4]. In
this sense, the discovery of superconductivity in binary FeSey
(T. ~ 8 K) is of great interests, since it only contains the
superconducting FeSe-layer which has identical structure as
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FeAs-layer, and the Se deficiency may be the reason of the
superconductivity [5].

For this new family of high-7, superconductors, the pairing
symmetry of its superconducting gap is a key to understand the
mechanism of superconductivity. Extensive experimental and
theoretical works have been done to address this important issue
for FeAs-based superconductors. Although there is still no con-
sensus, more and more evidences point to multi-gap nodeless
superconductivity, possibly an unconventional s* paring me-
diated by antiferromagnetic fluctuations [6]. For the prototype
FeSe, superconductor, however, there were very few experi-
ments to study the superconducting gap structure. This is due
to its relatively lower 7T, and lack of sizable high-quality single
crystals [7], [8]. However, muon-spin-rotation (xS R) study and
thermal conductivity measurement has been taken and its re-
sult indicates that FeSe, superconductor is a multi-gap nodeless
superconductor [9], [10].

Low-temperature microwave measurement is a powerful tool
which is different from thermal conductivity measurement to
study the superconducting gap structure. K. Hashimoto et al.
have taken microwave measurement on PrFeAsO;_, and got
a full gap with nodeless result which is contradicted to the
multi-gap structure get from other method such as specific heat
measurement and S R experiments [11].

II. EXPERIMENT

High quality epitaxial thin films of FeSe,, FeTe and
FeSe; _x Tex have been successfully fabricated [12], [13]. Their
superconducting transition temperatures are around 11-13
K. One intriguing fact has been found that superconductivity
appears when the first-order magnetic and structural phase
transition softens, and when the Fe-Te-Fe bond angles become
larger. Much of the physical properties need to be studied.

In this paper, FeSe;_,Tex (x = 0.7) film was measured by
a sapphire dielectric cavity resonator at 9.375 GHz. It is a close
analogy to [14]. The film deposited on the LaAlOg substrate
by a pulsed laser deposition method [12], [13] has T opset =
14.8 K and a transition broad AT = 4 K. The cavity resonator,
which has a quality factor of 45000 in room temperature, is spe-
cially designed for the microwave measurement of small sam-
ples at TEq11-mode, with the sapphire cylinder having a small
hole along the center line. The sample with thickness of 100 nm
and other dimensions less than 1.5 mm is put in the center of
the hole but isolated from the cylinder, supported by a very
thin sapphire rod. The cavity is sealed in a vacuum chamber
soaked in the liquid *He and the temperature of the sapphire
rod (hence the sample) can be controlled from 1.6 K to 60 K
with a stability about 1 mK while keeping the cavity remains
in 4.2 K. The temperature dependence of resonance frequency
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600 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 21, NO. 3, JUNE 2011

L T L] T ¥ T ¥ T
) —
7\
s o
S 03+ [ 0oy, .
8 7’ 000000-¢_¢,
© O
@ [
8 0.2 /o .
© 0
8 4
£ &
5 0.1 & .
« 0
| o
ammx000°°
00 T T T T ¥ T L] T
5 10 15 20

Temperature (K)

Fig. 1. Surface resistant of the sample FeSe;_, Te, (x = 0.7). Noticed that
a peak appeared near the transition temperature.

and quality factor of the resonator were measured by a vector
network analyser (Agilent N5230C) for both thin film and also
the same substrate with no film on it.

III. SURFACE IMPEDANCE MEASUREMENT

The surface resistance (see Fig. 1) is determined by the ex-
pression as

_ -1 -1
Rs - ( with sample ~ Cwithout sample) /Ag (1)

The coefficient of inclusion [15] A, = 9.5 x 10~% Q~! was
determined by the size of the sample and calibrated using values
of the sample resistivity at 7' > T... The lower calculated value,
namely A; = 2.9 x 10~* Q! obtained by using CST 2009,
can be explained by a small sample thickness.

Relative surface reactance AX,(T) (see Fig. 2) can be de-
rived by the expression

_2Af(T)
Ast

where fj is the center frequency of the resonator and A fo(T') is
the frequency shift which have been taking into account the res-
onance frequency change of the resonator without the sample.

Using the known value of the field penetration depth reported
in [16] A(0) = 560 nm at 7" = 0 K, we are able to find the
absolute value of the surface reactance by using the following
expression

AX(T) = )

X.(T) = X.(0) + AX(T) 3)

and the surface impedance of the film can be obtained as showed
in Fig. 3

IV. DISCUSSION

The obtained X (T) and R4(T) in Fig. 3 indicate at least
two peculiarities, namely, (i) X exceeds R, considerably at
T — T, although in general case R and X, should be equal,
i.e., R, = X, in normal state when normal skin-effect takes
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Fig. 2. Relative surface reactance of sample FeSe; _, Te, (x = 0.7).
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Fig. 3. Surface impedance of the sample FeSe; _Tey (X = 0.7). Noticed
that R was not equal to X, above T..

place whereas X, = /3R; at anomaly skin-effect; (ii) a peak
in R (T) takes place near 7. One of reasons of a great excess
of X, in comparison with R can be attributed to a very small
thickness of the film under test as against with the field penetra-
tion depth. The observed effect near 7T is similar outwardly to
radiofrequency size effect in cuprate HTS samples [16]. How-
ever in the given case a ratio of the film thickness to the field
penetration depth is less than 1 in a whole temperature interval
of study and such an explanation is evidently misdescription.
The obtained values of R, and X, should be considered as ef-
fective meanings depending on the film thickness (see e.g. [17]).
The approach to accurate analysis of impedance properties of
very thin samples in this case has not been developed when mi-
crowave fields have the same direction on opposite faces of the
film. As far as we know, an only exception is a work [18]. We ob-
tained the strong experimental dependence of effective meaning
of AX(T) (see Fig. 2), but on the other hand the corresponding
theory [18] contradicts this fact. In the given situation we used
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Fig. 4. The field penetration depth change in FeSe;_.Te, (x = 0.7) as a
function of temperature. The solid line correspondents to the expression (5).

a fact of weak dependence of X and hence A on temperature
within the interval lower than 7../3.

If supposed that the expression X (7T) = 27 f uoA\(T) is cor-
rect, we can derive AA(T') and compare it with a number of var-
ious temperature dependence laws. One can see in Fig. 4, that a
temperature law

ANT) = aT*% )

where ¢ = 46 nm describes the temperature dependence of the
field penetration depth for temperature interval 1.7 Kto 7 K very
well. The other laws give less satisfactory results.

The authors of a work [18] presented an experimental study
of the field penetration depth, A(T), in single crystals of
Fe1.03(Teo.635€0.37). Our result in a power law is altered from
that in [19] by the higher power. It can show “a clear signature
of multi-gap superconductivity and a failure of the clean limit
s-wave (including s*) pairing” in FeSe;_,Te, (x = 0.7). In
addition, the obtained result on a temperature law AX(T') see
expression (5)) coincides well with one for optimally doped
single crystals Ba(Feg 926C0¢.074),As2 [20]. At the same
time, it is worth comparing our data with the expectations in
unconventional superconductors with nodes in the gap. In the
clean superconductors with line nodes, the thermally excited
quasiparticles near the gap nodes give rise to the T'-linear
temperature dependence of AX(T') at low temperature, as
observed in YBasCu3O7_s crystals with d-wave symmetry
[21], [22]. In the d-wave case, the relation

SN(T)/A0) ~ lz—kaT ©)

is expected [22], where A is the maximum of the energy gap.
This linear temperature dependence leads to an estimation of
2A¢/kpT. =~ 4. However, our data is about 1, which is quite
different.

V. CONCLUSION

Thus X-band microwave impedance measurements of a high
quality epitaxial thin film of FeSe;_xTe, (x = 0.7) has been
carried out. The results show a clear signature of multi-gap su-
perconductivity. For the greater certainty in conclusion con-
cerning properties of the studied superconductor, it is important
to investigate the thickness dependence of impedance proper-
ties of this kind pnictides samples and to develop the accurate
approach to analysis of the microwave properties of very thin
samples.
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