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Thermal gradients were induced in bismuth films (5.5 um thick) by =5-nsec laser pulses of
moderate intensity ( <3X 10° W/m?) under an applied magnetic field. The temporal evolution of
the thermal gradient, when predicted by the heat-diffusion equation, does not correlate with the ob-
served temporal evolution of the laser-induced thermomagnetic potential in the films. A new source
term is introduced into the equation given by the electrons optically pumped to a metastable band.
Agreement between experimental results and theoretical prediction is obtained. Estimations of the
lifetime and the energy of the metastable band are given as well.

I. INTRODUCTION

Interest in studying the thermal gradient induced by a
laser pulse in metallic films is well known. Many physical
phenomena are induced by thermal gradients or by a
combination of thermal gradients with electric and mag-
netic fields. Thus if a conductive film is irradiated with
laser pulses and, simultaneously, a magnetic field is ap-
plied along the film, a transverse voltage is generated in
the film. This is a typical thermomagnetic effect. Trans-
verse voltages are also produced in certain deposited me-
tallic films upon laser irradiation. These voltages have a
thermoelectric origin. In both cases, the generated po-
tentials should be proportional to the instantaneous
thermal gradient in the material. We will designate these
types of phenomena as either thermomagnetic and ther-
moelectric potentials to specify if they are induced with
or without a magnetic field applied along the film.

The heat-diffusion equation has been often used to cal-
culate the thermal distribution produced by laser pulses
in surfaces! and in thin films.> In several works indirect
evidence exists that this equation gives rise to correct pre-
dictions. Some authors point out limitations to its appli-
cability in the case of pulses of very high intensity,
I>10" W/m?? In the case of ultrashort pulses (on a
time scale of hundreds of picoseconds) it seems necessary
to consider the electrons that are unthermalized with the
lattice.* However, when the pulses’ temporal width is in
the nanosecond time scale and the radiation intensity is
moderate, it has been experimentally shown that the
heat-diffusion equation predicts the temporal evolution of
the induced temperature in a silver surface.’

In other cases the predicted thermal gradient produced
by laser pulses with durations of the order of tens of
nanoseconds is in agreement with the observed temporal
evolution of the light-induced potentials in the films. The
use of the aforementioned equation in these cases is
justified. Thus it has been found that laser-induced ther-
moelectric voltages in thin Mo films correlate extremely
well with the time-dependent average normal tempera-
ture gradient as determined by computer simulation.® In
Ref. 7 the thermomagnetic potential generated in 0.2-um
Bi films reproduces the shape of the laser pulse. This re-
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sult is consistent with the predictable temporal evolution
of the thermal gradient in a film with a low Fourier num-
ber F(F <1):
—__d Kk
(a At)/?’ pe,

where d is the film thickness, At is the temporal width of
the pulse, and a is the material’s thermal diffusivity,
where K, is the thermal conductivity, p the density, and
¢, the specific heat.

Nevertheless, we have found in Bi films, with
thicknesses between 0.15 and 0.35 pum, behaviors of the
thermomagnetic potentials induced by 17-nsec laser
pulses which did not correlate with the foreseeable tem-
poral evolution of the thermal gradient. Those films
showed a remarkable classical size effect.®

The aim of this work is to study the experimental and
theoretical behavior of the temporal evolution of the
thermal gradient induced by laser pulses in thick Bi films.
This temporal evolution is studied by observing the po-
tential generated in the films when they are irradiated un-
der an applied magnetic field. When a thermal gradient
exists in a conductor and a magnetic field is applied, an
electromotive force is generated in the conductor. The
field thus produced is perpendicular to both the magnetic
field and the temperature gradient and it is expressed as

Exg=OneBXVT ,

where Qng is the known Nernst-Ettingshausen
coefficient, B the magnetic field, and VT the thermal gra-
dient induced by the laser pulse. In our setup the poten-
tial generated in the film is proportional to the field Exg
and the thermal gradient is proportional to the light in-
tensity. Since the coefficient Qyg is a function of the
magnetic field intensity and some parameters of the ma-
terial, the temporal evolution of VT can be followed by
studying the temporal evolution of the thermomagnetic
response of the film. '

The experimental results deviate from the calculated
temporal evolution of the thermal gradient using the
héat-diffusion equation. This deviation can be explained
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by taking into account the role played by the electrons
optically pumped into a metastable band.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation and characterization

Films were grown on glass substrates by vacuum eva-
poration (107° Torr) of 99.9999%-pure Bi. Before eva-
poration the substrates underwent a standard process of
ultrasound cleaning. The film thickness was controlled
by a quartz-crystal monitor during evaporation and later
confirmed by a surface-profile analyzer. 5.5-um samples
were evaporated at room temperature (300 K). The es-
timated deposition rate was 230 A/sec. Electrical con-
nections were made with silver paste. The films’
configuration on the glass substrate, as well as the design
of the support connections to extract the electrical signal,
are shown in Fig. 1. The films were circular, having a di-
ameter of 3.5 mm. The dc electrical resistance of the
samples was about 1.2 ().

Films grown with a deposition rate between 50 and 100
A /sec under identical conditions, having thicknesses be-
tween 0.08 and 0.09 um, were analyzed by electron-
transmission microscopy. The films had a microcrystal-
line structure, the trigonal axis being perpendicular to the
substrate and the binary axes being randomly oriented.
The grain size was of the same order of magnitude as the
film thickness.

B. Measurement system

Q-switched and polarized output from a neodymium-
doped yttrium-aluminum-garnet (Nd-YAG) laser was
used for irradiating the films. A typical impinging laser
pulse had a temporal width of ~5 nsec and an energy of
=~0.2 mJ evenly distributed on a 15.2-mm? section where
the sample was placed. Thus the radiation intensity was
below the limit 10'° W/m?.

The sample was placed between the pole pieces of an
electromagnet and held by a positioner which allowed for
adjustment between the laser beam and the film, and
parallel adjustment between the magnetic field and the
film. The light-polarization plane was perpendicular to
the magnetic field (see Fig. 1).

A beam splitter was used to divide the laser beam. The
first of these beams was detected by a < 1-nsec-risetime
photodiode to be used as a monitorizing signal. This first
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FIG. 1. 1, Bi film; 2, glass substrate; 3, Ag paste; 4, Cu elec-
trical contact; 5, isolator.

B
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beam was also used to synchronize a transient pro-
grammable digitizer. The second beam fell on the surface
of the film. The electrical potentials generated in the film
were registered in the transient programmable digitizer,
its 3-dB bandwidth being 400 MHz. After having syn-
chronized the oscilloscope trigger, the first signal was
registered with a preestablished delay on the same scan as
the pulse generated in the film. The sample was directly
linked with the oscilloscope through a BNC connector.
All the electrical lines were impedance-matched at 50 (.

III. RESULTS

Two films grown under identical conditions were irra-
diated at room temperature with an energy density of
~13 J/m®. For Bi, ¢, =125.4 J/kgK, K,=8.4 W/mK,
p=9.747X10° kg/m>, % and the absorptlon coefficient (at
1.06 um) is 0.33.° Then, with the mentioned irradiation
energy, the increase in the average film temperature is
about 1 K. The applied magnetic field was varied from
0.5t01T.

A typical laser pulse and the corresponding induced
thermomagnetic pulse are shown in Fig. 2. As was dis-
cussed in a previous work,'! a long fall time of the ther-
momagnetic pulse was foreseeable due to the high value
of the Fourier number of the film (F=30). Identical
responses were obtained with both films. The temporal
profile of the thermomagnetic pulse was independent of
the magnetic field intensity.
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FIG. 2. (a) Experimental laser pulse. (b) Curve a, experimen-
tal thermomagnetic film response, the magnetic intensity being
1 T; curve b, theoretical result using Eq. (1); curve ¢, theoretical
result using Eq. (6).
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IV. THEORETICAL INTERPRETATION

The average thermal gradient can be calculated with
the heat-diffusion equation and the boundary conditions
used by Katrich and Kuz’michev.” With these conditions
the substrate conductivity is neglected since it is much
lower than the Bi conductivity.

The thermal power per unit of volume entering the film
is the source term in the heat-diffusion equation and it
can be written

¢ =doe PV f(7), (1)
bo= lad )
0 4 _§(x/d) ®
At fo e dx fo flrdr

N
P 2 — — — — n )
gradT_ ¢o 2[ "—1][1—(—1) ]fT

(1+x2)v:

where y,=nw/F and x,=nw/5. The temporal profile
of the excitation pulse is approximated by the function

0, 7<0
f(r)={l—cos(mrr), 072 (5)
0, v>2.

If we now substitute the experimental parameters of
the registered laser pulse [Fig. 2(a)]— W, =14 J/m? and
Ar=5.5 nsec—and the following values for Bi—
F=28.3 and x; =192 A (Ref. 10)—we have the solution
drawn in Fig. 2(b). The solution thus obtained has a fall
time much shorter than that of the corresponding regis-
tered thermomagnetic pulse. In Fig. 2(b), theoretical
curves have been normalized to the maximum of the ex-
perimental curve.

A possible interpretation of this result could be that
the thermophysical properties of the film are different
from the bulk properties for which the values used in this
work apply. In order to fit the theoretical thermal
response to that experimentally observed, the parameter
K, should be 0.013 W/mK. The size and interfacial
effects influencing K, and ¢, have been studied in Bi.
These studies have been carried out on films with
thicknesses of several thousands of A, where these kinds
of effects are relevant.!>”'* The lower experimental value
found in Bi for K, is 2.5 W/mK (at 300 K and for a 280-
A film),? ie., 2 orders of magnitude higher than the
value needed to fit the experimental results. Since k, and
¢, influence the temporal evolution through the ratio
(K, /c, )!72, the same arguments apply for the parameter
Cp- In fact, it can be assumed that the behavior of Bi
films that are so thick is very similar to that of bulk ma-
terial.!> 1

Another possible interpretation could be that the
thermal gradient does not follow the behavior predicted
by Egs. (1) and (3).

As we have previously pointed out, we think that laser
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where 6=d /x; and 7=t /At; x; is the attenuation dis-
tance of the laser radiation in the material, f(7) is the
temporal profile of the laser pulse, A4 is the absorption
coefficient, and W, is the ratio E, /s, where E, is the
laser-pulse energy and s the beam cross section. Thus the
heat-diffusion equation becomes

aT 3*T
+K,—= . (3)
p at ¢S Kl ax2

Averaging across the thickness, the thermal gradient ob-
tained when solving (3) is

+f(: ”dfdk

radiation can greatly alter the population density of an
upper state by optical pumping through a direct transi-
tion from the valence band to an excited band. The in-
crease of population in this excited band was estimated to
be An ~4X10?* m 3 with the same irradiation energy.'!
This increase is even larger than the carrier density in the
conduction band of Bi.!”

Bearing in mind all these points, it is reasonable to
think that the thermal gradient does not follow the tem-
poral evolution predicted by the model used. This model
assumes the thermalization of electrons in the conduction
band on a subnanosecond time scale. In Bi there is some
evidence of the existence of a band with the absorption
edge for optical transitions located at about 0.3 eV (Ref.
18 and 19) and the absorption maximum at 0.6 eV (Ref.
20) both above the Fermi level.

Since the energy of 1.064-um photons is about 1 eV,
the radiation pulse can excite electrons from the valence
band to the mentioned band via direct optical transitions.
These excited electrons will transmit a part of their ener-
gy to the lattice in a quick nonradiative relaxation pro-
cess, occupying afterwards the levels which are closest to
the band edge. The rest of the energy will be liberated in
a recombination process which would presumably take a
time on the order of nanoseconds. If this recombination
is carried out through nonradiative channels, the thermal
energy will be liberated during the time needed for the
process to occur. This could explain the maintenance of
the thermal gradient for a much longer time than that
predicted by the heat-diffusion equation with the source
term given by expression (1). Besides, it is necessary that,
during the recombination time, the valence-band holes do
not spread excessively. In this way the thermal energy
during recombinations would enter basically with the
same spatial distribution of the incident radiation. Since
Bi holes have very low mobility, the condition mentioned
last can be assumed.

With this model (see the Appendix), the source term in
Eq. (3) would be
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E T —S _ At(r—1")
(r)=dge 3D | 11— —" | f(r)+——8 At (e ™ dr' |, 6)
(1) =0y e Dt S [

where hv; is the photon energy, S,, the recombination
probability per unit of time, and E,, the average recom-
bination energy.

The best fit to several experimental registers were ob-
tained with values for E,, between 0.56 and 0.62 eV and
for S, ! between 11 and 14 nsec. In Fig. 2(b), curve ¢, the
fit to the experimental register [Fig. 2(b), curve a] was ob-
tained with the parameters E,, =0.62 eV and S,,'=14
nsec. The tail of the theoretical pulse immediately after
the maximum lies below the experimental data. We attri-
bute this misfit to the fact that the experimental fall time
of the laser pulse is 3 of the rise time, and the function
f(7) is symmetric. The energy E,, thus obtained agrees
with the value given by Lenham et al.?°

The peak of the average thermal gradient calculated
with Eq. (6) is 1.6 X 10 K/mm. This result is almost
half of the value calculated with the source term given in
Eq. (1).

In the case of thin films, the diffusion length covered by
holes during the recombination time could be larger than
the film thickness. Therefore, in these films, the recom-
binations would be carried out uniformly and they will
not affect the temporal evolution of the thermal gradient
appreciably. This fact thermomagnetic potentials follow
the temporal evolution of the radiation intensity in thin
films. On the other hand, in the case of thick films the
light temporal evolution will be also reproduced by the
thermomagnetic potential if the film’s Fourier number is
less than unity and the temporal width of light pulses is
larger than S, !.2!

V. CONCLUSIONS

We have found some discrepancies between the tem-
poral evolution of the thermal gradient predicted by the
heat-diffusion equation and the temporal evolution of the
thermomagnetic potential generated in Bi films by such a
gradient. This disagreement, bearing in mind our condi-
tions of light intensity and laser-pulse temporal width,
was not expected to appear. However, the heat-diffusion
equation can always be applied, provided the additional
source term given by the electrons optically pumped to
metastable states in Bi is taken into account. The max-
imum of the thermal gradient thus calculated is quite
lower than that obtained without this additional source
term.

Moreover, with this interpretation we confirm the ex-
istence of a metastable band in Bi. The energy found for
this band is in good agreement with that deduced from
dispersion measurements by other authors and it lies be-
tween 0.56 and 0.62 eV. The recombination time for this
band is found to be between 11 and 14 nsec.

As far as we know, this is the first time that a metasta-

[

ble state has been detected through the dynamic thermal
response of the solid. This, in principle, would represent
the introduction of a new technique for detection and
measurement of metastable states that decay nonradia-
tively in solids.

APPENDIX

In the case of optical pumping of electrons by laser ra-
diation, the power entering the film, Eq. (1), is employed
in generating holes in the valence band with a spatial dis-
tribution proportional to e “*/4), This is done by excit-
ing electrons to short-lived levels located at an energy
hv; above the Fermi level. Electrons will decay nonradi-
atively from these levels to a long-lived (metastable) band
without sufficient time to spread appreciably (see Fig. 3).
During this process, electrons will dissipate a thermal en-
ergy per unit of volume which will be spatially distribut-

ed as e “%*/9) and which can be expressed by the source
term
_ _ Em
¢, = |1 v, s (A1)

where E,, is the energy of the metastable states above the
Fermi level in the valence band.

The number of electrons decaying to the metastable
band per unit of volume and per unit of time will equal
¢, /hv;. Due to the low mobility of holes in Bi, the spa-
tial distribution of the valence-band holes will not change
appreciably during the recombination time of the elec-
trons stored in the metastable band. Then the rate equa-
tion for the metastable band population n,, will be

dn ¢
m S
—= -8, n (A2)
dt  hv, mem
short-lived band
; metastable band
hv B
E
m
—_— valence band

FIG. 3. Energy-level diagram showing the optical pumping
of electrons and the subsequent transitions.



10 376

where §,, is the nonradiative-transition probability or
recombination rate of the metastable band electrons.
Then the population n,, may be expressed as

_rt ¢5 —(=r)s, .,
n,(t)= fo the dt’ .

(A3)

The thermal power per unit of volume produced dur-
J
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ing this recombination process is a second source term
and it is given by

_ T e N (S O
¢,,,-SmnmEm—S,,,71;L— fo b.e dt', (A4)

so that the new source term to be included in the heat-
diffusion equation is

Em Em t —(t—=1)s,, ,
b= +,= [‘“;va bt S [ b dr
. —8(x/d) m Em T , "Sm At(r—1") ,
=dye 1— f+=—"-5,At [T f(r)e dr | . (A5)
hv; hv; 0
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