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Hydrostatic-pressure (up to 0.96 GPa) dependence of Tc in a newly discovered Fe-based

superconductor (Tl0.59Cs0.26)Fe1.9Se2 (Tc¼ 28 K, at ambient pressure) is reported. Static

magnetization measurements under pressure indicate that the linear increase in Tc is initially rapid

(dTc/dP � 9.9 K �GPa�1) but slows down to dTc/dP � 2.5 K �GPa�1 for P � 0.18 GPa. The Tc

of the superconducting phase is 32 K at pressure P¼ 0.96 GPa. The simple rigid band model or

the Bardeen, Cooper, Schrieffer theory may not be sufficient to account for our observations, if

one assumes that the lattice parameters would be linearly decreased with pressure. VC 2013
AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802661]

I. INTRODUCTION

The high-Tc selenide superconducting family derived

from the parent compound TlFe2Se2, which crystallizes in

the ThCr2Si2-type structure (I4/mmm), has attracted much

interest during the past three years. These related systems

(so-called 122 phases) allow significant vacancies on the Fe,

Se, or Tl sublattice while still keeping its tetragonal

symmetry.1–8 Some superconducting examples reported in

the literature are as follows: K0.8Fe2Se2 (Tc � 31–33 K),2,3

Cs0.8(FeSe0.98)2 (Tc¼ 29.6 K),4 Rb0.8Fe2Se2 (Tc,onset¼ 31 K),5

Rb0.78Fe2Se1.78 (Tc¼ 32 K),6 Tl0.4K0.3Fe2�ySe2 (Tc,onset

¼ 27.7 K),7 Tl0.4Rb0.4Fe2�ySe2 (Tc,onset¼ 31.8 K),5 and Tl0.58

Rb0.42Fe1.72Se2 (Tc,onset¼ 32 K).8 Recently, superconductivity

in (Tl0.59Cs0.26)Fe1.9Se2 with Tc around 28 K at ambient pres-

sure has been reported by Syu et al.9 In order to further

explore the extensive examination on the theory of Fe-based

superconductor, in this work, the hydrostatic pressure depend-

ence of Tc measurements for this compound (Tl0.59Cs0.26)

Fe1.9Se2 have been made. It is noted that the isostructural

superconducting phase of 122 Fe-based compounds like

Tl0.6Rb0.4Fe1.67Se2, K0.8Fe1.7Se2 etc. have been found to be

sensitive to the application of pressure.10

II. EXPERIMENT

Samples investigated were prepared as described previ-

ously.9 The superconducting phase was estimated to have the

nonstoichiometric compositions (Tl0.59Cs0.26)Fe1.9Se2. The

refined lattice parameters as determined by the least squares

fit method for the (Tl0.59Cs0.26)Fe1.9Se2 phase are

a¼ 0.3881(8) nm, and c¼ 1.4057(9) nm. The decrease

(increase) in the lattice parameter a (c) of (Tl0.59Cs0.26)

Fe1.9Se2, as compared with TlFe2Se2 (a¼ 0.3883 nm,

c¼ 1.4022 nm),11 unambiguously results from the vacancies

and larger ionic radius of Csþ1.

A customer designed high pressure cell made by BeCu

alloy and ZrO2 ceramic rods (here after “BeCu cell”) is used

to create high pressure environment. BeCu cell is a clamp

type hydrostatic pressure cell. Powder samples are placed in

a sealed Teflon capsule (1.6 mm in diameter and 5 mm for

height) along with silicon oil (as pressure medium). The

applied force would transfer to sample through opposite rod

placed beside the sample capture. The pressure at low tem-

perature was determined in situ by measuring the Tc shift in

an applied magnetic field of 10 Oe of a small piece of high

purity (99.9999%) Pb placed alongside the sample. The dc

magnetic susceptibility measurements were made in a mag-

netic field of 10 Oe between 5 and 50 K with Quantum

Design Magnetic Properties Measurement System (MPMS)

system. The background signal from the cell was removed

under the same experimental conditions with an empty cell.

III. RESULTS AND DISCUSSION

Fig. 1(a) presents the temperature dependence of the

zero-field-cooling (ZFC) and field-cooling (FC) magnetiza-

tion data measured in a field of 10 Oe between 5.0 and 40 K

for the sample (Tl0.59Cs0.26)Fe1.9Se2 at ambient pressure.

Measurements were performed on a bulk sample of about

0.1 g mass. The ZFC curve for the sample shows clear transi-

tion from paramagnetic state to superconducting state around

28 K. The quite wide transition width is a manifestation of

the inhomogeneous superconducting phase. It is implied that

the inhomogeneity of the sample due to the disordered Tl

and Cs atoms arranged in 2 a position of the space group

I4/mmm and the random distribution of vacancy in 4 d Fe

sites results in a broad transition. However, this sample

shows large shielding signal, ��0.146 emu/g, at T¼ 5 K.

Precluding any correction for demagnetization effects, size

effects, and non-superconducting impurity phase to our sam-

ple, we calculate a diamagnetic effect (from ZFC data at

5 K) of 110% of an ideal value of vdc for a long cylinder

(–1/4p). This superconducting volume fraction is presumably

able to constitute bulk superconductivity. The low field posi-

tive Meissner flux expulsion (from FC data) is a characteris-

tic of bulk magnetic superconductors. The FC data will

become negative if the powder sample is used, as will be

shown in Fig. 2(b). The resistivity data between 5 and 38 K
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for the sample investigated are depicted in Fig. 1(b). As

depicted in Fig. 1(b), the Tc,onset, a point taken as the intersec-

tion of the normal state line and the superconducting transition

line, appears at 32.6 K and the zero resistivity temperature

Tc,zero occurs at 28 K. it is found that the superconducting

transition temperatures as determined by either electrical or

magnetic method are well consistent in this work. Figure 2(a)

demonstrates the temperature dependent ZFC magnetization

of polycrystalline (Tl0.59Cs0.26)Fe1.9Se2 for applied pressures

ranging from atmospheric to approaching 1.0 GPa. It is seen

that the shielding curves for constant field (10 Oe) shift clearly

toward higher temperature region with increasing hydrostatic

pressure. This result is different from what is observed in the

superconducting system LaO1�xFxFeAs (x¼ 0.11) in which

the onset Tc shows no obvious change when the pressure is

increased up to 1.03 GPa.12 The Tc value is taken to be the

onset of superconductivity. A good way to determine the onset

Tc value for the system with strong pinning effect is to take

the splitting point of the ZFC and FC curves. Since the pri-

mary cause of flux trapping is attributed to the presence of lat-

tice defects within the body of the superconductor, the strong

pinning effect in (Tl0.59Cs0.26)Fe1.9Se2 is predicted due to its

structure defects. Fig. 2(b) is the representative example for

determining the onset Tc value of (Tl0.59Cs0.26)Fe1.9Se2 under

P¼ 0.96 GPa. Obviously, the Tc value of the superconducting

phase is 32 K at pressure P¼ 0.96 GPa for (Tl0.59Cs0.26)

Fe1.9Se2. The hydrostatic pressure dependence of Tc for

FIG. 1. (a) Temperature dependence of ZFC and FC magnetization meas-

ured at 10 Oe under ambient pressure, the Tc,onset is 28.2 K. This data are

reproduced from Ref. 9. (b) Electrical resistivity (q) versus temperature.

Resistivity begins to drop dramatically below 32.6 K and zero resistivity

appears at 28 K.

FIG. 2. (a) Temperature dependence of ZFC magnetization data for the sam-

ple (Tl0.59Cs0.26)Fe1.9Se2 measured in a field of 10 Oe between 28 and 33 K

under different pressures. Seven symbols (þ, �, �,�, �, �, �) correspond

to the pressures P¼ 0.08, 0.18, 0.36, 0.51, 0.66, 0.85, and 0.96 GPa. (b) The

splitting point of ZFC and FC curves for (Tl0.59Cs0.26)Fe1.9Se2 under

P¼ 0.96 GPa is at T¼ 32 K.

FIG. 3. The pressure dependence of the superconducting phase transition

temperature Tc for (Tl0.59Cs0.26)Fe1.9Se2.
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(Tl0.59Cs0.26)Fe1.9Se2 is then plotted in Fig. 3. These data

shown in Fig. 3 are remarkable in that there are two very pres-

sure dependent features. The first feature is the fast increase in

Tc (dTc/dP � 9.9 K �GPa�1) initially. The second conspicuous

feature is that the increasing rate slows down to dTc/dP

� 2.5 K �GPa�1. It was suggested that the electronic structures

of this compound should depend on more than just the valence

electron density and the lattice parameters if the lattice param-

eters of the unit cell are linearly decreased with the hydrostatic

pressure and the conventional BCS (Bardeen, Cooper,

Schrieffer) theory does not fail. Thus, for the interpretation of

the results one first needs to know the equation of state, and

second the volume dependence of the electronic structure of

the sample. Experience may tell us that for an electron-

phonon weakly coupled superconductor, e.g., LaNiSi,13 its

pseudo-ternary system La(Pt1�xNix)Si exhibits monotonic Tc

functions of x or lattice parameters of the unit cell.14 In fact,

3d magnetic ion (Fe, Co, Ni) based superconductors are

always found to be challengeable to the conventional BCS

theory of superconductivity. For the noncentrosymmetric

superconductor LaNiC2,15–17 the increase in Tc is initially

rapid (dTc/dx¼ 12 K) but slows down (dTc/dx¼ 1 K) for

x � 0.2 in the pseudo-ternary system La(Ni1�xCux)C2.18 As to

the Co-based superconductor Zr2Co, the superconducting

phase diagrams of Zr2(Co1�xNix)
19 and Zr2(Co1�xGax)

20

exhibited an explicit maximum Tc close to x¼ 0.1 and

x¼ 0.05, respectively. Takekuni et al. further employed the

nuclear-magnetic-resonance (NMR) technique to ponder 59Co

in the normal state of Zr2(Co1�xNix) and to explore the itiner-

ant nearly antiferromagnetic behavior in superconducting

Zr2(Co1�xNix). They identified that the superconducting tran-

sition temperature related more to the spin density fluctuations

around q ¼ Q (Q being an AF wave vector) than to the density

of states at the Fermi level.21

IV. CONCLUSIONS

From the present study, magnetic measurements under

hydrostatic pressure up to 0.96 GPa for (Tl0.59Cs0.26)Fe1.9Se2

showed a two-step increase in Tc. The simple rigid band

model and the conventional BCS theory may not be suffi-

cient to account for our observations, if one assumes that the

lattice parameters of the unit cell are linearly decreased with

pressure. We have taken note of the isostructural 122 super-

conducting systems Tl0.6Rb0.4Fe1.67Se2, K0.8Fe1.7Se2 and

K0.8Fe1.78Se2 in which Tc drops from�32 K to �5 K with

pressure from 1 GPa to �10 GPa and re-emerges second

superconducting phase at 48 K above 11.5 GPa.10 To further

investigate the superconducting behavior in (Tl0.59Cs0.26)

Fe1.9Se2, an interesting study will be directed toward meas-

urements under higher pressure (>1 GPa) using diamond

anvil technique to see the changes of superconductivity.
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