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Abstract—Results of the experimental investigation of the thermal conductivity, the thermo-emf, the Nernst
effect, and the magnetoresistance of thin monocrystalline tungsten films under conditions of static skin effect
in the temperaturerange T = 2—18 K in magnetic fields of up to 28 kOe are presented. It is shown that the field
dependence of the magnetothermo-emf follows the predictions of the theory of galvano- and thermomagnetic
phenomenain strong fields and exhibits anisotropy associated with both the shape of the sample and reflecting
properties of the crystal surface. The temperature dependence of the magnetothermo-emf isinvestigated and a
contribution from the phonon drag is detected. The surface contribution to the electrical and thermal conduc-
tivity under conditions of the static skin effect is singled out, and the temperature dependence of the Lorentz
number for surface scattering is traced. © 2000 MAIK “ Nauka/Interperiodica” .

It iswell known [1] that, in strong transverse mag-
netic fields, compensated metals with a closed Fermi
surface exhibit the static skin effect, i.e., the displace-
ment of adirect current to the sample surface. The con-
centration of the current near the sample surface is due
to the electrons moving in the surface layer and collid-
ing with the surface actually being more mobile than
electronsin the bulk of the sample.

In a magnetic field paralel to the sample surface,
amost all the electrons moving in the surface layer of a
thickness of the order of the Larmor radius collide with
the boundary, which leads to the rupture of the orbits
and to a trandational motion of electrons along the
sample boundary; the reflectivity of the surface in this
caseis an important factor in determining its electronic
properties.

The behavior of galvanomagnetic coefficients for
compensated metals under such conditions has been
studied in detail both experimentally [2] and theoreti-
caly [1]. It is clear, however, that the skin effect also
affects, to a certain extent, the behavior of other kinetic
coefficients associated with the heat flux transferred by
conduction electrons, including thermal conductivity,
thermo-emf, and thermomagnetic effects.

Thelocalization of the heat flux transferred by elec-
tronsin the surface layer of a monocrystalline tungsten
film was first observed in [3]. A complex radial distri-
bution of the heat flux density is induced in a sample
with a temperature gradient [J, T, which is placed in a
transverse magnetic field H,, due to the skin effect with
corresponding consequences for the kinetic coeffi-
cients.

In this paper, we report on the results of the experi-
mental investigation of magnetothermo-emf, the Nernst
effect, and the Wiedemann-Franz law for tungsten single
crystals under the static skin effect conditionsr <1 <d
(r isthe Larmor radius, | isthe electron mean free path,
and d is the transverse dimension of the crystal) as
functions of the magnetic field, temperature, and
reflecting properties of the crystal surface. We investi-
gated two thin monocrystalline tungsten plates cut from
the same bulk single crystal with the resistivity ratio
Ps00k/Pazk ~ 10° in such a way that the planes of the
plates coincided with the crystallographic faces (100)
and (110), reflecting electrons diffusely and specularly,
respectively [4]. We will henceforth denote by W-1 the
sample with a wide diffusely reflecting surface and by
W-2 the sample with a specularly reflecting surface.
The characteristic size of the samples was 40 x 4.0 x
0.4 mm, with the longer axis of the plates coinciding
with the crystallographic direction [1100]

The field and temperature dependences of the ther-
mal conductivity, the thermo-emf, and the Nernst effect
were measured by the method of steady-state heat flow,
while the magnetoresistance was measured using the
conventiona dc four-probe technique. The temperature
gauges were Allen—Bradley carbon resistance thermom-
eters calibrated from the saturated pressure of helium
vapor over the liquid (1.8-4.2 K) and with the help of a
calibrated resistance thermometer TSU-2 (4-18 K). The
temperature drop acrossthe sasmplewas0.3-1.0K. The
potential probes were thin superconducting wires of
diameter 0.08 mm, which enabled us to measure the
absolute values of thermo-emf. The error in the mea-
surements of the absolute values of the kinetic coeffi-
cients did not exceed 5-8%.
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Fig. 1. Field dependence of the magnetothermo-emf in the
case when the magnetic field is parallel to the plane of the
sample.

1. DISCUSSION OF EXPERIMENTAL RESULTS
1.1. Magnetothermo-emf and Nernst Effect

The thermo-emf of metals is quite sensitive to the
peculiarities of the energy spectrum of quasiparticles
and the type of their scattering; for this reason, it isan
interesting subject for investigations. As a rule, the
thermo-emf of metals has a complex temperature
dependence at low temperatures and can be presented
as the sum of two terms, one of which (§ ~ T) is
responsible for the diffusion thermo-emf, while the
other (Syg ~ T°) is due to the effect of electron drag by
phonons, which emerges due to the nonequilibrium
nature of the phonon distribution function:

S = S+ Sy = AT +bT°, (1)

The thermo-emf of tungsten also possesses these fea-
tures: the value of Sfor tungsten changesits sign twice
upon cooling, attaining anegative peak at T=80K, and
then asmall positive peak at T=5-10K, the sign-inver-
sion temperature for S and the low-temperature peak
being displaced towards lower values upon a decrease
inthe amount of impuritiesinthe sample. Itisgenerally
accepted [5] that the low-temperature positive peak of
S(T) for tungsten is a consequence of the combined
operation of two mechanisms: the positive diffusion
thermo-emf increasing linearly with temperature, and a
negative phonon-drag thermo-emf increasing rapidly
with temperature and having apeak at T= 70 K.

The thermo-emf measurements for metalsin amag-
netic field revealed [6] that, asin the case of zero mag-
netic field, S can be presented as the sum of a term
depending linearly on T and a term proportional to T2.
A common feature of the thermo-emf of metalsis that
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Fig. 2. Temperature dependence of thermo-emf in a mag-
netic field of 28 kOe (curve 1) and in zero magnetic field
(curve 2). The magnetic field is parallel to the plane of the
sample.

the value of Sincreasesin amagnetic field irrespective
of the sign of the thermo-emf, both §; and S increas-
ing simultaneously. It should be noted that the experi-
ments on the thermo-emf of compensated metals
involve considerable difficulties due to peculiarities of
these metals. Equal numbers of electrons and holes par-
ticipate in the conduction of compensated metals; for
this reason, their thermoelectric contributions are sub-
tracted, and the experimentally measured S" appears as
the small difference between approximately equal
guantities, which hampers its theoretical analysis and
exact measurement at helium temperatures.

At the same time, an asymmetric arrangement of
measuring probes relative to the direction of the heat
flux can lead to the superposition of arelatively strong
stray signal due to the Nernst effect (the field E, trans-
verse to the magnetic field H, and the heat flux g,) on

the small value of S" being measured. The Nernst effect
reversesits sign depending on the direction of the mag-
netic field. For this reason, the experimentally mea-
sured values of S"(+H) and S"(—H) are often different;
moreover, they may have opposite signs, while SH) is
an even function of the magnetic field, and the equality
S"(+H) = S"(—H) must be observed. This circumstance
wasfirst noted by Blumenstock and Schroeder [ 7], who
proved that, in this case, the thermo-emf should be
defined as

S= %[sm(m) + SCH)]. @)

Consequently, a reliable measurement of SH, T)
requires a meticulous mounting of the sample, and all
measurements must be made for two directions of the
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magnetic field, while calculations must be made on the
basis of formula (2). The temperature and magnetic-
field dependences of the thermo-emf of theinvestigated
samples are shown in Figs. 1 and 2.

The effect of magnetic field on the adiabatic thermo-
emf coefficient of compensated metals was theoreti-
cally considered in [8, 9], while the measurements of
magnetothermo-emf of abulk tungsten samplein anar-
row range of helium temperatures were made by Blu-
menstock and Schroeder [7]. According to Fletcher et al.
[8], the thermo-emf coefficient defined as E,/ ot is

} AX
given by

nypyXD+ pyxsyx + M&(D (3)

S= —PuExx - Y 0
yx ¥ xx

YooPol
where p and y with subscripts are the corresponding
components of the magnetoresistance and electron
thermoresistance tensors, respectively, while€,, and €,
are the thermoel ectric tensor components.

It can be seen from (3) that Sis a complex function
not only of thermoelectric coefficients, but also other
kinetic coefficients. The problem of determining Sis
simplified if the measurements are made in strong mag-
netic fields wt > 1 (wisthe cyclotron frequency and T
is the relaxation time), which is the case under our
experimental conditionsat T < 18 K and H = 28 kOe.
Even for the largest orbits (for charge carriers with the
lowest mobility), wt>10for T=18 K and H = 28 kOe.
In such a casg, the relations p,, > py, and yy, > Y, are
valid for compensated metalsin a strong magnetic field
[9], and the second term in thefirst parenthesesin (3) can

thus be neglected, and we aso have YT

q)ny]/xx':| .
Consequently, expression (3) can bewrittenintheform
S=- Prux€xx T 2pyxsyx- (4)

Let us consider the field dependence of the magneto-
thermo-emf. Our measurements show that, to a high
degree of accuracy, p,, ~ H? for any mutual orientation
of the magnetic field and the sample plane. It was also
established that the off-diagona component p,, of the
magnetoresistivity tensor under the skin effect increases
quadratically with thefield for both the diffusion- and the
specularly reflecting faces [2]. At the same time, in
accordance with the theory of thermomagnetic phenom-
enain astrong magnetic field, €,, ~ H?, while g, ~ H?
[9]. Thus, the first term in formula (4) is independent of
H, while the second must increase linearly with thefield.

Taking into account the above arguments and the
experimentally observed linear (although rather weak)
magnetic-field dependence of S (Fig. 1), we can state
that the theory is in reasonable agreement with the
experimental results.

It iswell known that the effect of the sample shape,
i.e., the emergence of an additional anisotropy associ-
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ated with the shape, is an experimental confirmation of
the existence of the static skin effect: the conductivity
of aplatein thefield parallel to the plane of the sample
is higher than its value for the transverse orientation.
The reflectivity of the surface is quite significant: the
surface conductivity for the diffusive boundary turns
out to be smaller than for the specularly reflecting
boundary by a factor of I/r [1], which must lead to an
additional anisotropy.

Since the well-known Mott formulafor the diffusion-
induced thermoel ectromotive force §; = L,€T(dIna/de),,,
where L, isthe Lorentz number, o isthe electrical con-
ductivity, and € is the electron energy at the Fermi level
1, includes, like formula (4), the terms depending on the
sample shape and the reflectivity of the crystal surface,
we can also expect a manifestation of the corresponding
anisotropy in the behavior of the magnetothermo-emf. It
should also be noted that the diffusion component of
magnetothermo-emf has the same field dependence as
the magnetothermo-emf of phonon drag [10].

It can be seen from Fig. 1, showing the magnetic-
field dependence of S for both samples in the same
experimental geometry in which the magneticfieldisin
the plane of the sample, that such an anisotropy is
indeed observed: the absol ute value of magnetothermo-
emf for the face (110) is much larger than its value for
the specularly reflecting face (100), which agrees with
the theoretical concepts and our results for p,,(H, T).

The temperature dependence of the magneto-
thermo-emf for H = 28 kOe for both samples is pre-
sented in Fig. 2. As expected, the values of S for the
specularly reflecting face exceed the magnetothermo-
emf for the diffusely reflecting face, while the form of
the T) dependence is not the same in the two cases:
the YT) curve for the specularly reflecting face passes
through the peak at T = 14 K, while for the diffusely
reflecting face the peak is manifested lessclearly and is
shifted towards higher temperatures. The same figure
shows the S(T) dependence in zero field, in which no
significant difference in the behavior of the thermo-emf
is observed for the two samples. It can be seen that the
temperature dependences of the thermo-emf in afield
and in zero field differ radically. Carter et al. [11]
believe that the sign inversion of the thermo-emf is a
direct consequence of the participation of positive, as
well as negative, charges (whose relative role changes
with temperature) in the formation of the temperature
dependence of the thermo-emf for tungsten.

The conventional procedure of separating the diffu-
sion component and the phonon contribution to the
thermo-emf lies in presenting the ST) dependence in
the form ST = a + bT?, where a corresponds to the dif-
fusion contribution and bT? is the contribution of the
electron drag by phonons. Using this method, Blumen-
stock and Schroeder [7] unsuccessfully tried to deter-
mine the phonon contribution to the thermo-emf of a
tungsten single crystal of considerably lower purity
(P00 k/Pa2k = 30000) in the range of helium tempera
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Fig. 3. Temperature dependence of magnetothermo-emf of
the W-1 sample. The magnetic field is perpendicular to
the plane of the sample. The inset shows the dependence
ST=1(T9.

tures (1.5-4.2 K). Thisis probably due to the measure-
ments having been made in a very narrow range of low
temperatures, in which the phonon spectrum is till
weakly excited, and all the processes are determined by
the electron—impurity interaction.

In order to separate §; and Sy, the SH, T) depen-
dencewas measured for theW-1 samplein awider tem-
perature range T = 2.5-18 K in the geometry in which
the magnetic field is perpendicular to the plane of the
sample. For such a geometry, the effect of surface scat-
tering is minimal. In the same experiment, we also
investigated the Nernst effect. Figure 3 shows the S(T)
dependence, while the inset shows aplot of T = f(T?).
It can be seen from the figure that the S(T) curve for
T <12 K is correctly described by the equation ST =
a+bT?(a=0.075,b=2.40 x 103 pV/K# which agrees
with the analogous available data [6]), which leads to
the conclusion that the effect of electron drag by
phonons makes a noticeabl e contribution to the magne-
tothermo-emf for tungsten at low temperatures. An
analysis of the Nernst effect also confirms the result
obtained earlier [12] on the effect of the electron—
phonon drag in tungsten. As expected, the measure-
ments for a magnetic field parallel to the plane of a
crystal plate, when the surface scattering prevails, did
not reveal a phonon contribution to SH, T).

Figure 4 shows the experimental curves obtained
during investigation of the Wiedemann—Franz law for
the W-2 sample in different experimental geometries.
The Wiedemann-Franz law establishes a relation
between the electronic thermal conductivity k® and the
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Fig. 4. Temperature dependence of the Lorentz number for
a“specularly reflecting” sample; H = 28 kOe.

electrical conductivity o of asolid:

e 2
_K_ = E[KBDI_K = I'ELO, (5)

where 1, and 1, arethe electron relaxation timesfor elec-
trical and thermal processes, respectively, Kg isthe Bolt-
zmann constant, and L isthe L orentz number equal to its
Sommerfeld value L, = 2.44 x 108 V?/K? if the electron
scattering isdadtic, i.e,, if 1, = 1,, which is observed for
pure metals at extremely low temperatures, when elec-
tron-mpurity collisions dominate, or at high tempera-
tures T = O (© isthe Debye temperature).

Thevalue of k& can be determined experimentally as

the difference between the measured value of K, and
the phonon thermal conductivity K, determined by the
method of K® suppression by a strong magnetic field
[13]. The experiments also proved that the nature of
electron scattering from the surface does not affect the
result of separating K, by an extrapolation procedure:
Kpn = 0.5 x 10*T2W/cm K for both specularly and dif-
fusely reflecting faces.

In astrong magnetic field (wt > 1) directed along a
high-order symmetry axis, each of the scattering mech-
anisms makes a strictly additive contribution to the
electrical conductivity o,, and not to p,, [13], and the
Wiedemann—Franz law has the form

e

Kxx T
= —L ,
o, T T (6)

Lxx(H - oo) =

where K, and o, are the transverse components of the
electron thermal conductivity and electrical conductiv-
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ity tensors, respectively. In the case of elastic scattering

of electrons, the Lorentz number in a strong magnetic

fieldisL(H — o) =L[14],i.e, ananaysisof L(T)

in a strong magnetic field can actually be used for esti-

mating the elasticity of electron collisions. Figure 4,

presenting the L,(T) dependence for the W-2 samplein

afield 28 kOe, shows that the values of L,(H ||O) and

L(H O D) differ considerably: for a paralléel orienta-

tion of the magnetic field, the conditions for the emer-

gence of the skin effect are created, electrons interact

predominantly with the crystal surface, collisions that

are regarded as purely elastic [15], and L(H || O) is
much closer to Ly (L (H || D) = Ly in the case of purely

elastic scattering from the boundary) than L, (H [ O),

for which the scattering from the boundary is extremely

weak, and bulk processes of inelastic electron—phonon

collisions prevail (scattering from impurities is mani-

fested identically in both cases and does not affect the
line of reasoning). It should also be noted that the
anisotropy L (H || O0) /L(H 0O 0O) associated with the
sample shape and the state of the crystal surface is
much higher for a specularly reflecting sample than for

a diffusely reflecting one. The latter statement has a
simple explanation: the “physical” anisotropy associ-

ated with the topology of the Fermi surface of tungsten

(with the magnetoresistance minimum for H || (1000
[16]) is superimposed on the “geometrical” anisotropy

associated with the skin effect. The anisotropies
enhance each other in one case (W-2 sample) and sup-

press in the other (W-1 sample).

The simultaneous measurement of the thermal and
electrical conductivities under conditions of the static
skin effect makes it possible to use the Wiedemann—
Franz law to experimentaly verify the statement con-
cerning the elastic nature of conduction electron colli-
sions with the crystal surface. To our knowledge, such
measurements have not yet been made.

If we attribute the experimentally observed differ-
ence in the conductivity (0, K, for the orientation of
the plane of acrystal plate parallel and perpendicular to
the magnetic field (the magnetic field in both cases
must be directed along equivalent crystallographic axes
in order to eliminate the effect of “physical” anisot-
ropy) only to the surface conduction and assume that
the scattering from the surface is elasti c,1 we can write

surf

K Ak
Lo = e = e o | 7
XX st AC,T 0

Such aprocedure should rather be made on the same
sample, but for this purpose we need a plate of asingle
crystal whose geometrical axis coincides with the four-
fold symmetry axis [100L] In our case, we can use the

1 According to Gantmakher and Levinson [17], scattering from the
surface can sometimes also be inelastic: electrons colliding with
the surface can exchange energy with surface vibrations and
impurity atoms. However, most experiments can be described in
terms of elastic scattering.
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results of measurements of k,, and o,, for different
samples (W-2 for aparallel orientation of the magnetic
field and W-1 for the perpendicular orientation), as both
samples are cut from the same single crystal; however,

the error in determining L3 may increase to a certain

extent in this case. Taking into account what has been
said above, we can write expression (7) in the form

Lsurf — AK XX
o Ao T

where (for H || 1000
AKxx = Kxx(H ”D)_KXX(H 0 D)v
AO-xx = GXX(H ||D)_0xx(H 0 D)-

Such a method of analysis is also convenient, since it
alows us to get rid of the effect of the quantity K,

which is always a part of the K}, being measured and
isindependent of the magnetic field.

The results of such a processing of experimental data
prove that, in a limited temperature range (2.5-7 K) in
which the values of Ak,, and Ao, can be determined

surf

with a reasonable accuracy, the value of L, remains

unchanged and equal to (2.7 + 0.3) x 108V?/K?, which
is slightly larger than the theoretical value of L,. How-
ever, taking into account the method of determining

surf

Ly » the result can be regarded as successfully match-

ing the theory [15], which isan additional experimental
argument confirming the conclusion about the elastic
nature of electron scattering from the surface.

Thus, we have investigated the magnetic-field and
temperature dependences of magnetothermo-emf and
the Lorentz number for thin tungsten plates under con-
ditions of the static skin effect. It is shown that the
behavior of magnetothermo-emf follows the predic-
tions of the theory of galvano- and thermomagnetic
phenomena in strong magnetic fields and exhibits
anisotropy associated with the sample shape and the
reflectivity of the crystal surface.

The temperature dependence of the magneto-
thermo-emf exhibits the electron—phonon drag effect in
the case of the minimum scattering from the boundary.

An analysis of the Wiedemann—Franz rel ation under
the conditions of the static skin effect led to an experi-
mental confirmation of the elastic nature of electron
collisions with the crystal surface.
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Abstract—The Raman and IR reflectivity spectra of the new organic metals (ET)g[Hg.X 12(CeHsY)o] (X, Y =
Cl, Br) based on the molecule bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or ET in abbreviated form)
have been investigated. These metals differ from the previously studied compounds, particularly, in the type of
ET molecular packing in the quasi-two-dimensional conducting layers. A high reflectivity and a plasma mini-
mum observed in the IR reflectivity spectrum indicate the presence of quasi-free charge carriers (holes), asin
other conducting ET salts. However, the Ay vibrational modes in the Raman spectrum are not activated in the
IR spectrum, asis the case of conducting ET salts with other packing types. The Raman lines are assighed to
the normal vibrationsin the ET molecule, and their ionization shifts are determined. It is demonstrated that the
frequencies of the most intense line v3(Ay) show alinear dependence on the cation charge, which is character-
istic of different ET sdlts. No correlations are revealed between the v3(A) frequencies and the packing type.

The strong background with a broad maximum at a Raman shift of about 3000 cmi is observed in the Raman

spectra upon excitation with the 2.54- and 2.41-eV lines of an Ar* laser. The assumption is made that such a
background can be associated with the scattering by one-particle and collective electronic excitations. © 2000

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The discovery of superconductivity in radical ion
salts based on the molecul e bis(ethylenedithio)tetrathi-
afulvalene (BEDTTTF or ET in abbreviated form) [1]
lent impetus to an extensive investigation into their
structural and physical properties with the aim of eluci-
dating the mechanism of superconductivity and stimu-
lated the synthesis of new materials based on this mol-
ecule. A large number of similar compounds have been
synthesized to date [2]. Among these are superconduc-
tors (with the highest superconducting transition tem-
perature observed in organic compounds T, = 11.6 K
for K-(ET),CuN(CN),Br [3]) and metals with the tran-
sitions to the dielectric state at different temperatures
[2, 4]. Opinions regarding the mechanism of supercon-
ductivity remain contradictory to the present day. The
majority of these compounds are characterized by a
strong interaction between quasi-free charge carriersin
layersof the ET molecules and the intramolecular totally
symmetric vibrations (Ay) of this molecule. Owing to
thisinteraction, the normally Raman-forbidden A, vibra-
tions are activated in the IR reflectivity spectrum, even
though their frequencies substantially differ from those
observed in the Raman spectrum [5, 6].

Compounds of the (ET)g[Hg,X15(CgH5Y),] (where
X, Y =Cl, Br) type have been synthesized recently [7].
In the reflectivity spectrum of these compounds, only a
weak smeared maximum, rather than pronounced

intense vibrational bands, was observed in the frequency
range of intramolecular vibrations (800-1300 cm™?) [8].
At the same time, a high reflectivity and a plasma mini-
mum in the IR reflectivity spectrum for at least one
polarization direction indicated the presence of quasi-
free charge carriers (holes), as in other conducting ET
salts. Kaplunov and Lyubovskaya [ 8] related the absence
of vibronic bands in the IR reflectivity spectrum to the
structura features of these compounds. In the magjority
of the ET-based conducting salts, the moleculesin quasi-
two-dimensiona conducting layers are packed face-to-
face to form mutually perpendicular dimers (k phase) or
parallel stacks (B phase). By contrast, in the new family
of compounds, the ET molecules located in conducting
layers form “ribbons’ in which they are linked by the
short S-S contacts in a side-by-side fashion [9]. The
authors of [8] assumed that, for a ribbon configuration,
the vibronic interactions can occur only with nontotally
symmetric, optically active vibrational modes and dem-
onstrated using the model calculations that the intense
vibrational bands in the IR spectrum are absent in this
case.

It was of interest to investigate the Raman spectra of
these compounds, which were not measured earlier, in
order to reveal both the possible effect of the unusual
type of molecular packing on the spectral behavior and
the influence of the anion on the Raman frequencies. As
is known, the frequencies of the most intense Raman

1063-7834/00/4208-1387$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. (8) Polarized reflectivity spectra R(w) and (b) optical conductivity spectra o(w) of the (ET)g[Hg4Brq5(CgHsBr),] (no. 9)
organic metal for the (100) faceat (1) E || x and (2) E || y polarizations. T = 293 K.

lines v, and v (for the D,, symmetry of the ET mole-
cule), which correspond to the stretching A, vibrations
of the central and ring C=C bonds, exhibit an approxi-
mately linear dependence on the cation charge [10].
The mean cation charge is governed by the stoichio-
metric ratio between the ET and anion. An increase in
the positive cation charge leads to a decrease in the
electron population of the highest-occupied molecular
orbital, which results in aweakening of the C=C bonds
and, hence, in adecrease in the vibrational frequencies.
However, considerable (as large as 20 cm™?) deviations
from the mean linear dependence are observed for a
number of different compounds. These deviations can
be caused by the intermolecular interactions (depen-
dent onthe ET molecular packing inthe crystal) and the
influence of anions. It could be assumed that the fre-
guency of the most intense line v, in the spectra of the
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studied salts with a ribbon molecular packing would
deviate from the mean linear dependence.

Moreover, it was also instructive to measure the
Raman spectra and IR reflectivity spectra of the sam-
ples abtained in the same cycle of synthesis.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

The Raman spectra were taken for the follow-
ing samples: (i) the (ET)g[Hg,Cli5(CgHsCI),]
(no. 8), (ET)g[Hg,Bri»(CeHsCl),]  (no.7), and
(ET)g[HO4Bri5(CgHsBI),] (no. 9) salts, which are the
organic metalswith transitionsto the diel ectric state at
15, 90, and 130 K, respectively [11]; (ii) the
(ET),[Hg(SCN)CI,] (no. 2) meta and the
(ET),Hg, goBrg (no. 1) superconductor (T, = 4.2 K)
with an ET molecular packing of the type k phase in

No. 8 2000
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both compounds; and (iii) the crystal formed by the
neutral molecules BEDT-TTF (ETO).

The polarized reflectivity spectrawere measured for
the (ET)g[Hg,Br,(CeHsBr),] (no. 9) crystal in awider
spectral range as compared to the range covered in [8].
The reflectivity spectra of the (ET),Hg,soBrg (no. 1)
and (ET),[Hg(SCN)CI,] (no. 2) crystalswere described
in our earlier works[12] and [13], respectively.

The Raman spectrawere recorded on a spectrometer
with a Jobin Ivon U-1000 double monochromator in a
backscattering or a 90° geometry. In the latter case, the
sample was placed at the focus of a short-distance
objective lens collecting the scattering light at a large
solid angle, which provided a fivefold increase in the
sensitivity as compared to the backscattering configura-
tion. Usually, the experiments were carried out in a 90°
geometry, because the intensity of the Raman scatter-
ing by al the ET salts was very low. Excitation was
achieved with the 488-nm (2.54-eV) line of an Ar* laser
in resonance with the absorption band in thisrange. The
laser radiation power at the sample was no more than
6 mW,; moreover, alaser spot was slightly defocused in
order to prevent sample damage. The exciting beam
was polarized in the incidence plane (H polarization).
Both polarizations (H and V) were usually observed in
the scattering light. The spectra were recorded at room
temperature with a step of 1 cm. The measurement
time at each point was 10 s. Asarule, several replicate
measurements were made for a 200-cm portion of the
spectrum, followed by their averaging and joining. The
spectrum of the crystal formed by neutral ET? mole-
cules was obtained in the backscattering geometry
upon excitation with aHe—-Ne laser (632.8 nm).

The polarized reflectivity spectra R(w) of the
(ET)g[HQ,Bri5(CgHsBr),] crystal (no. 9) in the range
700-5500 cm* were measured at room temperature on
a Bruker-IFS-88 IR Fourier spectrometer equipped
with an IR microscope (light beam diameter, 75 pm;
KRS-5 polarizer). In the range 9000-40000 cm, the
spectra were taken on a microspectroreflectometer
devised at the State Optical Ingtitute (beam diameter,
25 um; Glan—Thompson prism as a polarizer). The
measurements were performed at an amost normal
light incidence to the naturally grown (100) crystal face
(parallel to the conducting layers of the ET molecules)
for two mutually perpendicular polarization directions
for which the maximum (E || x) and minimum (E || y)
reflectivities were observed in the range 700-5500 cm 2.
(E isthe electric vector of alight wave, and x and y are
the principal crystal optic axes found in such a way.)
The most perfect surface region was chosen for the
measurements. The absolute reflectivities were deter-
mined with respect to an aluminum mirror and refer-
ences samples (silicon carbide and quartz). The optical
conductivity spectra o(w) were obtained from the
reflectivity spectra by the Kramers-Kronig method
using the procedures described in [12] for the extrapo-
lations to the low-frequency and high-frequency
ranges.
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3. RESULTS AND DISCUSSION

Thereflectivity spectraR(w) and the optical conduc-
tivity spectra o(w) of the (ET)g[HQ,Bri,(CsHsBr),]
crystal for the above two polarization directions E || x
and E ||y are displayed in Fig. 1aand 1b, respectively.
According to [8], x and y are close to the crystallo-

graphic directions [021] and [011]. As can be seen
from Fig. 1a, the R(w) spectrum in the IR range at the
polarization E || x shows a high reflectivity (0.4-0.5)
with asmeared vibrational structure in the range 1000—
1500 cm™, a sharp plasma edge at 3500-5000 cm,
and the related plasma minimum at about 5200 cm
due to a system of quasi-free charge carriers (holes) in
the ET conducting layers. Reasoning from the data
obtained in [9], it can be concluded that the x direction
dightly deviates from the direction of the ribbons
formed by the ET molecules in the crystal (the angle
between these directions is equal to approximately
13°). The electronic effects mentioned above are sub-
stantially less pronounced in the reflectivity spectrum
at the E || y polarization. In the o(w) spectrum at E || X
(Fig. 1b), abroad electron band with amaximum (o, =
350 Q~* cm™) near 2000 cm™* and a broad vibrational
structure in the range 1000-1500 cm is observed over
the entire IR range. Our spectra and their anisotropy
virtually coincide with those obtained in [8] in the over-
lapping spectral range (700-5500 cm2). A small differ-
ence resides at somewhat larger values of R and o for
both polarizations in the IR range and a sharper vibra-
tional feature at 1000-1500 cm* (E || X) in our spectra.
In the high-frequency range (above the plasma mini-
mum), a broad band (2000040000 cm™) with a max-
imum at about 34 000 cm™ for the E || x polarization
and 27000 cm™ for the E || y polarization is observed
against the low “Drude” background. The band is asso-
ciated with the intramolecular electron transition
(polarized along the long molecular axis) in the ET
molecule [13].

The Raman spectrum of the ET crystal is depicted
in Fig. 2. The frequencies of the linesin this spectrum
(Table 1) coincide to within 1 cm™ with the data
obtained by Eldridge et al. [5]. The Raman spectra of
samples nos. 7, 9, and 2 were measured in the range
2001600 cm*. Figure 3 displays the spectrum of sam-
ple no. 7. Raman lines for ET? and the no. 7, 9, and
2 samples, as well as their assignment to the normal
vibrations of the ET® molecule, are presented in Table 1.
The assignment of Raman lines was performed on the
basis of their intensities and the assignment of the
Raman lines for the k-(ET),Cu[N(CN),]Br supercon-
ductor studied in [5]. The ionization shifts of the lines
(i.e., the shifts with respect to the lines of ET?) are also
listed in Table 1. Since the lines at 1051 and 1056 cm*
(observed in the spectra of samples nos. 7 and 2,
respectively) are not revealed in the spectrum of ETC,
we assign them to the vibrations of the
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Fig. 2. Raman spectrum of the ETO crystal. Eq e =1.96 €V, T = 293 K.
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Fig. 3. Raman spectrum of the (ET)g[Hg,4Br15(CgH5Cl),] (no. 7) organic metal in the frequency range 200-1600 cm L. Eoc=254¢V,
T=293K.
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Table 1. Ramanlinesfor the ETg, (ET)g[HQ4Br15(CgHsCl),] (no. 7), (ET)g[Hg4Br5(CgHsBr)5] (no. 9), and (ET),[Hg(SCN)Cl,]
(no. 2) compounds and their assignment

Vv;(ET?), cm | Normal vibration |v;(no. 7), cm|v;(no. 9), cm™|v;(no. 2), cm lonization shift, cm™
1552 Vo(Ag) 1541 1547 no. 7 no. 9 no. 2
-11 -5
1510 Vo7(B1y)
1494 v3(Ag) 1456 1474 1455 -38 20 -39
14422 Vsg(B3g)
1409 V(A 1396
Shoulder
1284 Vs(Ay)
12572 Vs7(Bag)
1176 Vag(Bag)
1123 Va1(Byg)
1051 1056
1014 Vsg(Bsy)
1000 Vsg(Bag)
990 V(A 1000 999 0 1
919 V7(A)
889° Veo(Bag) 891 891 892 +2 +2 +3
861 V22(B1g)
765 0.0.p. 782 783 +17 +18
688 Ver(Bsy) 685 673 -3 -15
654 Ve(A) 650 647 —4 -7
626 Ve2(Bag)
487 Vg(Ag) 502 500 499 +15 +13 +12
441 Vio(Ay) 445 +4
349 Ve3(Bag)
334 Veu(Bsg)
310 Vi(Ay) 317 314 +7 +4

aDatataken from [5].
b Out-of-plane vibrations.

Table 2. Cation charges p and Raman frequencies v5(Ay) in different radical ion salts of the ET molecule

p Compound? V3(Ag), cm Compound® V3(Ag), cm
0 ETO 1494 ETO 1494
1 ETl; 1431
05 (ET)g[Hg,Br1(CeHsCl),] 1456 K-(ET),CU[N(CN),]Br 1464
05 (ET)g[Hg,Cl15(CeHsCl)] 1472 K-(ET),CU[N(CN),]Br 1459
05 (ET)g[Hg,Br15(CeHsBI),] 1474 K-(ET),Cu(NCS), 1461
05 (ET),Hg(SCN)Cl, 1455 K-(ET),Cu(CN)3 1471
05 (ET)4H, 59Br 1462 K-(ET),HgsClg 1464

@ Data obtained in this work.
b Data taken from [10, 14].
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Fig. 4. Raman spectra of the k-(ET),[Hg(SCN)Cl] (no. 2),
(ET)g[Hg4Br15(CeHsCl)2] (no. 7) (ET)g[HY4Cl1o(CeHsCl)2l
(no. 8), and (ET)g[Hg,Br15(CgHsBr)5] (no. 9) crystalsin the

frequency range 1400-1600 em Eoc=2.54€V, T=293K.
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Fig. 5. Dependence of the v3(Ag) frequency on the cation
charge p: () ET?, (2) samplesnos. 7, 8, and 9; (3) samples
nos. 1 and 2; (4) samples studied in [10]; and (5) samples
studied in [14].
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[Hg,Br5(CsHsCl),]* and [HQ(SCN)Cl,] anions,
respectively. The spectra of the (ET),Hg, gBrg (no. 1)
and (ET)g[Hg,Cl,(CeHsCl),] (no. 8) metals were

measured in the range 1400-1600 cm™, which
involves the most intense lines attributed to the
stretching vibrations of the central and ring C=C
bonds, i.e., V,(Ag) and v5(Ay). The v3(A) frequencies
for all the samples studied in this work and the avail-
able data [10, 14] for a number of other conducting
ET salts are summarized in Table 2. The Raman
spectra of samples nos. 2, 7, 8, and 9 in the range
1400-1600 cm are compared in Fig. 4. The depen-
dence of the v3(A,) frequency on the cation charge p
is shown in Fig. 5. The data taken from [10, 14] for
other compounds are also displayed in this figure. In
the studied compounds with aribbon packing, the cat-
ion charge is formally equal to +0.5. As mentioned
above, the data presented in Fig. 5 refer to the samples
with considerably different packings of the ET mole-
cules in the layer: these are the compounds with the
K phase, in which the ET molecules are arranged face-
to-face to form mutually perpendicular dimers, and
the crystalswith aribbon molecular packing. It can be
seen that, at a cation charge of +0.5, the frequencies
for all the samples differ by no more than 20 cm and
do not depend on the packing type. It is worth noting
that the largest differences in the v4(A) frequencies
are observed for the (ET)gHg,Br,(CsHsCl),]
(1456 cm™), (ET)g[Hg,Cl15(CeH:Cl),] (1472 cm™?), and
(ET)g[Hg,Br5(CsHsBr),] (1474 cm™) crystas, which
have the same type of ET molecular packing but some-
what differ in the chemica formula of the anion. This
suggests that the anion can appreciably affect the v4(A)

frequency.
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Fig. 6. Raman spectrum of sample no. 7 in the range 1000—
5500 cm* for (1) HH and (2) HV polarizations. Ey =
254 eV, T=293K.
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As noted above, the (ET)gHg,Br,(CsHsBr),] crys-
tal (no. 9) undergoes a transition to the dielectric state
at 130 K [9]. The Raman spectrum of thiscrystal in the
range 1400-1600 cm™ was also taken at T = 100 K.
However, no substantial changes in the v4(Ay) vibra-
tions were observed in the spectra above and below the
phase transition point.

It can be seen from Fig. 3 that the Raman spectrum
is characterized by a structureless background compa:
rable in intensity to the strongest phonon line. This
background is observed for al the samples studied. Itis
established that this background is not caused by the
Rayleigh scattering. The recording of the spectrain a
wider frequency range revealed an increasein the back-
ground intensity with an increase in the Raman shift
and also a very broad partly depolarized maximum at
about 2500 cm™ (upon excitation with the 488-nm
line). The intensity of the maximum found in the HH
polarization is higher than that for the HV polarization
(Fig. 6). After the correction for spectral efficiency of
the spectrometer, the maximum isretained and shiftsto
3000 cm2. The maximum and the background for sam-
pleno. 9 areaso observed at T ~ 100 K.

The shape of the maximum somewhat differs upon
excitation with 488- and 541.5-nm lines. No maximum
is observed upon excitation with the 632.3-nm line. In
this case, an increase in the Raman shift up to 3000 cm™
leads to a slight decrease in the intensity of the spec-
trum. With afurther increase in the Raman shift (i.e., at
larger wavelengths), the intensity increases drastically,
which is likely explained by the luminescence. (Note
that the maximum of luminescence for the ET® neutral
molecule is located at 15492 cm™. A considerably
weaker luminescence band in the same range is
observed for sample no. 9 at a temperature of ~100 K
upon excitation with the 488-nm line.)

The nature of the background and the broad maxi-
mum in the range of 3000 cm remains unclear. Pre-
sumably, they can be associated with the resonance
Raman scattering by one-particle and collective elec-
tronic excitations. In this respect, we note that Kostur
and Eliashberg [15] theoretically treated the quasi-par-
ticle Raman spectrum in the high-temperature super-
conductorsat T > T.. It was demonstrated that this spec-
trum contains a broad maximum at about 2000 cm?,
and its intensity and location depend on the phonon
spectrum and the electron—phonon interaction. It
should be also mentioned that the maximum in the
range of 2000 cm* was observed in the conductivity
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spectrum (obtained from the reflectivity spectra by the
Kramers—Kronig method) of the compounds studied.

Alternatively, the background and the broad maxi-
mum can be explained by the scattering in the surface
layer degraded in air.
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Abstract—Electrical resistivity and heat conductivity of the LulnCu, semimetal have been studied in the 4.2—
300-K range. For T = 100 K, the bipolar heat-conductivity component (ky,,) was found to contribute. Data on
have been used to eeu mate the electron and hole subband-overlap energy (€g) as~0.1 eV. © 2000 MAIK

I\Fauka/ Interperiodica’

Interest in LnTCu,-type intermetallic compounds
(with Ln standing for rare earth, and T, for transition
metals), which crystallizein aAuBes-typefcc cubic lat-

tice [C15B structure, space group F213m(T§)] has

recently been demonstrated by experimenters and the-
oreticiansin leading laboratories al over the world.

These materials exhibit unusual and interesting
magnetic properties, but one representative of thisfam-
ily, YbInCu,, has attracted particular attention because,
at T, ~40-80 K and atmospheric pressure, it undergoes
a first-order isostructural phase transition in which,
being a Curie-Weiss paramagnet (a state with localized
magnetic moments) at T > T, it transformsinto a Pauli
paramagnet (nonmagnetic Fermi-liquid state), a com-
pound with mixed valence of the rare earth ion (the SO-
called light heavy-fermion system) at T< T, [1, 2].

When analyzing experimental data on YbInCu,
(heat capacity, magnetic susceptibility, NMR, linear
expansion coefficient, electrical conductivity), most
studies used LulnCu, as a reference material, since it
does not undergo the above phase transition and is non-
magnetic, while having the same lattice structure and
|attice parameters close to those of YbInCu, [3-10]. Yb
and Lu are neighbors in the Periodic Table.

Information literaturein the on the heat conductivity
of LulnCu, islacking. However, it is necessary, and for
many purposes. It could be used as a reference when
analyzing heat conductivity data for YbInCu, [2]. It is
also needed both for thermodynamic calculations and
in estimating the thermal regimes of single-crystal
growth. LulnCu, is a semimetal [11-13]. Data on the
bipolar component of heat conductivity Ky, could be
used to estimate the electron and hole subband-overlap
energy for this material.

1 Papers [1, 2] summarize references to most of the experimental
and theoretical studies on'YblnCuQO,.

Measurements have been carried out of the heat
conductivity K, and electrica resistivity p of a cast
polycrystalline sample of LulnCu, within the tempera-
ture range of 4.2 to 300 K.

The sample was prepared by the technique
described elsewhere [14, 15]. The components used in
the synthesis of LulnCu, were O-grade Lu, SVCh-
grade In of 99.99% purity, and 99.998%-pure Cu. The
components taken in the stoichiometric ratio were
melted in a thin-walled tantalum container pumped to
10 mm Hg. The container diameter was 11 mm, and
itswall was 0.1 mm thick. The samples were melted in
an rf furnace. The substances loaded in the container
were heated to 1150°C. After maintaining the container
at 1150°C for 30 min, the temperature was reduced to
800°C by dipping the crucible into a cold zone. The
ingot thus obtained was annealed for 75 h at 800°C.

The LulnCu, sample under study underwent x-ray
characterization on a DRON-2 setup (CuK, radiation).
The lattice constant a was found to be 7.149(4) A. Lit-
erature quotes a = 7.193 A for LulnCu, [11].

Thetotal heat conductivity K, and p were measured
on a setup similar to that described in [16].

Figure 1 presents our and literature [5, 9, 11, 17]
dataon p(T) of LulnCu, samples. p dependslinearly on
temperature, which is characteristic of metals and
semimetals. The LulnCu, sample studied here has a
fairly high residual resistivity.

Figure 2 compares the data on p(T) of YbInCu,
taken from [2] with those for the LulnCu, sample under
study here. As seen from the figure, p(T) curves
obtained on YbInCu, (for temperatures T > T,) and
LulnCu, (for T > 100 K) are similar in magnitude and
follow the same temperature behavior.

Figure 3 displays data for K, of LulnCu,. No hys-
teresiswas found in the K(T) relation.

1063-7834/00/4208-1394%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Dependence of p on T: (1) this experiment, (2) data
from [5], (3) [9], (4) [11], and (5) [17].

By [11], the concentration of carriers (of both signs)
in semimetallic LulnCu, is ~10%° cm2 (which is sup-
ported by dataof [4]), the Hall constant is positive, and
the effective massratio of eectrons (m,) and holes (m,)
is~2.

Kot Of @ Semimetal obeys the relation

Kiot = 1

where K, K, and Ky, are the lattice, electronic, and
bipolar heat conductivity components, respectively.

By the classical theory of heat conductivity of met-
als, semimetals, and strongly degenerate semiconduc-
tors[18-20], K, obeys the Wiedemann—Franz law

Ko = LoT/p, )

where L, isthe Sommerfeld value of the Lorentz num-
ber (Lo = 2.45 x 10 WQ/K?).
Figure 4a presents data for K, derived from

Kpn t Ke * Kpip,

©)

with due account of (2) and of the results on p(T) and
Kiot(T) from Figs. 2 and 3, respectively. These calcula-
tions did not include the contribution of Ky, tO K.

As seen from Fig. 4a, at low temperatures K, ~ T,
while in the 50-100-K interval, K, ~ T2, The latter
temperature dependence of K, is characteristic of mod-
erately defective materials. For defect-free (or weakly
defective) materials, theory [18-20] predicts a linear
decreasein K, With increasing temperature (K, ~ T72).
We believe that the “ defectiveness’ of our ssmpleisnot
connected with impuritiesin the starting material s used
in the preparation of LulnCu,, but could rather be due
to the substitution of indium for Lu or Cu for In, asthis
was observed inY bInCu, [2], where the experimentally

Kph = Kyt —Ke
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Fig. 2. A comparison of p(T) between the LulnCu, sample
under study here and Y bInCuy, from [2].

observed “amorphous’ behavior of K,,(T) for T> T,
was assigned to the substitution of either InforYb[21],
or Cufor In[22].

At T> 100K, theky, ~ T¢ relation givesway to a
fairly strong increase in K,, with temperature in
LulnCu,. It can be due to the onset of the bipolar heat-
conductivity component, which can be expected in
semimetals [see relation (1)].

The Ky, component for a semimetal can be esti-
mated from the expressions given in [20].

Assuming that the electrons and holes are scattered
independently of one another and their behavior can be

®or, W/mK
10 ‘\
[ ]
* -~
3 o .‘\\“'//
6 _I
]
]
i
[ §
[ ]
28
| | | | | |
0 50 100 150 200 250 300
T, K

Fig. 3. Temperature dependence of K of the LulnCu, sam-
ple under study.
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Fig. 4. (3) Kgp of the LulnCu, sample and (b) band diagram
of asemimetal (schematic).

Kbip’ Ke

3
(2ko/e)T

Fig. 5. Temperature dependence of K, ,/Ke for r =-0.5.
Kbip’ W/m K

4r gy =0.07

1 1 1 1
100 180 220 300
T,K
Fig. 6. Dependence of Ky, on T for different values of g

solid curves are the caIchation and points are the present
experiment.
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described by arelaxation time 1 ~ €', aswell asthe fact
that the bands under consideration are parabolic, K,
can be cast in the form

d<0D2DAn Ap 1
e =+ 2+
Uel |:|pn pp Pnt pp

€, 120
Koy = T [5n + 5p—k0—°T} %(4)

where k, is the Boltzmann constant; p, and p, are the
electrical resistivities due to the eectrons and holes,
respectively; €, is the band overlap energy (Fig. 4b)

_ [(r +52)F, . 3(l5, )]
"P I+ 32)F L o )]

©)

_[(r+ 712)F,  55(143, p)
P (r+ 32)F, L (K )

_(r +5/2)°F (i )
(r +3/2)%FZ, 1ot ) |

F.(u*) arethe Fermi integrals, pi = Ep/KoT, Uy = (80—
Ep)/k,T; and Eg isthe Fermi energy.

Because accurate determination of al parameters
entering (4)—(6) is impossible, a precise calculation of
Kyip fOor LulnCu, appears to be a complicated problem.
Let ustry to estimate Ky, by assuming that p, = p,,; the
effective electron and hole masses are equa (which, as
pointed out above, iswrong, because, by [11], uy /py ~
2 for LulnCu,), so that the Fermi level Er = &y/2,

W5 =k, 3, =8,=8,and A, = A, = A. Then, by [20],

d—gy/ 2k, T)?
:( s/AZ T). @

For r = -0.5 (in the case where carriers scatter from
acoustic lattice vibrations, which is more probable in our
case), equation (7) can beplotted asshownin Fig. 5[20].
Using Fig. 5 and the experimental data on k(T), one
can construct the dependence of Ky, on T for different
values of &, (Fig. 6). The pointsin Fig. 6 are the exper-
imental data for Ky, of LulnCu, derived from Fig. 4a by
subtracting from K,,,(T) calculated with (3) the vaues of
the lattice heat conductivity obtained fromtheky, ~ T-0¢
relation extrapolated to high temperatures (see Fig. 4a).
As seen from Fig. 6, the experimental pointsfall onthe
curve corresponding to g, ~ 0.1 eV. This value is sub-
stantially less than that obtained by atheoretical calcu-
lation of &, for LulnCu, in[11, 12].

Kbip/Ke
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Abstract—The processes of magnetic field penetration into the ceramic samples of the HTSC Y Ba,Cu30_g g5
at T < T, are studied by the methods of internal friction and magnetization measurements. A clearly manifested
correlation is observed between the field dependences of theinternal friction spectrum parameters (the logarith-
mic damping decrement Q! and the resonance frequency f) and the trapped magnetic flux AM. The magneto-
mechanical approach we used revealsasignificant differencein the field dependences of the densities of pinned
(Np) and free (N) Abrikosov vortices for H > H;. © 2000 MAIK * Nauka/Interperiodica” .

A large number of publications (see, for example,
[1-8]) have been devoted to studies of internal friction
(IF) in bulk ceramics, thin films, and single crystals of
HTSC at low temperatures over a wide range of fre-
guencies (from a few hertz to tens of megahertz).
Apparently, special interest is aroused by the effects
associated with the magnetic flux penetration into a
superconductor in a magnetic field (the penetration
beginsat H = H,;, where H, isthe lower critical field),
terminating in the formation of the mixed statein afield
H = Hg ! with the vortex lattice melting, magnetic flux
pinning, and so on. The H-T phase diagrams of high-
temperature superconductors are quite complicated,
given the characteristic combination of a short coher-
ence length & and a long magnetic field penetration
length A in HTSC, as well as the strong anisotropy of
their electromagnetic properties. The available data
point towards the existence of alarge number of differ-
ent magnetic states (“vortex phases’) [11-16]. A spatial
inhomogeneity? is observed in the process of magnetic
field penetration in a sample of a macroscopic size in
relatively weak magnetic fields Hy, < H < H,, where
H, isthe upper critical field [11-13].

Mechanical methods (including the low-frequency
IF method) appear to be quite promising for investiga-
tions of HTSC in a magnetic field. Such a method
makes it possible to apprai se the dynamics of magnetic
vortices from the attenuation of vibrations of the super-
conductor. Obviously, the processes of dissipation of

1 Thefield Hgis connected with Bean's field H* [9] for a complete
penetration of the magnetic field into superconducting grains or
granules through the familiar relation Hg= Hq + 2H* [10].

2 The inhomogeneity concerns the distribution of various magnetic
states in granules of an HTSC sample, viz., a mixed state (Shub-
nikov phase) on the outer side of the granule, and a perfect dia-
magnet (Meissner phase) inside it.

energy of mechanical vibrations and HTSC magnetiza-
tion must beinterrelated, sincethey are governed by the
same physical mechanisms associated with the mag-
netic field penetration in a superconductor.

In this connection, we set out in the present work to
study the resonance and magnetic properties of the
superconducting state of the metaloxide compound
Y Ba,Cu;0; _ 5 in weak magnetic fields (T=77.3K,0<
H < 600 Oe). Obvioudly, a correlation between these
properties will provide new data on the dynamics of
magnetic field penetration in HTSC.

1. SAMPLES AND MEASURING TECHNIQUE

Polycrystalline (ceramic) HTSC samples of
YBa,Cu3;O_g95s With a characteristic granule size
~1-5 um, obtained from a mixture of oxides and car-
bonatesY ,0;, Ba,CO,, and CuO by using the standard
ceramic technology (see, for example, [17]) were used
as objects for measuring the |F parameters, viz., the IF
logarithmic damping decrement Q 1(H) and the reso-
nance vibrational frequency f(H) (the vibrationa fre-
guency is connected with the “ effective” elastic modu-
lus E through the relation f2 ~ E), as well as for mag-
netic measurements. According to the results of the x-
ray phase analysis, the concentration of the main impu-
rity phase BaCuO, did not exceed ~1%. Samples for
measuring |F and the magnetization o were pressed
from an HTSC powder (rectangular parallelepipeds of
characteristic size 2 x 2 x 20 mm for resonance mea-
surements and 2 x 2 x 8 mm for magnetic measure-
ments®) and then sintered in air at a temperature

3 These parallelepipeds were machined to nearly perfect cylinders
of diameter ~2 mm; the demagnetization factor D for such asam-
ple geometry was ~0.3.

1063-7834/00/4208-1398%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Field dependence of the relatlve variation of thelog-
arithmic damping decrement (AQ™Y) of IF and normalized
shift in the resonance frequency (Af(H)/f(0)) of the HTSC
YBa2Cu3O7 -5

~950°C, followed by slow cooling. The superconduct-
ing transition temperature T, of the sampleswas ~92 K.

Measurements of the field dependences of Q* and f
for the HTSC YBa,Cu;O_545 @ nitrogen temperature
were made according to the inverse pendulum technique
using flexural vibrationsin the range of acoustic frequen-
cies up to 100 Hz for arelative deformation € ~ 10 on
a specially constructed instrument [18]. The longitudi-
nal magnetic fields of strength up to ~600 Oe were pro-
duced with the help of a solenoid with copper wire
winding. The large length of the solenoid (~400 mm)
ensured a high uniformity of the field along the sample.

The magnetization of the HTSC YB&a,Cu;0_g¢5 &
low temperatures was measured using a ballistic mag-
netometer [19]. The relative measurement error (Ao)
was ~2%, and the sensitivity of the instrument was
~103G-cmig™

2. RESULTS OF MEASUREMENTS

The results of measurements of the dependence of
relative variation of the logarithmic damping decrement
AQ™(H) = QY(H) -Q*(H =0) = Q{(H) —Q70) of IF
and Af(H)/f(H = 0) = Af(H)/f(0) = [f(H) — f(0)]/f(0) of
the normalized shear of the resonance frequency of the
HTSC YBa,Cu;0, _5 on the magnetic field strength at
T=77K areshownin Fig. 1. Three segments stand out
clearly on the dependence AQ-Y(H) (curve 1in Fig. 1):*

(1) for H < ~90 Oe, the variation of Q' does not
exceed the measurement error;

(2) the value of AQ™ increases sharply in the inter-
val ~90 < H < ~350 Of;

41t should be remarked at the very outset that we shall not consider in
this work the effects in very weak magnetic fields (0 < H < 10 Oe),
when the magnetic field penetrates the “weak links’ between the
granules[19].
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Fig. 2. Field dependence of the magnetization o of the
HTSC YBa,CuzO7_sat T=65 (1), (2) and 75K (3).

(3) for H = ~350 Oe, the increase in the external
field strength hardly affectsthe value of A QL.

The variation of the resonance frequency shift
Af(H)/f(0) for the HTSC YBa,Cu;0,_5 in @ magnetic
field aso begins at H ~ 90 Oe (curve 2 in Fig. 1). An
increase in Af(H)/f(0) is observed in stronger fields.
However, the tendency towards saturation on this curve
is much weaker than in the curve A Q71(H).

Qualitatively, the magnetization curves o(H)
obtained under diamagnetic screening conditions
(ZFC) at various temperatures close to T, (Fig. 2) are
similar: the initia linear segment of the o(H) depen-
dence® isfollowed by anonlinear ssgment on which the
slope of the dependence of magnetization on the mag-
netic field strength decreases and then reversesits sign.

3. DISCUSSION OF RESULTS

Let us consider the observed variations in the param-
eters of the internal friction spectra (logarithmic damp-
ing decrement Q! and the resonance frequency f), andin
the magnetization o of the HTSC YBa,Cu;0,_s;,
caused by applying an external longitudinal magnetic
fieldat T<T..

Inthefirst place, we observe that the behavior of the
curves AQ(H) and Af(H)/f(0) (Fig. 1) over the entire
range of magnetic fields is reminiscent of the depen-
dence of the trapped magnetic flux density AM on the
magnetic fiel d° (Fig. 3) obtained in the experiments on
the measurement of magnetization under ZFC. The

2000

51n this case, the quantity x # —1/(4m), since granular HTSC are
ideal diamagnets only for H < Hq;, where Hq 5 is the lower criti-
cal field of Josephson's weak links.
OyapP/(4T), where p is the density of the HTSC sample; the
trappeo[ magnetization” Oy4, iS determined by subtracting from
the experimentally determined value o(H) of the magnetization
the quantity og,; Obtained by extrapolating the linear segment of
the dependence o(H).
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Fig. 3. Field dependence of the magnitude of the trapped
magnetic flux density at T ~ 77 K according to magnetic
measurements data (1) and results of |F measurements (2).

gualitative agreement between the dependences
AQ™(H) and A f(H)/f(0) on the one hand, and AM(H) on
the other hand is symptomatic: the emergence of singu-
larities on these curvesis apparently associated with the
Same processes.

Significantly, no changes in the values of AQ™(H)
and Af(H)/f(0) wereobserved at T= 77 K infieldsup to
~90 Oe (the o(H) dependences are linear in this case). It
is also worth noting that according to the results of elec-
trophysical investigations carried out on the same HTSC
samplesat T = 77 K [20], the value of the field at which
the magnetic field starts penetrating the granules of the
HTSC YB&a,Cu;0,_;, i.e, the minimum value of the
lower critical field Hy(Hp ), is about the same. Thus,
the IF parameters are stable in the region of existence of
Meissner’s phase, i.e., until the penetration of the exter-
nal magnetic field in the HTSC granules.

It was mentioned above that the logarithmic damp-
ing decrement (Q1) and the resonance vibrational fre-
guency (f) of the HTSC sampleY Ba,Cu;0,_5 beginto
increase at H > H,;. For H = 250 Oe, the dependence
AQ™(H) shows a clearly manifested tendency towards
saturation, while the saturation effect is much weaker
for the dependence Af(H)/f(0) (Fig. 1). Theincreasein
the values of AQ(H) and Af(H)/f(0) for H > 90 Oe,
which correlates qualitatively with the onset of the
magnetic flux trapping, points towards the beginning of
the penetration of Abrikosov vortices into supercon-
ducting granules, i.e., towards the formation of the
mixed state in the HTSC Y Ba,Cu;0; _ 5.

Apparently, theinterval of fields~90 < H < ~350 Oe
corresponds to the process of vortex penetration in a
superconductor, which is known to be accompanied by
the emergence of spatial inhomogeneity in HTSC gran-
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Fig. 4. Field dependence of the density of trapped magnetic
vorticesin the HTSC Y Ba,Cu307 _5.

ules[10] and ends with the transition of the entire sam-
pleinto the critical state for H = Hg [9].”

The attainment of the field Hg (it should be empha-
sized that, like the Bean field H*, the value of thisfield
is not a physical constant of the material, but depends
on the shape and size of the superconducting granules
in the case of granular HTSC) at H = 350 Oe points
towards the termination of a noticeable increase in the
total number of vortices, aswell astowards the onset of
formation of an ordered vortex lattice.

The field dependences QY(H) and Af(H)/f(0) in
fields H > H, can be analyzed by using the familiar
magnetomechanical approach [2, 21, 22]. According to
this method, the displacement of a superconductor rel-
ative to the applied magnetic field H leads to the emer-
gence of a restoring mechanical force acting on each
magnetic vortex pinned by structural defects. Accord-
ingly, the vibrational frequency of the entire sample
also changes by the amount Af(H) [21]:

N, ®oHV
161C1 f(0)’

where N, is the density of pinned vortices (the number
of vortices per unit longitudinal section of the supercon-
ductor), @, is a magnetic flux quantum (®, = 2.07 x
1077 G - cm?), | is the moment of inertia of the super-
conducting sample, and V is the sample volume.

The change in the logarithmic damping decrement of
asuperconductor in amagnetic field is defined as [22]
DN o), @
(N p +N f)

Af(H) = (D)

AQ(H) = H*V

71t should be recalled that for H = Hg, the dependence AM(H) for
various HTSC samples displays a tendency towards the attain-
ment of a peak [19].

No. 8 2000
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where N; is the density of free (unpinned) vortices.

Thus, in the framework of the magnetomechanical
approach, the resonance frequency isfound to be sensi-
tive only to pinned magnetic vortices, while the loga-
rithmic damping decrement depends on both pinned
and free vortices. The results of |F measurements in
HTSC make it possible to estimate the density of both
types of magnetic vortices. Without going into the
computational details, we present in Fig. 4 the results of
such computations. It can be seen that the fraction of
free vortices is quite small in the entire range of fields
(theratio N¢/N does not exceed afew percent). Thetotal
vortex density N, aswell asthe density of pinned vorti-
ces N, increases in the entire range of fields, while the
field dependence of the density of freevortices (N;) hasa
well-defined peak in thevicinity of thefield Hg~ 350 Oe.
Such behavior of the dependences N(H) and N¢(H) is
quite understandable: the formation of an ordered |at-
tice of pinned vortices occurs through the movement of
free vortices. As this process is being completed, free
magnetic vortices are pinned at the defects and their
fraction in the total number of vortices (N = N, + Ny)
begins to decrease with the increasing magnetic field
strength.

Estimating the density of magnetic vorticesfrom the
results of IF measurements allows us to compute cer-
tain magnetic properties of HTSC. Thus, knowing the
vortex density N, we can estimate the density of the
trapped magnetic flux in an HTSC:

AM = N/ (4). ?3)

The dependences [AM(H)] . and experimentally
determined curves AM(H) are found to coincide quite
well (seeFig. 3).

Thus, the penetration of magnetic field in the high-
temperature superconductor YBa,Cu;0,_sat T < T, is
studied with the help of two independent methods. The
magnetodynamic effects observed in HTSC indicate
that the logarithmic damping decrement of internal
friction (AQ™) and the resonant vibrational frequency
(Af/f) increase asthe magnetic field increases from zero
to 600 Oe. In the dynamic experiments we carried out,

the value of the lower critical field HY" = 90 Oe, at
which the first vortex filaments appear in the sample,

was established reliably. The value of HN" correlates
well with the results of direct magnetic measurements.

Theresults of measurements of the | F parameters of
an HTSC in amagnetic field were used to estimate the
fraction of free and pinned vortices for H > H,. It was
found that the density of pinned vortices increases
monotonically with increasing magnetic field strength,

81t should be emphasized that the value of the magnetization o
measured in constant magnetic fields is sensitive only to the total
density of vortices (N = N, + Ny).
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while the field dependence of the density of free vorti-
ceshasapeak at Hy; <H <Hg

The magnetic flux AM trapped in the HTSC
Y Ba,Cu;0; _ 5 was estimated from the data on mechan-
ical resonance in a superconducting sample placed in a
magnetic field. These estimations agree well with the
dependence AM(H) obtained in thiswork from the data
on magnetic-field dependence of the magnetization in
YBa,Cus0; _s.

On the whole, the results we obtained indicate that
aconsiderable amount of information can be gathered by
using the IF technique to study the process of magnetic
flux penetration in HTSC, for constructing the H-T
phase diagrams, etc.
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Abstract—Peculiarities of photoconductivity, photoabsorption, and photoluminescence of poly-N-epoxypro-
pyl carbazole films doped with an intraionic dye are investigated. The anomal ous temperature dependences of
the photoconductivity of the filmsin the dye absorption region are explained by studying the effect of the dye
concentration, temperature, and external electric field on the liberation of captured charges from the traps
formed in the films as aresult of doping. It is concluded that an increase in the dye concentration enhancesiits
aggregation, intensifies the photogeneration of triplet electron—hole pairs, and narrows the spatial distribution
of traps for holesin the vicinity of the dye. The hole charges captured in such traps are connected through the
Coulomb interaction with negatively charged fragments of dye molecules. Thetraps are destroyed through ther-

mal activation. © 2000 MAIK “ Nauka/lnterperiodica” .

Poly-N-epoxypropyl carbazole (PEPC) films doped
with cationic polymethine dyes possess photasemicon-
ducting properties and can be used for optical informa-
tion recording and processing. Such films have a high
photoconductivity and exhibit electroluminescence
properties [1]. However, intraionic dyes [2] are prefer-
able for applications in electrophotographic and holo-
graphic media, asthese dyes can generate both positive
(holes) and negative (electron) charges when exposed
to light. Among intraionic compounds, organic dyes,
which are derivatives of the sguaric acid and called
squaryl dyes, are very promising in this respect. These
dyes are characterized by a high thermo- and photosta-
bility and have intense absorption bands [3]. At the
present time, squarynes are widely used in polymeric
materials of laser disks intended for information
recording and storage [3]. The capture of nonequilib-
rium charges in traps whose presence in PEPC with
ionic dyes at room temperature was established in [4],
isone of the factorslowering the photoconductivity and
luminescence intensity. The effect of traps on the pho-
toconductivity and luminescence of PEPC films with
intraionic dyes remained unclear. In addition, squaryl
dyes exhibit a pronounced tendency to aggregation [5],
which is also manifested in the electrical and physical
properties of PEPC films[2]. The present work aimsto
establish peculiarities in the optical and photoelectric
properties of PEPC films upon a change in the concen-
tration of a squary! dye.

1. SAMPLES AND EXPERIMENTAL TECHNIQUE

We used a squaryl dye based on a derivative of
1,3,3-trimethyl-3H-indoline (HISD):
Me

Me Me o |
N
(IO T
N I
I\I/Ie o) Me Me

The molecule of this dye has a negatively charged
(AY) and a positively charged (D*) centers. The optical
absorption and photoluminescence spectra of PEPC
filmsfor various concentrations N of the dye are shown
inFig. 1.

We determined the effect of the dye concentrationin
PEPC on the photoabsorption and photoluminescence
spectraof the films; the variation of photoluminescence
intensity in the films as a function of the external elec-
tric field strength; the photocurrent in sandwich-type
samples exposed to light in the dye absorption region at
various temperatures; the ratio of concentrations of the
singlet (n,) and triplet (n;) electron-hole pairs (EHP) in
filmsilluminated by light in the dye absorption region,
and the effect of trapped charge carriers on the photo-
conductivity of the investigated films.

The sampleswere prepared in the form of structures
with a free surface (quartz substrate—polymer film) or
in the form of sandwich-type structures (Al—polymer
film-Sn0O,). We used the PEPC + N wt % HISD films.

The dye concentration N varied from 1 x 102 to 5 wt %.
The polymer films were prepared by drying the solu-
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Fig. 1. Normalized absorption (curves 1 and 2) and lumines-
cence (3, 4) spectra of PEPC + 0.01 wt % HISD (1, 3) and
PEPC + 1 wt % HISD (2, 4) films as well as the absorption
spectrum of polystyrene + 10 wt % PEPC films (curve 5)
obtained in [18] under y-radiolysis.

tions of PEPC + N wt % HISD in dichloroethane poured
on quartz substrates with or without a SnO, layer. The
thickness of the dried filmswas L = 0.5-2 um. The Al
films were deposited by thermal sputtering in a vac-
uum chamber, and the thickness of the Al layer was
300-350 A.

In the sandwich-type samples, we measured the
photocurrent density jpy in the photoresistance mode
and the photoluminescence intensity I in the optical
wavelength range A = 350-1200 nm during the expo-
sure of the sample from the side of the SnO, dectrode to
light with a wavelength A; = 546, 633, 680, or 711 nm
(intensity 1) or A, = 380 nm (intensity |,). The samples
were exposed to light emitted by an incandescent lamp
using light filters, by aHe-Ne laser, and by a hydrogen
lamp. The light intensity was |, = 0.2-20 and |, = 0.1—
0.5 W/m?.The €electric field strength was varied in the
range E = 2 x 10’3 x 108 V/m. The measurements were
made at a temperature T in the interval 290-355 K, at
which PEPC films are used as recording media. The
results of measurements of jp, were used for calculat-
ing the relative quantum yield of charge carrier photo-
generation n = jpyhv/qlKL, where g is the electron
charge and hv is the energy of alight quantum. Along
with jpy, we measured I and determined the relative
variation ol of 1 inthe electric field E from therela-
tion dlp. = [lp (E) — I (0)]/15.(0), where Iy (E) is the
guasistationary value of |, after the application of the
electric field, and I (0) is the quasi-stationary value of
|p. before the application of the field.

In order to determine the ratio of n, to n;, we used
the technique proposed in [6, 7] for determining the
change in the photoconductivity of amorphous molec-
ular semiconductors (AMS) in the absorption range of
dopants with the simultaneous photogeneration of trip-
let excitons. Thelatter are catalyzers of the S-T conver-
sion of EHP [8, 9]. Consequently, the photogeneration
of triplet excitons enhances the photoconduction of
AMS connected with the dissociation of singlet EHP
and suppresses the photoconduction of AM S connected
with the dissociation of triplet EHP. Asin [6, 7], the
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photogeneration of EHP was induced by the exposure
of the sandwich-type structures to light of wavelength
A1, while light of wavelength A, was used for the pho-
togeneration of excitons (the wavelength A, does not
belong to the absorption range of HISD and lies near
the red boundary of the PEPC absorption, where an
effective photogeneration of triplet excitons takes place
[10]). In the samples exposed to the light of wave-
length A, or A,, we measured the quasi-stationary pho-
tocurrent j, or j,, respectively. When the sample was
illuminated simultaneously by the light of wavelength
A, and A,, the quasi-stationary photocurrent j; was
recorded. For an analysis of the results, we calculated
the ratio o] = j4/(j, + j,) of photocurrents, and deter-
mined the dependences of j; and &j on N, E, and A ;. The
ratios of n, to ng in photogenerated EHP was estimated,
following [6, 7], from the deviation of &j from unity: if
0] > 1or 9 <1, alarger number of singlet or triplet
EHP, respectively, are formed during photogeneration.

For sampleswith afree surface of polymer films, the
spectrocomputational complex KSVIP-23 was used for
measuring the optical spectra of the absorption coeffi-
cient kK and the photoluminescence intensity I in the
optical wavelength range A = 350-1200 nm. We aso
measured the optical density K; and K, of the films at
thewavelengths A, and A, respectively, with the help of
photodiodes whose amplified signals were recorded by
a storage oscilloscope. We calculated the values of AK;
and AK,, viz., the deviation of the optical density of the
films from the steady-state value during and after the
exposure of films to light. Besides, we measured the
variation of I, K;, and K, as a result of pulse heating
of polymer films to a temperature of +(85-90)°C at a
rate of 10° K/s. The pulse heating of the films was
accomplished at the expense of Joule heat liberated in
the conducting SnO, layer, deposited on the quartz sub-
strates under the polymer films, due to the passage of a
current pulse of duration 0.1 s.

In order to create a nonequilibrium concentration M
of charges captured in traps, we exposed the samplesto
light of wavelength A, during thetimet,. Thisled to the
photogeneration and capture of mobile holes in the
traps created by carbazole (Cz) cores of PEPC. A

trapped hole corresponds to a cation radical (Cz'+)
whose optical absorption spectrum lies in the visible
optical range (curve 5in Fig. 1). The buildup of M was
detected from a decrease in K, and an increase in K,
while the relaxation of M was judged from the recovery
of K, and K, during the timet, after the discontinuation
of illumination by light with wavelength A.,.

2. EXPERIMENTAL RESULTS
Figure 1 shows the absorption and photolumines-
cence spectra of PEPC films with HISD. The increase
in the dye concentration in the film is accompanied
with a bathochromic shift of the peak and by a narrow-
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ing of the bands. These results combined with the
results of our previous spectroscopic studiesin thetem-
perature range T = 4.2-320 K [5] indicate that an
increase in N enhances the aggregation of HISD mole-
cules. We also proved earlier that the structure of aggre-
gatesis closeto a“head—tail” structure.

In AI-PEPC + N wt % HISD-SnO, samples, the
photocurrent increaseswithEandN. ForL=1um, E =
1 x 108 V/m, and N = 5, n attains the value 0.02. The
n(E) dependence plotted in the In n vs. EY2 coordinates
is linear. The dopes of the straight lines describing
these dependences are identical for all the samples
under investigation. This suggests that the mechanism
of photogeneration of free charge carriers in the films
under investigation is similar to that proposed for AMS
based on PEPC [11]. According to this mechanism, an
EHP isformed from an excited photogeneration center
asaresult of absorption of light of wavelength A;. Inan
external electric field, the EHP dissociates so that the
hole, formed as aresult of the dissociation, jumps from
one carbazole core of PEPC to another, away from the
photogeneration center, leaving behind a quasi-station-
ary electron. The dissociation probability is determined
by the probability of activation surmounting by a hole
of the Coulomb barrier (W) equa to the energy of
Coulomb attraction between a hole and an electron. In
this case, the dependence of j and n on E and T can be
presented in analytic form as follows:

j On Oexp(=(Wopn —BE)/ (T =ToH), (1)

where k is the Boltzmann constant and T, is the charac-

teristic temperature amounting to 490 ¥ 20 K for PEPC-
based AMS. The vaue of the coefficient B calculated
from the n(E) dependences plotted in the log N vs. EY2
coordinatesis (4.3 ¥ 0.3) x10°eV (V/m)~Y2, whichis
close to the theoretical value of the Poole—Frenkel con-
stant [11].

However, the photoconductivity mechanism for
PEPC films with HISD differs considerably from that
for other doped PEPC films. Figure 2 shows the results
of measurements of the temperature dependence of j;
for different values of N and E. These dependences are
characterized by the nonlinearity of the experimental
curvesinthelnj; vs. 1/T coordinates. For small values
of N and E, these curves have aflattened minimum that
disappears with increasing N and E. These results are
similar to those obtained for PEPC films with cationic
dyes[5] and can be interpreted by the capture of photo-
generated holes in the traps formed in the polymer in
the vicinity of electrically charged dye molecules.
However, aflattened minimum was not observed on the
j1 vs. T dependences for PEPC filmswith cationic dyes.
This means that, athough the dependences under
investigation can be associated with the thermal degra-
dation of the traps for photogenerated charges upon
heating, the nature of these traps is more complicated
than for PEPC with cationic dyes.
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Fig. 2. Dependence of Inj; on 1/T for AI-PEPC + 0.01 wt %
HISD-SnO, (curves 1-3) and AI-PEPC + 1 wt % HISD—
SnO, (curves 4-6) samples for E = 3 x 107 V/m (1-4),
5.2 % 10" V/m (2, 5), and 7 x 10 V/m (3, 6).
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Fig. 3. Dependence of dlp_ on E in AI-PEPC + N wt %
HISD-SnO, samplesfor L =1 umand N = 0.1 (1), 0.5 (2),
and 5 (3) measured during their exposure to light of wave-
length A = 633 nm.

Figure 3 shows the curves describing the depen-
dence of 3l on N for various values of E. The results
of the measurements of these dependences indicate an
increase in the quenching effect of the electric field on
photoluminescence upon an increasein the aggregation
of HISD. According to theresultsobtained in [12], such
anincreasein dlp_ can beassociated with anincreasein
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Fig. 4. Dependence of & on Ein AI-PEPC + N wt % HISD—
SnO, samples for L = 1 pm and N = 0.01 (1), 0.1 (2), and
5 (3) measured during their exposure to light of wavelength
A =633 nm.
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Fig. 5. Dependences of AK; (crosses), AK, (light circles), and
M (dark circles) onInty fort; =1s, T=293K, A, =380 nm,
A1 =633 nm in samples with PEPC + 0.01 wt % HISD (1),
PEPC + 0.1 wt % HISD (2, 4-7), and PEPC + 1 wt % HISD
(3) at atemperature T = 293 (1-3), 307 (4), 324 (5), 331 (6),
and 340K (7).

the dissociation probability of EHP (leading to an
increase in n) due to an increase in the mohility of the
other charge carrier (electron) in a EHP and/or due to
an increase in the probability of photogeneration of
long-lived (triplet) EHPs. Additional investigations
were carried out in order to verify the second assump-
tion.

Figure 4 shows the 9j vs. E dependences plotted for
various values of N. Since §j > 1, we can assume,
according to [6, 7], that predominantly singlet EHPs
are generated in PEPC + Nwt % HISD filmsas aresult
of exposure of the investigated samples to the light of
wavelength A;. However, sincethe value of &j decreases
with increasing N, we can a so assume that an enhance-
ment of the dye aggregation diminishes the difference
between photogenerated singlet and triplet EHPs, i.e.,
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the ratio ny/n, increases. This meansthat an increasein
the EHP dissociation probability with the dye concen-
tration in PEPC is also connected with an increase in
their lifetime, in view of the triplet spin state of EHPs.

In AI-PEPC + N wt % HISD-SnO, samples exposed
to light, the photocurrent first increases to a quasista-
tionary value and then falls to zero when the illumina-
tion ceases. If, however, the sample exposed to the light
of wavelength A, for atimet; isilluminated by thelight
of wavelength A, after atimet,, the leading front of the
current pulse exhibits a peak followed by a decrease to
the quasi-stationary value. The height of this peak can
be used for estimating the concentration M of charges
formed as aresult of illumination by the light of wave-
length A, and participating in photoconduction stimu-
lated by light of wavelength A,. It is important to note
that the strongest effect of illumination by light of wave-
length A, is observed for A; = 633 nm and decreases to
zero upon atransition to A; = 711 nm. An analysis of
the M(t,) curve showsthat it can be approximated by a
simple exponential function with asingle time constant
(3.1%0.2 sfor I, =20 W/m?).

The value of M decreases with increasing t, and
does not depend on E in the time interval t; + t,, but
decreasesto zero if the sample was exposed to the light
of wavelength A, during thetimet,, evenfor E=0. The
M(t,) dependences cannot be presented by a simple
exponentially decreasing function, but the curves
describing these dependences can be approximated in
the M vs. In t, coordinates by straight lines. Figure 5
shows that the slopes of these plots increase with the
HISD concentration. As the value of N increases from
0.01 to 1, the dope of the M(Int,) dependences
increases by afactor of 1.6. The slopesof thegraphsare
independent of E. The measurements of these depen-
dences at different temperatures of the samples in the
range T = 293-350 K (curves 1, 5, and 6 in Fig. 5)
revealed that with increasing T the value of M
decreases, and this decrease is of the activation nature
with an activation energy 0.17 ¥ 0.03 eV. Figure 5 a'so
presentsthe dependences of AK; and AK, onlnt,. It can
be seen that these correl ate with each other and with the
M(t,) dependences.

Thevaue of |5 decreases during theillumination of
the samples; however, if the polymer film is rapidly
heated during or after the exposure, the photolumines-
cenceintensity isrestored. In the case of pulse heating,
therestoration of K; and K, isalso observed, along with
the restoration of I, .

3. DISCUSSION OF RESULTS

Let usreturn to Fig. 2. We proposed earlier that the
nonexponential temperature dependence of j; can be
due to the fact that, after their photogeneration from
HISD, holes are captured in traps in PEPC. The con-
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centration of such traps decreases upon heating, and
they produce a weaker effect on the dissociation of
EHPs. It isremarkable, however, that the value of j, for
small N and E decreases with increasing T. In PEPC-
based AMS, holes are mobile, and the dependence of
the mobility (l,) on E and T can be presented in an ana-
Iytical form [11, 13] similar to (1):

Hp Oloexp(—=(Wo, —BEY))/ (T -ToD), (2

where |, is the hole mobility in zero electric field and
W, isthe activation energy of the hole mobility, which
amounts to 0.62 eV for PEPC [11]. Hence, we can
assume that the drift mobility of holesin weak electric
fields is low and insufficient for the holes, liberated
from the traps in the vicinity of recombination centers
as aresult of heating, to move away from a center and
to avoid recombination. The activation energy for the
liberation of holes from the traps in the vicinity of dye
molecules is smaller than Wy~ BEY? as the tempera-
ture increases, the recombination probability for holes
from the traps becomes higher than the EHP dissocia-
tion probability. With increasing E, the vaue of p,
increases, and the holes liberated as a result of heating
move away from the recombination centers with a
higher probability. Such a mechanism alows us to
explain the observed flattened minimum on the temper-
ature dependences of j; (see Fig. 2). We aso assume
that, as the HISD concentration increases, additional
conditions for the elevation of the EHP dissociation
probability are created. One such condition is an
increasein the EHP lifetime dueto thetriplet spin state.
Indeed, according to the conclusion drawn in [12], an
increase in the quenching effect of an electric field on
photoluminescence (see Fig. 3) can be due to an
increase in the fraction of triplet statesin HISD aggre-
gates, as well as an increase in the ny/n, ratio. The
results of measuring the &j vs. E dependences for vari-
ous N also support this mechanism (see Fig. 4). Thus,
as the aggregation of the dye becomes stronger, the
energy levels of the excited states Sand T of the dye
become closer [14], and the probability of photogener-
ation of triplet EHP from such states becomes higher.

In order to analyze this assumption, let us consider
the features of the formation and relaxation of traps
near HISD in PEPC in greater detail. The results
obtained indicate that nonequilibrium particles absorb-
ing radiation in the visible and near IR ranges are accu-
mulated in the AMS under investigation exposed to
light of wavelength A,. After the cessation of theillumi-
nation, these particles disappear quite slowly. The pho-
toluminescence intensity of dyes varies synchronously
with the concentration of such particles. After illumina-
tion by light of wavelength A, followed by pulse heat-
ing of the samples, the value of | isrestored. Besides,
the excitation of HISD molecules by the light of wave-
length A, accelerates the relaxation of the concentration
of such particles.
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The results of measurements of the M(t,) depen-
dences (Fig. 5) indicate that the exposure to light of
wavelength A, leads to the formation of some bound
states consisting of positively and negatively charged
particles that appear as a result of the photogeneration
of molecular excitons [13]. A decrease in the concen-
tration of such states can be considered by using the
model of recombination of charge pairs with a finite
gpatial distribution over the distance between such
charges[15, 16]. For a pair distribution of charges par-
ticipating in recombination, the changein their concen-
tration is defined as

0

M(to)/ Mo = J'f(r) exp(—u(r)t)dr, ©)

1

where w(r) isthe transition probability rate of aholeto
a recombination center, r, is the smallest separation
between the charges in the pair distribution, and f(r) is
the distribution function of charge pairs over distances.
For arectangular distribution of charge pairs (a hole at
a carbazole core of PEPC and an electron remaining
after the dissociation of an exciton) with distances r,
and r, between the electron and the hole, expression (3)
can be written in the form

M(t))/ Mg = (rp—ayin(vity)/2)/(r,—ry),  (4)

where a,, isthe localization radius of the holeand v, is
the frequency factor of the hole transition during
recombination. According to this model, an increasein
the slope of the dependences with N in Fig. 5 isdueto
adecrease in the width of this spatial distribution. The
latter is caused by the strengthening of bonds between
the chargesin pairs and a decrease in the probability of
diffusion-induced dissociation during their lifetime.
The fact that the charges in these pairs cannot be sepa-
rated through diffusion is aso confirmed by the results
of measurements of the M(t,) dependences for various
values of T (see Fig. 5), since the slope of the M(t,)/M,
vs. Int, graphs does not change with increasing temper-
ature. Since holes are mobile charge carriers in PEPC
and may diffuse over Cz, we can assume that an
increase in N in these charge pairs does not deteriorate
thetransport of charge carriersdueto theintensification
of the dye aggregation, but suppresses the spatial distri-
bution of traps and holes in the vicinity of dye aggre-
gates.

The observed effects of hole trapping and liberation
apparently cannot be explained by the formation of
labile complexes or triplet exiplexes similar to those
formed in PEPC with the cationic dye Rodamin 6Zh
[17], as the relaxation of the formed states in our case
cannot be described by a simple exponential function
(see Fig. 5). The observed effects cannot be described
by the photoliberation of trapped charges, either. The
illumination by light of wavelength A, leads to the for-
mation of trapped holes, which absorb the light of
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Fig. 6. Schematic diagram of the processes of formation and
relaxation of bound statesin a PEPC + HISD film.

wavelength A, and which should participate in the
induced photoconductivity. The peak in the electronic

cz” absorption spectrum liesnear A = 800 nm [18], but
aphotocurrent peak associated with preliminary illumi-
nation by light of wavelength A, is not observed in Al—
PEPC + N wt % HISD-SnO, samples.

The best model of the formation, relaxation, and
effect of traps on photoconductivity can be the model
based on the assumption concerning the trapping of

Cz"" holesin the vici nity of charged fragments of dye
molecules. Thismodel isillustrated in Fig. 6 and sche-
matically shows the processes of formation and relax-
ation of bound states after the dissociation of molecular
excitonsin PEPC with HISD. This diagram can be pre-
sented by the following reactions.

(1) After the absorption of a light quantum with
energy hv, in PEPC and the dissociation of amolecular
exciton, ahole can be trapped in the vicinity of anega-
tively charged dye fragment, leading to the formation

of the bound state (Cz™* A").

(2) Therelaxation of the state (Cz"~ A7) is of the acti-
vation type and is accompanied by the recombination

of Cz"" with the electron remaining after the dissocia-
tion of an exciton. The energy of this activation process

amountsto 0.17 F0.03 eV .

(3) Anincreaseinthe Cz"" concentration leadsto an
increasein the optical density of thefilmsin the absorp-
tion range of these cation radicals and to dye lumines-
cence quenching.

(4) The absorption of alight quantum hv, by a dye

molecule leads to a redistribution of the electron den-
sity init (in Fig. 6, thisis depicted by the transfer of an
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electron e from A-to D*), which in turn causesthe rup-
ture of the bond between the charges in the state

(Cz" " A).

(5) Theliberation of acharge from cz""isfollowed
either by its recombination, or by the generation of a
free hole p* participating in induced photoconductivity.

The same traps also capture the positive charges of
holes in the case of photogeneration of EHP as aresult
of exposure of filmsto light of wavelength lying in the
dye absorption region. Asthe dye aggregation becomes
stronger, the spatial distribution of traps near negatively
charged dye fragments decreases, and the probability of
hole capture by these trapsin an electric field becomes
lower. Thelatter isan additional reason behind the van-
ishing of the shallow minimum on the curves describ-
ing the dependence of Inj; on LT with increasing N
(see Fig. 2). Consequently, we can assume that the con-
formation of carbazole fragments of PEPC in PEPC
films with HISD changes near the negative fragments
of dyemolecules, and trapsfor holesareformed. Asthe
HISD concentration increases, the spatial distribution
of the conformation-type traps becomes narrower. With
increasing temperature, the molecular movement of
PEPC fragments is enhanced, and these traps are
destroyed. When PEPC filmswith HISD are exposed to
light from the absorption range of the dye, photogener-
ation of singlet electron-hole pairs predominantly
takes place. In these pairs, holes are localized at carba-
zole fragments of PEPC and can be captured in confor-
mation-type traps in the vicinity of negatively charged
fragments of dye molecules. As these traps are
destroyed by heating, the lifetime of photogenerated
holes decreases and the probability of their recombina
tion in weak electric fields increases. The aggregation
of the dye is intensified with increasing HISD concen-
tration. Inthiscase, the Sand T states of aggregated dye
molecules become closer. The latter leads to an
increase in the probability of photogeneration of triplet
electron—hole pairs from excited states of the dye. The
lifetime of triplet pairs is longer than that of singlet
pairs, and hence the probability of their dissociation
increases, even in weak electric fields.
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Abstr act—The photoluminescence of Er3* ionsin thin films of amorphous silicon has been studied under con-
ditions of intense pumping. A superlinear increase in the amplitude and a shortening of the photoluminescence
relaxation times are revealed at a pumping intensity above 200 kW/cm?. The data obtained are explained by the
threshold “ switching-on” of the superluminescence mechanism. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Searching for the methods of producing light-emit-
ting silicon-based devicesisan urgent problem of mod-
ern physics. As is known [1], the indirect-band-gap
structure of silicon is responsible for the low probabil-
ity of electron transitions with photon emission. In
principle, there are two approaches. In thefirst of them,
the spectrum of electronic states of Si ismodified at the
expense of the nanostructure formation. These condi-
tions are realized, in particular, in the layers of porous
silicon [2]. In the second approach, the silicon matrix is
doped with luminescence activators, e.g., the ions of
rare-earth elements [3]. Rather attractive optical prop-
erties are inherent in the trivalent ion Er3*, whose radi-
ation occursthrough transitionsin the inner 4f shell and
is characterized by the wavelength A = 1.54 um. The
latter corresponds to the transmission maximum of sil-
icaoptica fibers[4].

Numerous attempts to introduce the Er3* ions into
crystalline silicon were made by researchers (see, e.g.,
[5]). However, the photoluminescence (PL) observed
for Er®* ionswas sufficiently effective only at the liquid
nitrogen temperature, and the heating of samples up to
T =300 K induced practically complete PL quenching
[6, 7].

Much better results were obtained in the case when
Er®* ionswere introduced into the matrix of amorphous
hydrogenated silicon a-Si : H [8]: the effective lumines-
cence at the wavelength A = 1.54 um was observed in
these samples at room temperature upon optical and
injection excitation [9]. A mechanism of the energy
transport from the nonequilibrium electron—hole pairs
ina-Si : H to the Er®* ionswith the subsequent radiative
transition was proposed in [8].

In this work, the intracenter luminescence of Ers*
ionsincorporated into amorphous hydrogenated silicon
(a-Si : HIEr) was studied under conditions of intense

photoexcitation in order to elucidate the possibility of
producing coherent radiation sources. The effect of a
threshold superlinear increase in the intensity and a
decrease in the PL relaxation time was found, the latter
being treated as a result of “switching-on” stimulated
radiation processes (superluminescence).

2. EXPERIMENTAL TECHNIQUE

The technology of forming the a-Si : HIEr[lsam-
ples and the subsequent determination of the hydro-
gen, oxygen, and erbium content were described in
detail in [10]. We note only the use of a combined
sputtering of the silicon and erbium targets and the mag-
netron silane decomposition. Concentrations of Er and O
were 2.5 x 10% and 9.8 x 10 cm 3, respectively. The
samples were prepared in the form of an a-Si : HIEr[
film (thickness h ~ 1 um) evaporated onto a silica sub-
strate.

The sampleswere placed in avacuum of 102 Paand,
prior to the measurements, were heated at T = 520 K for
20 min. The PL was studied either as a function of the
excitation intensity I, at T =300 K, or asafunction of
temperature at a constant value of | ..

Fig. 1. Scheme of the PL excitation.

1063-7834/00/4208-1410$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 2. PL_amplitude spectrum at T = 300 K and lg =
50 kW/cm?.

For the PL excitation, two pulsed-periodic lasers
were used: acopper vapor laser (A, =511 nm, 1, =20ns,
single-pulse energy E; < 25 pJ, pulse frequency v, =
12 kHZz) and a nitrogen laser (A, = 337 nm, T, = 10 ns,
E, <10 pJ, v, =20-100 Hz). Theradiation of each laser
could be focused onto the sample in a spot ~0.5 mmin
diameter (Fig. 1); in this case, the peak intensity Iq.
reached 400-500 kW/cm?. It should be noted that since
v, < v;, the mean radiation intensity of the copper
vapor laser exceeded that of the nitrogen laser by more
than two orders of magnitude.

The PL was recorded on an SDL-2 automated setup
equipped with a Ge photodetector (time constant, ~1 LLS)
and an S-7-12 sampling oscilloscope.

3. RESULTS

For the a-Si : HIErOsamples, the stable PL with a
spectrum typical of Er in asilicon matrix was observed
at T = 300 K. Indeed, the dependence of the PL ampli-
tude (1) on A (Fig. 2) exhibits two maxima, which is
usualy related in the literature to the splitting of the
Er®* ground state in the crystal field of the matrix [11].
The shape of the spectrum virtually did not change
when passing from the excitation with the wavelengths
A, and A,. The PL relaxation was satisfactorily approx-
imated by the exponential law with the effective time
Tp ~ 8 psfor I, < 50 kW/cm?.

Under sufficiently intense laser pumping of the PL,
the thermal factor begins to play a significant role.
Hence, first of al, we measured the dependences of 1.
and tp_ on the sample temperature (Fig. 3). According to
[6, 7], the PL quenching isrevedled evena T > 100 K;
however, a decreasein Ty, isobserved at higher T.

The dependences of 15 and Tp. 0N I, UPON excita-
tion by a copper vapor laser excitation are given in
Fig. 4. Asis seen from the figure, 15 is proportional to
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Fig. 3. Dependences of the PL amplitude |, and relaxation
time Tp, on the temperature for | . = 50 KW/cm?.

loc @ low levels of pumping and reaches saturation at
loc ~ 50 kW/cm?, Similar results were obtained upon
excitation of PL by the radiation of continuous lasers
[12]. However, unlike the datareported in [12], a super-
linear increase in |, is observed beyond the saturation
region as |, increases above 100 kW/cm?.

Changes in the relaxation times of PL with an
increasein |, are of obviousinterest. Asis seen from
Fig. 4, 1p_ isvirtually constant in the region of alin-
ear increase and saturation of 15 . However, at I >
100 kW/cm?, the time 1, abruptly decreases (Fig. 4).

Similar dependences lp (loo) and Tp (lec), except
for the absence of saturation regions, were obtained
upon excitation by anitrogen laser (Fig. 5). Recall that
the mean pumping intensity (responsible for the ther-
mal effects) for the nitrogen laser istwo orders of mag-
nitude less than that of the copper vapor laser. Compar-
ing Figs. 3 and 4, we can assume that, in the case of

PL Amplitude, arb. units PL Relaxation time, s

L1l Ll

10! 10
Excitation intensity, kW/cm2
Fig. 4. Dependence of the PL amplitude |p_ and relaxation

timeTp_ on the pumping intensity upon excitation by acop-
per vapor laser. T = 300 K.
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using the latter laser, a horizontal portion of the depen-
dence I p (1) IS caused by the sample heating. Appar-
ently, the saturation observed in this dependencein the
case of acontinuous laser has asimilar nature [12].

4. DISCUSSION

A superlinear increase in the PL amplitude followed
by a simultaneous decrease in Tp_ IS connected, in our
opinion, with a threshold “switching-on” of the PL
amplification through stimulated processes [13]. At a
certain level of excitation, the inverse population of the
levels 1,5, and 4,5, of erbium ionsis realized and the
medium possesses an optical gain.

The volume of a medium, which is occupied by the
active Er®* ions, will be modeled as a layer with thick-
ness h and length L. This layer is extended along the x
axis (Fig. 1) and filled by two-level atomswith the con-
centration n. Let a and b be the upper and lower energy
levels of the signal transition of an atom, respectively,
and w,, isthe frequency of transition between theselev-
els. The permittivity of the layer (€' = 12) islarger than
that of the substrate (g, = 2.2). Since, from above, the
layer borders the vacuum and h is of an order of the
radiation wavelength, the layer forms a dielectric pla-
nar waveguide [14]. For the lowest waveguide modes,

the longitudinal wave number k = w./e'Ic.

The radiation field inside the layer will be specified
in the form of traveling wave

E(x) = Eo(x 1)
x exp(—iwt —kx) + complex conjugate,

(D)

where Ey(X, t) isthe slowly varying field amplitude that
is averaged over the cross-section of the waveguide.
The equation for the radiation intensity inside the

waveguide (I, = ¢*€'E5/2m) has the form

Ol , Ple _ " fle
St +cC I - —4ma (A)Ip|_+Dat ELp’ 2

where c* = c/(g)V2 isthe velocity of light in amedium.
The imaginary part of the resonance (w = wy;,) polariz-
ability of the activeionsis given by

a" = —2D=—qyD, ©)

where dy, is the matrix element of the transition
between the operating levels, T, is the relaxation time
of the active medium, D = p,, — Py, IS the difference
between the popul ations of the upper and the lower lev-
els (P + Py = 1), A isthe Planck constant, and nisthe
concentration of the active ions. The term ~a" in rela-
tionship (2) describes the stimulated radiation, and the
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source of spontaneous radiation is expressed by the for-
mula

I _
g)a—?gs = 2d0henTIi(D +1), @
p
where T, istheradiative lifetime of the upper operating
level.

The equation for the population difference under the
condition T, < T, hasthe form

D 1ip+1) = -

I lp D. (5)

At theinitial instant of timet = 0, the signal transition
is assumed to be inverted; i.e., D(t = 0) = D(0), and
0<D(0) =<1

A set of equations (2) and (5) describes the forma-
tion of the superluminescence pulse in the distributed
medium of the initially inverted two-level atoms.

With the condition L < ¢*T;, relationship (2) can be
replaced by the simplified equation

Olp

3t —4ma"wlp + la (6)

+Yelp =

[
where the term with the constant yz = (1 — R)Cr takes

into account the exit of the radiation beyond the limits
of the operating volume. (1 — R is the effective trans-
mission coefficient of the “resonator” walls).

Under the condition yz > T;* from expression (6),

with allowance madefor (2) and (4), we have in the adi-
abatic approximation that

. chonT/(D+1) _ g @
" 2yg(1-pD)  (1-BD)’
where coefficient B = 4rag| wyg > 0, and I, specifies
the intensity of the spontaneous PL in the operating
volume. Formula(7) definesthe excess of the PL inten-
sity above the level of the spontaneous PL due to a
stimulated radiation (superluminescence).
Substituting (7) in (5) gives the equation of the
kinetics of the population difference for superlumines-
cence

(D+1)
T 8
T.(1-BD) ©
Equation (8), together with (7), describes the kinetics
of superluminescence intensity.
Integration of equation (8) for the PL decay time Ty
(defined as a time for which the initial value of the

upper level population decreases etimes) yieldsthefol-
lowing expression:

Tp = T1(1-BD(0)). 9

oD/ot =
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Fig. 5. Dependence of the PL amplitude |y and relaxation
time tp_ on the pumping intensity upon excitation by a
nitrogen laser. T = 300 K.

A characteristic value of the initial inversion, at which
the stimulated radiation becomes significant, can be
evaluated from the condition BD(0) = 0.1. Neglecting
the dependence of n on the pumping intensity (i.e., on
D(0)), we get the estimate

0.1AT5 Ve

D(0) =
; andZ,0

(10)

Substitute the known numerical valuesin formula (10):
L =5 x 102 cm? and (¢')V2 ~ 3.5, then ¢* ~ 8.6 x
10° cm/s and vz ~ 10%° s; moreover, we use n =
10°cm3, T,~ 10 s, and w = 1.2 x 10'® s, Accord-
ing to [15], the dipole moment of transition d, = 5 x
102! CGSE (forbidden transition). Then, from formula
(20) for the characteri