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Transient photoimpedance responses (TPR) of nobium thin films are examined in the normal, transi-
tion, and superconducting states. The nobium sample’s impedance is modulated by the photoabsorption
of 300-fs, ~2-eV laser pulses with 0.002—1 uJ fluence. The samples, biased with a dc current, exhibit
transient voltage signals corresponding to the photoinduced impedance transient. The TPR-signal am-
plitude and temporal dependence are analyzed in terms of the electron-photon, electron-phonon,
electron-electron interactions and phonon trapping. Data interpretation is facilitated by comparing
measurements of the TPR signal in all three states. Typically, the normal- and transition-state TPR sig-
nals are bolometric and are a manifestation of resistive impedance changes. At low laser fluences and in
the zero-resistance superconducting state, the TPR signal is primarily due to kinetic inductance changes
produced by the nonequilibrium quasiparticle generation and recombination processes strongly
influenced by phonon trapping in the sample. At higher fluence, the niobium samples undergo tem-
porary phase transitions that lead to more complicated TPR-signal responses, which we also analyze.

I. INTRODUCTION

Nonequilibrium properties of superconductors have re-
ceived much experimental and theoretical attention.
Such research is expected to provide a better understand-
ing of the superconducting mechanism and also facilitate
the application of these materials. Understanding none-
quilibrium phenomena in superconductors requires study
of the interactions in a coupled three-component sys-
tem"? of quasiparticles, Cooper pairs, and phonons.
Conventionally, these interactions are studied by observ-
ing the relaxation of induced nonequilibrium distribu-
tions toward the thermal equilibrium distribution of
quasiparticles, Cooper pairs, and phonon. The relaxation
process is very complicated’ and involves different time
constants which includes (1) inelastic scattering of quasi-
particles by electron-electron (7, ) and electron-phonon
(..pn) interactions, (2) quasiparticle recombination ()
into pairs, (3) quasiparticle generation by phonon-
induced pair breaking (73), (4) phonon decay® by
diffusion into the environment ('ry), and branch mixing
(Tg). Macroscopically, these relaxation processes mani-
fest themselves as the temporal dependence of the
Cooper-pair density n(¢), the order-parameter time con-
stant (7,), the value of the order parameter A(t), and the
quasiparticle chemical potential p1,(z). Much has been
written on the subject®* and the focus has been primarily
on conditions near thermal equilibrium under low-energy
excitations.” Larger deviations from the equilibrium
state are represented by using an effective chemical poten-
tials®~® (u* model) or an effective temperature® (T* mod-
el). Thus far, inconclusive agreement exists between ex-
perimental results and the theoretical T* or u* models.

Two tunnel junctions connected in tandem is the prin-
cipal device structure used to study nonequilibrium in su-
perconductors. One tunnel junction is used to produce
the nonequilibrium conditions by electrically injecting
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quasiparticles into the inner superconducting layer, and
the second junction is used to measure the branch imbal-
ance'®”'* lifetime 7, within this layer.

The aforementioned methods'®~!2 only induce a quasi-
particle branch imbalance are not representative of opti-
cally induced nonequilibrium. Testardi!® recognized that
photoabsorption in a superconductor generates excess
quasiparticles without a branch imbalance. With a
sufficient optical generation of quasiparticles below T, a
transition occurs from the zero-resistance superconduct-
ing state (ZRSS) into a resistive superconducting state
(RSS). The RSS occurs below T, when photoabsorption
temporarily reduces the sample’s critical-current capacity
below the dc bias current. The observed resistance of the
optically induced RSS gradually increases with light in-
tensity from zero to the normal-state resistance thereby
forming’ a nonequilibrium resistive superconducting
state wherein the normal and superconducting regions
coexist. Photodepairing also causes a reduction of the or-
der parameter’ A and changes in the quasiparticle’s
chemical potential p1,,.

Unlike the RSS measurements,”!’ Gittleman et al.'
measured the quasiparticle lifetime, 74, in a ZRSS near
T,, where small changes in the quasiparticle population
cause significant changes in the sample’s kinetic induc-
tance. When a superconductor near T is exposed to an
ac electric field, it exhibits a frequency-dependent im-
pedance related to the condensate’s density and to the
quasiparticle’s lifetime.!”" 13

In this paper we present results on the nonequilibrium
relaxation in Nb made with a transient photoimpedance
response method.’® Unlike the techniques,'®” !¢ these
measurements were made in the normal, transition, and
superconducting states. The synergism of having data
from these three states results in better data analysis and
interpretation.

The measurements above, at, and below T were all
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FIG. 1. TPR experimental setup includes sample inside a
cryostat, microcoax, and bias T, and the Hypers oscilloscope.
Inset illustrates the connection between the sample and the mi-
crocoax. The experiment’s equivalent circuit has the sample
(AZ) dc biased by I, through a contact resistance (R:) and ac
coupled to the oscilloscope [ H(2)]. The oscilloscope input sig-
nal E (1) is modified by H,(¢) to yield EX_(1).

made the same way. At and above T the samples were
resistive and below T the samples before photoabsorp-
tion were in the ZRSS. The wide bandwidth (70 GHz)
and excellent sensitivity (50 uV) of the experimental setup
(see Fig. 1) facilitated data taking. The Nb samples
formed an electrical short across the end of a microcoax
illustrated in Fig. 1. A dc bias current (1-150 mA)
flowed through the samples during measurements. Ex-
posing the samples to a 300 fs =2 eV laser pulse (2 to uJ)
produces transient in the sample’s impedance which ap-
pear as a transient voltage signal. In this paper, we de-
scribe and interpret the TPR signals observed between 6
and 200 K on a Hypers oscilloscope.

II. NORMAL-STATE PHOTORESPONSE

A. Experimental data

The normal-state TPR signal from Nb has been exam-
ined in terms of rise time, decay time, and amplitude.
The normal-state TPR signal from Nb is similar to the re-
sults obtained from?>?! YBa,Cu;0,. We find that the
normal-state TPR signal is consistent with a bolometric
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FIG. 2. Photoresponse at 140 K of a 20-nm Nb film on an
Al,O; substrate biased with 200 mA dc current and exposed to
1.31 pJ of laser fluence. The sharp rise corresponds to rapid
heating of the Nb by electron-electron and electron-phonon
processes. The slow decay portion corresponds to cooling with
the phonon escaping into the substrate.

response and is not anomalous?? if the specific heat of the
niobium energies is taken into account. Typically, the
TPR signal exhibits a sharp positive rise (< 40 ps) fol-
lowed by more gradual (> 500 ps) decay back to the
equilibrium resistance (see Fig. 2). The decay slope for
several Nb films studied, listed in Table I, is plotted for
three films in Fig. 3. Very little temperature dependence
is observed between 40 and 200 K. The thinner Nb film,
No. 3, does indicate a trend toward a faster decay slope
than the thicker Nb films, Nos. 2 and 4. No dependence
of the decay slope on the substrate material is observed.
The photoresponse amplitude, normalized by the laser’s
fluence, is plotted in Fig. 4 and is representative of the
films studied. Typically, the photoresponse amplitude in-
creases as the temperature decreases.

Interpretation of these data requires examination of
the temporal and amplitude characteristics of the TPR
signals in terms of the thermalization processes inside the
Nb samples. Previously,'? it was demonstrated that the
TPR signal, in the normal state, corresponds to the resis-
tive photoinduced impedance transients revealed by the
dc bias current flowing through the sample. According-
ly, the normal-state data analysis is based on resistive
transients in the sample’s impedance.

B. Temporal dependence of the normal-state TPR signal

The temporal dependence of the TPR signal is a mani-
festation of the thermalization process initiated with the

TABLE I. Characteristics of niobium samples used in this experiment.

Ap.

AT
Sample and ATc p (300 K) p (T¢) d Ry(T¢e)  Agi(0) Deposition uf) cm/K
number Te (K) (mK) ufdecm ufdlcm (nm) (Q) (fH) Substrate  method T>Tc
Nb 1 9.2 <50 16 0.5 40 0.023 10 LaAlO, dc sputtered 0.057
Nb 2 9.2 <50 16 0.5 40 0.023 10 Al,O, dc sputtered 0.057
Nb 3 8.9 <50 16 0.9 20 0.083 20 Al,O4 dc sputtered 0.055
Nb 4 9.2 <50 16 0.5 40 0.023 10 LaAlO; dc sputtered 0.057
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FIG. 3. The TPR-signal decay slope plotted for three Nb
films: M, No. 3; 0, No. 2, and A, No. 4. The decay slope shows
very little temperature dependence between 40 and 200 K.

photoabsorption of a subpicosecond laser pulse. The
thermalization process has been grouped into four re-
gimes: (1) electron-photon interaction, (2) electron-
electron interactions, (3) electron-phonon interactions,
and (4) phonon escape form the thin film into the sub-
strate. The TPR-signal amplitude and fast risetime are a
manifestation of the speed of the first three regimes and is
described below.

Initially, each 300-fs laser pulse is absorbed®® in Nb by
photoexciting electrons about 2 eV above the Fermi sur-
face (Er). The fast photoabsorption step ( <10~ ' s) is
followed by thermalization®* occurring first by electron-
electron interaction (7,, ) and next by electron-phonon in-
teraction (7). These time constants’®? 7, and 7,
are, proportional to (1/¢?) and (1/Q°) respectively,
where € is the electron’s excess energy above Ep and #(}
is the maximum energy of the emitted phonons.?*
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FIG. 4. Photoresponse of Nb thin-film sample No. 3 showing
good agreement between measured and calculated pho-
toresponse based on a bolometric model.
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These equations are valid for ~10(k®p)>¢e>kT and
#Q>kT and the energy terms are all expressed in
electron-volt units. The constants?® (h/e), B, and £(3)
are, equal to 4.2X 1075 Js/Coulomb, 0.5, and 1.2, re-
spectively. The other variables in Egs. (1a) and (1b) are
the following: Py represents the momentum at the Fermi
surface, g, represents the Debye phonon momentum u,,
represents the longitudinal phonon velocity, and « (Ref.
26) represents the Thomas-Fermi screening momentum.
For normal metals®® we estimate k~ Py and ppu, ~k®p.
Numerical values for (1a) and (1b) (Debye temperature?’

(1b)

®,=276 K, Ep=5.32 eV, acoustic velocity”’
u,=5.32X10° m/s) are
-15
o = 27X10 ~ iO s, (2a)
€
1.8x10°"
Toph=— -7 (2b)
R a0y

These expressions [(2a) and (2b)] reveal very short (10712

s) interaction times for electron-electron and electron-
phonon processes. Thus, within a very short time, the
photodeposited energy is converted into phonons. The
TPR-signal short risetime is consistent with these calcu-
lations especially when the effects of the 70-GHz oscillo-
scope bandwidth and the 12-ps external trigger jitter are
included."

The decay slope of the TPR signal is typically much
longer than the short rise time and is independent of the
substrate material. This decay slope corresponds to a
thermalization process and depends on the phonon es-
cape time constant from the film into the substrate, 7.
Little’® and Anderson,? using only low-energy acoustic
phonons, described an 1deal model for this process. Us-
ing such a model, Kaplan® provided the relationship for
the escape rate in terms of the phonon escape probability
from the film into the substrate 7, the phonon’s velocity
u,,?" and the film’s thickness as

4d
Tes=— .

=" nu, (3)
The acoustic transmission probability from Nb into
Al,O; is calculated to be about 7=0.25. For a 40-nm
(20-nm) Nb film, the escape time 7, calculated is ~ 120
ps (60 ps). These calculated values are a factor of 4 small-
er then the measured values at higher (T > 40 K) temper-
atures as evident in Fig. 3. This underestimate indicates
the nonideal interface between the film and the substrate.
Ideally, the interface should exhibit a thermal resis-
tance®® 3132 proportional to 1/7T3 with the phonon escape
time constant expected to follow a similar trend. It is evi-
dent from Fig. 3 that this is not the case for Nb and is
similarly observed®®3* for YBa,Cu;0,. The temperature
independence of the normal-state decay time constant in-
dicates that, at higher temperature (T > 40 K), the pho-
non wavelength is sufficiently short>* (< nm) to be more
sensitive to interface defects and hence no temperature
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dependence is observed. However, it should be noted
that, in this experiment, the phonons were generated
from thermalization of hot electrons and thus, typically,
their expected wavelength is shorter than expected of
thermal equilibrium phonons. Consequently, the mea-
sured decay slope is expected to have no temperature
dependence (as does the ideal acoustic model with a 1/7°>
boundary-dependent resistance) and this is expected to
persist for measurements even at lower temperatures.
Overall, the decay time constant is consistent with
thermal response as is corroborated from examining the
TPR signal’s positive amplitude.

C. Photoresponse amplitude in the normal state

The thermalization process of a 2-eV photoexcited
electron is fast (< 40 ps) compared to the phonon escape
time from the film into the substrate. Thus, at the TPR-
signal peak amplitude, all the energy from the hot elec-
trons has been transferred to phonons. As will be shown,
the TPR-signal amplitude is consistent with a change in
the sample resistance produced by heating of the sample
by AT degrees with the laser-pulse energy.

The normal-state photoresponse 72(7T) normalized by
the laser’s fluence L (uJ) can be expressed as

r
11’_2

|2 |_ouse AT ap(m)
2md r

d LuJ) aT

R(T) 4)

where 7, ~0.82 mm and r, =0.026 mm are, respectively,
the inner radius of the microcoax shield and the radius of
the center conductor. The rise in the film temperature
(AT) is expressed in terms of the film’s relevant volume
(V), the optical absorption?’ length (a), the laser beam
cross section (A4;), the sample cross section (A4g), the
sample specific heat®> C(T), and the optical reflection
coefficient (T',,=0.5) as

ar=Lw) _As

A, C(T)V[l——exp(—ad)]Top . (5)

Combining Egs. (4) and (5), the photoresponse amplitude
is expressed as

0.107 1—exp(—ad) Top 3p(T)
d C(T) v 3T

We have substituted for 4; ~0.038 cm” and A4g~0.022
cm? to obtain Eq. (6). The value of the remaining terms
in Eq. (6) have been obtained from experimental measure-
ments on the film’s resistivity. Typically the Nb samples

R(T)= (6)
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have a room-temperature resistivity (16 £Q cm) indepen-
dent of film thickness. However, the resistivity ratio,
rrr =p(300 K)/p(10 K), is larger for the thicker samples.
For 40- and 20-nm thick Nb films, the rrr 18 27 and 17,
respectively, with the resistivity decreasing linearly with
temperature between 300 and about 25 K (see values in
Table I). Between 25 and 10 K the change in the Nb film
resistance is much smaller (5X ) than between 25 and 300
K. At T, a sharp change (AT, <50 mK) occurred as
the films became superconducting. Between 25 K and
T, the Nb film resistance is dominated by surface and
impurity scattering. Using these temperature-dependent
resistivity values (see Table I) and the published values
for the specific heat® and the optical absorption®® () for
Nb, comparisons are made between calculations and ex-
perimental measurements.

Figure 4 compares the measured and calculated pho-
toresponse amplitudes. The calculated points in Fig. 4
were obtained assuming the bolometric model [Egs.
(4)-(6)] and good agreement is obtained between experi-
ment and calculations. Similar plots and good agreement
is obtained for the other Nb films listed in Table I. In all
cases the agreement between the calculated and measured
values were typically within a factor of 2 with the worst
case being a factor of 4. Such reasonable agreement be-
tween the measurements and calculations is strong sup-
port for the bolometric photoresponse.

III. TRANSITION-STATE PHOTORESPONSE

Measurements of the TPR-signal amplitude and relaxa-
tion slope at T is difficult because the narrow (=50 mK)
transition temperature width made it difficult to set the
sample’s operating temperature exactly at 7. This is
not simplified by the dc bias current flowing through the
niobium sample which reduces the transition temperature
and broadens it width.’® Typically the measurements at
T, are made by cooling the sample slightly below T and
letting the laser fluence heat the sample through the tran-
sition temperature. This transient heating effect is ob-
served only on the oscilloscope and is not observable with
the silicon diode thermometer nor with the Tektronics di-
gital voltmeter (DMS501A), monitoring the sample’s
steady-state resistance.

The transition photoresponse data are analyzed assum-
ing the photoabsorbed laser pulse energy thermalizes into
phonons during the TPR-signal risetime as described by
Egs. (2a) and (2b). Within this short time a sufficient
number of phonons and quasiparticles are generated to

TABLE II. TPR-signal amplitude about T of Nb thin films heated through T by the absorbed
laser fluence. The calculated AT (K) film heating assumed all the absorbed fluence heated the lattice.

Calculated
heating
Response Laser fluence Initial temp. AT (K) Slope
Sample No. Calculated Measured (ud) (K) by laser (ns)
1 0.027 0.032 0.7 7.2 24 5.2
3 0.086 0.075 0.0044 8.08 1.1 2.11
4 0.027 0.025 0.024 8.46 3.3 2.26
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cause the niobium samples to go thought their transition
temperature. Thus, the TPR signal following the fast
risetime is treated as being from a sample heated from the
ZRSS past the RSS and the transition phase into the nor-
mal state. The calculated photoresponse amplitudes,
with Egs. (4)—-(6) are given in Table II and are in very
good agreement with the measured results. Typically at
T the TRP signals are higher than the photoresponse
amplitude in the normal state plotted in Fig. 4. This is
expected since the largest change in resistance with tem-
perature occurs at T¢.

IV. SUPERCONDUCTING STATE RESPONSE

In the superconducting state the TPR signal is more
difficult to interpret because photoabsorption can cause
the sample’s impedance to transition temporarily out of
the zero-resistance inductive state into the RSS, the tran-
sition state, and the normal state. The state into which
the samples temporarily transition and the shape of the
TPR-signal decay are very sensitive to laser fluence. Typ-
ically, samples undergoing a state change exhibit a TPR
signal that cannot be described by a single decay time
constant. It is inferred that, following the initial rise in
the sample’s temperature (see Table II and Fig. 5), the de-
cay slope is a representation of the cooling process as the
sample returns back to the ZRSS from an excited state.
With sufficient laser fluence, this cooling process may
take the sample from the normal state, through the tran-
sition state, through the RSS, back into the ZRSS.

The final stage of this thermalization process occurs as
the sample cools from the ZRSS and the relaxation of
this process is controlled by the order parameter3’
75. Typically it is expected that the recombination of
quasiparticles will be slowed down and dominated by the
order-parameter time constant 7,. At lower tempera-
tures and for smaller laser fluences the sample will remain
in the ZRSS following photoabsorption and this we de-
scribe first. All these cases are examined with the aid of
the experimental transfer function.'®

40 nm Nb on LaAlO,

Impedance (Q)

0.02

t

Y

20 4.0 6.0 8.0 10.0

Time(ns)

FIG. 5. TPR signal from a 40-nm Nb film on LaAlQj; biased
with 50.2 mA in the ZRSS at 7.2 K. Photoabsorption of 700 nJ
at ¢y heats the sample into the normal state and about 30 K at
t;. Asthe Nb cools into the temperature-insensitive resistive re-
gion, at ¢, and between T and =25 K, the TPR signal exhibits
a nonzero plateau [see Fig. 9(c)].
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A. Thermalization in the zero-resistance state

In the zero-resistance state the output signal is generat-
ed from changes in the kinetic inductance, Lg; < 1/n(t),
revealed with the dc current (I,) flowing through the
sample!’ where n(t) represents the time-dependent
Cooper-pair density. The effect of the normal channel®
is to act as an attenuator'® on the signal produced by
changes in the kinetic inductance. Neglecting the at-
tenuation effects, the output voltage signal is approximat-
ed by

dLKI~ d
dt  %dr

1
n(t)

E . (0)~I, ()

The rate of change in the Cooper-pair density corre-
sponds to the thermalization process and establishes the
amplitude, polarity, and the temporal dependence of the
TPR signal. With net quasiparticle!® 2! generation
(recombination), the output signal is positive (negative).
The peak TPR signal amplitude'®~2! E_(¢) occurring at
very short times (t =0, ~10"!* s) can be expressed in
terms of the initial change in kinetic inductance (A7) as

Eosc(0+) LG

I Z, ' (8)

An=
where L ~30 pH is the geometrical inductance*! of the
sample and Z,=50Q is the coax impedance. This induc-
tance change depends on how many pairs, on average,
have been broken immediately following photoabsorption
and this is considered next.

Initially the 2-eV hot quasiparticles thermalize quickly
by electron-electron interaction (cascading). During each
cascading step each hot quasiparticle loses about half its
excess energy. Specifically, for 2-eV photons the cascad-
ing process starts about Ep+2 eV and continue by
discrete energy steps approximately as Ep+1 eV,
Ez+0.5eV,Ez+0.25¢eV, Ex+0.125 eV, Ez+0.067 eV,
E;+0.034 eV, Ez+0.016 eV, and so on. At each
succeeding cascading step the population of broken pairs
doubles, the excess energy “€” of each hot quasiparticle is
halved, and the cascading process, proportional to 1/¢2,
slows down. At a certain excess energy level it becomes
more favorable for thermalization to continue through
phonon emission instead of cascading. These emitted
phonons will be (1) most energetic to speed up the
thermalization process [7,_,, = (1 /#Q)%], (2) strongly cou-
pled to the electrons, and (3) consistent with conservation
of energy and momentum.

In niobium, the phonons most strongly coupled to the
electrons are the 3.5X10' Hz (15 meV) longitudinal
phonons in the (111) direction*?>* as evident from the
need to use ten nearest neighbors to fit the experimental
phonon dispersion**** curves with the Born-von
Karman theory. This phonon linear momentum at
3.5X10'2 Hz is 1.67X10** kgm/s, or =~2.6P;. To
maintain momentum conservation,”’ only lower-energy
phonons (< 11 meV or 2.6X10'? Hz) can be emitted
during thermalization. From the relative values of 7,
and 7, (for 7i2=11 meV), we estimate that the transi-
tion from cascading to phonon emission will occur be-
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tween 0.030 and 0.016 meV. Thus, it is expected that
each photoabsorbed photon will break between 64 and
128 Cooper pairs, or about 100 on average, by cascading
before phonon emission begins. This is unlike
YBa,Cu;0, where the presence of (=50 meV) optical
phonons**346 satisfy momentum requirements thereby
allowing transition from cascading to phonon emission to
occur earlier?! (=0.1 eV).

The thermalization process in niobium is illustrated in
Fig. 6(a) where the temporal dependence of the Cooper-
pair density is given for a sample starting in the ZRSS
and exposed to a 300-fs laser pulse. Immediately follow-
ing photoabsorption at ¢, the cascading process directly
decreases the Cooper-pair density from n, to n, by time
t;. With cascading, the hot quasiparticles lose energy
and it becomes more favorable for them to continue their
thermalization by phonon emission at time ¢;. After a
short time ( <10~ '? s), the cascading and phonon emis-
sion processes are completed to produce a nonequilibri-
um excess population of quasiparticles and phonons. The
excess phonons, trapped in the Nb film by the thermal
bottle neck, continue to increase the net quasiparticle
population from time ¢, to time #,. As enough phonons
escape into the substrate, net quasiparticle recombination
occurs from time ¢, to time ¢;, where equilibrium is rees-
tablished.

In Fig. 6(b), the solid-line trace illustrates the TPR-
signal amplitude expected for the temporal changes in the
Cooper-pair density shown in Fig. 6(a). The TPR-signal
peak amplitude (at about #;) occurs at the maximum
quasiparticle generation rate. At low laser fluence levels,
the peak TPR signal corresponds to a change in the ki-
netic inductance produced by the cascading process that
breaks pairs directly and very quickly. With higher laser
fluence levels, or near 7., the niobium samples can be
sufficiently heated to rapidly break additional pairs by
phonon.

The ZRSS photoresponse amplitude E (0 ), given by
Eq. (8), is produced by sudden changes in the sample’s ki-
netic inductance, A7, occurring immediately following
photoabsorption. Next, we compare the measured (e.g.,
Fig. 7) TPR-signal peak amplitude, 72 ,,(T) given in Table
II1, to the calculated photoresponse amplitude 72 (7).
These quantities, normalized by the laser’s fluence L (uJ)
and the initial inductance L%, are given by

Ryg(=—21— ©)
L L(ud)
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FIG. 6. (a) The Cooper-pair density with (b) the projected
TPR signal vs time are given following photoabsorption at .

% (10)
LuJ)”’

1 1
no( T)

where the Cooper-pair density at 0 K, n; ~10%2 cm?, is

computed from the London penetration depth of Nb.¥
Also, ny(T) and n(T) are, respectively, the Cooper-pair
densities immediately before and after (=~ps) photoab-
sorption. Immediately after photoabsorption, two pro-
cesses produce the initial reduction in the Cooper-pair
density: cascading (n.-) and phonon pair breaking (n )
(corresponding to the sudden increase in the sample’s
temperature by AT) giving n((T)=no(T)—nec—nyr.
A rough estimate of

nar=n[(Toy+AT)*—(T,)*1/T¢

(see Table III) is made by using the two-fluid model*® and
assuming that the rise in the sample temperature, below
T¢, can be made with Eq. (5). Since these measurements
were made close to T, where the heat capacity of niobi-
um is very small, the number of Cooper pairs broken by
this process is significant and is given in Table III.

The number of broken pairs n. produced by the cas-
cading process are

(107%)[1—exp(—ad)]T,,
A;d(3.2X107'° J/photon) ’

ne =100 (11)

TABLE 1II. Comparisons between measured photoresponse 7 ,,(T) and calculated photoresponse 72 (7). The transition temper-
ature used is the zero current value given in Table I and the Cooper-pair density is 107 pairs/cm®. Because of the 238 kA/cm? bias
current, the equilibrium T, of sample No. 1, is suppressed by 0.4 K.

Niobium Laser Bias T,, (K) AT (K) nar em™3) ne (em™3) Re (D
sample fluence current of laser phonon cascading cascading Slope
number (nJ) (kA/cm?) sample heating generated generated & phonons Ry (1) (ns)
1 7 238 6.25 1.27 2.79x10%! 6.3X10'8 113 163 0.83
3 3.7 62 6.0 1.26 2.36Xx 10! 8.0Xx 10" 142 242 0.85
4 3.7 31 6.0 0.85 1.26 X 10?! 3.3Xx10'® 63 294 0.65
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FIG. 7. TPR signal from sample No. 3 at 6
K biased with 19.6 ma and exposed to 3.7 nJ of
laser fluence. In the ZRSS, photoabsorption
produces the peak response (#;) and a negative
TPR signal (z,) when a sufficient number of
phonons escape into the substrate permitting
net quasiparticle recombination.
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where the leading coefficient, 100, corresponds to the es-
timated average number of Cooper pairs broken by cas-
cading and the other terms have been previously intro-
duced in Eq. (4). The computed R.(T) and measured
Ry (T) photoresponses are given in Table III and reason-
able agreement is obtained considering how approximate
our model is.

The ZRSS TPR-signal positive amplitude decay slope,
listed in Table III, corresponds to the extrinsic pair-
breaking time by phonons (75"). Typically, 75P~800 ps
is larger than the intrinsic pair-breaking time 75 =17 ps
as computed by Kaplan et al.? (75'~5075). The longer
75 is due to the phonon trapping that produces a condi-
tion where quasiparticle generation and recombination
are occurring in parallel with pair breaking dominating.
After a sufficient number of phonons escape into the sub-
strate, pair recombination will start to dominate, as is
evident from the negative signal amplitude (e.g., Fig. 7).
A large perturbation and the simultaneous generation
and recombination of many quasiparticles makes the
direct application of Kaplan et al.? insufficient and in-
stead the Rothwarf-Taylor® equations are required.

The measured 75"~ 800 ps, longer than 75 ~17 ps, can
be computed by asserting that, for every 100 Cooper
pairs broken, by phonons, concurrently 98 Cooper pairs
are reformed by quasiparticle recombination (i.e.,
987z =~ 1007) yielding 75"'~5075. For T /T, >0.75, the
intrinsic quasiparticle recombination is approximately
Tr =25 ps and 7p varies from 7 ps (T/T-=0.75) all the
way to infinity as T /T, approaches unity. Given this
range of 75, reasonable agreement is inferred between ex-
periment and theory.

B. Thermalization in the resistive state

The simplest photoinduced phase transition is from the
ZRSS to a RSS and back to a ZRSS.2*?! Such transitions
occur for T < T and when the number of photodepaired
Cooper pairs temporarily reduces the sample’s critical-
current capacity to a value below the sample’s dc bias
current. This transition can occur during the sharp
TPR-signal risetime [dotted curve in Fig. 6(b)] or during
the decaying portion of the ZRSS signal [dashed curve in

Fig. 6(b)].

In a RSS, quasiparticle generating produces an increas-
ing positive signal corresponding to increases in the sam-
ple resistance and the broad round peak is observed.?*?!
At the peak amplitude, represented by time 75 in Fig.
6(b), net quasiparticle recombination start in the RSS and
the TPR-signal amplitude begins to decrease. As a
sufficient number of quasiparticle recombine, the
critical-current capacity increases and the sample returns
to the ZRSS, time 7, in Fig. 6(b), and a negative signal.

C. Thermalization from photoinduced normal
and transition states

Given the small heat capacity of Nb below T, an in-
crease in the photoabsorbed laser fluence can readily
cause Nb to transition from the ZRSS, during the TPR-
signal risetime (between ¢, and #; in Fig. 8), beyond the
RSS into the transition or even the normal state. The
TPR signal for these states is related to the temporal
dependence of the sample’s resistance Z(t), see Secs. II
and III. Z(?) is dependent on the phonon density ¢ in-
side the film that is governed by the sample to substrate
acoustic resistance, i.e., phonon trapping. Thus, the TPR
signal, E  (t)=Z(t)I,, has a slope which can be ex-
pressed as

dEosc(t) =7 dZ(t)_d_Q
dt ® d¢ dr -’

The TPR-signal slope is a production of two derivatives:
(1) the change in sample’s impedance as a function of the
phonon’s quasistatic distribution (related to the tempera-
ture), and (2) temporal changes in the phonon distribu-
tion (d¢/dt) dependent on the phonon escape rate into
the substrate. The d¢/dt term remains relatively insensi-
tive to temperature since it is primarily dependent on the
substrate to film interface.2%2830,33

In the normal state at higher temperatures (> 25 K),
the resistance is linear with temperature, thus the
dZ(t)/d¢ term [see Eq. (12)] is approximated as a con-
stant and d¢ /dt determines the TPR-signal decay slope.
At lower temperatures (< 25 K), the dZ (t)/d ¢ term be-
comes a much stronger function of temperature. Thus,
the TPR-signal slope, as Nb thermalizes back to the

(12)
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ZRSS, primarily corresponds to dZ(t)/d¢. Using this
model we analyze four cases in Figs. 8(a)—8(d).

In Fig. 8(a), the sample starts at ¢, in the ZRSS and ex-
periences a photoinduced transition into the transition
state by time #;. Thermalization continues between times
t; and t, when the sample cools through the transition
state. Between times t, and t3;, Nb is thermalizing in the
RSS [dashed curve in Fig. 8(a), inset]. From the R vs T
inset in Fig. 8(a) it is evident that the largest derivative
dZ (t)/d ¢ (i.e., largest slope) occurs between times #; and
t, corresponding to the large impedance changes at T¢.
This is followed by the sample entering the RSS, between
times 7, and t;, where the dependence of impedance
dZ(t)/d¢ on the phonon density slows down and a
slower TPR decay slope is observed.

This two-decay-slope TPR signal is expected from sam-
ples cooled to a temperature slightly below T(-. Conven-
tionally, the resulting photoresponse is categorized as a
combination*®*’ of a fast (nonbolometric) and slow
(bolometric) thermalization process. However, the fast
photoresponse slope is consistent with a bolometric™
response since the observed different decay slopes are a
manifestation of the nonlinear dependence of niobium’s
impedance on the phonon density [dZ (¢)/d¢] near T.

Figure 8(b) occurs as more laser fluence photoinduces
the sample to transition from the ZRSS (at time ¢) to the
T <25 K normal state (at time ¢,). Niobium’s nonlinear
resistance versus temperature is approximated by two
slopes [see inset in Fig. 8(b)]: one between T and ~25
K and the other between =25 and 200 K. Between T
and =25 K, the resistance does not change much with

Impedance(Q)
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temperature since it is limited by scattering from impuri-
ties and from the film’s surfaces. The resistance versus
temperature slope between 7 and 25 K is about five
times smaller than the slope between 25 and 200 K.
Thermalization through a relatively temperature insensi-
tive resistance region, between times ¢, and ¢,, falsely ap-
pears as a delay in the niobium thermalization process.
Once the niobium cools sufficiently to enter the transition
temperature region, between times ¢, and ¢, the relaxa-
tion slope becomes steep as the impedance changes of
niobium at 7. Further thermalization transitions the
sample at 73 into the RSS [dashed curve in Fig. 8(b), in-
set].

Such a response is given in Fig. 9. A 20-nm Nb film on
AL O; experiences a transition from the ZRSS into the
normal state as it is heated by the laser’s fluence from 6
to =17 K. The flat broad peak in Fig. 9 corresponds to
cooling within the relatively temperature insensitive nor-
mal state towards T as is represented in Fig. 8(b) be-
tween times ¢, and ¢,. This period does not correspond
to a delay in the thermalization process but is a manifes-
tation of the temperature-insensitive resistance of Nb be-
tween T and about 25 K.

Figure 8(c) occurs as the absorbed laser fluence in-
crease the niobium temperature from the ZRSS (at t,)
into normal state and above =25 K by time ¢,. Thermal-
ization back to the RSS is not achieved within the 10-ns
oscilloscope observation window. First the sample cools
from the normal state above =25 K down to =25 K at
about #,. This cooling continues to below ~25 K but
never reaches T, at about time ¢;. Since the
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FIG. 8. Thermalization vs time (t, <t, <t, <t; <t,) for niobium in the ZRSS undergoing various degrees of heating between ¢,

and ¢,.
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FIG. 9. The TPR signal from a 20-nm Nb film on an Al,O,
substrate biased with 80 mA and exposed to a 68 nJ laser
fluence. Heating of this film from 6 to 13 K (between ¢, and ¢,)
produces the relatively broad flat peak [see Fig. 8(b)].

t

temperature-dependent [see inset 8(c)] resistance slope be-
tween time ¢, and ¢, is larger than between ¢, and ¢;, the
TPR signal exhibits two slopes starting with the larger
slope, between ¢, and ¢,, and continuing with a smaller
slope between ¢, and ¢;. This response is different from
Fig. 8(a) as is evident from the TPR-signal amplitude.
The TPR-signal amplitude, between ¢, and ¢;, corre-
sponds to the resistance above T, and is significantly
larger than the resistance in Fig. 8(a) between ¢, and ¢;.
An experimental TPR curve corresponding to this is
shown in Fig. 5.

Figure 8(d) occurs for the highest laser fluences where
the sample is heated from the ZRSS (at ¢,) into the nor-
mal state at ¢,. The heating is sufficiently larger to main-
tain the sample in the normal state and above 25 K
within the 10-ns window it is observed. Since niobium
does not thermalize sufficiently (between ¢, and ¢,) to
cool below 25 K a single TPR decay slope is observed.
During the long time between laser pulses (500 us), the
sample returns to the ZRSS.

V. SUMMARY

The photoresponse of Nb was measured with the TPR
technique'®?° in the normal transition and superconduct-
ing states. The photoresponse was interpreted in terms of
the thermalization of the photoexcited electrons by
electron-electron and electron-phonon interactions and
the phonon escape rate from the Nb film into the sub-
strate. All the measurements reported on are extrinsic
since they are strongly dependent on the phonon escape
rate from the film into the substrate.

In the normal and transition states, the photoresponse
is consistent with a bolometric model. The measured
photoresponse amplitude agrees typically within a factor
of 2 of the calculated values. In the normal state the
TPR signal measured decay slope is four to five times
larger than the calculated values from a simple acoustical
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model. 73 A slower decay is expected from nonideal
niobium to substrate boundaries and has been observed
previously for YBa,Cu;0, films.2%3} The decay slope in-
creases as T is approached. Given the narrow (50 mK)
transition temperature of Nb, we were unable to maintain
the sample exactly at T, to measure the decay slope.
Heating the sample with the laser fluence through T
provided experimental photoresponse amplitude at T
that agree very well with the calculated values.

Because of the small heat capacity, in the supercon-
ducting state niobium is very sensitive to laser fluence
and readily transitions from the ZRSS into the RSS or
the transition and normal states. At very low fluence the
sample remains in the ZRSS and exhibits a positive signal
for quasiparticle generation and a negative signal for
quasiparticle recombination. The TPR-signal peak in the
ZRSS is associated with rapid initial changes in the kinet-
ic inductance. Phonons emitted during quasiparticle
thermalization continue to increase the total number of
broken pairs producing a positive TPR signal long after
the laser pulse ceases. After a sufficient number of pho-
nons escape into the substrate, recombination starts to
dominate and a negative TPR signal is observed.

Given the small heat capacity of Nb at low tempera-
ture, photoabsorption can readily heat the sample into
the transition or normal state during the TPR-signal rise-
time. The TPR signal exhibits several different decay
slopes corresponding to the nonlinear dependence of the
film’s resistivity on temperature. The fastest slope is ex-
pected as the Nb sample cools from a normal state
through the transition temperature to the RSS. Caution
needs to be exercised if misrepresentation of this fast
slope as quantum response is to be avoided.

Finally, it should be noted that the effective net quasi-
particle generation and recombination lifetimes are much
longer than expected from intrinsic predictions. The
phonon trapping constriction at the film interface bound-
ary dominates over and determines the measured quasi-
particle lifetimes.
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