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Exploring the origin of the pseudogap is important for the understanding of superconductivity in
cuprates. Here we report a systematical experimental study on the phonon vibrational properties of
T1,Ba,Ca,_Cu, 05,4445 (n =1, 2, 3) single crystals based on the Raman scattering measurements over the
temperature range from 10-300 K. The temperature evolution of the frequency and linewidth of the observed
phonon modes in each member of this family does not follow the expected self-energy effect when entering
the superconducting state. The anomalies are observed for the phonon modes involving the vibrations of the
atoms in the T1-O layer and the apical oxygen at the temperature around 150 K, which is higher above the
superconducting transition. The phonon mode of the apical oxygen exhibits a pronounced universal softening
behavior. From the comparison with the existing experimental data for various orders, we find that the observed
starting temperature for the phonon softening corresponds to the onset opening temperature of the pseudogap.
This finding indicates a large lattice effect in the pseudogap state and the non-negligible spin-phonon coupling

for such a phonon softening.
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I. INTRODUCTION

The pseudogap has been widely investigated in cuprate
superconductors [1,2]. Its origin and connection to the su-
perconducting gap are two key issues in the understanding
of the mechanism of the superconductivity in cuprates.
The spectroscopic evidence was given for a pseudogap
in the normal state of underdoped Bi,;Sr,CaCu,Og.s by
using angle-resolved photoemission spectroscopy (ARPES)
[3]. The pseudogap was found to have the similar d-wave
symmetry as the superconducting gap in the underdoped
regime [3]. Similar observations were reported in single
layer Bi,Sr,_,La,CuOg,s [4]. Further work on underdoped
La;_,Sr,CuO4 showed that the opening of the pseudogap
and the superconducting gap occur with almost the same
energy scale [5]. All these phenomena suggested a precur-
sor pairing of the electrons in the pseudogap state [6—8].
Notably, the evidence for decoupling of the pseudogap state
from the superconducting state was also reported [9,10].
For example, the pseudogap state was found along with a
particle-hole asymmetry in Pbgs5Bi; 551 ¢Lag4CuQOgrs and
Bi,;Sr,CaCu;,0g.45 [9,10], which was distinct from supercon-
ducting state. Recently, the spin textures in the pseudogap
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state of YBa,Cu3Og,, have been observed at the nanome-
ter scale [11], supporting the magnetic order characterizing
the pseudogap phase in cuprates reported previously [12,13].
Meanwhile, ARPES measurements revealed that the pseudo-
gap exhibits an antagonistic behavior near the superconduct-
ing transition temperature 7, [14]. This behavior classifies the
pseudogap as a competing order similar to other competing
phases [15—17]. In fact, the time-reversal symmetry has been
observed to break spontaneously just below the opening tem-
perature of the pseudogap [18], indicating a phase transition
takes place there.

So far, no consensus has been reached for explaining such
complex competitive or cooperative behaviors. One of the
well-known scenarios is the spin-charge separation based on
the resonating-valence-bond model [19]. Within this frame-
work, the pseudogap state is assumed to be a spin-liquid
state without the long-range order. The spinons pair, which
originates from the separation between the spin and charge,
forms a spin-excitation gap (pseudogap) [1,20]. Extensive
experiments based on Raman scattering spectroscopy have
revealed that the two-magnon peak energy evolves with dop-
ing in a similar manner as the pseudogap and pair peak in
almost all cuprate superconductors [21-23]. These similari-
ties indicate that the high-energy magnetic fluctuations are
directly involved in the formation of the pseudogap and the
Cooper pairing interaction. Such a coupling from the high-
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energy excitation to superconducting quasiparticles has been
captured from coherent charge fluctuation spectroscopy [24].
Numerical computation clearly reproduced the two-magnon
peak and its gradual development to a quasiparticle response
with doping [25]. Although the magnetic signature for the
pseudogap as well as the magnetic origin for the supercon-
ductivity have been indicated from experiments and theory
[11-13,21-25], some non-negligible lattice effect on the pseu-
dogap state has also been reported [26—28]. For instance, upon
oxygen isotope substitution (0 / '8Q), the onset temperature
of the pseudogap remarkably shifts in La,_,Sr,CuQO, [26] and
HoBa,;Cu,0g [27]. The huge oxygen isotope effects indicate
a strong electron-phonon interaction for the pseudogap forma-
tion.

Tl,Ba,Ca,_1Cu,0y,144s [abbreviated as TI-22(n — 1)n]
(n =1, 2, 3) superconductors have attracted significant inter-
est because of their high Ts (>90 K) at ambient pressure
[29,30]. Such high T.s allow the study of the physical prop-
erties in the superconducting and normal state over a wide
temperature range. The investigations on the homogeneous
layered family have been proven to be powerful and ef-
fective to draw important information such as lattice effect
on superconductivity in cuprates [31-33]. The crystal struc-
tures of Tl-based superconductors have common features
with the other high-T, superconductors [34-38]. Much effort
has been devoted to study the normal and superconducting
state of Tl-based superconductors [39—46]. In particular, Ra-
man scattering at low-temperatures can probe both phonon
and electronic states as well as their interaction near the
Fermi surface [47-54]. The vibrational modes are sensitive
to the structure and symmetry change. The possible con-
cerns such as defects and the impurity effects can be safely
removed by using high-quality single crystals. Therefore,
the Raman scattering spectroscopy has been widely used to
study many important physical properties of cuprates such as
the superconducting gap [55-62], energy scales [21-23,63],
Cooper-pair density [64], charge density wave [65,66], pseu-
dogap [67-70], and superconducting fluctuations [67], etc.
Currently, the Raman measurements concentrated on the
physics in the pseudogap regime of Tl-based family are still
missing but desired.

To address all the above-mentioned issues, we
perform systematic Raman scattering measurements on
Tl,Ba,Ca,—1Cu,05,444+5 (n=1,2,3) single crystals at
the interesting temperature range. The collected phonon
modes are carefully analyzed by using the Fano profile.
The obtained frequency and linewidth of each phonon mode
allow us to establish a connection among various orders.
Their temperature-dependent behaviors are discussed and the
possible origin of the pseudogap state is given based on the
observations.

II. EXPERIMENTAL DETAILS

The single-phase Tl-based crystals synthesized by flux
method were detailed previously [71]. T1-2201, T1-2212, and
T1-2223 crystals have body-centered tetragonal lattice with
14 /mmm space group. Furthermore, no other phases could be
detected from the diffraction patterns. Each sample has a good
c-axial orientation, which is perpendicular to the sample’s
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FIG. 1. (a) Tetragonal structure (/4/mmm) of Tl,Ba,Ca,_;
Cu, 05,4445 (n =1, 2,3). (b) The representative Raman spectra of
T1-2201, T1-2212, and TI-2223 collected with the 488 nm wave-
length excitation at room temperature. The 7, value is taken from
the susceptibility measurements. (c) The symmetry of the phonon
vibrational modes observed experimentally in Tl-based system. The
arrows show the direction of the vibrational modes.

natural growth surface. The magnetic susceptibility measure-
ments were used to determine the superconducting transition
for the T1-2201, T1-2212, and T1-2223 sample at temperature
of 92, 109, and 119 K, respectively [71,72].

The parallelepiped-shaped, as-grown samples have been
cleaved into a size of 100 x 100 x 20 um * with a smooth
surface and their ¢ axis along the thinnest dimension. All the
prepared samples were fixed with liquid adhesive in a cryo-
genic vacuum chamber. Raman spectra were measured with
the z(x'y'z) polarization in a near-backscattering geometry. A
488 nm laser was used to excite the Raman response. The
laser power was kept at 1.5 mW to reduce the heating effect.
An 1800 g/mm grating was used to obtain the spectra. The
scattered light was recorded with a charge-coupled device
designed by Princeton Instruments (PIX100BRX-SF-Q-F-A).
A continuous flow cryostat with a high vacuum (6.1 x 107
mbar) was used for controlling the sample temperature from
10 K to room temperature.

III. RESULTS

A. Assignment of the Raman modes

The crystal structure of Tl,Ba;Ca,_;Cu,O, 4445 (n =
1,2, 3) is shown in Fig. 1(a). To classify the lattice vibra-
tions and combine them with the theoretical shell model,
we consider the space group I4/mmm as the symmetry
in layered copper oxides. The structures differ from each
other by the number of consecutive CuO, layers. The cor-
ner sharing square-planar CuO,4 group is oriented parallel
to the ¢ direction. The individual CuO, layer is separated
by the Ca atom. There are also two rocksalt type T1-O lay-
ers in this structure giving a layer repeating sequence of
[TI-Ba-Cu-Ca-Cu-Ba-Tl], along the c direction.

Figure 1(b) shows a complete set of Raman spectra of
Tl-based compounds measured using the 488 nm laser line
at room temperature. All Tl-based crystals have only atoms at
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TABLE I. The irreducible representations of the Raman active modes and phonon assignments of Tl,Ba,Ca,_Cu,0y,1445 (n = 1, 2, 3).
The frequencies are expressed in cm™!. The literature data are from the works of Kulkarn et al. [73,74] and McCarty et al. [75,76] as listed in

parentheses.
Sample Raman-active irreducible Aj,(Ba) Ay (T1) Aj,(Cu) B14(Ocu-0) A14(Ocy—0) A1,(0,) A14(Ori-0)
124 162 - — — 491 603
Tl —2201 4A1, +4E,
(122) 167) - — - (495) (612)
107 133 161 — 410 494 602
Tl —2212 6A, +7E, + By,
(108) (130) (158) — 407) (494) (599)
90 132 161 269 403 501 608
Tl —2223 TA;+ 8E, + By,
(99) (133) (159) (275) (405) (498) (601)

positions with site symmetry Dy, Dy, Cyqy, and Cy,. Strong
peaks show up in the z(x"y’)Z polarization. The spectra contain
phonons with the A, + B, symmetry. The prominent fea-
tures are located at 124, 162, 491, and 603 cm ™! for T1-2201,
at 107, 133, 161, 410, 494, and 602 cm~! for T1-2212, and
at 90, 132, 161, 269, 403, 501, and 608 cm~' for T1-2223.
Table I gives a list of the Raman-active irreducible modes and
the phonon mode assignment for TlBa;Ca,_Cu,,02,14+5.
The obtained results are generally consistent with the earlier
studies [73-77].

In Fig. 1(c), we show the suggested eigenvector patterns
corresponding to the eigenmodes of A, symmetry and B,
symmetry for the Tl-based compounds. However, the Bj,
mode of the oxygen ions in the Cu-O planes is hard to be
detected in the measurements. Early Raman spectroscopy
studies on Tl-based samples also reported the absence of such
B, phonon branches [39,73-77]. The relatively low Raman
activity of the By, modes in Tl-based system was interpreted
due to the relatively small perturbations [39] in their more
uniform structures [37].

B. Temperature dependence of the Raman spectra

Figures 2(a)-2(c) show the spectrum mappings in the entire
studied temperature range, where the red color represents the
high scattering intensity and the blue color represents the low
intensity. It can be clearly seen that there is a significant red
shift for the A,(TI), A14(O,), and A14,(Or;—p) mode in the
low-temperature region. As shown in Figs. 2(d)-2(f), the line
shape of the phonon modes at representative temperatures
exhibits an asymmetric Fano resonance behavior. Quantitative
analysis of the linewidth and frequency of these modes was
carried out by fitting the line shapes to the Fano profile [53]
with a linear background,

(g+e)’

I(w) = IOW + background, @))]

where
(w — wp)
€= ——".
14

Here, Iy is the relative intensity of the phonon peak, @ and wy
are the experimental and resonance frequency, 2y is the full

©))

width at the half-maximum, and ¢ is the asymmetric factor of
the phonon shape.

Typical spectra of the A1,(O,) mode in T1-2201 between
10 and 300 K are shown in Fig. 3(a). The peaks display
asymmetric line shapes which suggest an interaction between
these discrete phonon states and a broad electronic continuum.
The values of w, y, and g as a function of temperature are
given in Fig. 3(b). At temperatures above 150 K, an overall
w softening, a linewidth narrowing, and a small increase of g
can be seen around 7, (red dot lines) when going from the
normal to superconducting state. The w value shifts down-
ward by 2 cm™! in the temperature range between 150 and
92 K. The accompanying linewidth narrowing in the same
temperature range is about 1 cm™!, just above the instrument
detection limit. The line-shape parameter g fluctuates below
T.. The peak position of the A;, mode exhibits an obvious
phonon softening far above 7,.. However, the y remains almost
unchanged in the temperature range of 10-150 K.

C. Phonon mode analysis

The behaviors of w and y for Tl;Ba;Ca,_1Cu,0,44+5
(n=1,2,3) as a function of temperature are shown in
Figs. 4-6, respectively. It is found that the A;(T]) mode in
each member of this family shifts to higher frequencies on
cooling from temperature of 300-150 K, followed by a shift
back to lower frequencies on cooling through 7, (Fig. 4). The
peak position increases from 162 (at 300 K) to 168 cm™! (at
150 K) for T1-2201, 131 (at 300 K) to 135 cm~! (at 150 K)
for T1-2212, and 132 (at 300 K) to 133 cm™~! (at 150 K) for
T1-2223, respectively. The accompanying y narrowing during
the whole temperature range is nearly 1-2 cm™!. All three
curves for the peak position of the A1,(Tl) mode are similar
demonstrating a maximum above T, softening on cooling
down to T, and then nearly constant in superconducting state.
The data agree with the early report for T1-2201, T1-2212,
and T1-2223 [46] but disagree with those for the single-layer
and bilayer samples [39]. Comparing with the Y-based and
Bi-based cuprate superconductors [50,68], the low-frequency
Ay, modes in the Tl-based system exhibit a mode-hardening
behavior at low temperatures.

The temperature dependence of the apical oxygen A1,(O,)
mode of the Tl-based compounds observed at around
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FIG. 2. Temperature-dependent Raman active modes. (a)—(c) The mapping graph for T1-2201, T1-2212, and TI1-2223, where the red color
indicates the high intensity, while the blue color indicates the low intensity. The data points are normalized with respect to the peak value
to show the trends of the frequency and width of the phonon peak. (e)—(f) Typical Raman spectra of Tl,Ba,Ca,_1Cu, 05,145 (n = 1,2, 3)

excited by a 488 nm laser at selected temperatures.

500 cm~! is shown in Fig. 5. Similar to the A14(TI) mode,
all the frequencies show a monotonic increase over 150 K.
For T1-2201 and TI-2212, w downshifts by 3—4 cm~! below
T., and TI-2223 exibits softening by about 1 cm™! in the
superconducting state. Meanwhile, the y value is reduced by
2.5 cm™! for T1-2201, 3 cm~' for T1-2212, and 4 cm™! for
T1-2223 from 300-10 K. Phonon anomalies were observed
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FIG. 3. (a) Representative Raman spectra (the black open circle)
of T1-2201 and the Fano fitting curve (red dash line) of the A;,(O,)
mode. The dashed curve indicates the frequency shift with tempera-
ture. (b) Temperature dependence of the w, y, and g value. The error
bars correspond to uncertainties in determining these parameters.
The red vertical dashed line represents the 7, value.

in the previous Raman studies for the apical oxygen modes
[44-46]. The A14,(O,) mode for the studied T1-2201, TI-2212,
and T1-2223 shows a softening behavior at temperature below
150 K but above T of each member of this layered family. For
comparison, the phonon softening was also found at temper-
ature below T, in HgBazCa2Cu308+3 and Bi25r2CaCu203+5
[48,49,51]. It should be noticed that Tl-based samples exhibit
a frequency softening for the apical oxygen model at high
temperature above the 7, value.

The A14(O7/—0) mode in the charge reservoir layer of the
Tl-based materials shows softening again in the frequency
across 150 K (Fig. 6). Clearly, phonon softening is about
8 cm~! for T1-2201, 2 cm™! for T1-2212, and 1 cm™! for
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FIG. 4. Temperature dependence of the (a) @ and (b) y of the
Aj, (T1) mode in T1-2201 (black symbols), T1-2212 (red symbols),
and T1-2223 (blue symbols). The red vertical dashed line represents
the corresponding 7.
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FIG. 5. Temperature dependence of the (a) w and (b) y of the
A;,(O,) mode in T1-2201 (black symbols), TI-2212 (red symbols),
and T1-2223 (blue symbols). The vertical dashed line corresponds to
T,.

T1-2223 from 150 K to T,. The y value has 1 cm™! narrow-
ing from 300-200 K in TI-2212 and TI-2223, and becomes
constant at the low temperature. The y value nearly does
not change in TI-2201 if there is any variation for the data
at lower temperatures (<7,). The phonon softening was also
reported on Tl-based compounds in the early study [46]. The
A14(O7;—0) modes show a slight softening near 7. in T1-2201,
T1-2212, and TI1-2223. Comparing to the other cuprate super-
conductors such as Bi;Sr,CaCu,03.45 [49], the Aj, mode at
650 cm~! showed an overall phonon hardening from 300—
10 K.

IV. DISCUSSION

A. Superconductivity-induced self-energy effect

In the conventional superconductor, the effect of supercon-
ductivity on the phonon modes is usually weak. The evolution
of the phonon frequencies in the microscopic picture is de-
termined by some electronic excitations. Only the electronic
states near the Fermi surface are changed as the sample enters
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FIG. 6. Temperature dependence of the (a) w and (b) y of
the A1,(Or;—0) mode in T1-2201 (black symbols), T1-2212 (red
symbols), and TI-2223 (blue symbols). The vertical dashed line
corresponds to 7.

TABLE II. Summary of the superconducting gap size (2A), su-
perconducting fluctuation temperature (7sr), and pseudogap onset
temperature (77¢) of Tl-based family from the works in the literature.

Sample T1-2201 TI-2212 T1-2223
T.(K) 85-91 91-112 114-120
2A(cm~') 306-403 [82,83] 322-451 [84-86] 371-564 [87-89]
Tsr(K) 97.5[96,97]  120-150 [98-100]  135-150 [101]
779 (K) 115-125 [41] 130170 [42] 140-160 [43]

the superconducting state. The self-energy effect [78] is due to
the redistribution of the electronic density near the Fermi sur-
face induced by the interaction between the phonon states and
electrons. The effects are so small in cuprates that the phonons
must be carefully measured with high accuracy and resolution
[48,49,51]. According to the self-energy model [78,79], the
energy gap (2A) opens due to superconductivity, producing
the change in the self-energy AX = Aw + iAy. The real part
(Aw) represents the shift of the frequency, and the imagi-
nary part (Ay) is the variation in the linewidth. From the
strong-coupling theory, the change of the phonon self-energy
is affected by the ratio of w/2A, and the corresponding results
at different ratios are predicted. When < 2A, the phonon
will be softened after entering the superconducting state, and
the linewidth is expected to exhibit broadening. When o is
close to the position of 2A, the frequency will show obvious
softening near 7, and the linewidth can increase significantly.
When w > 2A, the frequency will show a monotonically in-
creasing (hardening) trend, while the linewidth will continue
to decrease.

It is necessary to determine the location of the supercon-
ducting gap before the phonon analysis. The bulk probes
(Raman scattering, IR spectroscopy) [80,81] and the sur-
face probes (electron tunneling spectroscopy, point-contact
spectroscopy, break-junction tunneling spectroscopy, Andreev
reflection spectroscopy) [82-89] are the two major families
of methods used to obtain 2A in the Tl-based materials. TI-
based compounds measured here are nearly optimally doped.
Therefore, the 2A values should be used from the optimally
doped Tl-based samples. Table II summarizes the early re-
sults from the tunneling spectroscopy [82—89]. 2A position
increases with the increase of T.. For single-layer T1-2201, T,
is between 85 and 91 K, A value obtained by point contact
spectroscopy is about 19-25 meV, corresponding to 2A of
about 306403 cm ™. The bilayer TI-2212 has the A of about
20-28 meV, and the corresponding 2A is at 322-451 cm™!
when 7. is in the range of 91-112 K. For trilayer T1-2223,
the critical temperature is about 114-120 K, and the tunneling
spectra give the A value at 23-35 meV, yielding 2A in the
range of 371-564 cm™!.

The position of the A;,(Tl) mode for the studied T1-2201,
T1-2212, and TI-2223 is at 162, 133, and 132 cm™!, re-
spectively. Comparing to 2A, which is generally higher than
300 cm™!, the ratio of @/2A is less than 0.5. According to
the self-energy model [78], the phonon mode in this range
(w/2A = 0.2-0.5) will soften after entering the supercon-
ducting state, and the linewidth is expected to exhibit a little
broadening. Referring to the analysis in Fig. 4, the self-
energy model does not match the evolution of the observed
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behaviors of this low-frequency mode. Single-layer T1-2201
and bilayer TI-2212 exhibit phonon softening at 7.. How-
ever, their linewidths stay unchanged at low temperatures.
For trilayer T1-2223, the frequency is slightly hardened, and
the corresponding linewidth remains nearly constant below
T.. Clearly, this Az(Tl) mode does not obey the expected
self-energy effect.

The Az(O,) mode in TI-2201, TI-2212, and TI-2223 is
located at 491, 494, and 501 cm ™!, respectively. Such values
of w are close to 2A. It is thus expected to have a stronger
self-energy effect. The ratio w/2A is about 1.2-1.6 in TI-
2201, thus the frequency should show a significant hardening
near T, according to self-energy model [78], accompanied by
a significant broadening in the linewidth. From the results on
T1-2201 as shown in Fig. 5, the frequency shows a smooth
phonon softening at low temperatures, and the corresponding
linewidth remains stable below 7. For bilayer T1-2212, w/2A
is 1.1-1.5. The frequency is expected to decrease, while the
linewidth will show an obvious narrowing. The experiments
give a decreasing frequency after entering the superconduct-
ing state and a nearly constant linewidth below T.. Finally, the
w/2A of the trilayer sample is about 0.9-1.3. It is expected
to have a significant softening in the frequency, accompanied
by a broadening of the linewidth. From the temperature de-
pendence of the Raman spectra (Fig. 5), the frequency of the
trilayer sample shows hardening near 7., while the linewidth
shows a slight narrowing. Therefore, there is a big differ-
ence between the theoretical expectations from the self-energy
model and experimental results.

The A,(Or;—p) mode of TI-2201, TI-2212, and TI1-2223
is located at 603, 602, and 608 cm™!, respectively. These
values for the high-frequency modes are much higher than
the corresponding 2A positions. For single-layer T1-2201,
w/2A is about 1.5-1.97, the frequency is expected to show
a monotonic increase on cooling, and the linewidth decreases.
In Fig. 6, the frequency of T1-2201 shows a slight softening at
low temperatures, and the linewidth remains unchanged. For
bilayer T1-2212, w/2A is about 1.3-1.9, the frequency and
linewidth tend to exhibit behaviors similar to those observed
in the single-layer compound. However, the frequency of the
bilayer sample shows a softening behavior in the supercon-
ducting state, and the linewidth in general remains unchanged.
Since w/2A is about 1.1-1.6 for TI-2223, the frequency is
expected to decrease, while the linewidth will show an obvi-
ous narrowing. However, the results in Fig. 6 reveal that the
trilayer sample still exhibits a smooth softening through T,
and the corresponding linewidth does not change significantly
but rather keeping a nearly constant. Hence, the behaviors of
this high-frequency mode do not follow the self-energy model
as well.

All the selected modes in the studied Tl-based compounds
do not follow the expected self-energy effect below T,. The
phonon anomalies with the softening frequency upon de-
creasing temperature are observed for the A,(Tl), A1,(O,),
and A4(O7;—p) mode at around 150 K in all these Tl-based
materials. The apical oxygen mode A;,(O,) exhibits a more
pronounced universal phonon softening below 150 K. The
origin of this kind of phonon behavior might have important
implications for the understanding of superconductivity in
cuprates.

B. Origin of the phonon softening

The superconducting fluctuation may extend to the normal
state above T, in cuprate superconductors [90,91]. To prove
the superconducting fluctuations above T, one of the effective
ways is to measure the Nernst effect [5]. This method has
been used to address the possible existence of vortex excita-
tions in the pseudogap region of the cuprate superconductors.
The theoretical work [92] based on the vortex liquid state
suggests that the Nernst signal should exhibit an increase
in the low-field region, and then it drops down when the
magnetic field is close to a certain ratio to the upper critical
field.

To find out the relationship between the phonon softening
and the superconducting fluctuations, the onset temperature
(Tsp) for such fluctuations should be located. Some evi-
dence for fluctuating superconductivity has been inferred from
the measurements of the Nernst effect [5], in-plane angle-
dependent resistance [93], time-domain optical conductivity
[94], and specific heat [90,95], etc. Table II gives the results
of the measurements from various techniques [96—-101]. For
single-layer sample T1-2201, T, was measured to be 87-90 K,
and the corresponding Tsr is about 97.5 K. For bilayer TI-
2212, T, of the prepared sample is 105-106 K, Tsr is near
120 K. For trilayer T1-2223, T, was measured to be 119 K and
Tsr is about 135 K.

The universal phonon softening is observed at about 150 K
from the temperature dependence of the Raman spectra. For
single-layer T1-2201, Tsr is much lower than this temperature.
While for bilayer T1-2212 and trilayer T1-2223, Tgf is close
to the initial softening temperature. Thus, phonon softening
is not directly related to superconducting fluctuations for the
single-layer compound. However, such a possibility can not
be ruled out for the bilayer and trilayer samples.

The charge density wave (CDW) state appears in the nor-
mal state and was widely reported in cuprate superconductors
[15,102—104]. Its origin is rooted in the instability of an one-
dimensional system as described by Peierls. The extension of
this concept to other systems has led to the concept of the
Fermi surface nesting, which dictates the wave vector of the
CDW and the corresponding lattice distortion [105].

To detect the charge order in cuprate superconductors, res-
onant x-ray scattering (RXS) [15,16,106], scanning-tunneling
microscopy (STM) [16,103,106], and ARPES [106] were
extensively carried out. However, atomic resolution STM im-
ages show that almost all the surface has a near-trigonal
structure in optimally doped TI-2212 and TI1-2223 [107].
It is different from a checkerboard pattern in bilayer Bi-
2212 single crystal [16,103]. For single-layer T1-2201, the
CDW state was detected even in the overdoped region (7, =
30K). It was explained by a Fermi surface reconstruction,
which is contrary to the case of under- and optimally doped
cuprates [108,109]. Thus, the direct evidence for measuring
the CDW state in optimally doped Tl-based materials is still
lacking.

Therefore, we have to focus on the pseudogap above
T.. It is a consequence of two basic properties of high-T,
superconductors: The d-wave nature of the superconduct-
ing gap function varying as the cosine function around the
Fermi surface, and the persistence of this gap into the normal
state [1].
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ARPES [4,7,8], tunneling spectroscopy [110,111], nuclear
magnetic resonance (NMR) [41-43], and electrical transport
[112,113] can be directly used to detect the existence of the
pseudogap in cuprates. Table II gives the onset temperature
of the pseudogap (77°) in the optimally doped Tl-based
samples from NMR measurements [41-43]. The T, value of
the single-layer TI-2201 is 85 K, while the 77 value was
determined at about 115-125 K [41]. For bilayer T1-2212,
T. was measured to be 112 K, the corresponding 77¢ was
found around 130-170 K [42]. For trilayer T1-2223, T, of the
as-grown sample is about 115 K, and the value of 7°¢ is about
140-160 K [43].

For single-layer T1-2201, T7C is very close to the observed
150 K of the phonon softening temperature. Meanwhile, the
temperature range of the pseudogap values covers the soften-
ing regime for T1-2212 and TI1-2223. From this unexpected
coincidence, it is not difficult to relate the observed soft-
ening to the interaction between the corresponding phonons
and pseudogap. According to the band-structure calculations,
pseudogaps are theoretically associated with the strong spin-
phonon coupling [114]. In this model, the Coulomb potential
from the phonon modes and the spin-polarized part of the
potential from the spin waves contribute to the opening of
a partial gap at the Fermi energy. The phonon softening is
used to estimate the obtained kinetic energy of the gap. This
softening will be weak when the temperature is close to 7.
Figures 4-6 show that the phonon softening does emerge in
Tl-based family at a high temperature above T, rather than
entering the superconducting state. The theory also predicts
that the atomic displacement will enhance the spin-phonon
effect and the pseudogap value. The misalignment of atoms
between the atomic layers in a normal state was indeed ob-
served for the Tl-based samples [115-117]. These vibrational
displacements suggest a dramatic phonon softening far above
T.. Besides, the specific heat measurements show that Tsp
occurs between 7, and 77¢ [90,95] in the underdoped and
optimally doped cuprate superconductors. This is also con-
sistent with the present results. That is, the phonon softening
temperature is generally higher than Tsr.

The obvious softening behaviors observed for Tl-based
family are nicely consistent with the theoretical model within
the strong spin-phonon coupling [114]. It is thus indicated that
these universal softening trends are related to the pseudogap
state from the analysis and comparisons of the existing exper-
imental data. It is interesting to note that the similar phonon
anomalies below and above T "¢ were also reported previously
for YBa,Cu3;O7_s by analyzing the in-plane optical conduc-
tivity data [118]. Such behaviors in the optical conductivity
spectra were suggested to be associated with pair formation
at TPY and the Bose-Einstein condensation of the preformed
pairs. Within this framework, the significant softening of the
A14,(0,) mode observed in TI-2201, TI-2212, and TI1-2223
highlight the important role of this phonon branch played for
the pairing and the coupling to the electronic charge excita-
tions.

C. Possible phonon effect on the pseudogap

The universal phonon softening far above T, may provide
evidence of the tight relationship between the superconduc-

tivity and the pseudogap. According to the promising theory
for high-7, superconductivity [19], pseudogap is a precursor
pairing and originates only from the spin-charge coupling. In
this case, there is only a superconducting pairing in the normal
state and no phonon contribution in the pseudogap state is
expected. w and y are likely to exhibit the corresponding
self-energy effect after entering the superconducting state.
This picture seemingly gets the experimental supports for
the feature of the magnetic order for the pseudogap [11-13].
However, the observed evolution of the phonon mode with
temperature does not follow such the theoretical predictions.
Along with the reported huge isotope effect on the opening
temperature of the pseudogap [26-28], the present results
strongly indicate that the large lattice effect should be in-
cluded in the understanding of the pseudogap phenomenon in
cuprates.

The anomalous softening behavior detected for the TI-
based family indicates the non-negligible lattice effect on the
phonon modes. It seems that the opening of the pseudogap at
least shares a part of the self-energy effect. As a result, the
reduction of total self-energy and a weak self-energy effect
when entering the superconducting state may follow [68].
From our results, the decreasing frequency and unchangeable
linewidth show a drastic self-energy loss at the temperature
above T.. Therefore, all the selected phonon modes, even the
A14(0O,) mode, which is closest to 2A, do not follow the
expected behaviors in the superconducting state. In addition,
the effect of the pseudogap is so powerful that it masks
the superconductivity-induced phonon anomalies. It is why
all the detected phonon modes continue to decrease during
cooling when passing through the superconducting transition.
Considering the evidence for the magnetic signature of the
pseudogap [11-13,21-24], the present results might suggest
the magnon-phonon coupling in the pseudogap state [119].

V. CONCLUSIONS

In conclusion, we have used Raman scattering spec-
troscopy to investigate the vibrational properties of high-
quality TI;Ba;Ca,,—Cu,,02,44+5 (n = 1, 2, 3) single crystals
in the normal and superconducting state. The universal
phonon softening at temperature near 150 K above the super-
conducting transition of each phonon mode has been generally
observed. These phonon modes do not follow the expected
self-energy effect. Instead, the feature can be related to the
formation of the pseudogap state. The starting temperature for
the phonon softening was found to be the opening temperature
for the pseudogap. The results suggest the non-negligible lat-
tice effect in the pseudogap state.
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