
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 100508~R!
Observations of a pseudogap in thec-axis electronic Raman continuum
of YBa2Cu4O8 single crystals
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We report the results ofc-axis polarized electronic Raman scattering measurements on single crystals of
YBa2Cu4O8. As the temperature is lowered we find a monotonic depletion of spectral weight below a Raman
shift of around 900 cm21, consistent in character with the pseudogap, but unaffected by the onset of super-
conductivity. We also establish that thec-axis continuum in YBa2Cu4O8 can be described by a simple relax-
ational response, without the inclusion of electron-phonon scattering effects. In contrast to thec-axis transport
properties, the CuO chains appear to have little influence on thec-axis Raman continuum.
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The high-temperature superconducting cuprate~HTSC!
materials exhibit features that have been persistent puzzl
the solid-state community since their discovery. One w
known conundrum is the suppression of electronic exc
tions in the normal state of underdoped superconductors
‘‘pseudogap.’’1 The charge dynamics of these highly anis
tropic systems have provided an equally enduring puzzle
particular, thec-axis charge transport in YBa2Cu4O8 ~Y124!,
a stoichiometric and naturally underdoped member of
YBCO family, shows a curious crossover from incoherent
coherent transport with decreasing temperature.2,3 Evidence
of a pseudogap in Y124 has been obtained by nuclear m
netic resonance,4,5c-axis optical conductivity,6 and ab-plane
Raman spectroscopy,7,8 amongst other techniques.

Meanwhile, the high-frequencyc-axis electronic Raman
continua of both Y124 and the related YBa2Cu3O72d ~Y123!
are accurately described by a relaxational response9–13which
might arise from either impurity or phonon scatterin
processes.14–16In the case of Y123 it has been proposed t
scattering from the apical O~4! phonon mode gives rise t
the continuum and contributes an incoherent term to
c-axis transport via phonon assisted interlayer hopping.11–13

While Y123 and Y124 are closely related structurally, th
c-axis transport properties differ markedly. Underdop
Y123 exhibits insulatingc-axis resistivity as a function o
temperature, while Y124 and stoichiometric Y123 displ
metallic resistivity. The CuO chains have been implicated
the source of the coherentc-axis transport in these
materials.2,17

Despite this, the low-frequency electronic Raman co
tinuum, in the vicinity of the strong phonon bands, has th
far not been the subject of detailed study in either Y124
Y123. We were therefore interested in investigating the
ture and temperature dependence of the low-frequency Y
c-axis electronic Raman continuum, which has received r
tively little attention.
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Single crystals of Y124 were grown using a self-flu
method described elsewhere,18 producing crystals of typica
dimensions 0.430.230.1 mm3 and 80 KTc ~onset! deter-
mined by magnetic susceptibility measurements. Our Ram
spectrometer consisted of a Jobin-Yvon T64000 triple mo
chromator and charge coupled device. Exciting radiation w
provided by the 514.5 nm line of an Ar-Kr laser, point fo
cussed to a spot of approximate diameter 100mm and inci-
dent power of 1 mW. Measurements of the Stokes to An
Stokes intensity ratio revealed no detectable sample hea
and we quote nominal sample temperatures. The light
incident on thebc face of the crystals in pseudobackscatt
ing geometry andzz polarization (z parallel to the crystallo-
graphicc-axis!, selecting excitations ofAg symmetry. Spec-
tra taken inyz polarization showed no significant continuu
scattering. In all spectra shown, the Bose factor contribut
has been removed and the intensity normalized in the reg
1200–1300 cm21to correct for small alignment difference
between measurements. We assume that the high-frequ
electronic continuum exhibits negligible temperature dep
dence.

Typical c-axis spectra at temperatures of 300 and 100
are shown in Fig. 1 for one crystal studied. Spectra from
other crystal discussed here were in excellent agreement
function of temperature and Raman shift, confirming the
sence of sample dependent effects. Six strong, asymm
phonon lines dominate thec-axis Raman spectrum, obscu
ing both the frequency and temperature dependence of
underlying electronic continuum. Weak peaks in the vicin
of 1000 cm21 are second-order phonon scatteri
processes.19

If the 300 and 100 K spectra are compared, a depletion
spectral weight extending to around 900 cm21 may be ob-
served. The origin of the depletion, however, is difficult
determine from the raw spectra due to the temperature
©2001 The American Physical Society08-1
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FIG. 1. c-axis polarized Raman spectra at temperatures of 300 and 100 K from a single crystal of Y124 (Tc580 K!. The spectra have
been corrected for the Bose factor contribution. A fit to the 100 K spectrum is shown by the dashed line. Note the anomalous de
the continuum observable between spectra. Inset: electronic Raman spectra at temperatures of 300, 200, 100, and 30 K with t
contribution subtracted via Eq.~1!. The fit at 100 K is shown for comparison.
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pendence of the phonon lineshapes. Separating a stro
interacting phonon contribution from the electronic co
tinuum is a common problem in the analysis of HTSC R
man spectra, but the often-used Fano lineshape proved
inadequate for analyzing ourc-axis spectra.
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We therefore considered the more complex Green’s fu
tion description of the Raman intensityI (v). This approach
has been used previously,20 and we extend the method b
summing over the six observed phonon modes which
permitted to interact with the Raman active continuum th
I ~v!5A@n~v!11#S r~v!1(
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where e i5(v2vn,i)/g i and Si85(Ti81ViR(v)). A is an
overall intensity factor,n(v) is the Bose-Einstein therma
factor~removed from our spectra by division!, andR(v) and
r(v) are the real and imaginary parts of the electronic
sponse functionx(v). For each phononi, Ti8 is the ratio of
the transition matrix elements for phononic and electro
excitations,Vi is an electron-phonon coupling factor, andg i
& vn,i are the renormalized phonon line width and fr
quency. Note that a typographical error in Ref. 20 omit
the square in the denominator of Eq.~1! and that we have
slightly rearranged the original equation as a matter of c
venience when performing the fits. In addition to the cave
and assumptions of the original approach we also ass
that the phonons couplesolely to the Raman-active elec
tronic continuum.

As a simple model of thec-axis electronic response i
Y124, we use a form which arises from electronic Ram
scattering in a dirty metal14–16

x~v!5
G

G2 iv
, ~2!
-

c

d

-
ts

e

n

wherev is the Raman shift andG is a frequency independen
parameter which determines the position of the maximum
x(v). In the original model,G is associated with a scatterin
rate arising from impurity scattering. We will demonstra
that due to the presence of the pseudogap in this mate
equatingG with a physical scattering rate is problematic.

A fit to the c-axis Raman spectrum at 100 K is shown
Fig. 1 ~dashed line! and the agreement is exceedingly goo
The inset to Fig. 1 shows electronic Raman spectra, obta
by subtracting the phonon contribution calculated from fits
the measured spectra, and the background fit at 100 K f
Eq. ~2! ~dashed line!. Interference between the phonons a
the electronic continuum distort this simple relaxational
sponse in the raw spectra. A suppression of intensity w
decreasing temperature, extending to slightly above
cm21, is clearly and unambiguously seen in the electro
Raman spectra. The temperature dependences of the ph
modes can not account for the observed depletion;21 details
of the phonon fit results will be published separately.22 At-
tempts to improve the model, by accommodation of t
second-order phonon features and the inclusion of a no
8-2
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teracting background, had the predominant effect of incre
ing the fit uncertainty. As the qualitative temperature dep
dence of the fit parameters was unchanged, we persisted
the simpler expression of Eq.~1!.

Figure 2 shows the temperature dependence ofG for two
crystals studied, and the excellent agreement betw
samples. According to Eq.~2! an increase inG shifts the
continuum maximum to higher frequency and reduces
low-frequency intensity. Therefore, the gradual increase inG
seen in Fig. 2 is implied by the observed loss of scatter
intensity from the low frequency Raman continuum. No
that belowTc no clear superconductivity induced renorma
ization is evident in either Figs. 1 or 2. Although it is temp
ing to associateG with a physical scattering rate arising from
impurities,14–16it is apparent thatG is strongly influenced by
the observed spectral depletion and thus can not be dire
related to a physical scattering rate. This is verified by
lack of a clear relationship betweenG and the results of
c-axis dc resistivity measurements.2,3

In order to compare our results with those of other expe
mental techniques, we plot in the inset to Fig. 2 the ra
r(v→0,T)/r(v→0,300), i.e., the normalized static re
sponse~open circles!, which is expected to scale with th
density of states at the Fermi surface. In the normal state,
temperature dependence of the Raman response is cons
with 65Cu(2) Knight shift5 and c-axis optical conductivity6

results, normalized at 300 K and plotted in Fig. 2~open
triangles and open squares!. All three quantities exhibit a
clear and gradual depletion23 with decreasing temperature
which reveals the normal state pseudogap. This suggest
contribution from the CuO double chain conductivity to th
c-axis Raman and optical responses, probably because
coherent charge excitation is located at very low frequenc
In passing, we remark that our spectra differ from the res
of theoretical calculations of thec-axis Raman continuum
using the plane-chain coupling model.24

Superconductivity induced changes in thec-axis con-

FIG. 2. TheG parameter associated with the maximum of t
c-axis electronic continuum, from Eq.~2!. Inset: the normalized
static response from Raman~open circles!, Knight shift ~open tri-
angles!, and optical conductivity~open squares! measurements. Se
text for details.
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tinuum might be expected belowTc , as seen in the Knight
shift and optical conductivity results5,6 plotted in Fig. 2 and
from ab-plane Raman measurements.7,19 As Figs. 1 and 2
show, however, the superconducting state spectra are
well described by the simple relaxational response of Eq.~2!
and the monotonic depletion of spectral weight is unaffect
Our result is consistent withc-axis polarized measurement
of Y123, which show no dramatic continuum redistributio
in the superconducting state.25–27This might be indicative of
screening effects27 or of incoherent charge transport alon
the c-axis which is unable to participate in any coherent R
man response, including the superconductivity induc
renormalization.

We briefly mention one common feature between cry
tals: at 10 K the static response is significantly higher, andG
is consequently significantly lower, than that at other te
peratures belowTc . It seems that a weak change develo
rapidly at low temperatures and overlaps with the pseudo
feature, suggestive of a continuum renormalization. The
lation between this return of spectral weight at low tempe
tures and superconductivity is an open question.

Finally, we consider the implications of our simple mod
with respect to the origin of the Y124c-axis electronic Ra-
man continuum. Equation~2! describes the continuum as
relaxational response with a single frequency-independ
parameter due, originally, to impurity scattering. Itai15 has
calculated the Raman spectrum for a coupled electr
phonon system where both electron-impurity and electr
phonon scattering processes are considered. The additio
electron-phonon scattering to impurity scattering effective
introduces a frequency dependence toG which ‘creases’ the
electronic continuum near the phonon positions.15 In the case
of phonon scattering alone, the continuum displays a thre
old at the scattering phonon energy and a frequency dep
dence which is superficially similar to the simple relaxation
case.

With reference to Fig. 1 we see that the Y124 spectra
well described by a simple relaxational response, show
neither a scattering threshold nor distortions of the co

FIG. 3. Thec-axis polarized Raman spectrum of Y123 at roo
temperature, with example fit comprising the five phonon peaks
the two-phonon feature. Here,G'900 cm21. Inset: electronic Ra-
man spectrum as in Fig. 1.
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tinuum near the phonon positions which are the signature
phonon scattering processes. Therefore we conclude
phonon scattering plays no significant role in the origin
the c-axis continuum.

This result contrasts sharply with previous analyses of
c-axis Raman spectrum in Y123.11–13 To resolve this differ-
ence we applied our model toc-axis Y123 spectra28 from an
underdoped single crystal ofTc '80 K at various tempera
tures. An example fit at 300 K is shown in Fig. 3. Notab
our precursory analysis of the Y123 electronic continu
revealed a similar temperature dependence to that see
Y124: a depletion of spectral weight from the continuu
with decreasing temperature, unaffected by the onset of
perconductivity and reversing at low temperatures.28 This
similarity between chain disordered Y123 and chain s
ichiometric Y124 provides further evidence that the cha
play a subordinate role inc-axis Raman scattering.

In conclusion, thec-axis electronic Raman continuum i
Y124 can be accurately modelled as a relaxational respo
be
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with a single frequency-independent parameter; phonon s
tering processes do not contribute significantly to the
served continuum. As the temperature is decreased from
K we find that below a Raman shift of around 900 cm21

there is a gradual depletion of spectral weight which is c
sistent with the evidence of the pseudogap in Y124 fr
optical conductivity and Knight shift measurements. N
renormalization of the continuum is observed atTc although
a return of spectral weight is observed at low temperatu
We also find that the same model can be applied to un
doped Y123 and observe a similar continuum dependenc
temperature.28 There seems to be no contribution to th
c-axis Raman continuum from the CuO chains, which dom
nate the metallicc-axis dc transport properties.2,3
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8J. Bäckström, M. Rübhausen, M. Ka¨ll, L. Börjesson, A. P. Litvin-
chuk, M. Kakihana, M. Osada, and B. Dabrowski, Phys. Rev
61, 7049~2000!.

9D. Reznik, M. V. Klein, W. C. Lee, D. M. Ginsberg, and S-W
Cheong, Phys. Rev. B46, 11 725~1992!.

10S. L. Cooper, P. Nyhus, D. Reznik, M. V. Klein, W. C. Lee, D
M. Ginsberg, B. W. Veal, A. P. Paulikas, and B. Dabrows
Phys. Rev. Lett.70, 1533~1993!.

11P. Nyhus, M. A. Karlow, S. L. Cooper, B. W. Veal, and A. P
Paulikas, Phys. Rev. B50, 13 898~1994!.

12S. L. Cooper and K. E. Gray, inPhysical Properties of High
Temperature Superconductors IV, edited by Donald M. Gins-
berg ~World Scientific, Singapore, 1994!, p. 61.

13S. L. Cooper, M. A. Karlow, P. Nyhus, R. L. Neiman, J. Gia
intzakis, D. M. Ginsberg, B. W. Veal, and A. P. Paulikas,
,

e

,

-

Advances in Superconductivity VIII, edited by H. Hayakawa and
Y. Enamoto~Springer-Verlag, Tokyo, 1996!, p. 133.

14A. Zawadowski and M. Cardona, Phys. Rev. B42, 10 732~1990!.
15K. Itai, Phys. Rev. B45, 707 ~1992!.
16D. Einzel and R. Hackl, J. Raman Spectrosc.27, 307 ~1996!.
17N. E. Hussey, H. Takagi, Y. Iye, S. Tajima, A. I. Rykov, and K

Yoshida, Phys. Rev. B61, R6475~2000!.
18S. Adachi, K. Nakanishi, K. Tanabe, K. Nozawa, H. Taka

W-Z. Hu, and M. Izumi, Physica C301, 123 ~1998!.
19S. Donovan, J. Kircher, J. Karpinski, E. Kaldis, and M. Cardo

J. Supercond.8, 417 ~1995!.
20X. K. Chen, E. Altendorf, J. C. Irwin, R. Liang, and W. N. Hardy

Phys. Rev. B48, 10 530~1993!.
21For example, between 300 and 30 K the integrated spectral

of the continuum from 30 to 1200 cm21 gradually falls from
1070 to 810 square units, while the total spectral area of
phonon modes remains constant at 500685 square units. This
confirms that the phonons are not involved in the loss of spec
weight from the electronic continuum.

22J. W. Quilty, S. Tajima, S. Adachi, and A. Yamanaka, Physica
~to be published!.

23The depletion of the Raman continuum intensity slightly acce
ates below around 200 K, comparable with the ‘‘characterist
pseudogap temperature seen by other techniques.

24W. C. Wu and J. P. Carbotte, Phys. Rev. B56, 6327~1997!.
25K. F. McCarty, J. Z. Liu, R. N. Shelton, and H. B. Radousk

Phys. Rev. B42, 9973~1990!.
26D. Kirillov, C. B. Eom, and T. H. Geballe, Phys. Rev. B43, 3752

~1991!.
27D. Braithwaite, J. Q. Liu, G. Martinez, P. J. M. Van Bentum, a

P. Lejay, Physica C177, 213 ~1991!.
28J. W. Quilty, M. F. Limonov, S. Tajima, and A. Yamanaka~un-

published!.
8-4


