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Abstract

The discovery of superconductivity in LaFeAsO;_,F, with the transi-
tion temperature of Ty, = 26 K, puts the iron pnictide superconductors
in the first stage of the experimental and theoretical studies in super-
conducting research. The discovery of iron-based superconductors with
high phase transition temperature was unexpected, because it contains
a magnetic element Fe, for this reason it has opened a new avenue of
research so far. Main discussion in this system now is focused on the
mechanism of the superconductivity. In this thesis we have studied the
elastic constant properties of Ba(Fe;_,Co,)2Ass. The parent compound
of this material shows a stripe magnetic order with a structural change
from tetragonal to orthorhombic. This work mainly discuss the roles
and reclations of the structural and magnetic fluctuation of this system.

The thesis is organized as follows. We will first provide the necessary
background knowledge of the iron-based superconductors in Chapter 1.
Chapter 2 serves as various experimental methods and their apparatus
for elastic constants, electrical resistivity, heat capacity measurements.
In chapter 3, we will show the experimental results of all elastic con-
stants, electrical resistivity, heat capacity. In chapter 4, we discussed
the large elastic softening in Cgg towards to the structural phase transi-
tion temperature. We analyzed the origin of the large elastic softening in

Ces based on localized picture and based on band picture and find some



parameters and summarized the phase diagram of Ba(Fe;_;Co,)2Asy. At
last we discussed the correlation between elastic anomaly and supercon-
ductivity in iron based superconductor Ba(Fe;_,Co,)2Ase, and revealed
the role of orbital in the emergence of superconductivity in iron-based
superconductors. In chapter 5, we focused our attention on the three-
dimensional character of this system. In our experimental tool, ultra-
sonic measurement, the corresponding elastic strain modulates physical
quantities along c-axis through the elongation and contraction of the
inter-layer spacing. So by examining the corresponding elastic constant
(33, we can obtain the three-dimensional character of this system. Our
studies show that the correlation of Cs3 with T, as well as the in-plane
fluctuation appearing in Cgg.

In chapter 6 we will demonstrate the large elastic anomalies in heavy
fermion superconductor Rhy7S15. In this chapter we summarized the
introduction, experimental method, results and discussion in individ-
ual. In this chapter we will show the elastic constants of C, Cu,
C; = %(CM + C12 + 2Cy), Cp = %(C’U — (C12) and discuss the simi-
larities with the iron-based superconductors. is the main contents of the
thesis. In this chapter we will demonstrate the existence of the inter-
layer fluctuation and the highlight the roles of the magnetic fluctuation.
In chapter 7, we will conclude our results of ultrasonic measurements
of Ba(Fe;_,Co,)2As,. Chapter 8 is Appendix for the analyzing of the

elastic constants.
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Chapter 1

Back ground

1.1 Discovery of iron based superconductivity

The discovery of superconductivity in LaFeAsO;_,F, with the transi-
tion temperature of T, = 26 K by Hosono group in 2008 [1] puts the iron
pnictide superconductors in the first stage of the experimentation and
theoretical studies in superconducting research. With the achieving of
many researchers for their high 7}, and superconductivity emerges in the
system with the ferromagnetic Fe element, many new superconducting
materials were discovered so far [2, 3, 5, 6, 7, 8].

In a very short time, the superconducting transition temperature T,
was raised to around 55 K [6], which is only second to that of the copper-
oxide superconductors. Except for the first iron based superconductor
material so-called 1111 family, new families of the iron-based supercon-
ductors were also discovered one after another. To date, five unique
crystallographic structures have been shown to support superconduc-

tivity. As shown in Fig. 1.1a, they include LiFeAs [9] (111 family),















systems, for electron-doped Ba(Fe;,Co,)sAsy in Fig 1.5(a), hole-doped
(Ba;, K, )FesAsoin Fig 1.5(b), and isovalent doped BaFes(As, P, )2 in Fig
1.5(c). These are the most widely studied of the five families and widely
thought to capture the main traits of all FeSCs. In small doping re-
gion, these compounds show AFM (spin density wave: SDW) phase,
and with increasing doping level, the SC phase appears. Interestingly,
in the underdoped and optimally doped compounds, the SC, structural
and AFM phases coexist and show the highest T;. for each compounds.
For example, in the case of hole-doped K-Bal22, the SDW order and su-
perconductivity coexist at low temperature for 0.2 < z < 0.4. Another
point in the phase diagram is, the SC phase disappears around x ~ 0.15
for Ba(Fe; ,Co,)2Asy, while the SC phase of Bay, K, FesAs, still remains

in the heavily overdoped region.

In the phase diagram of Ba(Fe; ,Co,)2Ass, we can see that a coexis-
tent phase of superconductivity and the magnetic order. It is also clear
that T}. takes the highest value just when both the structural phase tran-
sition and the magnetic order are suppressed. Such behavior, appear-
ance of superconductivity along with the disappearance of the adjacent
order, has been recently observed in many systems such as UCoGe and

CePdySis, where superconductivity appears near the quantum critical

point (QCP) [17, 18].



1.3 Tuning of phase diagram in pnictides

As in the cuprates, chemical substitution also plays a key role in induc-
ing the superconducting phase as in iron-pnictides. It has been argued
that there are some similarities between the recently discovered Fe-based
superconductors and high Ty cuprates or heavy Fermion superconduc-
tors. The most important similarity is that all of them are close to the
magnetically ordered state, which suggests the contribution of magnetic
fluctuation to the superconductivity pairing mechanism. The electronic
phase diagrams of Ty, versus z show a dome-shaped curve in all cases.
The parent compound of cuprate superconductors is a Mott insulator
and the number of doped holes/electrons is a key parameter that con-
trols the occurrence of superconductivity via the weakening of the elec-
tron correlation. In the case of a heavy Fermion compound, pressure is
an important parameter that controls the product of the exchange inter-
action and the density of states in the Doniach phase diagram [19]. In
iron based superconductors the tuning parameter of the phase diagram
is still under debate. The effect factor to Ty in iron based supercon-
ductors studied by various ways. As we know the parent compound of
iron-based superconductors is a metal, exhibiting a spin density wave
at low temperatures. Superconductivity is induced either by chemical
substitution or the application of pressure, so the phase diagram of iron
based superconductors have been studied by doping effect and pressure

cffect.



As shown in Fig. 1.5, the quantitative similarity between phase di-
agrams produced by substitutions involving both obvious (i.e., KT for
Ba?") [20] and subtle (i.e., Co-3d" for Fe-3d%) [21] charge doping, as well
as nominally isovalent (P-3p? for As-4p®) [22] substitutions, is enticing
due to the implied versatility of chemical tuning parameters available to
experimentalists for studying these systems. Furthermore, it promotes
the idea that simple charge doping, as understood to be the case in the
cuprates, is not the sole factor in determining the phase boundaries of

these systems and that structural tuning may play a role.

Pressure tuning is less well understood. In some cases this powerful
control parameter is aligned with its chemical substitution counterpart.
For instance, in Ba; ,K,FesAsy a good overlap exists between lattice
parameter variation by applied pressure or K substitution [23], allowing
conclusions about the roles of lattice structure versus charge doping to
be made. There is still a question that whether doping induces the phase
diagram or pressure induces the phase diagram. Recently S. Drotziger et
al.[19] studied about this problem by tuning both hydrostatic pressure
and Co concentration (x) on Ty and various structural parameters such
as Fe-Fe distance dp._r., bond angles ¢;, FepAsy layer thickness (pnicto-
gen height) hp._a4s, ¢/a ratio, and bond length dp._a, in detail. They
found that all the data points of 7. lay on a single curve, as shown in Fig
1.6, if they assumed that 1% Co doping corresponds to the application

of a pressure of 1.275 GPa. This demonstrates that Co concentration












it is obvious that the observed large anomaly in Cgg is ascribed to the
bilinear coupling. In the case of Ba(Fe; ,Co,)sAs,, as shown in Fig. 1.8
the €., strain as a perturbation field of Cgs, which belongs to the By,
representation of Dyy,. It deforms the crystal symmetry from tetragonal
to orthorhombic. In the case of £,, —¢,, for %(C’H —C19) and g (e.,) for
Cy4 the deformed symmetry is orthorhombic and monoclinic, and they
belong to By, and E, respectively. The interesting physical quantities
such as the charge, orbital (d-electron systems), or electric quadrupole
(f-electron systems) belong to the reproducible representations, and are
equivalent to those of the elastic strains. The orbitals (quadrupoles) be-
longing to each irreducible representation are shown in Fig. 1.8. We can
obtain the information on these quantities through the coupling with the
elastic strains as elastic softening.

The first elastic measurement for the iron-based superconductors was
performed by McGuire et al. for polycrystalline sample LaFeAsO (1111
family) [25]. They used Resonant Ultrasonic Spectroscopy method for
the measurements. As shown in Fig. 1.9, they studied the elastic con-
stants C1; and Cyy of this sample and reported remarkable softening
towards low temperatures and discovered a elastic anomaly at struc-
tural phase transition, but the anomaly at structural phase transition
still not clear. Subsequently, Fernandes et al. have studied the elastic
property of BaFesAsy and Co-doped Bal22 system Ba(Fe; g4Cog.16)2As,
[26]. They have also used Resonant Ultrasonic Spectroscopy method for

the experiment. As shown in Fig. 1.11 both materials show a large
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for the measurement, in this method it is diflicult to assign the mode of
elasticity. But we know from this research that a large elastic anomaly
occurs in Cyg for Bal22. Anyway, these studies of the elastic property
for iron based superconductors give us a great interest.

We measured the temperature dependence of elastic constants of Cy,

(3, Cyy, %(Cn — (C2) and Cgg for bulk single crystals of eight different

tion ranges from x = 0 to 0.245. Single crystals were grown by a flux
method, and Co concentration was determined by energy dispersive X-
ray spectrometry (EDS) analysis. In our study it shows very large elastic
softening in Cgg, the amount of softening is 90% for un-doped sample
and it reaches 80% for Ba(Feggs3Co00.037)2Ass. For the overdoped sam-
ples, the anomalies in Cg¢ gradually disappear with the increasing of Co
concentration. By calculating the elastic compliance Sgg, we have found
a clear correlations between superconducting transition temperature and
the amount of anomaly in Sgg, and results highlight that the importance
of structural fluctuations for the emergence of superconductivity. Elastic
constants of bulk single crystals of Co-doped BaFesAsy were measured
by Goto et al [28]. They reported the temperature dependence of O,
Cs3, Cus, %(CM — Cy2) and Cgs and found a particularly large elastic
softening in only Cgg for the single crystalline Ba(Feq9Coy1)2Asy grown
by a Bridgman method. Results are shown in Fig. 1.12.

As shown in Fig. 1.8, Ba(Feg 963C00.037)2As2 shows two small but re-

markable elastic anomaly in (33, which are corresponds with the struc-
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perconductors, so it has attracted many researchers for its promising
applications. Now studies focus on the mechanism of superconductiv-
ity of this family, but the key parameter mediating the superconducting
state is not clear yet. In this system superconductivity is induced ei-
ther by chemical substitution or the application of pressure. On the
mechanism of superconductivity, it has been argued about the role of
structural and magnetic fluctuations as mediating parameters of super-
conductivity. Among all iron-based superconductors with different crys-
tal structures, Ba(Fe; ,Co,)2Ass is suitable for basic research, because
it can provide large single crystals. The parent compound BaFeyAss of
this system shows stripe magnetic order with a structural change from
tetragonal to orthorhombic. If a system encounters with the structural
phase transition, elastic constant is a suitable probe for investigating of
the neighboring structural ordering. At first. we have reported elastic
properties of iron-based superconductors Ba(Fe;_,Co,)sAss, and found
the structural fluctuation in Cgs associated with the structural (75) and
magnetic phase transitions (Ty). Our results suggested the importance
of orbital fluctuation in the emergence of superconductivity. Starting
from our reports, many researchers have discussed the superconductiv-
ity based on the orbital fluctuations. On the other hand, the structural
fluctuation leads to an in-plane order, and it possesses two-dimensional
nature. However, an order is hard to occur in two-dimensional systems,
so three-dimensionality is necessary for the occurrence of ordering. Next,

in this thesis, we have focused our attention on the three-dimensional
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character of this system. In our experimental tool, ultrasonic measure-
ment, the corresponding elastic strain ezz modulates physical quantities
along c-axis through the elongation and contraction of the inter-layer
spacing. So by examining the corresponding elastic constant Cs3, we
can obtain the three-dimensional character of this system. Our results
show that the elastic anomaly Cs3 due to the inter-layer fluctuation is
enhanced near the QCP (Quantum Critical Point). We have studied it
by means of electrical resistivity, heat capacity, ultrasonic attenuation
in addition to elastic constant C33. It is obvious from my results that
the three-dimensional properties of Bal22 possibly originated from the
magnetic character of this system. My findings about the correlation of
(33 with Ty. as well as the in-plane fluctuation appearing in Cg would
highlight the roles and relations of the orbital and magnetic fluctuations

in the emergence of superconductivity.
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Chapter 2

Experimental apparatuses and

Experimental method

2.0.1 Ultrasonic measurement
2.0.2 Pulse echo method

In this research we have used the ultrasonic pulse echo method. It is
used to measure the frequency area of 10 ~ 500 MHz. Figure. 2.1 shows
the outline of the ultrasonic measurement apparatus. High-frequency
signal pulses are generated by a pair of piezoelectric transducers, which
are bonded on the parallel planes of the sample. The transducer con-
verted electric signal to ultrasonic one. The ultrasound generated at one
side propagates to the other side, and is reflected at the surfaces repeat-
edly. In this experiment, we used Thiokol to adhesion the sample, and

LiNbOj for the transducer. By examining pulse echo time interval and

19



the specimen length, we can obtain the sound velocity

21

S 2.1
V=i (2.1)

The elastic constant is obtained by using the formula
C = p? (2.2)

where p is the density of the sample. As the ultrasound travels through
the sample, ultrasonic signal intensity is attenuated by absorption. By
this attenuation, pulse echo intensity attenuates exponentially according
to equation (1-3), and these attenuated pulse echo sequence is shown in
Fig. 2.2.

[ = lyexp(—BAT) (2.3)

Here, [ is the echo intensity and AT the time interval. By measuring the
ratio of the height of the adjacent ultrasonic pulse-echo, we can obtain
the required absorption coeflicient 3 at per unit time

. QOZOQ(In/[n+1)
B AT

B [dB/cm] (2.4)

In addition, because the interval time of echo AT corresponds to the

distance 2[, the absorption coefficient at per unit «

 20l0g(1a/Tin)

5] [dB/cm] (2.5)
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We can obtain the absolute value of absorption coefficient.

2.0.3 Phase caparison method

Phase comparison method is a way to replace the amount of change
observed frequency variation of the speed of sound propagating through
the sample, by calculating the speed of sound v, elastic constant C' can
be determine. Figure. 2.3 describes the operating principle of ultrasonic
measurement apparatus according to the phase comparison method. As
seen in the scheme a signal transmitted from Synthesizer (MG2502), and
this signal is separated into two directions and enters (Double Balanced
Mixer) DBM as the reference signal V,.r, while the other is converted
to a ultrasonic pulse-echo by the Diode Switch which is controlled by
the Pulse Generator. This signal is convert into ultrasonic pulses by a
transducer and propagates through the sample. After these ultrasonic
pulses repeating reflections at both ends of the sample with a speed of
v, converted again into an electric signal by transducer on the opposite
side. While ultrasonic pulse passing through the sample, a delay is occur,
and this delay is is proportional to the propagation time in the sample,
so there is phase difference is occur between the ultrasonic pulse and

reference signal. The reference signal is

Vyes = Acos(2m ft) (2.6)
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Figure 2.2: Pulse echo sequence.

The n!* pulse-echo ultrasound vy, is
Ven = Bexp[—a(2n + 1)l]cos(2m ft + ¢y,) (2.7)

where o is the ultrasound absorption coefficient per unit length, ¢, is
the reference signal for the n'" echo pulse. The output signal from the

mixer can be describe by the v,..; and vy,
1
Vout = Vref X Vgp = EABe:z:p[—a(Qn + D)l]cos(27 ft + ¢,,) (2.8)

where the first term is the alternating current component with a fre-
quency of 2f, the second term is direct-current component that depends
on ¢,. DC component which depends only on the phase difference by

the cutting of AC component of the Low-Pass Filter:

1
Vphase = §ABexp[—a(2n + 1){|cos¢p, (2.9)
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relative change of frequency.

Af  Av Al

= +___l (2.11)
Af  Av
=% (2.12)

The absolute value of sound velocity can be obtained from the phase

difference ¢,,. If we replace the f + Af by f formula can be change:

¢n = 2m(2n + 1)l§ (2.13)
changes to
b = 2n(2n + 1)1 +VAf (2.14)

Here, Af is the frequency difference of 27. Then we can establish a

relationship between v and f

v=(2n+ 1)IAf (2.15)

v=(2n+1)IAf (2.16)

2.1 Transducer

LiNbOj (lithium niobate) transducer was used to generate ultrasonic
waves in the present study. LiNbO; transducers were synthesized by

our group at Iwate prefecture researching center. The thickness of the
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2.2 Single crystal samples of Ba(Fe; ,Co,)2As

The high-quality large single crystals of Ba(Fe;_,Co,)2Ass used in
this work were grown by the self-flux method. Samples with eight Co
concentrations x = 0, 0.037, 0.060, 0.084, 0.098, 0.116, 0.161, and 0.245
were prepared. The Co concentration in the grown crystals was deter-
mined by energy-dispersive X-ray spectroscopy (EDS). The Co content
of the samples was about 75% of the prepared one. The samples were
cut into a rectangular shape, after determining their axis by X-ray Laue
photography. The sample had a typical area of 3 x 3mm? in the tetrag-
onal ab (XY) cleavage plane, and a thickness of 2mm on the c-axis. The
located positions on the phase diagram of these single crystal samples

for elastic constant measurements of Ba(Fe;_,Co,)2Ass are shown in Fig.

2.6.

2.3 Electrical resistivity

We measured the electrical resistance simultaneously with the elastic
constant for x = 0.06. This measurement was taken by using a conven-
tional four-probe method, capton tape was interpolated between sample
and transducer to avoid from short connection sample and transducer.
Measurement circuit shown in Fig. ??7. This circuit was designed to mea-
sure resistance and elastic constant at one setting. In this way we can
observe that where the elastic anomaly occurs superconducting phase

transition or magnetic/structural phase transition for this sample, since
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partially exposed. The chuck, which is below the puck frame and above
the green fiberglass connector, produces the thermal contact to the base
of the sample chamber. The chuck includes the indexing key, which
drops into the indexing notch to lock the puck in position inside the
PPMS sample chamber. The chuck, which is below the puck frame and
above the green fiberglass connector, produces the thermal contact to
the base of the sample chamber. The chuck includes the indexing key,

which drops into the indexing notch to lock the puck in position inside

the PPMS sample chamber.

Sample-Mounting Station

To prevent damage to the eight wires that hold the sample platform,
the sample-mounting station uses a puck interlock arm and vacuum suc-
tion to stabilize the puck and platform. By stabilizing the puck and
platform, the mounting station allows a sample to be easily mounted on
the platform and removed from the platform while preventing the wires
from being stressed. The puck interlock arm is curved to fit the circular
exterior of the puck holder. When the interlock arm is pushed toward
the holder, the interlock arm clasps and helps immobilize the puck. The
vacuum supplied at the hose barb appears at the hole in the platform
holder and sucks the platform downward to hold it in place. Small fin-
gers on top of the platform holder further stabilize the platform.

The puck interlock arm is curved to fit the circular exterior of the puck

holder. When the interlock arm is pushed toward the holder, the inter-
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Chapter 3

Results

Elastic properties of iron based superconductor Ba(Fe; ,Co,)2Asy with
various Co-concentrations were reviewed by ultrasonic measurement.
Among them Cgg shows large elastic softening towards to low temper-
atures, the amount of softening extends to 95%. There are two small
softening were occurred in Cs3, implies the three dimensional character
of this system. (53 shows exotic softening near the QCP. We have stud-
ied it by means of specific heat, resistivity and ultrasonic attenuation in

addition to the elastic constant.

3.1 Electrical resistivity of nearly optimal doped

sample

Ba(Fey 94Cog.06)2As, is located near to the QCP. For this Co concentra-
tion, we have studied the elastic properties. specific heat and electrical
resistivity for two samples of different batch. The results of clectrical

resistivity was pictured in Fig. 3.1.
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3.3 Elastic constants for Ba(Fe;_,Co,):As)

We have measured elastic constants for eight different Co concen-
trations of Ba(Fe; ,Co;)2Asy with 40 different modes. Elastic con-
stants have been measured by an ultrasonic pulse-echo phase compari-
son method as a function of temperature from 5 K to 300 K by using a
cryostat equipped on a Gifford-McMahon (GM) Cryocooler. Except for
Css, all elastic constants show monotonic increase with the decreasing of
temperature. They show elastic anomalies at structural, magnetic and
superconducting phase transition temperatures. We will introduce the

results of elastic constants for these samples as follows.

3.3.1 Temperature dependence of elastic constants in BaFe;As;

In the case of undoped sample as shown in Fig. 3.4, all elastic con-
stants show an elastic anomaly at 134 K, it corresponds to the structural
and magnetic phase transition temperatures. The amount of softening
for 0.7% for Cyy, 4.3% for Cs3, 90% for Cgg, and Cyy shows elastic harden-
ing of 0.2%. C1; and Cyy shows hysteresis at this transition temperature,
implies that the first order phase transition temperature. Hysteresis are

described in Fig. 3.5.
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3.3.3 Temperature dependence of the elastic constants (j; of

Ba(Feo.94COO.060)2AS2-

This composition located near to the QCP in the phase diagram of
Ba(Fe;_,Co,)sAss. These phase transition temperatures of Ty, Tn, Ts
are located closely to each other. For this composition we have studied
elastic constants of Cy1, Cs3, Cua, %(CH — (C12), and Cgg as shown in
Fig. 3.7. Elastic properties of Cgg, Cs3, and attenuation «, specific heat
and electrical resistivity were studied for two samples of different batch.
These results of resistivity and heat capacity were pictured in section

one and section two of this chapter.

3.3.4 Temperature dependence of the elastic constants Cj; of

Ba(Fe)916Cop.084)2A89.

This sample located in the over doped region of the phase diagram. It
shows elastic anomaly at T,.. In this sample Cgg also shows large elastic
softening from room temperature to low temperatures. Cs3 shows step
like elastic anomaly at T,. Other elastic constants show monotonic

increase with decreasing temperatures. Results are shown in Fig. 3.8.
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3.3.5 Temperature dependence of the elastic constants Cj; of

Ba(Feg g02Cog.008)2AS:.

This sample located in over doped region of the phase diagram of
Ba(Fe;_,Co,)oAsy. This sample shows elastic anomaly at 16.7 K which
is corresponds to its superconducting phase transition temperature. In
this sample Cgg also shows large elastic softening from room temperature
to low temperatures. Cs3 shows step like elastic anomaly at 7Ti.. Other
elastic constants show monotonic increase with decreasing temperatures.

Results are shown in Fig. 3.9.

3.3.6 Temperature dependence of the elastic constants Cj; of

Ba(Fe;334Coq116)2A8:.

This sample located in over doped region of the phase diagram of
Ba(Fe; ,.Co,)sAse. This sample shows elastic anomaly at around 10
K, it corresponds to its superconducting phase transition temperature
of this sample. In this sample Cgs also shows large elastic softening
from room temperature to low temperatures. Cs3 shows step like elastic
anomaly at T,.. Other elastic constants show monotonic increase with

decreasing temperatures. Results are shown in Fig. 3.10.
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3.3.7 Temperature dependence of the elastic constants Cj; of

Ba(Feo.839COO.161)2AS2 and Ba(F€0.755C00.245)2A52-

As we can see in the phase diagram of Ba(Fe; ,Co,)sAsq, the Co
16.1% doped and 24.5% doped samples are located far from the QCP,
they do not show any phase transitions. Fig. 3.11 and Fig. 3.12 show
the temperature dependence of elastic constants of Ba(Feq g30Coq 161)2As2
and Ba(Fey 755C00.245)2As,.  All elastic constants show monotonic in-
crease with decreasing temperatures. No elastic anomalies were observed

for both samples.
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