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Phason and Amplitudon in the Charge-Density-Wave Phase
of One-Dimensional Charge Stripes in La, ,Sr,CuQ,
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The present systematic Raman scattering experiments reveal the phason and amplitudon of the charge
density wave (CDW) mode in the charge stripes of La,_,Sr,CuO,. Only about 15% of the electronic
density of states condenses into the CDW state. The symmetries of the CDW modes change by the rotation
of the stripes at the insulator-metal transition. The energy of the phason is finite at 0.06 = x =< 0.1 and
zero at x = 0.035 and 0.115 = x = 0.135, which suggests that the CDW is commensurate at 0.06 = x =
0.1 and incommensurate otherwise. The zero-energy phason seems to reduce 7, at x = 1/8.
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The formation of spin-charge stripes in La,_,Sr,CuQ,
(LSCO) is one of the intriguing phenomena in high T
superconductors. The dynamics of charge stripes perpen-
dicular to them has been stressed to cause the metallic
properties. However, an isolated one-dimensional (1D)
conductor inevitably changes into an insulator at low tem-
peratures because of the localization [1] and the formation
of the charge density wave (CDW) below the transition
temperature (Tcpw). If CDW along the stripe is found, it
comes to give an answer to the long-standing problem that
in LSCO the T, is low and the superconducting gap energy
is small in comparison with other high 7, superconductors.

The stripes are related to a small drop of 7, and almost
complete suppression of T, at x = 1/8 in LSCO and
La,_,Ba,CuO, (LBCO), respectively [2,3]. Neutron scat-
tering disclosed the spatially modulated dynamical spin
correlations as magnetic peaks at (7 £ 278, 7) and (7,
7+ 276) [4-11]. Tranquada et al. [6] showed that in
La; 4gNdg 451 12,CuO, spin stripes and charge stripes are
created below T, and T, respectively. The antiferromag-
netically ordered spin stripes are periodically separated by
charge stripes in the CuO, plane. The spin stripe includes
three Cu atoms and the charge stripe includes one Cu atom
in width. Further neutron scattering experiments found that
the direction of the stripes rotates from the vertical (paral-
lel) to diagonal direction to the Cu-O-Cu axes, as the
carrier density decreases from the metallic phase (x =
0.06) to the insulating phase (x = 0.05) in LSCO
[10,11]. The inter-charge-stripe distance decreases as d =
a/2x with the increase of carrier density below x = 0.12
and then becomes constant above it [8]. Figure 1 shows the
charge and spin stripes in the insulating phase at x = 0.035
and in the metallic underdoped phase at x = 0.06. The
interstripe distance is large in the low doping region and
the charge stripe may be considered as an isolated 1D
chain.

In the CDW phase an energy gap (Ecpw) is created at
the Fermi energy (Er) by the modulation of the lattice at
2kg. Therefore, the metallic state cannot be produced by
the simple 1D conducting stripes. Two models are consid-
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ered to cause the metallic state at low temperatures. One is
the mixed phase of the 1D insulating stripe region and the
two-dimensional (2D) metallic region in real space and the
other is the mixed phase in k space. The former model is
removed from the Fermi surface (FS) observed by angle-
resolved photoemission spectroscopy (ARPES) [12-15].
ARPES observed the very strong FS called Fermi arc near
(r/2, 7r/2) as shown in the lower panels of Fig. 1 [12,14].
The Fermi surfaces of the charge stripes are shown by the
straight lines. ARPES did not observe the dotted lines in
the metallic phase. Thus the insulating 1D charge stripes
and the metallic 2D region are separated in k space in the
metallic phase. In the insulating phase the present experi-
mental result is consistent with the model shown in
Fig. 1(a). The 1D FS coexists with the 2D FS (Fermi arc)
near (77/2, m/2) below T,. Electronic excitations near the
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FIG. 1. Spin-charge stripe structure below T in (a) the insu-
lating phase (x = 0.035) and (b) the underdoped metallic phase
(x = 0.06). Charges and spins are shown by the open circles and
arrows, respectively. Lower panels are Fermi surfaces of the 2D
quasiparticles and the 1D charge stripes. The dotted lines are
missing in ARPES.
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FS around (7, 0) and (7/2, 77/2) are observed in the By,
and B,, spectra, respectively [16]. Therefore, the Raman
scattering from 1D FS below T, changes from B,, in the
insulating phase to B, in the metallic phase, while the
symmetry of the scattering from 2D FS is B,, in both
insulating and metallic phases at all temperatures.

Tassini et al. [17] reported the Raman study from the
charge stripes on the assumption that the stripes exist
below room temperature and the temperature dependence
results from only the stripes. Based on the assumption they
stressed that the temperature-dependent Drude-like peak in
the B,, Raman susceptibility at x = 0.02 changed to the
B, susceptibility at x = 0.1 by the rotation of the stripes.
Raman susceptibility is the Raman spectra divided by
n(w, T) + 1, where n(w, T) is the Bose-Einstein statistical
factor. Their assumption, however, contradicts with the
neutron scattering [7,9,10], nuclear quadrupole resonance
(NQR) [18], and ARPES [12,14]. The onset temperatures
of the stripe structure are 7, = 18 K [10] at x = 0.03 and
40K [7] and 32 K [9] at x = 0.12. Only below T, which is
a little higher than T, the spectra from the stripes should
be observed. Above T, there exists only 2D FS which
gives By, scattering in both insulating and metallic phases.
Therefore, the B,, spectra at x = 0.02 must not resemble
the B, spectra at x = 0.1 above T,. Their observed tem-
perature dependence is an artifact produced by the expres-
sion in the Raman susceptibility. The gradient of the initial
slope of the Raman susceptibility always decreases as
temperature increases, which causes the low-energy peak
in the differential susceptibility between two temperatures.

In the present experiment the 1D response is obtained by
the CDW energy gap and the collective CDW modes, the
phase mode (phason) and the amplitude mode (amplitu-
don) [19]. These collective modes are coupled charge-
phonon modes which are folded from —2kg and 2k to k =
0. The phason has the dispersion like an acoustic phonon
mode (w =0 at k= 0) in the incommensurate CDW
phase. In the commensurate CDW phase (the wavelength
of the CDW is a rational number times the lattice constant)
the phason has a finite energy at k = 0 due to the locking
by the lattice potential [19]. Therefore, the phason is
identified, if the distinction of the energy, zero or finite,
coincides with the commensurability, incommensurate or
commensurate.

Single crystals were synthesized by a traveling-solvent
floating-zone method in an infrared radiation furnace. The
superconducting transition temperatures are 13 K (x =
0.06), 27 K (0.08), 33 K (0.1), 33 K (0.115), 36 K
(0.125), 39 K (0.135), and 42 K (0.15). Raman scattering
was executed on fresh cleaved surfaces in a quasiback-
scattering configuration with 5145 A Ar-ion laser light.
The tetragonal notation is used for the symmetry of the
spectra. The By, and B,, spectra are observed in the (xy)
and (ab) polarization configurations, respectively. (xy)
denotes that the polarization of incident (scattered) light
is parallel to the x (y) direction. The a and b axes are the

directions along the Cu-O-Cu axes and the x and y direc-
tions are (4 + b)/+/2 and (—a + b)//2.

Figures 2(a)-2(c) show the raw B,, Raman spectra
and Figs. 2(a’)-2(c’) show the Raman susceptibility.
Figures 2(d)-2(k) show the raw B;, Raman spectra.
Raman scattering includes various temperature-dependent
components. Bosonic excitations like the phason, ampli-
tudon, and phonons have the temperature dependence
of n(w,T) + 1, while the electronic transition between
two states with Fermi-Dirac statistical factor is not propor-
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FIG. 2 (color). (a)—(c) By, raw Raman spectra in the insulating
phase (x = 0.035) and the metallic phase (x = 0.06 and 0.01).
The increase of the low-energy intensity with narrowing as
temperature decreases from 300 K to 100 K near the insulator-
metal transition (x = 0.055) is due to the development of the
quasiparticle peak. The decrease of the intensity below 100 K is
due to the formation of the pseudogap. (a’)-(c’) B,, Raman
susceptibility obtained from the raw Raman spectra divided by
n(w, T) + 1. (d)—(k) By, raw Raman spectra. CG: CDW gap,
SG: superconducting gap, SC: superconducting coherence peak,
P: phason, A: amplitudon.
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tional to n(w, T) + 1. Furthermore, almost temperature-
independent electronic scattering is often observed in
high T, superconductors. The possible origins are the
marginal Fermi liquid [20] or nested Fermi surfaces [21].
Figures 2(a’)-2(c’) are plotted for the comparison between
the two plotting methods.

The B,, scattering intensity increases from x = 0 to the
insulator-metal transition point (x ~ 0.055) and then de-
creases with the increase of the carrier density, while the
B, scattering intensity increases as the carrier density
increases above x = 0.15 [22-24]. In the B,, spectra
[Fig. 2(a)] at x = 0.035 in the insulating phase the height
of the low-energy peak centered at energy zero increases
with narrowing as temperature decreases from 300 K to
100 K and then decreases in intensity below 100 K. A
similar temperature dependence is also observed in the
spectra [Fig. 2(b)] at x = 0.06 in the metallic phase. The
B,, low-energy scattering is caused by the intraband exci-
tation in the quasiparticle band near (7/2, 7/2) which is
called the Fermi arc [12,14]. The rapid increase from
300 K to 100 K is caused by the growth of the quasiparticle
peak at the insulator-metal transition and the decrease
below 100 K is due to the formation of the pseudogap
[25-27]. The temperature dependence is observed in a
different way, when it is plotted by the Raman susceptibil-
ity. At x = 0.035 [Fig. 2(a&#x2032)] the intensity in-
creases toward low energy as temperature decreases from
300 K to 60 K and then the intensity decreases below
90 cm ™! at 40 K. The Ty at x = 0.03 is 18 K [10]. The
charge stripe is formed at a little higher temperature than
Ty [6]. Therefore, the decrease of intensity at 40 K is
caused by the formation of the charge stripe with Ecpy =
90 cm™!. The decrease of the intensity between 60 K and
5 K is about 15% at 50 cm™!. About 15% of the density of
states around (77/2, 77/2) is used to form the charge stripes
and the remainder is retained in the 2D states below T.
The increase of the intensity toward zero energy at 5 K is
assigned to the phason with zero energy. At x = 0.06
[Fig. 2(b&#x2032)] the intensity decreases below
70 cm™! as temperature decreases from 20 K to 5 K. The
decrease is due to the superconducting gap, because the T,
is 13 K. The 100 cm™! peak is the superconducting coher-
ence peak. The Tcpw is 150 K, when it is estimated from
the emergence of the phason in the B, spectra as discussed
below. The decrease of the B,, scattering intensity below
Tcpw is not clearly observed, because the intensity con-
tinues to increase toward 100 K by the development of the
quasiparticle band. The superconducting gap structure is
clearly observed at x = 0.1 in Figs. 2(c) and 2(c/).

The B, spectra are very different from the B,, spectra.
In the insulating phase at x = 0.035 the intensity of the B,
spectra [Fig. 2(d)] is much lower than that of B,, [Fig. 2(a)]
and the low-energy scattering intensity does not increase
with decreasing temperature. The peaks at 110, 151, 170,
218, and 251 cm™' are phonon peaks. At x = 0.06 the
spectra are almost the same from 300 K to 150 K. Below

150 K new peaks emerge at 28 and 80 cm™! (at 5 K). The
peak at 108 cm™! (at 5 K) is the phonon peak which is
observed at x = 0.035. The selection rule of the CDW
modes changes at the insulator-metal transition by the
rotation of the stripe direction by 45°. The 28 cm™! peak
is assigned to the phason and the 80 cm ™! peak is assigned
to the amplitudon. The finite energy of the phason indicates
that the CDW is commensurate, consistent with the hole
density, 0.5 holes/Cu, in the chain estimated by neutron
scattering [8]. The intensity of the phason and amplitudon
increases from x = 0.06 to 0.08 and then decreases to 0.1.
At x = 0.1 the phason energy is less than the present
experimental limit of 12 cm™! at 40 and 20 K and becomes
28 cm~ ! at 5 K. At x = 0.115 in Fig. 2(h) the phason peak
emerges below 60 K. The energy is less than the experi-
mental limit of 12 cm™!. The energy is assumed to be zero,
because the intercharge stripe distance is approaching a
constant value (4 times the Cu-Cu distance) and the CDW
becomes incommensurate [8]. The energy region of the
zero-energy phason tail becomes lower and lower as the
carrier density increases from x = 0.115 to 0.135. At x =
0.15 (optimum doping) [Fig. 2(k)] the electronic scattering
intensity rapidly increases and changes to produce the
superconducting gap structure. No sign of the phason is
observed at x = 0.15. Thus in the underdoped metallic
phase (0.06 = x = 0.135) the temperature-dependent elec-
tronic scattering such as the development of the quasipar-
ticle band and the formation of the superconducting gap
structure is observed only in the B,, spectra. The phason
and the amplitudon are observed also in the B,, spectra at
0.06 =x =0.1.

Figure 3(a) shows the energy of the phason and ampli-
tudon and Fig. 3(b) shows the hole density estimated from
the intercharge stripe distance measured by neutron scat-
tering. The hole density changes from incommensurate
0.7(= 0.5 X +/2)/Cu at x = 0.04 and 0.05 in the insulating
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FIG. 3. (a) Carrier density dependences of the phason energy
and the amplitudon energy at 5 K. (b) Hole density in the charge
stripe obtained from the intercharge stripe distance measured by
neutron scattering [8,11].
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FIG. 4 (color online). (a) CDW transition temperature. (b),
(c) Temperature dependence of the scattering intensity divided
by n(w, T) + 1.

phase [11] to commensurate 0.5/Cu at 0.06 < x < 0.12 in
the metallic phase [8]. Above x = (.12 the hole density
increases from 0.5/Cu and becomes incommensurate, be-
cause the intercharge stripe distance becomes constant [8].
The coincidence between the phason energy, zero or finite,
and the commensurability, incommensurate or commen-
surate, justifies the assignment of the phason. The zero
phason energy at x = 0.115 suggests the hole density in the
charge stripe is incommensurate.

Figure 4 shows (a) the Tepw and the temperature-
dependent intensities of (b) the phason peak and (c) the
amplitudon peak. The Tcpw is obtained from the opening
of the CDW gap at x = 0.035 and the onset temperature of
the phason peak shown in Fig. 4(b) at x = 0.6. The Tcpw
rapidly increases from 50 K at x = 0.035 to 150 K at x =
0.06 and then decreases to 72 K at x = 0.115. These
temperatures are higher than T, = 18 K [10] at x = 0.03
and 40 K [7] and 32 K [9] at x = (.12 obtained by neutron
scattering. The T obtained by the wipeout effects of *3Cu
NQR decreases monotonically from 90 K at x = 0.07 to
50 K at x = 0.115 [18]. It is known that the T is higher
than the T [6]. It is supposed that the Tcpw is the same as
T, that is, the charge stripes are in the CDW state when it
is produced. All the present experimental results can be
interpreted in the CDW scenario.

The onset of the CDW generally makes the system
insulating. In the underdoped phase the large density of
states is confined into the quasiparticle state around
(7/2,7/2) as observed in the large, temperature-
dependent B,, peak at low energy. When the Fermi sur-
faces of the 1D charge stripes and the 2D quasiparticles are
located in the same area in k space, the system becomes
insulating at x < 0.055, even if only 15% of the density of
states is distributed into the charge stripe. In the metallic
region at x > 0.055 the Fermi surface of the 1D charge

stripes is separated from that of the quasiparticles in k
space as observed in the different temperature dependence
between the B, and B,, spectra. The zero-energy phason
in the incommensurate CDW causes the decrease of con-
ductivity and superconductivity.

In summary, we have explored the CDW modes, the
phason and the amplitudon, in the charge stripe of LSCO.
The component of the electronic density of states to form
the CDW is only 15%. The symmetry of the phason
changes from B,, in the insulating phase to B, and B,,
in the underdoped metallic phase at 0.06 = x = 0.135. The
energy of the phason is finite at 0.06 = x = 0.1 and zero at
x =0.035 and 0.115 = x = 0.135. The zero-energy pha-
son seems to disturb the metallic properties and reduce T,
at x = 1/8.
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