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Abstract

The relationship between superconductivity (SC) and charge density wave (CDW) has
been a major research topic in condensed matter physics and has been investigated in
many materials. However, previous studies were actually limited to two cases: the first
is where SC and a CDW intrinsically exist; the second is where SC is induced in a CDW
material. To understand the whole picture of the relationship between SC and CDW, we
investigated the relationship in a third case where a CDW is induced in a superconducting
material.

Transition metal trichalcogenides, MX3 (M: Nb, Ta; X: S, Se), has a structure consisting
of chains made of transition metals and chalcogens, and the chains are weakly bonded by
van der Waals forces. Owing to this structure, MX3 is a quasi-one-dimensional conductor
in which an electric current travels well in the direction of the chain axis. In most
materials belonging to MX3 (NbSes, TaS3, and NbS3), the Fermi surface is close to a
plane. Therefore, the nesting condition is good and a CDW develops below the transition
temperature in these materials. On the other hand, TaSes which is one of MXj3 exhibits
no CDW transition but the filamentary superconductivity transition at about 2 K because
TaSes is more three-dimensional than the other MX3 compounds.

If Cu atoms are doped in TaSes, the Cu atoms are considered to be difficult to substitute
for Ta atoms because the common valence that Cu takes (+1 or +2) is different from that
of Ta (4+5). On the other hand, the Cu atoms are expected to enter in the Van der Waals
gap and to increase the distance between chains of TaSez. Therefore, it is presumed that
Cu doping decreases the dimensionality and improves the nesting condition in TaSe;.

In this thesis, we tried to induce a CDW in TaSez with a superconducting material by
Cu doping, and investigated the relationship between the induced CDW and SC.

We have synthesized single crystals of Cu-doped TaSes, and measured precisely the
temperature dependence of the resistance from 4.2 to 280 K. We discover an anomalous
sharp dip in the temperature derivative of the resistance (dR/dT) at about 91 K in Cu-
doped TaSes, which is never observed in pure TaSe;. The dip suggests that there is a
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sudden change in state with a relative increase in resistance. In addition, the dip is “vy
shaped. We reveal that the same “y”-shaped dip in dR/dT" is commonly observed at the
CDW transition temperature in many CDW conductors, which is a universal consequence
resulting from the opening and growth of a CDW gap on a Fermi surface. Furthermore,
the result of the single-crystal X-ray diffraction (XRD) analysis implies that the lattice pa-
rameters perpendicular the chain axis increase and that parallel to the chain axis decreases
by Cu doping, leading to an improvement in the nesting condition. The “+”-shaped dip
and the result of the single-crystal XRD analysis show that a CDW emerges by Cu doping
in TaSes.

We investigated the effect of Cu doping on SC in Cu-doped TaSes by measuring the
temperature dependence of the resistance from 0.6 to 2 K. We observed an emergence of
a region where the SC transition temperature (7¢) decreased in samples with higher Cu
concentrations, and found that the region tended to expand with increasing Cu concen-
tration. These results and the fact that the SC of TaSes is filamentary show that SC is
suppressed locally by Cu doping in Cu-doped TaSes.

From the above discussions, it was revealed that a CDW is induced while SC is sup-
pressed in Cu-doped TaSez. Hence, the induced CDW and SC would be in a competitive
relationship.

The locality of SC suppression suggests that the induced CDWs are local. The resis-
tance anomaly due to the induced CDW transition was extremely small. Moreover, the
size of the anomaly was enhanced with increasing Cu concentration but the temperature
at which the anomaly appeared hardly changed. These results of the anomaly can be
interpreted consistently from the short-range order of the induced CDWs in the vicinity
of Cu atoms.

From all the discussions, we conclude that the induced short-range order CDWs and
SC are in a competitive relationship in Cu-doped TaSes. The competitive relationship
between short-range order CDWs and SC obtained in the present work is different from
the non-competitive relationship previously reported in Cu,TiSe; where SC is induced in
a CDW material. By comparing the detailed experimental results of these two materials,
we will clarify the physics that defines the relationship between short-range order CDWs
and SC.
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Outline of this thesis

This thesis is organised as follows. In chapter 1, we explain the significance of the induction
of a charge density wave (CDW), the unresolved question about the relationship between
CDW and superconductivity (SC), and the purpose of this study. In chapter 2, we explain
TaSes of a superconducting material and Cu doping which is a method capable of inducing
a CDW in TaSe;. We report experiment results from 4 K to 280 K in Cu-doped TaSe;
and discuss the presence of a CDW. In chapter 3, we report the results of the resistance
mesurement from 0.6 K to 4.2 K in Cu-doped TaSes and discuss the effect of Cu doping
on SC. In chapter 4, we discuss the relationship between the induced CDW and SC, and
the short-range order of the induced CDWs in Cu-doped TaSes. Moreover, we compare
the relationship between the short-range order CDWs and SC in Cu-doped TaSes with
that in another material and suggest a new parameter that influences the relationship

between short-range order CDWs and SC.



Chapter 1

General introduction

1.1 Induction of macroscopic quantum state

The induction of superconductivity (SC) has helped in the search for new supercon-
ducting characteristics and in answering unresolved questions about SC. For example,
high-temperature SC has been induced by doping carriers in insulators [1]. As a result,
a new SC mechanism was found, and the transition temperature (7¢) achieved 164 K
under high pressure [2]. In addition, it was found that conventional SC appears in a sul-
fur hydride system under high pressure [3]. This discovery brought the leap of T¢ to 203
K and showed the possibility of realizing a higher 7 in other hydrogen-based materials.
Moreover, SC was induced in some charge density wave (CDW) compounds by employing
doping or high pressure, and the coexistence or competition of induced SC with CDW
was investigated [4, 5, 6, 7, 8, 9]. Thus, the induction of SC provides many opportunities
to study SC.

CDW is a macroscopic quantum state as well as SC. CDWs occur in low-dimensional
metals as the result of the Peierls instability of Fermi surface. Previous CDW studies have
provided a lot of knowledge about the mechanisms and the dynamics of CDW by targeting
materials with intrinsic CDW states [10, 11]. However, the next stage of this research
should involve inducing a CDW in materials that do not normally exhibit a one, because
new CDW characteristics might be obtained and it will provide many opportunities to

deal with unresolved issues as well as SC. For example, new driving mechanisms other



than conventional Fermi surface nesting might be found as reported for NbSe, [12] and
TiSeq [13]. Moreover, if a CDW is induced in materials that exhibit SC, we can study the

relationship between induced CDW and SC.



1.2 Relationship between charge density wave (CDW)
and superconductivity

The relationship between CDW and SC has been a major research topic in condensed
matter physics. For example, in ZrTez in which a CDW and SC exist under atmospheric
pressure, the application of pressure below 2 GPa enhances the CDW and eliminates the
SC transition as shown in Fig. 1.1 [14]. On the other hand, the CDW is suppressed above
2 GPa while the SC transition emerges again at ~5 GPa. Moreover, in NbSe; with a
typical CDW material, Ta doping suppresses two CDWs and induces the SC transitionas
as shown in Fig. 1.2 [15]. These results show that the CDW or the SC is enhanced
while the other is suppressed, which is ascribed to the competition between the CDW
and SC on a Fermi surface. On the other hand, in a Cu,TiSe; system where Cu atoms
are doped in 17-TiSey, with a commensurate CDW material, a unique CDW and SC
phase diagram is observed as shown in Fig. 1.3 and a new relationship between CDW
and SC has been discussed [5, 16, 17]. According to the temperature dependence of the
resistance, the CDW is suppressed by Cu doping while SC is induced, and the dependence
of the SC transition temperature (7)) on Cu concentration has a domelike structure [5].
However, precise measurements performed with scanning tunneling microscopy (STM)
and X-ray diffraction (XRD) reveal that short-range order CDWs survive up to high Cu
concentrations where the SC emerges and the transition temperature of the short-range
order CDWs is independent of the T [16, 17]. This result suggests that short-range order
CDWs are not necessarily in competition with SC and cannot be explained solely in terms
of the competition for the density of states at the Fermi level. Moreover, according to the
XRD result, the short-range order CDWs change from commensurate to incommensurate
at the Cu concentration where SC emerges in Cu,TiSey [17]. The result suggests that
the incommensuration of the CDWs may affect the relationship between the CDWs and
SC. However, the reason for this is unclear. As described above, the relationship between

CDW and SC has been investigated in many materials. However, previous studies were



actually limited to two cases as shown in Table 2.2: the first is where a CDW and SC
intrinsically exist; the second is where SC is induced in a CDW material. Here, in addition
to these two cases, we should also investigate the relationship in a third case where a CDW
is induced in a superconducting material, if we are to understand the whole picture of the

relationship.

| /] a—axis

T [K]

Figure 1.1: Pressure dependence of the CDW transition temperature Tepw , the su-
perconducting transition temperature T and the onset temperature of superconducting
transition Topse for ZrTes [14].
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1.3 Purpose of this study

In this thesis, we induced a CDW in a superconducting material and investigated the

relationship between the induced CDW and SC.
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Chapter 2

Emergence of a CDW in Cu-doped
TaSe;

2.1 Introduction

2.1.1 TaSe;3

TaSes is a predominant candidate superconducting material capable of inducing a CDW.
TaSes is one of the transition metal trichalcogenides, MX3 (M: Nb, Ta; X: S, Se). MXj has
a structure consisting of chains made of transition metals and chalcogens, and the chains
are weakly bonded by van der Waals forces [18, 19, 20, 21]. Figure 2.1 shows the structure
of TaSes [22]. Owing to this structure, MX3 is a quasi-one-dimensional conductor in which
an electric current travels well in the direction of the chain axis (b-axis). In most materials
belonging to MX3 (NbSesz, TaSs, and NbS3), the Fermi surface of is close to a plane [23]. If
the Fermi surface was translated by a wave vector, it would overlap well with that before
translation, i.e., the nesting condition is good. This indicates the intrinsic instability of
the Fermi surface, and as a result, a CDW develops below the transition temperature
as shown in Fig. 2.2 [24, 25, 26]. On the other hand, TaSes exhibits different properties
from the other MXj3. TaSesz is more three-dimensional than the other MX3 compounds.
Actually, the electrical conductivity anisotropy (o /o) of TaSes is 3-15, while that of
TaS3 is ~100 and that of NbSes is 10-20 [28, 29, 30, 31]. Furthermore, according to
the band calculation, TaSe3 has two-dimensional Fermi surfaces, which are described as

fused tunnels running in the (—a* + ¢*) direction in contrast to the one-dimensional flat

14



Fermi surfaces of NbSe; and TaS; [23]. Therefore, TaSe; exhibits no CDW transition
over the entire temperature range, but the superconductivity transition occurs at about

2 K [22, 32, 33].

(a)

Figure 2.1: Structure of TaS; [22]. (a) Stacking along the b-axis. (b) Projection of the
structure on the (010) plane.

15
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2.1.2 Cu doping

There is Cu doping as a predominant candidate method capable of inducing a CDW in
TaSesz. If Cu atoms are doped in TaSes, the Cu atoms are considered to be difficult to
substitute for Ta atoms because the common valence that Cu takes (+1 or 4-2) is different
from that of Ta (+5). On the other hand, because the TaSes chains are weakly bonded by
Van der Waals forces, the Cu atoms are expected to enter in the Van der Waals gap and to
increase the distance between chains. Actually, in Cu,TiSe, where TiSes layers are weakly
bonded by Van der Waals forces, Cu atoms enter between layers and increase the distance
between layers [5, 16]. Therefore, it is presumed that Cu doping for TaSes decreases the
overlap between electron wave functions perpendicular to the chain axis, leading to a

decrease in dimensionality. As a result, the nesting condition may be improved.

2.1.3 Purpose of this study

In this chapter, we tried to induce a CDW in TaSes with a superconducting material by
Cu doping, and investigated the presence of a CDW by measuring the resistance as a

function of temperature.
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2.2 Experimental

2.2.1 Synthesis of single crystals

We prepared single crystals of pure TaSe; and Cu-doped TaSez synthesized by the vapor
phase transport method. We obtained three kinds of Cu-doped TaSe3 crystals by changing
the nominal value of Cu () and the growth temperature as shown in Table. 2.1. First,
we prepared Ta, Se and Cu materials (99.95%, 99.999%, and 99.9% respectively, Nilaco
Corp.) with a molar ratio of 1 to 3 to z, which are one gram in total. These materials were
sealed in an evacuated 10.5-mm-diam 20-cm-long quartz tube. The tube was then heated
at 678°C or 708°C, and maintained at the temperature for about seven days. Finally, the
tube was quenched in water. In this way, we obtained single crystals as shown in Fig. 2.4.
The crystals are ribbon-shaped with a typical dimensions of 5 um x 10 gm x 5mm. The

ribbon plane is (201) [22].

Table 2.1: The synthesis condition of pure TaSe; and Cu-doped TaSes.

Crystal Nominal value of Cu (z) Growth temperature
pure TaSes 0 678°C
Cu-doped TaSez A 0.0075 678°C
Cu-doped TaSe; B 0.05 678°C
Cu-doped TaSez C 0.05 708°C

Restof materials  Cu-doped TaSe; crystals

Figure 2.4: Single crystals of Cu-doped TaSes in a quartz tube.

19



2.2.2 Inductively coupled plasma atomic emission spectroscopy

To examine the actual concentration of Cu in the crystals, we performed inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using an ICPE-9000 (Shimadzu
Corp.). We determined the average Cu concentration for a bundle of the whisker crystals

(a few milligrams).

2.2.3 Single-crystal X-ray diffraction (XRD)

The crystal structure was examined by single-crystal X-ray diffraction (XRD) analysis
with Cu Ka radiation (A = 1.5418 A) using a Rigaku XtaLAB P200 diffractometer. The

lattice parameters were extracted by fitting the XRD spectra using CrysAlisPro.

20



2.2.4 Resistance measurement

The temperature dependence of the resistance along the b-axis (parallel to the chain axis)
was precisely measured with a dc four-probe measurement. The whisker crystal was cut
to about 2 mm. Current terminals were attached to both ends of the crystal with carbon
paste, and voltage terminals were attached inside as shown in Fig. 2.5. The cross-section
at both ends of the crystal was covered with carbon paste. We measured the temperature
dependence of the resistance while the samples were warmed from 4.2 to 280 K for about

30 hours. The temperature was measured with a Cernox resistance sensor.

. . Sample .
' Carbon

b-axis paste

V V\Lead line

Figure 2.5: Schematic of the arrengement of the current terminals and the voltage termi-
nals.

21



2.3 Results

2.3.1 Crystal

The result of ICP-AES are listed in Table 2.2. From the ratio of the amount of substance
determined by ICP-AES, we define the Cu concentration as the ratio of Cu to Ta given as a
percentage. The Cu concentrations of the Cu-doped TaSes were 0.51£0.10%, 0.95+£0.10%
and 1.12 + 0.10%. Thus, together with pure TaSes, we prepared four kinds of crystals
with different Cu concentrations. The Cu concentration did not exceed 1.2% even when

the nominal value for Cu was more than 5%.
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2.3.2 Result of single-crystal XRD

Figure 2.6 shows the lattice parameters determined by single-crystal XRD analysis as a
function of Cu concentration. The crystal structure of TaSez is monoclinic. The a-axis
and c-axis are perpendicular to the b-axis, which is the direction of the chain axis, and £
is the angle between the a-axis and the c-axis. The lattice parameters obtained for three
samples of pure TaSes were a = 10.402—10.409 A, b = 3.498—3.500 A, ¢ = 9.824—9.828 A
and 8 = 106.24—106.27°, which showed little sample dependence. However, the obtained
values were in good agreement with previously reported values of a = 10.402 + 0.004 A,
b = 3.495 £ 0.002A, ¢ = 9.829 + 0.004 A, 8 = 106.26 & 0.03° [19], and a = 10.374 A,
b=3501A, c=9827A, f=106.11° [34]. The lattice parameters we obtained for three
samples of each Cu-doped TaSes also exhibited sample dependence in almost the same
range as that of pure TaSe;. The Cu concentration dependence of lattice parameters
doesn’t show a clear change which satisfies Vegard’s law. However, the average values
for the a-axis, c-axis and ( tended to increase slightly as the Cu concentration increased,

while that of the b-axis tended to decrease slightly.
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2.3.3 Resistance measurement results from 4.2 K to 280 K

The temperature dependence of the resistance was measured for several samples for each
Cu concentration. Figure 2.7 shows typical data for pure TaSe; and Cu-doped TaSes.
In all the samples, as the temperature increased, the resistance monotonically increased
with a convex downward curvature in the low temperature range (7" < 70 K) and with a
convex upward curvature in the high temperature range (7' > 70 K) unlike the linear R-T'
curve for typical metals. The residual resistance ratios (RRR = R(280K) / R(4.5K)) were
43.2-57.1 in pure TaSes, 5.3-6.3 in Cu-doped TaSez (0.51%), 3.2-3.5 in Cu-doped TaSe;

(0.95%) and 3.0-3.3 in Cu-doped TaSesz (1.12%). The RRR decreased with increasing Cu

concentration.

1_ | T T T ]
0.8r .
<Ot i
S 0.6F .
S L |

x
0.4+ .
@ i pure TaSe; |
0. Cu—doped TaSe;(0.51%)
' Cu—doped TaSe;(0.95%)
0: Cu—doped TaSe;(1.12%) ]

l 1 1 1

| |
0 100 200 300

T(K)

Figure 2.7: The temperature dependence of the resistance normalized by the resistance
at 280 K of pure TaSe; and Cu-doped TaSes.
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Figure 2.8(a) shows the temperature dependence of the resistance normalized by the
difference between the resistance at 4.5 K and that at 280 K to compare the temperature
dependent parts of the resistance of pure TaSes and Cu-doped TaSes. The temperature
dependence of the resistance shows almost the same functional form for all samples. As the
Cu concentration increased, the normalized resistance at 4.5 K increased almost as a linear
function of the Cu concentration as shown in Figure 2.8(b). Therefore, Matthiessen’s rule
holds for the Cu-doped TaSes system.

To compare these temperature dependences of the resistance in detail, we plot the
temperature derivative of the resistance (dR/dT) in Fig. 2.8(c). In pure TaSes, the
dR/dT increased monotonically from 4.5 K, showed a maximum of 70 K, and decreased
monotonically above 70 K. In all Cu-doped TaSe; with different Cu concentrations, the
dR/dT showed a similar temperature dependence to that of pure TaSez over almost the
entire temperature range. However, there was an anomalous sharp dip in the dR/dT at
about 91 K in Cu-doped TaSes, but never in pure TaSes. In Cu-doped TaSe; (1.12%)
with the maximum Cu concentration, the dR/dT suddenly decreased from about 102 K to
about 91 K, showed a narrow minimum, and began to increase at about 91 K. Below about
91 K, it gradually returned to a temperature dependence similar to that of pure TaSez. In
summary, the anomalous sharp dip was “y” shaped. The depth of the dip increased with
increasing Cu concentration. We call the temperature at which the dR/dT drops most
the dip appearance temperature, Tgi,. The Ty, was observed as 92+2 K and 91+2 K for
Cu concentrations of 0.95% and 1.12%, respectively. There was no significant difference
between the Ty, values of Cu-doped TaSes (0.95%) and Cu-doped TaSes (1.12%) beyond
the measurement accuracy (£2K). In Cu-doped TaSes (0.51%), the dip was too small
to define the minimum dR/dT. The dip was reproduced in all samples measured for the
same Cu concentration. Furthermore, the same Ty;, was observed by cooling and heating

the Cu-doped TaSez (1.12%) sample, that is, no thermal hysteresis is observed.

27



(a) 1-5: 1 (b) 05 -
o | i i
o 1F T i
<t | — ~—~~
N—r x -

g% 1

¥l F - < 7
8 o y 04 |
%0'5: pure TaSe, i ]

- Cu—doped TaSe;(0.51%y i
i Cu-doped TaSe;(0.95%) ]
of | C}J—doped TaISeg(l.lZ%) . . |
0 100 200 300 0 0.5 1
T (K) Cu concentration (%)
I
© | -
8_

(10° K™

»
T
—

SN
T

/N

pure TaSe, i
Cu-doped TaSe;(0.51%)
- Cu-doped TaSe;(0.95%)

Cu doped TaSe3(l 12%)

200 300
T (K)

N
T

dR(T)/dT
R(280 K)-R(4.5 K)

o
T

Figure 2.8: (a)The temperature dependence of the resistance normalized by the difference
between the resistance at 4.5 K and that at 280 K of pure TaSe; and Cu-doped TaSes.
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2.4 Discussion

2.4.1 Change in the lattice parameters by Cu doping

The single-crystal XRD analysis shows that the lattice parameters have sample depen-
dence and do not show Vegard’s law clearly for increasing Cu concentration, as shown in
Fig. 2.6. On the other hand, the RRR and the depth of the dip change systematically as
the Cu concentration increases (see Fig. 2.7 and Fig. 2.8(c)). The beam-diameter used
in the single-crystal XRD analysis is 0.15> mm and, as a result, the lattice parameters
are determined as the average value over a local region of 0.15 mm in comparison with
the resistance that is obtained as the average value over the region of 1-3 mm between
the voltage terminals. Thus, the inhomogeneity in a single crystal may cause the sam-
ple dependence of the lattice parameters. However, the inhomogeneous distribution of
Cu atoms is not the main cause because the sample dependence is observed not only in
Cu-doped TaSez but also in pure TaSe;. The ideal value of the molar ratio of Se to Ta
is 3. However, the actual molar ratio obtained using ICP-AES is 2.8-2.9 as shown in
Table 2.2. This fact shows excess Ta atoms or Se vacancies. It is possible that there
is inhomogeneous distribution of Ta and Se atoms in a single crystal which disturbs the
lattice parameters and obscures the effect of Cu-doping, i.e., Vegard’s law.

Therefore, we focus on the average value of the lattice parameter for each Cu concen-
tration and discuss the change in lattice parameters by Cu-doping. As shown in Fig. 2.6,
the average lattice parameter value tends to increase on the a-axis and c-axis (perpendic-
ular to the chain axis) and tends to decrease on the b-axis (parallel to the chain axis) as
the Cu concentration increases. The expansion of the a-axis and c-axis indicates that Cu
atoms may be intercalated in the Van der Walls gap between chains. When the distance
between chains is increased, and the chain axis is contracted, the dimensionality is ex-
pected to decrease because the overlap between wave functions perpendicular to the chain

axis decreases and that in the chain axis direction increases. Therefore, the result of the
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single-crystal XRD analysis implies that the change in lattice parameters caused by Cu-
doping changes the Fermi surfaces from two-dimensional tunnel-like to one-dimensional

flat. This would lead to a better nesting condition in Cu-doped TaSes than in pure TaSes.

2.4.2 Change in the number of carriers by Cu doping

In addition, we can consider the number of carriers to be another physical quantity that is
changed by Cu-doping. It is reported that the Cu atoms intercalated in the Van der Waals
gap are donors contributing delocalized electrons at the Fermi level [16]. The Cu atoms
in Cu-doped TaSes are assumed to be intercalated in Van der Waals gaps, and contribute
delocalized electrons. TaSes is a semimetal with several Fermi surfaces which consist of
a hole and an electron band [23]. In addition, the result of angle-resolved photoemission
spectroscopy (ARPES) exhibits a high density of states near the Fermi level [31]. Thus,
the density of states at the Fermi energy and the form of the Fermi surfaces are sensitive
to a change in the number of carriers. It is possible that the change in the number of
carriers caused by Cu-doping can also change the nesting condition although it does not

necessarily get better.

2.4.3 “~”-shaped dip

We find an anomalous sharp dip in the dR/dT value in the temperature dependence
of the dR/dT of Cu-doped TaSes, which is never observed in that of pure TaSes, as
shown in Fig. 2.8(c). The dip in dR/dT is “4” shaped with a sudden decrease and a
narrow minimum. Thus, the dip suggests a sudden change in state. The emergence of a
structural transition is suggested in pure TaSez under uniaxial strain [35]. However, the
sudden change in state in Cu-doped TaSe; would not be a first-order transition because
we observe no thermal hysteresis.

We discuss how the resistance changes in the vicinity of the temperature where a dip in
dR/dT is present in Cu-doped TaSez. When the dR/dT drops, the decrease in resistance

caused by the decrease in temperature is suppressed. Thus, the resistance below the
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onset temperature of the dip (102 K) is larger than the resistance extrapolated from the
resistance-temperature curve above 102 K assuming that there is no dip in dR/d7T. In
summary, the dip in dR/dT means a relative increase in resistance. MXj3 compounds
(NbSes, TaSs, NbS3) other than TaSe; show anomalous increases in resistance at the
CDW transition temperatures (Tcpw) because the whole or part of the Fermi surfaces
disappears and the number of carriers decreases [24, 25, 26]. Therefore, the sudden change
in state with a resistance increase in Cu-doped TaSes is most likely to be a CDW formation
although the resistance increase is relative.

We discuss the “v”-shaped dip discovered in Cu-doped TaSes by comparison with the
temperature dependence of the dR/dT in CDW conductors such as NbSes [36], DyTes [37],
HfTe; [38] and ZrTes [39]. These CDW conductors show the metallic temperature depen-
dence of the resistance in the normal state above the Tpw, and the resistance increase
at the Tepw. However, the temperature dependence of the resistance shows metallic
behavior again at lower temperatures because the Fermi surfaces partly remain due to
imperfect nesting. Although the magnitude of the resistance increase at Tepyw is different
for the four CDW conductors, we find out a common dip in the dR/dT value correspond-
ing to the resistance increase as shown in Fig. 2.9 and Fig. 2.10. The dR/dT is constant
above the Tepw, however with decreasing temperature, it falls sharply at the Tepw and
then starts to increase at the minimum point. At lower temperatures, it increases more
gradually with a convex upward curvature and approaches a certain value. In short, the
temperature dependence of the dR/dT shows the common “y”-shaped dip, indicating the
universal law peculiar to the CDW formation. The law states that a CDW is formed with
an energy gap opening on a Fermi surface. In the BCS theory on the CDW formation,
the energy gap opens at Topw and grows obeying the temperature dependence of the gap
function. The opening and growth of the CDW gap reduce the number of conducting
carriers with decreasing temperature, leading to an increase in resistance near Tepw, and

[P

at the same time the dR/dT has a “y”-shaped dip. Actually, we can reproduce the “y”-
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shaped dip by calculation as described in Appendix. This fact strongly indicates that the
“~”-shaped dip observed in Cu-doped TaSe; is caused by the CDW formation.

As shown in Fig. 2.8(c), the Tq;;, of Cu-doped TaSe; is about 91 K, which is lower than
the Tepw of the other MX5 compounds (340 K in NbS3 [26], 218 K in TaS; [29], and 145
K in NbSe; [24]). Originally pure TaSe; has two-dimensional Fermi surfaces [23], where
the nesting condition is the worst in MX3 compounds, thus it shows no CDW formation.
Even if Fermi surfaces change and a CDW emerges in TaSes, the temperature at which a
CDW forms is expected to be lower than the Tepw of the other MX3. Therefore, it will
be consistent to assume that Ty, in Cu-doped TaSes corresponds to the temperature of

the CDW formation.
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2.4.4 Emergence of a CDW

From the discussions above, the main features of the Cu-doped TaSez system are summa-
rized as follows: 1)The change in the lattice parameters caused by Cu-doping may change
the form of Fermi surfaces which leads to a better nesting condition. ii)The dip in dR/dT
exhibits a sudden change in state with a relative increase in resistance. iii)The dip in
dR/dT is “y”-shaped and the same “y”-shaped dip is commonly observed in many CDW

conductors. Therefore, we can conclude that a CDW emerges by Cu doping in TaSes.

2.4.5 The CDW formation in the saddle-point mechanism

The above discussions about the CDW formation are based on the scenario of the Fermi
surface nesting. However, the resistance increase seen in Cu-doped TaSes is extremely
small, suggesting alternative scenario for the CDW formation. Rice and Scott propose
that Fermi surfaces with saddle points can be unstable against CDW formation [40]. In
this model, only a relatively small area of Fermi surfaces disappears and a large area
of those remains. Furthermore, the saddle points act as scattering sinks in the high-
temperature phase above Tcpw and the conductivity can be enhanced at the Tepw by
the disappearance of the saddle points. As a result, the resistance increase due to the
CDW formation is suppressed. Therefore, the present result suggests the possibility that
the CDW formation is driven by the mechanism of Rice and Scott. Although the presence
of saddle points in pure TaSes is not mentioned by the result of the band calculation [23],
the result of ARPES shows that there is the flat band region with a high density of states
near the Fermi level in pure TaSes [31]. This singularity might drive the CDW formation
in Cu-doped TaSes. In order to verify this mechanism, the band structure of Cu-doped

TaSes has to be investigated by ARPES.
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2.5 Conclusion

By measuring precisely the temperature dependence of the resistance in pure TaSes and
Cu-doped TaSes, we discovered an anomalous sharp dip in the temperature dependence
of the temperature derivative of the resistance (dR/dT") in Cu-doped TaSez, which was
never observed in pure TaSes. The dip suggests that there is a sudden change in state
with a relative increase in resistance. Furthermore, the dip was “y” shaped. We reveal
that many CDW conductors commonly exhibit the same “y”-shaped dip in dR/dT at
the CDW transition temperature, which is a universal consequence of the opening and
growth of a CDW gap on a Fermi surface. Furthermore, the result of the single-crystal
X-ray diffraction (XRD) analysis implied that Cu doping increased the lattice parameter
of the a-axis and c-axis and decreased that of the b-axis, leading to an improvement in
the nesting condition. From the “+”-shaped dip and the result of the single-crystal XRD

analysis, we conclude that a CDW emerges by Cu doping in TaSes. Further studies are

needed to obtain direct evidence of the CDW formation.
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Chapter 3

Superconductivity in Cu-doped
TaSe;

3.1 Introduction

In chapter 2, we concluded that a CDW is induced by Cu doping in TaSes. On the other
hand, TaSes intrinsically exhibits the SC transition at about 2 K [22, 32, 33]. The SC
transition curve in the temperature dependence of the resistivity is anisotropic as shown
in Fig. 3.1 [41]. The resistivity parallel to the b-axis falls to zero at T¢, while that per-
pendicular to the b-axis exhibits a partial drop at T and a finite value even below 7.
Moreover, the diamagnetism induced by the SC transition is not observed in relation to
the temperature dependence of the magnetic susceptibility shown in Fig. 3.2 [42]. From
these results, it is considered that the SC of TaSes is filamentary and composed of super-
conducting filaments parallel to the b-axis. Therefore, in this chapter, we investigated SC
in Cu-doped TaSe3 by measuring the temperature dependence of the resistance to clarify

the effect of Cu doping on SC.
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0.570 mg (7.05 x 1075 cm?®, 6 mm length, 100 crystals).(b)H L b. The sample weight is

0.642 mg (7.94 x 107° cm®, 3 mm length, 292 crystals). Demagnetization correction is not
made.
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3.2 Experimental

3.2.1 Synthesis of single crystals

We prepared single crystals of pure TaSe; and Cu-doped TaSez synthesized by the vapor
phase transport method in the same way as chapter 2. The growth temperature was
660°C as shown in Table. 3.1. The nominal value of Cu to Ta was 10% in Cu-doped

TaSez. Crystals were ribbon-shaped with typical dimensions of 5 pym x 10 gm x 5 mm.

The ribbon plane is (201) [22].

Table 3.1: The synthesis condition of pure TaSe; and Cu-doped TaSes.

Crystal Nominal value of Cu (z) Growth temperature
pure TaSes 0 660°C
Cu-doped TaSe; 0.1 660°C

3.2.2 Resistance measurement

The temperature dependence of the resistance along the b-axis from 0.6 to 280 K was
measured with a dc four-probe technique. We placed the current terminals and the
voltage terminals as shown Fig 2.5. We measured the resistance while the samples were
being warmed from 2 to 280 K over about 30 hours and from 0.6 to 2 K over about 30
minutes. The measurements from 0.6 to 2 K were performed applying static magnetic
fields (0-80 mT) perpendicular to the ribbon plane as shown in Fig. 3.3 after the zero

field cooling.

39



Sample

Ribbon plane (201) / > b-axis
/ Conducting direction
H

Figure 3.3: Schematic of the conduction direction and the magnetic field direction.
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3.3 Results

3.3.1 Resistance measurement results from 2 K to 280 K

The resistance was measured for two samples of pure TaSe; and for four samples of
Cu-doped TaSe;. Figure 3.4 shows a typical result from 2 K to 280 K for pure TaSes
and Cu-doped TaSez. As shown in Fig. 3.4(a), all the samples showed that resistance
had a metallic temperature dependence as with the results in Fig. 2.6. The residual
resistance ratio (RRR = R(280 K)/R(4.5 K)) of Cu-doped TaSes was smaller than that
of pure TaSe;. The normalized residual resistance (R(4.5 K)/(R(280 K) — R(4.5 K)))
of Cu-doped TaSe; was larger than that of pure TaSes; as shown in Fig. 3.4(b). The
characteristics of all the samples are summarized in Table 3.2. As shown in Fig. 2.7(a,
b), Matthiessen’s rule holds for the Cu-doped TaSesz system, and the normalized residual
resistance increases almost as a linear function of the Cu concentration determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). We obtained the

empirical formula
y = 0.41z + 0.02, (3.1)

where y is the normalized residual resistance and z is the Cu concentration [%]. Using
this empirical formula, we estimated the Cu concentration of each Cu-doped TaSez sample
from the normalized residual resistance that we observed in this chapter (Table 3.2). The
estimated Cu concentration varied in the 0.78-1.04% range among samples from the same
batch. As shown in Fig. 3.4(c), a “y”-shaped dip in dR/dT was observed at ~91 K in Cu-
doped TaSes. The dip size tended to increase with increasing estimated Cu concentration,

which is consistent with the result in Fig. 2.7(c).
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Figure 3.4: Typical resistance measurement results for pure TaSes and Cu-doped TaSes
from 2 K to 280 K. The normalization was in accordance with Fig. 2.7 and Fig. 2.8. (a)
The temperature dependence of the resistance normalized by the resistance at 280 K.
(b) The temperature dependence of the resistance normalized by the difference between
the resistances at 280 K and 4.5 K. (¢) The temperature derivative of the normalized
resistance in panel (b). The curve of Cu-doped TaSe; is shifted vertically by 0.001 K.
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Table 3.2: Characteristics of samples of pure TaSe; and Cu-doped TaSes.

Sample R(45K) [©] R(280K) [?] RRR y* z (%) Tc [K]

pure TaSes No.1 2.278 135.391 59.43 0.01711 1.72

pure TaSez No.2 1.385 81.256 58.67 0.01734 1.54
Cu-doped TaSez No.1 5.613 20.695 3.687 0.3722 0.86 (1.6)**, 1.07
Cu-doped TaSez No.2 67.05 217.22 3.240 0.4465 1.04 (1.5)* 1.14
Cu-doped TaSes No.3 9.908 37.116 3.746 0.3642 0.83 1.51, 1.15
Cu-doped TaSez No.4 11.77 46.58 3.957 0.3382 0.78 1.69

«y is the normalized residual resistance defined as R(4.5K) / (R(280K) — R(4.5K)).
s+ is Cu concentration estimated from y.
x x x Approximate temperature at which the resistance begins to decrease.
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3.3.2 Resistance measurement results from 0.6 K to 2 K

Figure 3.5 shows the temperature dependence of the resistance of pure TaSesz and Cu-
doped TaSesz from 0.6 K to 2 K. All the samples of pure TaSe; and Cu-doped TaSes
exhibited a sharp drop in resistance due to the SC transition below 1.7 K. As shown in
Fig. 3.5(a), the SC transition exhibited electric current dependence, which matches the
results of previous studies [42, 43]. With increasing current, the onset of the SC transition
did not move while the offset shifted to the low-temperature side. Therefore, we determine
T¢ as defined in Fig. 3.5(a) from the SC transition curve observed for the smallest electric
current in this measurement. The SC transition temperatures (T¢s) are summarized in
Table 3.2. Pure TaSe; samples No.1 and 2 exhibited a one-step SC transition with a T¢
of 1.54 K and 1.72 K, respectively. In Cu-doped TaSez samples No.1 and 2, the resistance
began to decrease at ~1.6 K and 1.5 K, respectively, as shown in the inset of Fig. 3.5(c),
and droped mostly at 1.07 K and 1.14 K. Sample No.3 exhibited a two-step SC transition
with Tos of 1.51 K and 1.15 K. Sample No.4 exhibited a one-step SC transition with a T¢
of ~1.69 K. The ratio of the value of the drop in resistance at ~1.1 K to the normal-state
resistance is ~0.99 for No.1, ~0.93 for No.2, ~0.63 for No.3, and 0 for No.4. The samples
were No. 4, 3, 1 and 2 in ascending order of Cu concentration as shown in Table 3.2.

Thus, the ratio tended to be higher with increasing Cu concentration.
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Figure 3.5: The temperature dependence of the resistance from 0.6 K to 2 K normalized by
the normal-state resistance (R,) of pure TaSes and Cu-doped TaSes. (a) The SC transition
curves for various electric currents of pure TaSe; sample No.1, and the definition of 7¢.
We define T as the intersection between a straight line fitted to the data of R = 0.25R,,—
0.75R,, and the straight line of R = R,,. (b) Pure TaSes No.1 (I = 1.00 4A) and No.2
(I = 0.40pA). (c¢) Cu-doped TaSez No.1 (I = 0.30zA), No.2 (I = 0.30uA), No.3
(I =0.30uA), and No.4 (I = 0.30 zA). The inset is an enlarged view for Cu-doped TaSe;
No.1 and 2. The data of sample No.1 in the inset is for I = 20.00 uA, whose scattering is
smaller than that for I = 0.30 pA.
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3.3.3 The location dependence of the superconductivity transi-
tion
Cu-doped TaSes sample No.3 exhibited a two-step SC transition. To investigate the cause
of this result, we measured the temperature dependence of the resistance between the
current terminals, and the resistance between a current terminal and a voltage terminal
with a dc two-probe measurement. Figure 3.6(a) shows the results. Sharp drops in
resistance due to the SC transition were clearly observed between any pair of terminals,
although the resistance measured with a two-probe method did not become zero because
of the resistances due to contacts and lead lines (~ 240 €2). The SC transition differed
according to the combination of terminals, showing that various regions with different T¢s
are aligned in series in the b-axis direction as shown in Fig. 3.6(b). Thus, the two-step SC
transition of sample No.3 was caused by the coexistence of two regions with T¢s of ~1.6
K and ~1.1 K between voltage terminals, and the value of the drop in resistance for each
Te corresponded to the size of the region with the T, Cu-doped TaSes samples No.1
and 2 also exhibited a non-single SC transition, where the resistance began to decrease
at ~1.6 K and droped mostly at ~1.1 K. Therefore, two regions with T¢s of ~1.6 K and
~1.1 K would coexist and the region with the T of ~1.1 K would occupy most of these

samples.
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Figure 3.6: (a) The temperature dependence of the resistance between the voltage ter-
minals, between the current terminals, and between a current terminal and a voltage
terminal in Cu-doped TaSez sample No.3. (b) Schematic of spatial distribution of T in
Cu-doped TaSez sample No.3 derived from panel 4(a). However, the distribution of the
regions with the T¢s of ~1.6 K and ~1.15 K between the voltage terminals is deduced.
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3.3.4 The superconductivity transition under static magnetic
fields
Figure 3.7(a) shows a typical temperature dependence of the resistance from 0.6 K to 2 K
under various magnetic fields perpendicular to the ribbon plane (201). As the magnetic
field increased, the SC transition curve shifted to the low-temperature side. Figure 3.7(b)
shows the temperature dependence of the upper critical field (Hgy) perpendicular to the
ribbon plane (201) of pure TaSe; and Cu-doped TaSes. As the temperature decreased,
Heo of pure TaSes sample No.1 increased with an upward curvature, and Hgo of pure
TaSe; sample No.2 increased with temperature dependence as a linear function near T¢
and with an upward curvature at low temperatures. Hco of Cu-doped TaSes sample No.2
increased with an upward curvature, and Hgy of Cu-doped TaSes sample No.4 increased
with a downward curvature near T of ~1.6 K and with an upward curvature at low tem-
peratures. In Cu-doped TaSes sample No.3, Hcs for the first-step SC transition exhibited
an upward curvature and that for the second-step SC transition exhibited a slightly down-
ward curvature. The curvature for Cu-doped TaSes sample No.1 was unknown because

there were only two points.
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Figure 3.7: (a) The temperature dependence of the resistance of pure TaSes sample No.1
from 0.6 K to 2 K under various magnetic fields perpendicular to the ribbon plane (201).
(b) The temperature dependence of Hcy perpendicular to the ribbon plane (201) of pure
TaSe; and Cu-doped TaSes. We define Hey for the T shown in Fig. 3.5(a).
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3.4 Discussion

3.4.1 Model of the superconducting filament structure

The SC of TaSes is filamentary, and adjacent superconducting filaments are coupled to
each other by the Josephson effect [41, 42]. A superconducting filament is considered
to be composed of multiple TaSes chains. In our result, pure TaSes exhibits a one-step
SC transition at ~1.6 K (See Fig. 3.5(b)). As shown in Fig. 3.8(a), superconducting
filaments with a T of ~1.6 K parallel to the b-axis are bundled in pure TaSes. On the
other hand, Cu-doped TaSe3 samples No.1, 2 and 3 with higher Cu concentrations exhibit
a coexistence of two regions with 7T¢s of ~1.6 K, ~1.1 K, and the region with the 7Tt of
~1.1 K tends to be larger with increasing Cu concentration (Fig. 3.5(c) and Fig. 3.6).
This result indicates that the Cu doping suppresses the SC of TaSe;. However, Cu-doped
TaSe3 sample No.4 with the smallest Cu concentration exhibits a one-step SC transition
at ~1.6 K as with pure TaSes (Fig. 3.5(c)). Moreover, there is a region with a T¢ of
~1.6 K in Cu-doped TaSes samples No.1, 2 and 3. The Cu concentrations of the present
four Cu-doped TaSes samples (Table 3.2) are lower than that of the Cu-doped TaSes
sample with the highest Cu concentration observed in chapter 2 (Table 2.2). The lower
Cu concentrations and the location dependence of the T¢ in a sample (Fig. 3.6) suggest
that there are some areas that no Cu atom enters in a sample and the area increases
with decreasing Cu concentration. In addition, the suppression of SC by a Cu atom
might be limited within a SC filament rather than the entire sample because the SC of
TaSe;s is filamentary. Therefore, it is believed that, in a sample, there are filaments where
Cu atoms enter and SC is suppressed, and filaments where Cu atoms do not enter and
SC is not suppressed. If there is a superconducting path composed of superconducting
filaments where no suppression remain, the partial suppression of SC cannot be observed
by measuring the resistance because the electric current flows through the superconducting

path with zero resistance. Therefore, as regards the invariant SC transition in Cu-doped
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TaSe3 sample No.4 and the region where T does not change in samples No.1, 2 and 3, it
can be interpreted that more than one superconducting path with a T of ~1.6 K remains
as shown in Fig. 3.8(b, ¢). Inhomogeneous SC as observed in Cu-doped TaSes has been

extensively studied theoretically and experimentally in other systems [44, 45, 46].

superconducting T~16K T~11K _
filament -aXIS
Cu
atom
(8) pure TaSe, (b) Cu-doped TaSe; No. 4 (c) Cu-doped TaSe; No.1, 2, 3

(lowest Cu concentration) (higher Cu concentration)

Figure 3.8: Model of the SC filament structures of pure TaSes and Cu-doped TaSez. The
Tc of suppressed SC is represented by 1.1 K overall.
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3.4.2 Change in the Hg-temperature curve by Cu doping

We compare the temperature dependence of Hco for pure TaSes and Cu-doped TaSes.
Hco is derived from the Pauli paramagnetic and orbital effects. However, the Pauli
paramagnetic limit will not matter in the present range of magnetic fields (0-80 mT).
Considering orbital effects based on the Ginzburg-Landau (GL) theory, the temperature

dependence of the Hcs of bulk superconductors is expressed as

1—¢2

Heo(t) = Hc2(0)m,

(3.2)

where t is the normalized temperature (¢t = T'/T¢). However, the temperature dependence
of the Hcy of pure TaSe; and Cu-doped TaSes (Fig. 3.7(b)) cannot be expressed by
eq. 3.2. Thus, we require a theoretical model that considers the special feature of the
SC of TaSez, namely filamentary SC. According to the GL theory of filamentary SC
proposed by L. A. Turkevich and R. A. Klemm (the TK theory), the Hgy for Josephson-
coupled superconducting filaments increases with an upward curvature as temperature
decreases [47]. On the other hand, the Hey for decoupled superconducting filaments
increases with a downward curvature. The temperature dependence of the H¢o exhibits an
upward curvature in the two pure TaSes samples (Fig. 3.7(b)). From the TK theory, this
result implies the Josephson coupling of superconducting filaments. Even in our model,
as shown in Fig. 3.8(a), the SC of pure TaSe;z is composed of coupled superconducting
filaments with the same 7. In contrast, the temperature dependence of the Hes exhibits a
downward curvature near a T¢ of ~1.6 K in Cu-doped TaSes sample No.4 with the same
SC transition as pure TaSes. Thus, according to the TK theory, the superconducting
filaments are decoupled near 1.6 K in this sample. This result is consistent with our
model shown in Fig. 3.8(b) where the superconducting filaments with a T of ~1.6 K
are sparse. In other Cu-doped TaSe; samples No.2 and 3, the temperature dependence
of the Hco exhibits an upward curvature or a downward curvature. Cu doping results

in superconducting filaments with different T:s being mixed in a sample as shown in
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Fig. 3.8(c). As a result, there are regions where superconducting filaments with the
same T are adjacent and coupled, and regions where superconducting filaments with
different T¢s are adjacent and not coupled. This complex configuration of superconducting

filaments might lead to the complex sample dependence of the Hoo-temperature curve.
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3.5 Conclusion

We investigated SC in Cu-doped TaSes by measuring the temperature dependence of the
resistance. The Cu-doped TaSe; sample with the smallest Cu concentration exhibited a
one-step SC transition with a T of ~1.6 K as well as pure TaSe;. On the other hand,
those with larger Cu concentrations exhibited a two-step SC transition with T¢s of ~1.6
K and ~1.1 K, or a non-single SC transition where the resistance began to decrease at
~1.6 K and droped mostly at ~1.1 K. The value of the drop in resistance at ~1.1 K
tended to expand with increasing Cu concentration. The location dependence of the SC
transition showed that the two-step SC transition and the non-single SC transition are
caused by the coexistence of two regions with Ts of ~1.6 K and ~1.1 K aligned in series
in the b-axis direction in a sample. The temperature dependence of the Hgy of Cu-doped
TaSesz exhibits upward curvature or downward curvature while that of pure TaSe; exhibits
upward curvature. From these SC results and the fact that the SC in TaSes is filamentary,

we conclude that SC is suppressed locally by Cu doping in all Cu-doped TaSez samples.
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Chapter 4

Further discussion

4.1 Competitive relationship between superconduc-
tivity and the induced CDW

From the results in chapter 2, we found that a CDW emerges in Cu-doped TaSe3. On
the other hand, the SC intrinsically present in TaSes is suppressed by Cu doping from
the results in chapter 3. Hence, the induced CDW and SC would be in a competitive

relationship in Cu-doped TaSes.
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4.2 Short-range order of the induced CDW

We discuss the the induced CDW in Cu-doped TaSes because the CDW property is
important when discussing the relationship between SC and CDW. The SC suppression
of TaSes is local in the filament where Cu atoms enter as shown in Fig. 3.8. Therefore, it
is possible that there is no coherent CDW in the entire sample, but CDWs exist locally.

From the viewpoint of the locality of CDWs, we reconsider the resistance anomaly
results, that is, the “y”-shaped dip in dR/dT" due to the CDW formation in Cu-doped
TaSes. Conventional CDW materials such as NbSes, TaS; and NbS3 exibit anomalous
increases in resistance at the Tepw) because all or part of the Fermi surface disappears
and the number of carriers decreases [24, 25, 26]. On the other hand, the resistance
anomaly of Cu-doped TaSe; is extremely small as shown in Fig. 2.8(c). This result for
Cu-doped TaSez may arise because of the locality of the existence of the CDWs. In fact,
in Cu,TiSes, no signal due to the formation of short-range order CDWs is observed in
the temperature dependence of the resistance [5].

Moreover, a comparison of the “y”-shaped dips of Cu-doped TaSes samples with differ-
ent Cu concentrations shows that the dip size increases with increasing Cu concentration
while the temperature at which the dip appears is almost constant as shown in Fig. 2.8(c).
The dip size corresponds to the area of the reduced Fermi surface, and the dip appear-
ance temperature corresponds to Tcpw. The relationship between the dip size and the dip
appearance temperature appears to contradict the prediction for long-range order CDW
with the mean-field theory, which shows a positive correlation between the area of the
reduced Fermi surface and Topw. However, if the induced CDWs have short-range order
in the vicinity of Cu atoms and the size of a CDW is shorter than the distance between Cu
atoms, we can interpret the conflicting result mentioned above consistently, namely that
the size increases with increasing Cu concentration because the number of short-range
order CDWs increases, while the appearance temperature is constant because the state

of each short-range order CDW is unchanged.
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Here, we estimate the size of short-range order CDWs from a simple calculation of the
distance between Cu atoms. The volume of a unit cell of TaSe; is estimated to be ~0.34
nm?® from the lattice parameters determined in this study, and a unit cell contains four
Ta atoms. In addition, the Cu concentration of Cu-doped TaSes is at most 1%. Hence, if
Cu atoms enter a crystal evenly, each Cu atom enters a space of ~8.5 (= 0.34/(4 x 0.01))
nm? and the distance between adjacent Cu atoms is estimated to be ~2 nm. Therefore,

the CDW size must be shorter than ~2 nm.
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4.3 The effect of the pinning of CDWs on the re-
lationship between superconductivity and short-
range order CDWs

The estimated size of the CDWs in Cu-doped TaSe3 is on a nanometer-scale and com-
parable to the size of the short-range order CDWs in Cu,TiSes [16]. In Cu,TiSes, the
short-range order CDWs do not compete with the SC transition. On the other hand, our
results suggest that short-range order CDWs compete with SC in Cu-doped TaSez. One
of differences between the two materials is that the CDWs form on Cu atoms in Cu-doped
TaSes while the CDW is suppressed in the area where Cu atoms enter in Cu,TiSe, [16].
Generally, when there is an impurity, a CDW is pinned by that impurity [48]. Hence,
the CDWs in Cu-doped TaSes would be harder to move than those in Cu,TiSe;. More-
over, in Cu,TiSey, the modulation period of the CDWs changes from commensurate to
incommensurate at the Cu concentration where the SC phase emerges [17]. In general, a
commensurate CDW is harder to move than an incommensurate CDW [48]. Therefore,
CDWs may compete with SC when CDWs are hard to move due to impurity pinning or
commensurate pinning. We should note that, when discussing the relationship between
SC and another electron ordering which is periodically modulated, there is a case where

whether the electron ordering is static or dynamic is important [49)].
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Chapter 5

(Genaral conclusion

We measured precisely the temperature dependence of the resistance of Cu-doped TaSes.
As a result, we discovered a “y”-shaped dip in dR/dT at ~91 K in Cu-doped TaSes,
which was never observed in pure TaSes. The dip suggests that there is a sudden change
in state with a relative increase in resistance. We reveal that many CDW conductors
commonly exhibit the same “y”-shaped dip in dR/dT at the CDW transition temperature,
which is a universal consequence of the opening and growth of a CDW gap on a Fermi
surface. The result of the single-crystal XRD analysis implied that Cu doping increased
the lattice parameter of the a-axis and c-axis and decreased that of the b-axis, leading to
an improvement in the nesting condition. Based on the “+”-shaped dip and the result
of the single-crystal XRD analysis, we conclude that a CDW emerges by Cu-doping in
TaSes.

We investigated the effect of Cu doping on SC in Cu-doped TaSes. In pure TaSes
and Cu-doped TaSe3 sample with the smallest Cu concentration, the SC transition has
a step with a T¢ of ~1.6 K. On the other hand, in Cu-doped samples with larger Cu
concentrations exhibited a two-step SC transition with T¢s of ~1.6 K and ~1.1 K, or a
non-single SC transition where the resistance began to decrease at ~1.6 K and droped
mostly at ~1.1 K. The ratio of the drop in resistance at ~1.1 K tended to expand with
increasing Cu concentration. The location dependence of the SC transition in a sample

showed that the two-step SC transition and the non-single SC transition are caused by the
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coexistence of two regions with 7T¢s of ~1.6 K and ~1.1 K aligned in series in the b-axis
direction. The Hco-temperature curve of Cu-doped TaSez exhibits upward curvature or
downward curvature while that of pure TaSez exhibits upward curvature. From these SC
results and the fact that the SC in TaSes is filamentary, we conclude that SC is suppressed
locally by Cu doping.

The above results show that a CDW is induced while SC is suppressed in Cu-doped
TaSes. Therefore, the induced CDW and SC are in a competitive relationship.

The locality of SC suppression suggests that the induced CDWs are local. The increase
in resistance due to the CDW transition was extremely small. In addition, as the Cu
concentration increased, the size of the “y”-shaped dip was enhanced but the temperature
at which the dip appeared hardly changed. These results of the induced CDW transition
can consistently be interpreted from the short-range order which the induced CDWs in
the vicinity of Cu atoms have.

From all the discussions, we conclude that the induced short-range order CDWs and
SC are in a competitive relationship in Cu-doped TaSes. On the other hand, it was
previously reported that short-range order CDWs and SC do not compete in Cu,TiSe,
where SC is induced in a CDW material. By comparing the detailed experimental results
of these two materials, we will clarify the physics that defines the relationship between

short-range order CDWs and SC.
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Appendix

Reproduction of “+y”-shaped dip by calculation

We reproduce that CDW conductor exhibits a “y”-shaped dip in the temperature deriva-
tive of the resistivity (dp(7")/dT) at Tcpw by calculation. In the Drude theory, the
resistivity (p(7")) of metal is expressed as

*

m

p(T) = (D) (T)’ (5.1)

where T is temperature, m* is the effective mass of conduction electron, n(7") is the density
of conduction electrons, e is the elementary charge, and 7(7") is the mean free time. We
assume that n(7") is constant above Tepw and depends on temperature due to CDW gap
formation below Tepw. Moreover, considering impurity scattering and phonon scattering
as the scattering mechanism of conduction electrons, 1/7(7") in both the normal state and
the CDW state is assumed to be expressed by the following equation.

1 1 1 1 T
- — 4= -4 2
(T) n + (T) + a (5.2)

7; is the mean free time for impurity scattering and does not depend on temperature. 7,
is that for phonon scattering, which is proportional to the inverse of temperature. a is a

constant. Substituting Eq. 5.2 into Eq. 5.1, we obtain the equation

- (24 T). 55

First, we consider the normal state above Tepw. In the normal state, n(T') is expressed

as

n(T) = ny, (ny, : const., T > Tepw). (5.4)
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Substituting Eq. 5.4 into Eq. 5.3, we obtain the p(7") in the normal state

*

p(T) = 2 (l + Z) . (T > Topw), (5.5)

n,e2 \ 1 a

Then, by differentiating Eq. 5.5 with temperature, we obtain the temperature derivative

of the resistivity (dp(7")/dT) in the normal state

do(T)  m*
a7 = nn€2a7 (T > TCDW)- (56)

Next, we consider that a CDW gap opens on a part of the Fermi surface at Tcpw and
the size of the gap changes below Tpw obeying the temperature dependence of the gap
function in the BCS theory. The n(T") in this case is the sum of the electron density on
the remaining Fermi surface and the density of thermally excited electrons beyond the

CDW gap. Then, the n(T) is expressed as

2A(T)
ks T

n(T) =n,(1 —p) +ny,pexp (— ) , (T <Tcpw), (5.7)

where p (0 < p < 1) is the disappearance ratio of the Fermi surface due to the CDW tran-
sition, A(T) is the size of the CDW gap, and kg is the Boltzmann constant. To simplify
the calculation, we approximate A(T') guided by the BCS theory with the hyperbolik

function expressed as

A(T) ~ A(0) tanh {1.74 (—1 + TC;W)O.S}

T 0.5
— 1.76kBTCDWtanh{1.74 (—1+ C:;’W> } (5.8)

where A(0) is the size of the gap at 0 K, which is equal to 1.76kgTcpw. Figure 5.1
shows the temperature dependence of the A(T). Substituting Eq. 5.8 into Eq. 5.7 and

substituting tha obtained equation into into Eq. 5.3, we obtain the p(T') in the CDW
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Moreover, differentiating both sides of Eq. 5.5 with 7', we obtain the dp(T")/dT in the

1

3.52Tcpw tanh { 1.74 (-1

+

05
Tepw
T

-1

T

(T < Tepw)-

(5.9)

CDW state
(
dp(T) ~ m”
AT npe?a ) 1 —p+p
\
a
— (— + T) pexp
Ti

3.0624TEysech { 1.74 (—1 +

1
B T 0.5
3.52Tepw tanh { 1.74 (—1+ CDW)
exp |— 7
— - T 0.5 —
3.52Topw tanh { 1.74 <—1+ CDW)
B T

2

CDW

( T,
1+

l—p+pexp

0.5 0.5
T T
CDW) 3.52Tpw tanh { 1.74 (—1 + C}”)
05 + T2
r 05Y) 7\ 2)
Tepw

3'52TCDW tanh < 1.74 [ —1 -+ T
B T
- - Vs

(T < Tepw).
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Figure 5.1: The CDW gap function expressed in Eq. 5.8.
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As an example, we shows the temperature dependence of the n(T'), p(T"), and dp(T") /dT
in Fig. 5.2, Fig. 5.3, and Fig. 5.4, respectively, when Tepw = 100 K and 71/7,(300 K) = 50
(i.e., i/a = 1/6). The n(T) suddenly decreases at the Tecpw and the decrease in the n(7')
becomes gentle as temperature goes down. The rate of decrease in the n(T') below the
Tepw increases with increasing p. In the temperature dependence of p(7'), a hump is
observed at the Tcpw and the size of the hump increases as p increases. In Fig 5.4, the
dR/dT for all values of p diverges to minus infinity at the Tepw and increases with a
downward curvature with decreasing temperature. That is, the temperature dependence

of the dR/dT commonly shows a “y”-shaped dip.

(7]
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Figure 5.2: The temperature dependence of the density of conduction electrons expressed
in Eq. 5.4 and Eq. 5.7 when Teopw = 100 K.
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Figure 5.3: The temperature dependence of the resistivity expressed in Eq. 5.5 and Eq. 5.9
when Tepw = 100 K and 71/7,(300 K) = 50. The resistivity is normalized by the coethi-
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Figure 5.4: The temperature derivative of the resistivity expressed in Eq. 5.6 and Eq. 5.10
when Topw = 100 K and 73/7,(300 K) = 50. The derivative is normalized by the coefficient

independent of temperature.
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