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Understanding the pairing mechanism in superconductivity :
L The iron isotope effects on T. in optimally doped iron

Parasharam M. SHIRAGE', Kunihiro KIHOU', Kiichi MIYAZAWA"2, Hijiri KITO"?,

1. Introduction

The invention of the new iron based high-7. materials
family provided the multi-dimensions for the research in
superconductivity?, so far highest T in these materials exceeds
55 K. Many theoretical and experimental evidences were
proposed to explain the pairing mechanism of such high-7". in
these materials, but many of them are controversial. One of the
promising tools to explore the pairing mechanism in supercon-
ductivity is the study of the nuclear mass dependent 7', i.e.
isotope effect, which was discovered? well before the establish-
ment of so-called Bardeen-Cooper-Schrieffer (BCS) classical
theory. T'. varies with the isotopic mass of the sample, was the
first direct evidence for interaction between the electrons and the
lattice (phonon). This suggests that lattice vibrations are a part
of the superconducting process. This was an important clue in the
establishment of the BCS theory because it suggested lattice
coupling, and in the quantum treatment suggested that phonons
were involved. Many elemental superconductors and alloy
superconductors are well fitted with BCS-theory whose isotope
exponent is close to 0.5 (=05, o is defined by T'.~M* (M is the
isotopic mass)) can be treated as the conventional superconduc-
tors and that suggests that electron-phonon interactions are
involved. On the other hand, the optimal doped cuprate
superconductor’s exhibits negligibly small oxygen isotope effect
that indicates these materials are not simply explained by
electron-phonon interaction and some exotic parameters
involved, termed these superconductors as unconventional.

In the recently discovered an iron based high-7'. super-
conductors, whose main blocking layer is Fe-As (e.g. the crystal
structures of SmFeAsO and (Ba, K) Fe:As. are schematized in
Fig. 1), the issue of pairing mechanism is unclear as large iron
isotope effect?, inverse iron isotope effect”"® and absence of iron
isotope effect? are reported. Here we summarize the experimen-
tal and most reliable results published”® on iron isotope effect
studied in (Ba, K) Fe»As; and SmFeAsQ,-,, in which the samples
are prepared with great care by high pressure synthesis
technique, one of the effective techniques to grow the high quality
samples.

2. Experimental

The usefulness of high-pressure synthesis technique was

' Nanoelectronics Research Institute (NeRI), National Institute
of Advanced Industrial Science and Technology (AIST)

? Department of Applied Electronics, Tokyo University of
Science

% JST, Transformative Research-Project on Iron Pnictides (TRIP)
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Fig. 1 The schematic of crystal structures of (a) (Ba, K) Fe:As; and (b)
SmFeAsO.

subsequently demonstrated in the iron-based superconductors”.
In our study, HP synthesis is carried out using wedge-type cubic-
anvil high pressure apparatus and photo is shown in Fig. 2 (a).
The starting materials are encapsulated into closed containers
made up of boron nitride (BN) sleeve, and then embedded into
solid media (pyrophyllite (Al:Si;O10(OH)2)) which transmit pres-
sures typically up to several GPa to the samples. The samples are
heated up in-situ using electrical heater which surrounds the
sample container (BN sleeve), also embedded into pressure
media. The configuration of the sample cell is shown in Fig. 2 (b).

Polycrystalline samples were prepared by high-pressure

Fig.2 (a) Photograph of wedge-type cubic-anvil, high pressure apparatus
(b) a schematic illustration of the sample cell assembly used in high-
pressure synthesis technique.



synthesis method using a cubic-anvil-type apparatus and the
sample preparation for isotope exchange is reported else-
where??. Variation in the 7'. values due to different synthesis
condition has been ruled out by synthesizing simultaneously a set
of two different isotope-containing samples”®. The samples
synthesized simultaneously are almost single phase and the
lattice parameters of the twin samples are almost identical to
each other ¥ We used three sorts of Fe, “Fe and *Fe enriched
powder (ISOFLEX USA, purity of Fe 99.99%), and natural Fe
powder ("Fe, mass=>55.85) (Showa Chemical Ind., 99.9%). For
(Ba, K)Fe:As: sample synthesis we used the isotopic iron
powders, As, and precursors of BaAs and KAs. While for the
SmFeAsO:-, samples we used precursor of SmAs, Sm(OH)s,
natural "Fe powder and isotopic iron oxide powders. The role of
Sm(OH); is reported elsewhere?. In case of SmFeAsO,-,
samples, we used the "Fe powder instead of using the “Fe
and *Fe metal powders directly, because the degree of oxidiza-
tion of the raw (as-purchased) isotope powders turned out to be
different from each other. In our process, 43% of Fe in the samples
is from the isotopic *Fe and *Fe powder so that the average
isotope masses of Fe are 56.35 and 55.05 for the samples
synthesized using the Fe;0; and *Fe»0; powders, respectively.

Powder X-ray diffraction (XRD) patterns of the samples were
measured using CuK,-radiation. The dc magnetic susceptibility
was measured using a SQUID magnetometer (Quantum Design
MPMS) under a magnetic field of 5 Oe. The resistivity of the two
isotope containing samples was measured simultaneously by a
four-probe method (Quantum Design PPMS).

3. Results and discussion

(a) Inverse iron isotope effect on T. in (Ba, K) Fe.As»

We have prepared numerous sets of (Ba, K) Fe:As: samples by
high pressure synthesis technique. The optimal doping state of
the sample was confirmed by X-ray diffraction technique”. As a
typical example of shift in 7" due to iron isotope exchange, in Fig.
3, we show the temperature (7") dependence of normalized

0.2 T T

(Ba,K)Fe As,

0.0 -

[}
H
TN (5 K)

x(Tx(5 K)

T (K)

Fig.3 Temperature (T) dependence of susceptibility (x) of (Ba, K)Fe,As,
samples synthesized from the natural iron powder ("Fe) and *Fe enriched
one. The yx is normalized at the values of ZFC curve at 5 K. Fe isotope
exponent is estimated to be ar.=—0.20.

MRS-J NEWS Vol.22 No.3 August 2010

1.2

(Ba,K)Fe As,

1.0

—o— 54
Fe

+nF

0.8 | e

0.6 -

o
N

R (T)IR (300 K)

R(T)/R(300 K)

o
o

0.2+

0.0 &

T (K)

Fig.4 Temperature (T) dependence of resistance (R) of the (Ba, K) Fe:As>
samples synthesized from the natural iron powder ("Fe) and *Fe enriched
one. T. is determined from the intersection of the two extrapolated lines as
shown in the inset. Fe isotope exponent is estimated to be ar.=—0.15.

susceptibility (x) for the samples synthesized from the natural
iron powder ("Fe) and isotopic *Fe enriched one. The both
samples show sharp superconducting transitions at~38 K, which
corresponds to optimal doped state®. Sharp superconducting
transition indicates good homogeneity and high quality of the
samples. T, is determined from the definition of the intersec-
tion of the two extrapolated lines;one is drawn through the
susceptibility curve in the normal state just above the transition,
and the other is drawn through the susceptibility curve with the
maximum slope (see the inset of Fig. 3). A clear isotope shift in
T.(AT.= —0.25K) can be seen in this combination. Surprisingly,
the sample including the larger atomic weight of Fe depicts
higher T, indicates the inverse isotope effect (ar.= —0.20). An
average isotope exponent are. reported for seven sets of samples
is are= —0.18£0.03".

The shift in T due to isotope exchange is also confirmed by 7-
dependent resistivity measurement. In Fig. 4 the temperature
(T) dependent normalized resistivity of the same samples used
for the measurement in Fig. 3 is shown. T is determined by the
definition as a similar way stated in the susceptibility measure-
ment shown in the inset of Fig. 4. This result also clearly shows
that sample containing "Fe has higher 7. than *Fe, is consistent
with inverse isotope effect evidenced in the magnetic susceptibil-
ity measurements (see Fig. 3). The isotope exponent is estimated
to be ar.= —0.15, which is in agreement with isotope exponent
determined from the magnetic susceptibility measurements. Our
result is in contradictory with the earlier report on (Ba, K) Fe:As:
(are =0.37)°. It may be due to different synthesis technique,
strain and subtle change in doping level. The inverse
isotope effect in (Ba, K)Fe;As: is the first case in high-T.
superconductors”, suggests that high phonon frequency is
harmful for the superconductivity.

(b) A small iron isotope effect on T. in SmFeAsO;-,

The (Ba, K)FezAs: (T.=38 K) is hole doped low T'. material,
the pairing mechanism in the highest 7. materials like
SmFeAsO;-, with 7'.=55 K is necessary, to check whether the
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Fig.5 Temperature (T) dependence of the field-cooled (FC) susceptibility
(x) normalized at 5 K and 56 K for SmFeAsO -, samples with the average
isotope masses of Fe are 56.35 and 55.05. The inset shows the T
dependence of x near T.. An iron isotope coefficient is estimated to be are
=—0.01.

inverse isotope effect is universal in iron pnictides or other
mechanism play crucial role. Figure 5 represents the 7-
dependence of field-cooled (FC) magnetic susceptibility (x) for
the samples synthesized using *Fe:03 and *Fe:03 powders (the
average iron isotope masses are 56.35 and 55.05, respectively) as
a typical example. The magnitude (x) is normalized at 5K
(-1.0) and 56 K (0.0) values. Superconducting transitions are
sharp enough, allowing us to define 7. accurately. 7. is
determined as stated in Fig. 3 and shown in the inset of Fig. 5. As
indicated in the inset, shift of 7. is at most —0.01 K, which
correspond to the iron isotope coefficient ar.= —0.01. An average
iron isotope coefficient reported for five sets of sample is ar.
= —0.02£0.01%. This iron isotope effect is negligibly small, first
case in the iron based superconductors and it is different from
that of (Ba, K) Fe:As: even though both systems are in an
optimally doped state. Naively thinking, this suggest that phonon
due to iron are not crucial for superconductivity. It indicates that
iron isotope coefficient depends on the system.

Our result is also in apparently contradictory with a large ar.
=034 on SmFeAsOos Fois (T =41 K) by Liu et al”. Giving
lower T’s of their samples in comparison to the present study,
their samples are probably located at the so-called under-doped
region and the apparent difference between the two experiments
is likely due to the different doping level of the samples. If this is
the case, this resembles the situation with the cuprate supercon-
ductors where the oxygen-isotope effect is negligibly small in the
optimally doped samples, while that in the under- or over-doped
one is large, almost close to 052~ Tt should be necessary to
evaluate ar as a function of doping level in the iron-based
superconductors, which is really technically challenging as the
variation due to different doping level and isotope effect can not
be easily distinguished.

In summary, the inverse iron isotope effect in (Ba, K) FesAss
(T.=38K) at its optimal doping state is the first report in the
family of high-7. superconductor to show this phenomenon.
While a absence of the isotope effect at its optimal state in

SmFeAsO;-, (T.=54K) superconductor was evidenced. This
anomalous isotope mass dependence on 7. will be a key to under-
stand the superconducting mechanism in the iron based system.
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BMimprovement of Students’ Communication and Presentation

GKIIIG «+cvvvvevmemremsrmenrenmiiitiiii p. 1
Prof. Yasuro IKUMA, Department of Applied Chemistry,
Kanagawa Institute of Technology

It is one of the roles of university to educate students so that
they are advanced as persons when they graduate from the
university. Students in engineering department have to learn not
only their major subjects but also other subjects such as
communication and presentation skills. The recent study of
neuroscience suggests that the brain of human beings will be
activated and try to send information to next part of the brain
only when the brain feels that it loves the information that just
comes in. Otherwise the brain will not send information to the
next part of the brain to be used later.

When the students are studying their major subjects there
should be no problem in activating their brain (although this
might be difficult in some cases). The question is how to activate
the brain when they are studying the subjects they do not like
such as when students of engineering department are learning
how to communicate, how to make presentation, etc. We have to
inform our students in advance that the information which they
are about to encounter is useful for them and they will like it.
BMaterials Database Station (MDBS), National Institute for

Materials Science (N|MS) .......................................... p. 2
Masayoshi YAMAZAKI, Station Leader, Materials Database
Station, NIMS

Since Materials Database Station in NIMS launched MatNavi,
one of the world’s most-extensive online databases for materials,
in 2003, it has boosted material-based R & D and catalyzed
innovation. On July 1, MatNavi reopened with a totally
redesigned user interface and added data. The use of MatNavi
continues to be free : All you need to do is register.

MatNavi is an integrated database (DB) system comprising 13
materials DBs, including the Inorganic Material DB (crystal

structures, phase diagrams, ), Polymer DB (chemical

structures, physical properties, NMR spectra, --+), Metallic

Material DB (density, elastic constants, creep characteristics, **+)

and Computational Electronic Structure Database (band struc-

tures obtained by first-principles calculations). It also offers
application systems such as the Property Prediction Subsystem
for polymers.

With the update, you can now sign into all 13 DBs by a single
sign-on : It is no longer necessary to sign into each DB separately.
Also, the Inorganic Material DB (formerly the Basic Database for
Crystal Structure : Pauling File) has been augmented by a large
amount of new records including the crystal structures, phase
diagrams and physical properties of multinary compounds.

B Understanding the Pairing Mechanism in Superconductivity :
The Iron Isotope Effects on T. in Optimally Doped Iron
Pnictide Superconductors .......................................... p. 4

Parasharam M. SHIRAGE', Kunihiro KIHOU', Kiichi

MIYAZAWA"?, Hijiri KITO®, Hiroshi EISAKI"®, Yasumoto

TANAKA', Akira IYO"®

Y NeRI, AIST, * Tokyo University of Science, * JST, TRIP
The measurement of the isotope effect is a fundamental test for

realizing the pairing mechanism of superconductivity. Here we

show the iron isotope effect on a transition temperature (7%.) in
an optimally-doped (Ba, K) Fe:As: (T.=38 K) and SmFeAsO,-,

(T.=54K) superconductors. The reliable isotope shift in 7" was

measured by synthesizing a twin samples under high-pressure in

the same conditions (simultaneously) with different iron isotope
mass. We have found that the iron isotope coefficient vary with
superconducting systems, where (Ba, K)Fe:As: shows an
inverse iron isotope effect are= —0.18+0.03 while SmFeAsO,-,

shows an absence of appreciable iron isotope effect ar.= —0.02%

0.01, where the isotope exponent « is defined by T'.~M* (M is

the isotopic mass). The distinct iron isotope effects imply the

exotic coupling mechanism in the iron-based superconductors.
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