
Photoinduced reflection spectra of La2Cu0,+, single crystals 
A. V. Bazhenov, A. V. Gorbunov, and V. B. Timofeev 

Institute of Solid State Physics, Russian Academy of Sciences, Chernogolouka, Moscow Region 
(Submitted 15 April 1993) 
Zh. Eksp. Teor. Fiz. 104, 3193-3210 (September 1993) 

It is shown that photoinduced optical transitions in La,Cu04+, single crystals can be 
detected by a differential light reflection technique. A series of photoinduced electron 
transitions has been observed in the spectral range 0.1 to 0.6 eV. In a stoichiometric 
crystal (xzO) the intensity of low-energy transitions differs from that of the 0.55-eV transition 
by a stronger dependence on both the temperature and the power density of exciting 
light. The properties of these transitions vary with oxygen content. Photoinduced transitions 
are discussed in the framework of the spin-polaron complex model. 

1. INTRODUCTION 

Spectroscopy of photoinduced processes is a promising 
method of investigating electronic and vibrational spectra 
of dielectric phases of high-T, superconductors. It allows 
to study the properties of the spectra versus the density of 
photoinduced free carriers without introducing defects, 
which inevitably arise when a crystal is doped. Moreover, 
pulse technique makes it possible to examine the process 
dynamics, which is important for understanding the origin 
of optical excitations in a crystal. The study of the photo- 
induced absorption (PIA) spectra has shown that a hole 
created in the valence band of the dielectric phase of a high 
T, superconductor either by doping or by optical excita- 
tion forms a self-trapped state (STS) in the crystal band 

This gives rise to an absorption band in the mid- 
infrared range of the spectrum and to local phonon modes. 
To account for the experimental results the polaron model 
of STS" is usually used. However calculations of the PIA 
in La2Cu0, (214) satisfactorily describe only the 0.5 eV 
band4 but do not agree with experiment in the range 0.1 to 
0.3 eV. In Ref. 4  this was attributed to poor quality of 
studied samples. 

It is most likely that the cause of disagreement between 
the theory and experiment is of methodological character. 
The point is that in all previous studies of the PIA in 214 
crystals it was the transmission spectrum of a powder in a 
KBr or CsI matrix that was measured. The size of a 214 
grain amounted to - 1 pm. Scattering effects important for 
wavelengths of the order of the grain size were not taken 
into account. It is just in this spectral range that the largest 
discrepancies between the polaron theory and experiment 
take place. 

This shortcoming of the PIA method was eliminated 
by the authors in their study of photoinduced reflection 
(PIR) in homogeneous dielectric single 214  crystal^.^ It 
was found that, parallel with the well-known photoinduced 
electron 0.5 eV transition, there are extra transitions in the 
range 0.1 to 0.3 eV. The intensities of photoinduced tran- 
sitions depend on the power density of the exciting laser 
radiation in a different way. To account for the origin of 
these electron transitions a model of hole many-particle 
spin-polaron complexes was suggested. 

Low energy electron states near the Fermi surface can 
play an important role in the mechanism of high T, super- 
conductivity. To examine the origin of these states and, in 
particular, applicability of the many-particle spin-polaron 
complex model we have studied the PIR spectra of semi- 
conducting single La2Cu04+, crystals versus the oxygen 
content x, temperature and laser power density. The ex- 
perimental results are explained qualitatively in the frame- 
work of the hole many-particle spin-polaron-complex 
model.5 

2. EXPERIMENTAL PROCEDURE 

Single 214 crystals were grown by a procedure of dy- 
namic seed growth on a platinum holder6 with CuO as a 
solvent. The size of the grown crystals was 4 x 4 ~ 4  mm 
and their NCel temperature TN was 250 K. Samples with 
different TN were obtained by heat treatment either in vac- 
uum or in oxygen atmosphere. Crystals close to stoichio- 
metric ones (x=O, TN= 3 18 K )  were prepared by anneal- 
ing at 600 "C in a 1 Pa vacuum for 4-6 hours. Crystals with 
large deviation from stoichiometry (TN= 140 K )  were ob- 
tained by annealing in the oxygen atmosphere ( p  = 1.2 . lo5 
Pa) at 600 "C for 3 days. The results of annealing were 
monitored by the temperature dependence of the magnetic 
susceptibility. The oxygen content x can be approximately 
estimated by means of well-known dependences of TN on 
the doping impurity content (see, e.g., Ref. 7) .  In the sud- 
ied crystals TN=318, 250, and 140 K and, correspond- 
ingly, XZO, 0.006, and ~ 0 . 0 1 .  

To study photoinduced processes in bulk single crys- 
tals, it is difficult to use, in practice, the traditional PIA 
method. Therefore we have used the PIR m e t h ~ d . ~  The 
PIR spectra were measured by a Fourier spectrometer with 
the incidence of reflected testing light close to normal (the 
deviation was z 10"). The laser beam exciting the PIR was 
normal to the sample surface. The reflection spectra were 
studied in the E l  C polarization (C is the perpendicular to 
cuprate planes) with the light wave vector q parallel to C. 
The spectral range 35-600 meV was investigated at tem- 
peratures from 5 to 200 K. We measured the ratio 
R,  (v)/R (v)  of the reflection spectra, where R1 (v)  was the 
spectrum obtained with continuous irradiation of the crys- 
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tal by a cw He-Cd or He-Ne laser (&=2.8 and 1.96 eV 
respectively) and R(v)  was the spectrum without laser 
excitation. Thus we got the PIR spectrum: 
AR/R = [R (v)  - R (v)]/R (v) . TO increase the signal/ 
noise ratio and decrease the influence of a slow equipment 
drift on the measurement results we used multiple alternate 
accumulation of the R1(v) and R(v )  spectra for 1-2 
hours. For this the laser was periodically switched off 
by a mechanical chopper controlled by the Fourier- 
spectrometer computer. The reflection spectra were de- 
tected either by a DTGS or by a MCT photoresistor cooled 
by liquid nitrogen. In the latter case scattered laser light 
affected the receiver performance. Therefore we placed a 
KRS-5 filter in front of the receiver. 

To find the temperature dependence of the spectra the 
samples were attached to a cold finger in the vacuum 
chamber of a flowing helium cryostat with the help of a 
silver paste. The laser excitation power density did not 
exceed 0.3 w/cm2 and the corresponding overheat of the 
samples in our experiment was negligible. 

3. ANALYSIS OF PHOTOINDUCED REFLECTION 

When nonequilibrium carriers are excited, the varia- 
tion of the reflection coefficient R = 1 ( 1 - &)/ 
( 1 + &) 1 2, where E = + ie2, is determined in the general 
case by variation of both the real (E,) and imaginary ( E ~ )  
parts of the dielectric constant. The ratio of the differential 
dR to the initial dark reflection spectrum R is 

Here I E I = (E: + E:) 'I2. We approximate E (v) by a set of 
Lorentz oscillators 

where aj  = 4ne2/mf, Ej is the resonance frequency, T j  is 
the damping, and Nj  is the effective density of j th oscilla- 
tors and is related to the j th oscillator strength Sj by the 
expression Sj = c r j ~ j - 2 ~ j .  We find that the PIR is propor- 
tional to photoinduced changes dNj of the oscillator den- 
sity: dR/R =: ZCj(v)dNj . Besides the photoinduced tran- 
sition lines, the PIR spectrum can also have narrow false 
lines at the points where the denominator of ( 1) vanishes, 
i.e. when I E I  =0, and also = 1 for E ~ = O .  

For the dielectric phase of a high T ,  superconductor 
Eq. ( 1 ) becomes much simpler in the mid-infrared range, 
since I 1 ) E ~  : 

and the PIR is determined, first and foremost, by the vari- 
ation of e l .  In Eq. (3) we have neglected the terms pro- 
portional to (d.c112 and ( d ~ ~ ) ' .  

Figure 1 shows the reflection spectra R(v)  and corre- 
sponding spectra E'(v) and E ~ ( v )  in a 214 crystal with 
various oxygen content x. The optical phonon spectrum 
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FIG. 1. Reflection spectrum R(v)  and the real E,(v) and imaginary 
E*(v) parts of the dielectric constant of single La,CuO,+, crystals with 
different oxygen content: xzO, 0.006, and 0.01 for curves I, 2, and 3 
respectively (El  C, T =  5 K) .  The curves E, ( v )  and E ~ ( Y )  are calculated 
with the help of the Kramers-Kronig transformations from the reflection 
spectra measured in the range 0.005 to 2.7 eV. 

visible at v < 740 cm-' is not shown. When the crystal is 
doped, E'(v) varies at first only slightly, and E ~ ( V )  grows 
rapidly in the mid-infrared range so that absorption char- 
acteristic of cuprate high T ,  superconductors is observed. 
In a 214 crystal we have N E ~  already at ~ ~ 0 . 0 0 5 ,  and 
Eq. ( 1 ) must be used. The coefficients A (v)  and B(v) are 
easily found from the spectra of Fig. 1: A (v) decreases in a 
monotonic way and B(v) increases with doping (Fig. 2).  
This can lead to monotonic changes in the PIR amplitude.: 
the PIR determined by A ( v ) d ~ '  for x=:O decreases at first 
with x and then grows as a result of the growing contribu- 
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FIG. 2. The coefficients A(v) and B ( v )  of Eq. ( 1 )  versus the oxygen 
content x in single La,CuO,+, crystals: x z O ,  0.006, and 0.01 for curves 
1, 2, and 3 respectively. The curves are calculated from the curves E,(v)  
and E ~ ( V )  of Fig. 1 with the help of Eq. ( 1 ) (polarization E l  C, T =  5 
K) .  

tion of the imaginary part of the dielectric constant 
B(v)d&,. 

For further growth of x the negative contribution of 
free carriers to E ~ ( V )  increases. For relatively small x we 
have I I ( E ~ .  Then Eq. ( 1 ) takes the form 

For a high level of doping the inequality I 1 % ~ ~  comes 
into play again, but now, in contrast to the dielectric ver- 
sion (3), we have 

In both cases the PIR diminishes again with growing x,  
since the effect is proportional to E , ~ / ~  or ] 1 -3/2. 

The reflection-coefficient variation as a result of inten- 
sive optical excitation can substantially affect the photoin- 
duced transmission spectrum. It  is believed4 that for dielec- 
tric crystals, when E ~ ) E ~ ,  the relative transmission 
variation AT/T is connected with the photoinduced high- 
frequency conductivity a ( @ )  by the relation 

where n= [(cl + I 1 ) /21 ' /~= .&~~/~  is the refractive index, s 
is the thickness of absorbing medium, and c is the light 
velocity. Photoinduced variations of the reflection and 
scattering coefficient are not taken into account. 

In the general case, the transmission T, with allowance 
for single light reflections R(v )  from two surfaces of a 
plane-parallel crystal of thickness s, has the form 
T = [ l  - R (y)I2 exp( -as),  where a =2wk/c is the absorp- 
tion coefficient and k=[( 1 - ~ ~ ) / 2 ] ' / ~ .  The ratio of the 
differential d T  to the initial dark transmission T(Y)  is 

An analysis similar to that for the coefficients A(v) and 
B(v) of Eq. (1) shows that in oxygen doped crystals 
(x>0.005) a prevailing contribution to the PIA comes 
from the photoinduced change in E ~ .  The PIR effect is 
small in a broad spectral range, therefore Eq. (4) is valid. 
In the case of a sufficiently ideal dielectric (xzO) ,  when 
n 2 = . ~ 1 ) ~ 2 ,  Eq. (5) acquires the form 

The last term in this sum coincides with Eq. (4),  since the 
photo-induced conductivity is U(W ) = (w/47r) d ~ ~ .  For 
vo= (n - 1 )/[27rn (n + 1 )s] the coefficients in the first and 
second terms are equal. In the range v>v0 the first term in 
(6) can be neglected, but for Y=VO and, especially, for 
Y <YO the PIR makes an important contribution to the 
PIA. In a stoichiometric 214 crystal the refractive index n 
is z 2 or 3 in the mid-infrared range. Then for s=0.1 pm, 
which is typical of high T, superconducting films, we have 
~ ~ ~ 2 7 0 0  cm-'. When a powder of a high-T, supercon- 
ductor in the semiconducting phase is studied in a trans- 
parent matrix, a typical grain size s is about 1 pm, and the 
first term in (6) amounts to about 25% of the second at 
v< 1100 cm-I. In fact, owing to light scattering, the rela- 
tive role of reflection in the transmission spectrum of pow- 
derlike samples is even more important, therefore the PIR 
contribution can be large even at higher frequencies. 

The photoinduced reflection has some advantages in 
comparison with the PIA used in powderlike sample stud- 
ies. The PIR method can be used to investigate the prop- 
erties of bulk single crystals. Light scattering effects are 
thereby excluded and a possibility of studying the anisot- 
ropy of photoinduced optical transitions arises. It is also 
important that in the case of stoichiometric (dielectric) 
crystals PIR measurements in the mid-infrared give infor- 
mation about changes in the dielectric function, namely in 
the real part of the dielectric constant. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

The reflection spectrum of a dielectric 214 crystal 
(TN= 3 18 K )  receives no contribution from free carriers 
in the E l  C geometry in the range 0.005-0.6 eV. More- 
over, in the range 0.15-0.5 eV there is practically no ab- 
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FIG. 3. The spectra of photoinduced variation of the real part c l ( v )  of 
the dielectric constant in a single La,CuO, crystal with TN=318 K ( x  
- 0 )  for nonequilibrium carrier excitation by a continuous HhCd ( f i w  

=2.8 eV, curve 1 )  and a He-Ne laser (&I= 1.96 eV, curve 2 ) .  The 
temperature is 5 K, and the density of laser excitation power is 0.2 
w/cm2. Curve 3 is the difference between the E , ( v )  spectra of an oxygen 
doped La2Cu0,+, (TN=250 K, ~ ~ 0 . 0 0 6 )  and a stoichiometric crystal 
( T,=318 K, x z O ) .  Polarization El C, T=5  K .  

sorption typical of oxygen doped Sr compounds, and 
(v) ZE, ~ 5 . 3 ,  as seen from Fig. 1. Both factors are in- 

dicative of a high degree of stoichiometry of the given 
crystal whose oxygen content x is about zero. In this case 
Eq. (3) is valid, since (see Fig. 1 ), and the PIR is 
determined by changes in the real part of the dielectric 
constant, (v) . 

In Fig. 3 curve I shows q ( v )  in this crystal in the 
E l  C polarization, when nonequilibrium carriers are ex- 
cited by a He-Cd laser ( ~ = 2 . 8  eV). The spectrum is 
obtained by dividing the measured PIR by the coefficient 
A(v) (Fig. 2). It is worth noting that the spectral depen- 
dence of PIR in our case radically differed from that when 
the crystal is overheated by laser radiation. For an insuffi- 
cient thermal contact of the sample the spectral intensity 
grew in a monotonic way with the wave number Y.  The 
reproducibility of the absolute value of the spectrum was 
very low. When the frequency of exciting light (an He-Ne 
laser, Iiw= 1.96 eV) decreases, the PIR intensity falls off 
dramatically (curve 2). The studies of absorption8 and 
photoconductivity9 spectra have shown that the fundamen- 
tal absorption edge determined by interband transitions 
with charge transfer coincides with the energy h z 2.1 eV 
in 214 crystals. Thus, hole and electron generation just in 
the valence and conduction bands gives rise to photoin- 
duced 0.14.5 eV transitions. If photoexcitation is in the 
dielectric gap region, the PIR is absent. 

As already noted in a series of studies where the PIA 
was investigated in powdered semiconducting phases of 
high T ,  superconductors, in a single 214 crystal the photo- 
induced transitions are similar to those arising for doping 
with acceptor impurities. In our case curve 3 in Fig. 3 

shows the change in (v) when oxygen is introduced into 
the crystal: A E ~ = E ~ - - E ~ ,  where E ~ ( Y )  and &y(v) are the 
spectra of crystals with TN=250 and 3 18 K respectively. 
Similarity of spectra I and 3 indicates that the nonequilib- 
rium carrier excitation really leads to an effect similar to 
crystal doping with impurities. Thus, the origin of spectral 
changes in both cases is the same. 

Important information about photoinduced transitions 
is provided by their intensity as a function of the density of 
interband-excitation power I .  In Ref. 1 the PIA spectrum 
of the 214 powder was interpreted as two transitions with 
energies 0.16 and 0.62 eV. It was shown that both their 
intensities depend on I as Ia; in particular, at T=4.2 K we 
have a=0.25. A similar result was obtained by us for the 
PIR spectra of oxygen doped crystals in the range I(0.3 
wt/cm2. This is shown in Fig. 4b, where the spectra of a 
single 214 crystal with TN= 140 K ( ~ ~ 0 . 0 1 )  are shown. 
The same was observed also in the stoichiometric 214 crys- 
tal ( TN= 3 18 K )  for Ig50 mwt/cm2. However, at higher 
power densities the stoichiometric 214 crystal exhibited a 
superlinear dependence of the low energy PIR intensity 
( IL)  with respect to the 0.55 eV transition (IH), i.e. 
I L ( I )  = I ~ ( I ) ~  where 8> 1 (Fig. 4a). 

With increasing temperature the low-energy PIR in- 
tensity decreases much more rapidly than for the 0.55 eV 
transition in the crystal with X Z O  (Fig. 5). The PIR in the 
mid-infrared is observed only at T < 150 K, whereas sim- 
ilar transitions in doped crystals are clearly seen even at 
T>300 K. 

Figure 6 shows the dependence of the PIR spectrum 
(El  C )  on the oxygen content in a single 214 crystal at 
T=5  K. The PIR intensity is the greatest in the stoichio- 
metric crystal, falls off for x-0.006, and grows again for 
~ ~ 0 . 0 1 .  We have called attention in Sec. 3 to a possible 
nonmonotonic dependence of the PIR on crystal doping, 
and related it to a crossover from the predominant contri- 
bution of the photoinduced change Ael to the growing 
effect of AS the PIR spectrum analysis in the Lorentz 
oscillator approximation has shown, the density d N j  of 
photoinduced oscillators varies monotonically. 

If we try to approximate the PIR by two electronic 
transitions (oscillators), VL and VH, of low and high en- 
ergy respectively, we must assume an extraordinarily large 
increase in the damping TL for the transition VL when the 
temperature increases from 5 to 50 K, namely rLz0 .25  
and 0.5 eV, which is absolutely unfounded. If we assume 
that the electron oscillator damping has a relatively weak 
temperature dependence, the best approximation is 
achieved when the spectrum is described by four Lorentz 
oscillators. Additional studies of the temperature depen- 
dence of the infrared reflection spectra of 214 single crys- 
tals doped by oxygen showed that in the mid-infrared the 
spectrum is approximated by four Lorentz  oscillator^.^^ 
Therefore Fig. 7a shows the approximation of the photo- 
induced variation A&, in a stoichiometric crystal by oscil- 
lators with resonance frequencies Ej = 550, 240, 156, and 
110 meV. Expansion in the contribution of separate oscil- 
lators (Fig. 7b), yields substantially different partial 
weights: dN,  = 3 . 1018, 3 . lo", 8 - 1016 and 1016 cm-3 re- 
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spectively, and dampings r jz550,  220, 90, and 30 meV at 
T=5 K and at an excitation power density I=0.2 
wt/cm2. In Eq. (2) the effective mass m* was taken equal 
to the free electron mass. A PIR analysis in the framework 
of the suggested approximation has shown a monotonic 
dependence of the densities of photoinduced oscillators on 
the oxygen content in the crystal (Fig. 8).  

Thus, we have found that interband excitation of single 
214 crystals in the spectral range 0.1-0.6 eV produces sev- 
eral photoinduced electron transitions. They are similar to 
transitions arising when a crystal is doped by acceptor im- 
purities and have the following features: 

FIG. 4. The photoinduced reflection spectrum versus the density 
of He-Cd laser power in single La2Cu0,+, crystals: (a)  
TN=318 K (xzO) and (b) TN=140 K ( ~ ~ 0 . 0 1 ) .  The highest 
density of laser radiation power is 0.2 w/cm2. The curves 1-3 in 
Fig. 4(a) correspond to power densities I ,  1/2, and 1/4, and the 
curves in Fig. 4(b) to I ,  1/10 and 1/40. The spectra are 
smoothed off. 

1) in a stoichiometric 214 crystal the intensity of low- 
energy transitions with respect to the transition E1=0.55 
eV has a superlinear dependence on the power density I at 
a high level of interband excitation; 

2) in oxygen-doped crystals the intensities of photoin- 
duced 0.1-0.6 eV transitions have the same I-dependence; 

3) the intensity of low-energy transitions decreases 
much more rapidly with increasing temperature than that 
of the E, transition in the stoichiometric 214 crystal. The 
PIR is observed only at T < 150 K. 

We believe that an electron injected into the conduc- 
tion band by light is trapped there. A hole created in the 

FIG. 5. The temperature dependence of the PIR spectrum in a 
stoichiometric single La2Cu0, crystal ( TN= 3 18 K )  : spectra 1-4 
correspond to T=5, 50, 100, and 150 K respectively. The power 
density of laser radiation is 0.2 w/cm2, polarization E l  C. The 
spectra are smoothed off. 
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FIG. 6.  The effect of the oxygen content on the photoinduced 
reflection spectrum in a single La2Cu04+, crystal: xzO, 0.006, 

0,005 the spectra 1, 2, and 3 respectively. Polarization 
2 K, and the power density of the He-Cd laser is 0.2 
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valence band as a result of optical excitation or doping is 
trapped and forms in the crystal band gap a self-trapped 
state (STS) associated with the optical transition El =0.55 
eV with the half-width TI =El. Doping 214 crystals with 
oxygen leads top-type conductivity. Therefore the fact that 
the photoinduced spectra are identical with the doped crys- 
tal spectrum indicates that the studied optical transitions 
are determined exactly by hole STS. The photoinduced 
transitions vanish at T )  150 K, whereas in doped crystals 
similar transitions are observed at T > 300 K. The differ- 
ence is connected with the intensities of photoinduced tran- 
sitions being determined by recombination of optically in- 
jected electrons and holes. At T2150 K practically all 

photoelectrons are thermally activated from traps into the 
conduction band, where they recombine with holes and the 
PIR vanishes. 

The superlinear increase in the low-energy transition 
intensity with respect to El in a stoichiometric crystal with 
increasing interband excitation intensity I and, corre- 
spondingly, photohole density p(p,Ia) indicates that the 
low-energy transitions correspond most likely to many- 
particle complexes of a hole STS. For the El transition the 
photoinduced oscillator density dN1 is proportional to p, 
dN1=p. At the same time the process of formation of 
many-particle complexes E, as a result of 2-, 3-, and 
4-particle hole collisions obeys the law ~ N ~ - - ~ ~ + ~ N ~ ,  
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FIG. 7. (a)  The approximation of the photoinduced AE, spectrum 
at T = 5  K by four Lorentz oscillators in accordance with Eqs. (2) 
and (3). The curve AE, is found by dividing the photoinduced re- 
flection spectrum 1 in Fig. 6 by the function A ( v )  (curve I in Fig. 

.- b 2a); (b) Expansion of this spectrum in contributions of separate 
oscillators 1-4 with resonance frequencies E,=550, 240, 156, and 
110 meV respectively. 
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FIG. 8. The densities d N j  of photoinduced oscillators with reso- 
nance frequencies Ej=llO, 156, 240, and 550 meV (curves 1-4 
respectively) versus the oxygen content x in single La,Cu04+, crys- 
tals. Temperature is 5 K, and the density of interband excitation 
power is 0.2 w/cm2. 
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dN3 =P3 + P 2 ~ l  +pN2 etc., where N j  is the dark concen- 
tration of STS with j holes. In a stoichiometric crystal we 
have NjzO, therefore dNjzp-', i.e. the intensity of transi- 
tions corresponding to many-particle complexes depends 
superlinearly on p in contrast with the El transition. In 
oxygen doped crystals p 4 N, and photoinduced complexes 
are formed mainly by hole attachment to already existing 
complexes, ~N,=PN,-~.  Therefore the intensities of all 
transitions have the same I-dependence. A similar depen- 
dence in the crystal with T N =  318 K for a low excitation 
level is explained by a small initial STS density, as seen 
from the spectra of Fig. 1 ( E ~ z O .  1 for & z O .  11 eV), and 
connected with a small deviation from stoichiometry. 

The many-particle-complex model makes it possible to 
explain also the temperature dependence of the photoin- 
duced transition intensity. When electrons are thermally 
activated from their traps to the conduction band, p de- 
creases. Therefore a more drastic temperature dependence 
of the low-energy transition intensities in a stoichiometric 
214 crystal seems natural, since in this case dNjzp' .  

The densities dN1 and dN2 of photoinduced oscillators 
(Ej=0.55 and 0.24 eV) decrease with increasing oxygen 
content (Fig. 8). This can be explained by the decreasing 
lifetime of nonequilibrium carriers and, consequently, of 
their densities as a result of introducing an excess x of 
oxygen into the crystal. However, dN3 (E3=0.156 eV) 
practically does not change, and dN4 (E4=0. 11 eV) grows 
noticeably with x. This can be accounted for by the fact 
that for ~ 2 0 . 0 0 5  the STS complexes are formed mainly by 
attachment of a hole to existing complexes, dNjEpNj-l. 
The infrared reflection spectra in Fig. 1 show that with 
increasing x the intensities of Ej transitions increase mono- 
tonically, the intensities of low-energy transitions increas- 
ing more than the others. Therefore the decrease in dNj 
caused by decreasing p can be compensated for by the 
increasing the initial complex density Nj-, and can in- 
crease the density of low-energy photoinduced oscillators 
with increase of x. 

Thus, the suggested model of many-particle hole STS 
makes it possible to explain qualitativly the presence of a 

series of electron transitions in the mid-infrared in semi- 
conducting phases of high T ,  superconductors, and their 
properties versus temperature, oxygen content, and density 
of the power exciting the nonequilibrium carriers in crys- 
tals. An elucidation of the origin of the STS and its many- 
particle complexes is therefore urgent. At present the po- 
laron model is being discussed in the literature, in view of 
the presence of local phonon modes in PIA spectra,3 at- 
tributed to crystal lattice relaxation near the hole as a re- 
sult of its Coulomb interaction with crystal ions. However 
polaron absorption calculations account for the 0.55 eV 
line but do not explain the 0.1-0.3 ev4 transitions with 
properties of many-particle complexes. 

The polaron complex formation is inhibited by the 
Coulomb repulsion. Without excluding the possibility of 
the polaron effect, we call attention to the results of mag- 
netic studies of the semiconducting phase of high T ,  su- 
perconductors. Theoretical calculations show that the in- 
teraction of hole spins with copper can also lead to the 
formation of the STS of the ferronll-l3 (spin-polaron, 14 

magnetic polaron15) type, which is a ferromagnetic cluster 
30-40 A in diameter.l2,l3 Late calculations'6 indicate that 
the STS can exist as an afmon, i.e. "a carrier+a microre- 
gion of another antiferromagnetic phase," or as a drop of 
spin liquid. The exchange interaction provides mutual STS 
attraction to form complexes.14~16 The available experimen- 
tal data do not make it possible to specify the structure of 
such an STS. In what follows we will use, for definiteness, 
the term "spin-polaron" (ferron), implying the feasibility 
of afmon, spin-liquid, and other structures. In fact, the 
suggested model of many-particle hole STS can be re- 
garded as further development of well-known 
the~ret ical '~"~ and e ~ ~ e r i m e n t a l ~ , ' ~ ' ~ ~  studies. In Refs. 17 
and 18 it was shown that free holes in a two-dimensional 
antiferromagnet are unstable to decay into a dielectric an- 
tiferromagnetic phase and into a phase enriched by holes. 
A similar conclusion follows from the results of neutron- 
diffraction studies of an oxygen-rich 214 s t r ~ c t u r e , ~ " ~  as 
well as of photoconductivity in YBa2Cu307-, single crys- 
tals and epitaxial DyBa2Cu307-, films2' The model of 
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spin-polarons and their many-particle complexes is attrac- 
tive in that it fits in with modern notions of the mechanism 
of destruction of a three-dimensional antiferromagnetic or- 
dering in the semiconducting phase of high T, supercon- 
ductors. It is believed that a strong dependence of the Ntel 
temperature T N  on the hole density in cuprate high-T, 
superconductors is accounted for by the competition of 
anti- and ferromagnetism (see, e.g., Refs. 12, 13, and 21 
and citations therein). 

It is worth paying attention to calculations carried out 
in the framework of the generalized tight-binding 
scheme.22123 In ordinary semiconductors impurity levels 
are due to crystal-potential distortions in the vicinity of the 
defect. These studies have shown that when holes are in- 
troduced into a dielectric with strong electron correlations, 
states may arise in the crystal band gap without crystal- 
potential distortion by the defect. Thus, the band structure 
of the dielectric phase of a high T, superconductor can be 
imagined as follows. In the one-electron approach, for ex- 
ample, a 214 crystal must be a metal with a half-filled band 
originating from hybridization of the Cu3dx2-3 and 0 2 ~ , , ~  
states (Fig. 9a). The semiconducting gap A = 2.1 eV (Fig. 
9b) is due to strong electron correlations. Introduction of 
a hole into the valence V-band (by doping or photoinjec- 
tion) creates a new state in the band gap as a result of spin 
interaction of the hole and This state can pos- 
sibly be the hole STS state of the spin-polaron type15-20 
discussed above (spl in Fig. 9c). Crystal-lattice relaxation 
is likely to contribute to the STS energy as well. According 
to Ref. 23, along with a narrow hole state in the band gap, 
a tail of the density of states is formed near the top of the 
V-band by spin and charge fluctuations. It is expected that 
the maximum of its density shifts to the Fermi level with 
increasing hole density. 

We assume that the wide optical transition E1=0.55 
eV (the half-width T=0.5 eV) corresponds to destruction 
of this STS state by optical excitation of a self-trapped hole 
into the V-band. In such a case, its position E above the top 
of the V-band is determined by the red edge of the transi- 
tion El ,  i.e. E z 0 . 1  eV [see the expansion of E ~ ( v )  in Fig. 

FIG. 9. The diagram of semiconducting phase 
energy structure in La2Cu04+,: (a)  one- 
electron approximation; (b)  strong-coupling 
approximation; (c )  formation of spin-polaron 
states upon introducing holes into the crystal 
( x >  0); and ( d )  formation of spin-polaron 
complexes for further increase in hole density 
in the crystal. 

2 of Ref. 51. The energy positions of spin-polaron com- 
plexes (spl, sp2, and sp3 in Fig. 9d) differ only slightly from 
the positions of single spin-polarons. This is evidenced, 
first, by the close values of red edges of the corresponding 
optical absorption lines, E z 0 . 1  eV, and second, by dc con- 
ductivity measurements in the studied crystals. We have 
found that in the stoichiometric 214 crystal in the temper- 
ature range T =  5-300 K the conductivity is governed by 
the Mott law. In oxygen-doped crystals the Mott mecha- 
nism of hopping conductivity gives way to nearest- 
neighbor hops at T =  15-30 K. The activation energy is 
low, about 5 meV. Therefore the spin-polaron states 
through which, in our opinion, the conductivity at low 
temperatures in a semiconducting 214 crystal is realized 
differ only slightly in energy. This is supported by the fact 
that the Coulomb repulsion of holes in the complex can be 
compensated for by gain in spin system energy, since com- 
plex formation entails a decrease in the number of broken 
spin configurations.14 The important difference between 
the spectral positions of the maxima of optical absorption 
lines connected with STS complexes (Ej=O. 1 1-0.55 eV) 
can be accounted for by the fact that the localization size of 
the self-trapped hole wave function increases and, there- 
fore, the uncertainty in momentum decreases on going 
from a single STS to its many-particle complexes. Corre- 
spondingly, the energy range of the V-band states taking 
part in optical transitions becomes more narrow. 

In such a model the Fermi level (F) is pinned23 by STS 
complexes and does not practically change position under 
crystal doping. This agrees with the results of photoemis- 
sion research,2626 where it has been shown that the Fermi 
level position, with respect to the V-band basic features, 
does not change on going from the semiconducting to su- 
perconducting phase of cuprate high T, superconductors. 
Thus, we reject the traditional semiconductor rigid-band 
model. 

5. CONCLUSION 

In the present study the photoinduced transitions in 
single crystals of cuprate oxides have been investigated for 
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the first time, using the semiconducting phase of 
La2Cu0,+, (214) with different oxygen content x. We 
have developed a procedure of photoinduced light reflec- 
tion (PIR). In contrast to the previously used method of 
photoinduced absorption (or, more exactly, transmission) 
by inhomogeneous powderlike samples, the suggested pro- 
cedure makes it possible to investigate bulk ideal single 
crystals and exclude the effect of photoinduced light scat- 
tering on the measurements. 

It has been shown that interband excitation of single 
214 crystals in the range 0.1-0.6 eV gives rise to several 
electron transitions active in E l  C polarization. They are 
similar to transitions arising when crystals are doped with 
acceptors and have the following properties: ( 1 ) in a sto- 
ichiometric 214 crystal the low-energy transition intensity, 
with respect to the transition El =0.55 eV, has a superlin- 
ear power density dependence for a high level of interband 
excitation; (2) in oxygen doped crystals the intensities of 
photoinduced 0.1-0.6 eV transitions have the same 
I-dependence; ( 3 ) the intensity of low-energy transitions 
decreases much more rapidly with increasing temperature 
than that of the El transition in stoichiometric 214 crystals. 

To account for the origin and properties of photoin- 
duced transitions we have suggested a model based upon 
formation of hole self-trapped states, due to spin interac- 
tion of a nonequilibrium hole and copper atoms, and their 
many-particle complexes. Evidently, they include crystal 
lattice relaxation as well. To find the specific structure of 
such a state [spin-polaron (ferron), afmon, spin liquid ...I 
we need further investigations. 
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