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Laser-induced structural transitions in YBa,Cu;0, amorphous films
with nanocrystalline clusters
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We investigated the influence of UV (KrF,2Zw=5.01 eV) pulsed laser irradiation on the atomic order
and optical properties of amorphous YBaCuO films containing crystalline clusters of nanduapeter25 nm
size and characterized by high mobility of structural elements due to the lack of sharp interphase boundaries.
The presence of crystalline clusters in amorphous medium leads to higher disorder of the latter, while elec-
tronic states in relatively narrow~(2 eV) Cu 3'° band become localized and practically do not participate
in optical transitions. We found that UV radiation destroys the crystalline clusters, increases order in the
amorphous medium and initializes the processes of)(@(10/)=(00) orientational transition. Increase of
atomic order results in partial delocalization of electron states in the @ i#nd and the conduction band
switches over from Cu & to Cu 30

[. INTRODUCTION tion we observed irreversible and stable photocoloring of our
amorphous YBaCuO samples. The hue imprinted in this
High-temperature superconductdisTSC’s) exhibit not manner matched the color of the laser used for the
only superconductivity, but also many other interesting ef-rradiation’® We found also that the irradiation tends to in-
fects, both at low and at high temperatures. This is true forduce phase transitions in systems, which are in strongly non-
ordered(crystalline and polycrystallineand for disordered equilibrium conditions. Disordered systems, characterized by
(amorphous forms of HTSC's. In particular, YBaCuO thin high mobility of various structural elements appear to be
epitaxial films in response to laser illumination are known toespecially prone to such transformations.
produce giant electric pulses, believed to be of thermoelec- In this paper we report on the influence of laser irradiation
tric origin.* Amorphous films of the same compound exhibit on atomic order and optical properties of amorphous
strong pyroelectric effe¢talong with a high-temperature co- YBaCuO films containing nanosize crystalline clusters. To
efficient of resistancé® These properties of amorphous be more explicit, the characteristic property of the films used
YBaCuO films form the basis of their proposed applicationin the experiments is the presence of microscopic crystalline
as uncooled infrared detectdrs. (=200 A) and mesoscopic semicrystalline 20 A) fluc-
Interest in the interaction of optical radiation with tuations of atomic order in the disordered continuum. The
HTSC's has also a more fundamental character and is to @usters are either dielectric, with atoms ordered in the sys-
large extent stimulated by the nature of charge carriers item of (11) planes, or metallic, represented by the family of
these materials. HTSC's appear to be metals, but in mang00) planes® The presence of these clusters appears to be
respects they behave as highly degenerate semiconductamuicial for understanding the physical behavior of the films.
with metallic conductivity. Transition from insulating to su- By utilizing the laser energy and its composite interac-
perconducting behavior in the process of oxygen doping isions with the sampléphotogeneration of bound excitons in
one of the most characteristic features observed in thesthe optical transitions O 2= Cu 3d!°and generation of a
compounds. heat pulsg we expected to stimulate phase transitions
Earlier research has shown that illumination of HTSC(11l)=(00), similar to those observed earlier in the plasma
samples allows not only to investigate the electron states ioreated during pulsed laser deposition of YBaCuO fifms,
various ranges of energy'° but also to modify dynamically and to develop a system of (QOmetallic clusters in the
their properties. Generation of nonequilibrium charge carri-amorphous medium. Another premise is that the generation
ers in this mannef“photodoping”) increases conductivity of bound excitons during charge transfer transitions
and enhances superconductivity in metallic samples. In insu® 2p= Cu 3d'° should play an important role in struc-
lating samples, it can even lead to dielectric-metal transitiontural changes, since the coupling energy of exciton formation
and transform an insulator into a superconduttot? contributes to the coupling energy between copper and oxy-
Photogeneration of charge carriers and nonequilibrium sugen atoms. No diffusion over considerable distances is in-
perconductivity are not the only effects of laser irradiation.volved and structural transformations can be caused by mov-
Under short-waveblue and greenmedium power irradia- ing the atoms over distances comparable to interatomic ones.
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FIG. 2. Optical transmission spectra of YBaCuO filr(i. Ini-
tial nonirradiated amorphous sampl@) after irradiation by two
laser pulses(5) after five laser pulsegM) orthorombic film with
T.=91 K, (A) amorphous film deposited by cathode sputtering,
(T) crystalline film with tetragonal structure.
FIG. 1. Diffraction patterns of the investigated samples: initial
(), after two laser pulset), and after five laser pulses). Dashed  |eads to the reduction of the intensity of coherent x-ray dif-
lines represent the incoherent background. fraction, this being caused by the reduction of crystalline
cluster number and sizérom 230-240 A to 150-170 A).
Il. EXPERIMENTAL RESULTS By contrast, the incoherent diffraction component attains
. . , maximal value for five-pulse irradiation.
o o et o g, anayss of the ensty offcuaion mavima
mTorr oxygen pressure by laser ablation frd@8 stoichio- |9d|c§tes quqhtatlve. changes in atomic or_der induced by the
) . laser irradiation. This is observed by the increase of volume
metric target. We used KrF excimer lasdi«{=5.01 eV) fraction of clusters with dominant atomic order in the form

with pulse duration 25 ns and energy density of 1.5 3/amn of (00) plane fragments at the expense of clusters with dif-

the target surface. The samples were then irradiated in any: ; ; -
. . . erent ordering (10 and (11). After irradiation more than
bient atmospheretd s intervals by 2 or 5 light pulses of the 90% crystalline clusters are composed of [j0plane frag-

same laser at energy density of 0.1 FHcme., 3—-4 times : ;
; ments. In this sense we can talk about the structural transi-
below the ablation threshold of YBaCu®although rather fion (10)+ (111)=(001) induced by the irradiation. Let us

CIOZ?otrgiéhit:ﬁiiﬁg(DClelatlﬁgnsZ:rtrl10Teg]r\?vzgéTgétermined fromremind the reader that charge transport in HTSC's is along
P (00) planes, while the material with atoms ordered in a

x-ray diffraction patterns of G, radiation. In order to de- system of (11) planes exhibits dielectric properti&.

tect a'gomlc cluste_rs with d|fferent degree_s of ord_er,_parfucular We measured also the coefficient of optical transmission
attention was paid to the fine structure in the distribution Ofdefined as

the diffusive intensity of coherent and incoherent x-ray scat-

tering. Optical transmi_ssion spectra were investigated at t=1/1,=f(R)ex — a(w)d], 1)
room temperature and in quantum energy intefval=0.5
—4.5 eV. wherel andly denote the intensity of incident and transmit-

The observed diffraction patterns were always exhibitingted radiation, respectivelyy(w) is the coefficient of optical
three characteristic regions of x-ray scatterigge Fig. 1, in  absorptiond is the sample thickness, af(R) is some func-
which typical patterns recorded for the investigated sampleton of reflection coefficientR; in the simplest casé(R)
are showin (i) diffusive maximum(halo), the result of co- =1—-R.
herent scattering on smah(20 A) crystalline-like clusters; The results of optical transmission spectra measurements
(i) incoherent background from scattering on the disordereare plotted in Fig. 2. The fine structure seen in the long-wave
medium between clustersiii) intensity fluctuations in the and medium-wave spectrum regions of the nonirradiated
form of small peaks on the halo, the result of scattering orsample is due to the presence of crystalline clustérhe
coarse 100 A) crystalline clusters with lowered dimen- spectrum of an amorphous YBaCuO film obtained by cath-
sionality. ode sputteringplot A in Fig. 2), which does not contain such

From the diffraction patterns one can determine the inte€lusters?® has a completely different character and is shifted
gral intensitied .., andl con Of coherent and incoherent scat- approximately for 3 eV towards the longwave region. For
tering, respectively, as well as average cluster size by meaomparison purposes, we show also in Fig. 2 the transmis-
suring the half-width and angular position of the diffraction sion spectrum of a film with tetragonal structypot T), as
maxima® In a similar manner integral intensities of scatter- well as that of an orthorombic film witfi,=91 K (plot M).
ing on crystalline clusters, and on amorphous clustets  Laser irradiation of amorphous films causes significant de-
can be determined. We found that laser irradiation generallgrease of their transparency in the whole range of photon
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energieshi w and considerably changes the spectrum shape. x 0.200 pm/div
In the long-wave part of the spectrum, there appears an ex- z 500.000 nm/div
tended region in which the transmission coefficient decreases
nearly linearly with increasing photon energy. In the middle
part of the spectrunfat #w=2.56 eV for two laser pulses
and athw=3.1 eV for five laser pulsgss formed a maxi-
mum, initially rather narrow and then broadening at higher
laser energy, preceded by a minimum at a nearly constant
position(2.38 and 2.44 e\

Film temperature during irradiation was measured in a
rather primitive bolometer setufthe sample was deposited
on a thin copper strip acting as a bolomgt&¥e recorded a
surprisingly low mean surface temperatdrg= 620 °C after
7q~1 us following the pulse incidence. This measurement
is inconclusive in the sense that nothing can be said about the
maximal temperature immediately after pulse incidence, as
the detection circuit had insufficient time resolutior, (vas
apparently set by the thermal time constant of the bolom-
eten. Nonetheless, the measur&d value can be safely as-
sumed as the lower limit of the surface temperature. The
upper limit, following the analysis of Otsubet al’ can be
taken as the melting temperature @fystalline YBaCuO
(Ts=1100°C). This conclusion has been confirmed by our
own experiments with superconducting YBaCuO films,
which have sustained irradiation by a few tens of the same
laser pulses without losing their superconductive properties,
i.e., thermal damage done to them was not extensive. A
simple fit to the experimental data shows also that the tem-
perature drops rapidly to less than half of its surface value at
the film-substrate interface.

Atomic force microscop€AFM) images recorded in the
so-called “tapping” mode and shown in Fig. 3 constitute
direct evidence that the high-temperature front has been
passing across the film surface, causing a phase transition
from amorphous to more ordered glassy state accompanied
by glass softening. The striking differences b_etw_een surface rig 3 Atomic force microscope images of amorphous
morphology of the untreated sample shown in Fi@ &nd  ygacyo film (a) initial ( nonirradiatedt (b) irradiated by two laser

the samples irradiated by twéig. 3(b)] and five[Fig. 3C)]  puises;(c) irradiated by five laser pulses.
pulses cannot be explained in any other way.

at
IIl. STRUCTURAL TRANSITIONS AND DENSITY d(hw)
OF STATES
—f(R)dAa(w,)
The experimental data suggest that the principal source of B Ve exf — a(w)d]
the laser-induced spectral changes, including the formation
of linear segments, is the augmentation of the volume occu- Xexd —fi(wi—w)/Ag], (©)]

pied by the crystalline (A0 clusters with metallic conduc- ) L L )

tivity. The presence of these clusters leads to the build-up o?" the normalized derivative of transmissivity with respect to
strong intrinsic electric fields and leads to the appearance dtoton energy
Urbach “tails” in optical absorption. This effect is in many

aspects analogous to the Franz-Keldysh efféétbut in-

volves internal and not external electric fields. In such a case

the spectral dependence of optical absorption coefficieat

frequencies below the threshold can be express&d as Equation(4) can be applied to determine experimentally
the quantityA,. Especially useful are the linear parts of the
spectrumt(% w), where the derivativét/J(% w) is indepen-
dent of w in a relatively broad range. The values Af,
calculated in this manner, are given in Table I. In the same
wheref w, is the threshold energy ankl, denotes a charac- table we present the numerical values of quantiBeznd C
teristic energy independent of frequency. From E@sand  defined from the linear approximatiexp(x)~1+x, valid

(2) we can obtain after simple manipulations for smallx, as applied to Eq91) and(2):

1 ot a(w)d
Y .

a(hw) A, @

a(w)=a(o)exd —h(w—w)/A], )
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TABLE |. Calculated optical properties of the irradiated @ x=70 b) x=6.7 (c) x=6.5
samples.
Cuds' Cuds' Cuds!
No. of Ag C B a(hwy) hw; o
pulses eV cm? eV eV eV
Cu3d® Cu3d' Cu3d"®
2 0520 1.21 0.248 258 30 1.368 4.87
5 0.817 137 0.649 1.06 10 1.387 211
t=f(R)[C—-Bhw], (5)
a(w)~a(w)[1-fi(w—w)lAq]. (6)
Hence
B=a(w;)d/Ag, (7)
FIG. 4. Density of state models of YB&uQ, for x
C=a(w)d[1+hw/Aq]. 8 =7.0,6.7,6.5.Er denotes Fermi levelEy: valence bandEc:
' conduction band, any, is the distance between Fermi level and
In Table I, we also introduceé, from t(w.)=0, or the bottom of conduction band in the case of metallic conductivity.
w.=CIB=Ay+1w,. 9

means that for the Cu 3° band the Anderson localization

For the validity of the above analysis the most importantcriterium is fulfilled, which ford states has the forfh Vo
question is whether the threshold energy, indeed can be =B, whereV, is the random potential anB is the band
used to characterize the spectrum. Fortunately, as seen frofidth. Probability of optical transitions involving localized
Table I, thefi o, value is practically identicawithin 29) for ~ States is very low® Such transitions are hardly present in the
both irradiated samples, notwithstanding the considerabléon'rrad'ated films, in which the role of the conduction band

differences in their transmission spectra, and this value i indeed played by the Cush band and the Cu @&" band
close to the charge transfer gépTG) Eqcr~1.37 eV for IS transformed into a band of localized states between the

YBa,Cus0, . 1° valence and conduction bands.

The intensity of optical transitions across CTG in the non-  The effect of laser irradiation is the increased order in the
irradiated sample is low, and these transitions are related t@morp?g)us matrix and, as a consequence, delocalization of
the presence of crystalline clusters. The optical absorptiofft 3d™" states and increased probability of their participa-
edge is shifted into the rangkw>4 eV, i.e., not only tioninoptical transitions across CTG. In fact, laser treatment
higher than its position for the insulator state but also highefésults in  the — switching ~ of conduction bands
than for the metallic statéf. plot M in Fig. 2). Taking into  CU 4s'= Cu 3d'°. An important role in this respect is
account that the optical width of the forbidden gap in amor-Played by the fracturing of crystalline clusters and reduction
phous YBaCuO films without crystalline inclusions is about©f their size. The reduction of cluster size is also accompa-
1.5 eV (Ref. 26 (cf. plot A in Fig. 2) it is evident that in the ~nied by the reduction of broken bonds density.
nonirradiated sample, optical transitions across the CTG, According to the band diagram shown schematically in
from the valence band into the conduction bandFig- 5, tunneling effects enabled in the presence of metallic
O 2p= Cu 3d, are strongly suppressed. clusters and the associated ra_ndom electric_ fields Iovy(_ar the

The nature of this effect can be explained by taking intothreshold photon energy for interband optical transitions.
account the triple band model of density of states in HTSC,
the elements of which were introduced in Refs. 22-24. Ac- —I ‘ M ‘ I ‘M‘ I ‘ M—

cording to this model, in our material, the band of hole states
in the metallic clusters is located between two Hubbard
bands(see Fig. 4. CTG in the dielectric state is constituted
by the gap k1 between the filled valence band @ 2nd the
empty upper Hubbard band Cud® [Fig. 4(c)]. Extended
tails in the distribution of the density of states are due to the
fact that the dielectric state is represented mainly by the
amorphous medium between clusters.

The Cu &' band usually does not participate in the
charge transfer. The role of the conduction band in YBaCuO
is played by the upper Hubbard band Cul'3 However,
this band is narrow£2 eV) and, according to Andersén,
amorphisation of YBaCuO fills it completely with localized  FiG. 5. Band diagram of an amorphous film containing crystal-
states. This process is aided by the presence of crystallinge clusters with metallic conductivity,, is the distance between
clusters, which introduce considerable stresses and brokéermi level and the effective conduction band Ca! # the amor-
bonds into the medium. Disorder in the distribution of atomsphous matrix, andy, is the same distance in the metallic cluster.

Distance
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14 Structural transformations are aided not only by thermal

b ] effects but also by all electron mechanisms related to the

The general trend of the structural changes can be also
I ; 3 stimulated by the excitons generated in the optical transitions
Photon energy E (eV) O 2p= Cu 3d. Due to the high laser photon ener@01
eV), the generation of bound excitons capable of changing
FIG. 6. Normalized optical transmissivity after irradiation by the bonding energy of oxygen and copper atoms can occur
two and five laser pulses. only within metallic clusters, as the maximal energy allowed
for optical charge transfer transitions in the insulator is much
This explains the experimentally found linear dependence obwer (3.0-3.5 eV. In this manner the growth of (0pclus-
transmissivity on photon energgFig. 2), especially pro- ters is favored.
nounced in laser irradiated samples. As shown in Fig. 5, if Another possible mechanism to be considered is the inter-
the Fermi level in the amorphous region is located in theaction with strong electric fields created by the laser illumi-
middle of the CTG, then the minimal photon energy needechation. The appearance of such fields is caused by the pho-
for charge transfer transitions is just about half of CTG, intogeneration of electron-hole pairs, whose concentration
good agreement with the data shown in Fig. 2. exponentially decreases with distance from the film surface.
In Fig. 6 we show the normalized transmission spectra_ifetime of majority (hole) carriers is several orders of mag-
to(w)/ty(w) andto(w)/ts(w), wheret, denotes the sample nitude longer than the lifetime of minorityelectron
transmissivity after irradiation by laser pulses. Sinc&  carriers'? or the recombination rate of electrofiavolving
remains nearly constant in a broad range of photon energigscalized states in CT@s much higher than the hole recom-
fw, the plotted quantities reflect the density of states in théination rate. Consequently, the pulsed generation of
relevant bands. Thus the broad maximum at 2.4 eV appaklectron-hole pairs is accompanied by an exponential distri-
ently is related to the maximum of the density of Ca'8  bution of positive charges and an appearance of electric field
states. Minimum at 3.3-3.4 eV corresponds to the regiofpulses, whose intensity in our case exceeds ¥fcm. lonic
between Cu 8 and Cu 4! states, while the sharp rise at component in the chemical bonds of HTSC materials is very
hw>3.5 eV is due to optical transitions between the va-important and the influence of electric field on the processes

g

Eth ] generation of electron-hole pairs. The rate at which these
S 104 pairs are created in our experimental conditions exceeds 2
g X 10?° cm 2 s 1. With lifetimes of the order of 10'° s

% 81 t/t the resulting nonequilibrium  concentrationAn>2

5 1 X 10" cm 3 is capable of providing instantaneous metallic
5 6'_ conductivity of the amorphous medium for the duration of
° 44 the laser pulse. Such screening by nonequilibrium charge
% 1 carriers weakens the chemical bonding between the atoms
g 2~ and favors structural changes.

5

Z

g

lence band and the Cus# band. of atomic ordering in amorphous samples can be very
effective?” The important point is that the directions of the
IV. CONCLUSIONS electric field and the temperature gradient coincide. The pro-

_ o ~ posed mechanism is an alternative to the purely thermoelec-
The observed effects in laser irradiated amorphous filmgric one discussed in Refs. 1,2.

(structural transitions and the resulting optical phenomena

cannot be explained by a single cause. Several basic mecha-
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