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Nature of the pseudogap in the optical conductivity of oxygen-deficient YBa&u;0,
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The pseudogap in the-axis optical conductivity of oxygen-deficient YBau;O, is explained on the basis
of the resonant tunneling through the barrier between the {ai@hes with the use of localized centers formed
on place of the CuO chains. The conductivity as a function of frequency has a maximum, and its location and
magnitude depend only on the spectrum of resonant levels, and hence do not depend on temperature. In the
case of a fully oxygenated substance the chains are complete, and no resonance centers are formed. These
features were observed in experiment. Comparison is done with existing data. Other possible mechanisms of
the pseudogap formation are briefly discus§&®163-18206)02942-4

l. INTRODUCTION YBa,Cu;0, . Since these states do not exist in fully oxygen-
r@ted samples witk~7 and in YBaCu,Og, there is no well
ipronounced pseudogap in such samg\es do not consider
temperatures beloWw, where some sort of gap exists but it is
most probably due to superconductivityhe resonant tun-
neling idea permitted to get a reasonable fit to experimental
data for the resistivity ratigp./pap.>’ As we will see, this

The pseudogaps in the normal state of high-temperatu
superconductors have a long history. A broad variety o
ideas has been proposexte references in Refs. 1 and 2 and
the end of this paperWe will be concerned here with the
pseudogap appearing aboVgin the c-axis optical conduc-

tivity of the oxygen-deficient YBZCu;O, where it is well approach permits to explain the pseudogap, which, actually,

'2 i i I . . . . .
pronounced:* The phenomenon consists of a depression ifyoyes to be a misleading notation for the description of the
the frequency-dependent conductivity at low frequenciesyapavior ofo(w); it is more adequate to speak about the

With increasing frequency the conductivity starts to rise andnreshold behavior of this function. The location of this
after a maximum has a trend to decrease. One of the impothreshold depends only on the lower edge of the resonant
tant properties of this pseudogap is that it appears only ifpcalized states, and although this edge varies slightly with

oxygen-deficient samples, and it is absent in fully oxygenthe oxygen concentration, it does not depend on temperature.
ated YBaCu;O5.95 (see Refs. 1 and)2it is also almost

absent in YBaCu,Og (Refs. 3 and % (the small depression
of the conductivity at temperatures slightly abolvgcan be
explained by fluctuations Another important point is that We will start with Eq.(6), derived in Refs. 6 and 7, and
neither the location nor the height of the maximum dependxpressing the current in theedirection under the influence
on temperature. of an electric field represented by its vector potential. Previ-

Our explanation is based on the idea of resonant tunnelingusly we used the limitwy—0, and now we consider the
through localized states formed in place of broken chaingeneral case. If we write this equation jas — QA, the real
between the Cu@® bilayers in the oxygen-deficient part of the conductivity can be obtained as

Il. DERIVATION OF THE OPTICAL CONDUCTIVITY

RaT(a)o) = - CImQ(wo)/O)O

E+e

dE,

=(2/wg)(etnd)? ifocd f tanhm—tan @ IMGgr(w,E) IMGr(w+ wg,E;) (1)
— @) EINE) Ve ) LE¢ 2T M7 | IMGr(@,B))IMGr(w+wo, ),
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where the notations are the same as in Refs. 6 and 7, arithis limit is opposite to the one assumed in Refs. 6 and 7 for

particularly, static conductivity. Performing the integration oves, we
obtain
MG E= 1/27 )
m R(w, j)_ (a)—Ej)2+(1/27')2 ( ) Rea-(w ): (etnid)zvefE+sdE_ tan Ej~l—w0
0 2705 Jg—e 2T

(7 is the scattering time in the planérhis function is close
to m8(w—E;), and, if we assume that its width 72 w,, ~tanpEl o
then both delta functions in Edql) will be well separated 2T

. 3

0163-1829/96/54.7)/120033)/$10.00 54 12 003 © 1996 The American Physical Society



12 004 BRIEF REPORTS 54

Re 6(®0,) 457TRe o(@,) (Q_lcm_l)
g o
40-¢ %%‘
F T&V
35— }V
30 7
25+
® 20
L o E Zq? 70 K
E 15+¢ P
10 F SLIx I14 _1_ -
. . - eSS <4 ® olem )
FIG. 1. Schematic presentation of the normal stasis optical i | |
conductivity at very low temperatures in the case if all resonant 0 100 200 300 400 500 600 700

states have the same eneigy

The integration ovedE; takes into account the distribu-

. . ; . 45-f -1 -1

tion of the resonant levels in the tunneling barrier. If all these “Re 6(0,) (© cm ) S

states had the same energy, day and the temperature 40— ) @y Free
would be much less thaB, the optical conductivity would 35-F 10K j@

be proportional tmg(E— wg), ng being the Fermi function, 30 i -

i.e., it would be exponentially small ai,<E, and increase : Y

rather steeply around,= E. At larger values ofv it would 25 : @ 10K

decrease due to the factor in front of the integra(3h (the 20 Hf /

scattering probability I/ can be also frequency dependent at 15 : I/%/

wo=T), and hence there will be a maximum in the vicinity E )ja)f ]
of wo=E (schematic plot at Fig.)1 The location of this 10 g qg/“l% ® (Cm'l)
maximum as well as its value do not depend on temperature 5+ 2 |
and are defined only by the energy of the resonant states. In 100 200 300 400 500 600 700

a fully oxygenated substance there are regular CuO chains,

whose bands are hybridized with the bands of Guilanes, o _ )
and hence no such behavior can be expected. FIG. 2. Fitting of the theoretical curve to experimental data for
This picture is a very rough reproduction of the the c-axis optical conductivity of YBgCU;Og7 (Tc=63 K): (a)

. v o Y \
pseudogap but it describes all its major properties. Therefordest fit for the data at 70 K§—« =271 cm ) and(b) fit for data

2 — —1y.
it seems very likely that the proposed explanation of thel2ken at two temperatures, 70 and 1108z =286 cm °); only

. . = -

pseudogap is a true one. At least, the author is unaware gf’ita at frequenc'e&."’ 3 T were used for“th.'s f!t' T,,he bars repre
. . .sent not the experimental error but the “wiggling” of the experi-

any other one, accounting for all essential features of this L . R
mental curve, which is possibly due to an uneven distribution of

phenomenon. resonant levels.
Ill. RESONANT LEVEL DISTRIBUTION Unfortunately these data are absent, and we have to use
AND EXPERIMENTAL DATA what is available. The curves for optical conductivity as a

. function of frequency at several temperatures were obtained
The result(3) corresponds to the same assumption aboufOr YBa,Cu;O4 7 (T.=63 K) by Homeset al. in Refs. 1 and
the level distribution, which was made in Refs. 6 and 7,, Perfozrmingatae icntegration if8). we obtain

namely that the resonant levels are located within a stripe

(Efs,|_5+ €) wiFh a constant density. If in reality the distri- Rea(wo)z(etnid)zve(T/mg)

bution is described by some more general functf¢g;),

then at low temperatures the integral in E8) must be re- | COSHE+ &+ wg)COSHE — &€ — wq)
placed by xin COSHE— &+ wg)COSHE+ & — w) |

wg Using the estimates obtained in Refs. 6 andE# 1250 K
Zf f(E;dE;. (40 ~870 cm %, £>800 K ~550 cm ! (the correspondence
min factor is 0.695 cm 1/K), we come to the conclusion that for
Differentiating this function, we get the resonant level distri- &l ttmperatures and frequencies in quesfmlne pseudogap
bution. The main obstacle is superconductivity. In order toV@s observed af<150 K andw,=<500 cm"“) we can as-
have a normal metal at low temperatufes must be low, Sume exp—(E+e*wg)]<1. We are left with the result
and hence the oxygen concentration must be not far from the ) 3
metal-insulator transition. In order to avoid guesses aboutthe €7 (@o) = (etnd)“ve(T/7wo)[In{1+exd —(E—&
frequency dependence of it is necessary to measure simul- _ _ _E_
taneously the optical conductivity in tleh plane and to take wo)T]} ~ex ~(E~e+ wo)/T]] ®)
the ratioo./o,,, as we did for the static conductivity in In order to apply this formula we have to knowrl/the
Refs. 6 and 7Athe statico, will be divided bngrz). scattering probability in the plane, as a function of tempera-
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ture and frequency, and this has not been definitely estatexplanation leading to a shallow minimum, as in
lished by now. At the lowest temperatufe=70 K the as- YBa,Cu,Og,>*is not excluded.
sumption 1lf=consXw, (constl) gives a good The authors of the wofk prefer another explanation of
agreemenfFig. 2(@)]. The error bars at this plot represent thethe pseudogap based on the RVB idea of spin-charge sepa-
“wiggling” of the experimental curve which can reflect the ration and formation of spinon pairs, i.e., a gap in the spinon
uneven distribution of resonance levels. The deviation atlensity of state$>'* Since the current in the direction
lower frequencies can be ascribed to a failure of the assume®quires recombination of spinons and holbh¥ the
form for 1/ at small wy due to the influence of a finite c-axis conductivity would have an activation behavior. In
temperature. The value— =271 cm %, obtained from fit-  principle this idea could also provide an explanation, the
ting, does not contradict the data resulting from static conimore so that it can explain also the “spin gap,’i.e., the
ductivity. decrease of the electron spin susceptibility in the underdoped
The fitting is worse for data taken at higher temperaturesyBa,Cu;O, with decreasing temperature far abolvg. The
particularly at low frequencies. An example of this is pre-general problem with this concept is that it is strictly two
sented in Fig. th), where we tried to get the fit of Ed5) dimensional(actually it was proven only in one dimensjon
with the same coefficientgarticularly, E— e =286 cm 1) and does not permit a crossover to three dimensions, which
to data taken at two different temperatures, although we tookctually happens in many of the layered cuprates including
into account only data starting from frequencieg=3 T. La,_,Sr,CuQ,.*?
Another possible cause of discrepancies is the condition An alternative explanation of the spin gap is based on the
1/7<wg, which can be also violated at higher temperaturesidea of “preformed pairs” of electrons in the case of strong
attraction(see, e.g., Ref. 18This idea could give an expla-
IV. DISCUSSION nation also to the pseudogap in angle resolved photoemission
_ _ spectrat®2°What concerns the pseudogap in the optical con-
Although the goal of this paper was confined to the de-quctivity, so it could be attributed to the fact that tunneling
scription of optical properties within the resqnant tunnelingf pairs between the CuQOplanes is prohibited due to their
model proposed for underdoped YR&akO,, it should be  double charge. It seems, however, that this is not the proper
mentioned that similar phenomena were observed in otheixplanation, since in this case tbeaxis conductivity should
materials. The exponential growth of the ratio of static resistzye the same temperature dependence as the sin suscepti-
tivities p./pap With decreasing temperature was observed irbility, and this is not the case.
Bi,Sr,CaCuQ, 5,2 in TI,Ba,CuQ;, 5, %! and recently in
the underdoped ><(<Q.12) L@,_XSrXCuO‘l.lZ _ In the latter ACKNOWLEDGMENTS
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