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Electron-phonon relaxation dynamics of niobium metal as a function of temperature
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The electron-phonon relaxation process in niobium has been measured with pump-probe technique

and compared with theory for ambient (initial) temperatures ranging from 292 to 7 K. The time it takes
for the electrons to thermalize with phonons was found to decrease from 370 fs at 292 K to 250 fs at 7 K,
while the electron-phonon coupling parameter g decreases with decreasing temperature.

Femtosecond pump-and-probe experiments have en-
abled scientists to investigate the dynamics of the
electron-phonon interactions by generating transient
nonequilibrium temperatures in metals with femtosecond
laser pulses. The electron relaxation time of Cu, Au, Nb,
and other metals has been determined' by transient
thermoreflectance and thermotransmittance spectrosco-
py. There are three dominant contributions to the ther-
motransmittance signal. These are as follows.

(i) Electron-phonon collisions result in phonon popula-
tion increase, and this shifts and warps the energy bands
through electron-phonon interaction. The change in

transmissivity due to phonon population increase 681 is

"t)T ng
AT( =g b8(,

q an@ 0,
where T stands for transmissivity, n& is the phonon dis-

tribution, Q is the phonon quantum number and 8i is the

lattice temperature.
(ii) Lattice expansion causes shifts and warping in the

electron energy bands through changes in one-electron
potential, which in turn causes the Fermi level to shift.
The change in transmissivity due to lattice expansion

Texp 1s

Fermi-level smearing to be observed, an interband transi-
tion has to be excited by the pump photon, involving ei-
ther an initial or a final electron state close to the Fermi
level. The absence of the sharp characteristic shape of
the response when Fermi-level smearing is detected' leads
to the conclusion that the two other contributions, name-

ly, the electron-phonon collisions and the lattice expan-
sion, are dominant and are responsible for the thermo-
transmittance signal. The contribution due to phonon
population increase, Eq. (1), is related to the lattice tem-
perature. We also assume that the contribution due to
lattice expansion is only related to lattice temperature.
This assumption was made because the transmissivity sig-
nal does not have the characteristic shape of the electron
temperature versus time as displayed in Fig. 1. The suc-
cess of the following theoretical analysis supports this as-
sumption. In our case, the probe measures the lattice
temperature. This has been demonstrated by Eesley be-
fore in the thermoreflectance and thermotransmittance
measurements performed in Cu. '

In this paper, the electron-phonon relaxation time for
different sample (initial) temperatures, and the temporal
behavior of the electron-phonon coupling parameter in

where Aa represents the lattice expansion.
(iii) Fermi level smearing which occurs as the electron

temperature rises, and the tails of the Fermi-level distri-
bution spread out in energy and open states below the
Fermi level for transition. The change in transmissivity
due to Fermi-level smearing AT, is

aT ~fk
oT, =g 68, ,

where fk is the electron distribution, k is the electron
quantum number and 0, is the electron temperature.

As shown in Fig. 1 and demonstrated by past research-
ers' the electron and phonon temperatures do not track
each other on a fs time scale. Therefore, one needs to
know what temperature the thermotransmittance signal
is related to in order to analyze the experiment. For the
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FIG. 1. The time evolution of electron (solid line} and lattice
(dashed line) temperatures in Nb film computed numerically us-

ing Eqs. (3) and (4), for sample (initial) temperatures 292 and

100 K, for our experimental conditions.
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Nb metal have been determined. The results are com-
pared with Allen's theory for the thermal relaxation rate
in a metal when the electrons are heated by ultrafast laser
pulses above the temperature of the lattice.

The heated electrons and phonons alter the dielectric
constant, which in turn changes the transmissivity T as
shown in the equations below:

T 1 aTZ, + aT
(4)

T T Bsi 5

where T=T(n) and n =Qs&+iEz T.he change in the
dielectric constant is known to be proportional to the
change in both electric and lattice temperature ' and
therefore

hT
T

=aheI+bhe e (5)

g8
C =g(8 —8 )1 Bt e I

where k is the thermal conductivity, C, and CI are the
electron and lattice heat capacity, respectively and

g =f(8 (t), 8&(t)).
Over a time scale of few picoseconds the electron-

phonon interaction causes temperature relaxation
50",l5t = —g/C, (Ot —0",). The pump pulse is ~ 100 fs

and the diffusion term may be neglected on the ps time
scale.

The calculated time evaluation of temperatures 0, and

OI are displayed in Fig. 1 at sample temperatures 292 and
100 K. The time it takes for the electron to thermalize
with the lattice ~ (i.e., the lattice temperature rise time)
increases with increasing CI and decreases with increas-
ing g. However, it is known that the rise time ~ is also re-
duced with decreasing pump intensity S(r, t), but is much
more sensitive to the change in g than in S(r, t }. The de-
tails, these calculations are based upon, are discussed
below.

In the interpretation of this thermotransmittance ex-
periment a one-dimensional heat flow model similar to

where n is the index of refraction, a and b are constant
coe%cients, c, and c2 are the real and the imaginary part
of the dielectric constant, and 8, and 8& are the electron
and lattice temperature, respectively. The thermo-
transmittance signal was caused by the lattice tempera-
ture increase, and it was measured to be linearly propor-
tional to the laser fluence. Therefore, the normalized
change in the transmittance hT/T is related to the
change in the lattice temperature according to Eqs. (4)
and (5).

The electrons are photoexcited with an ultrafast laser
pulse source S(r, t) where r is the space coordinate and t
is time. These heated electrons transfer their energy to
the lattice via electron-phonon interaction that is
governed by the electron-phonon coupling parameter g.
The evolution of the electron and lattice temperatures is
described by coupled equations:

88,
C, =kV 8 —g(8 —8 )+S(r t)

other standard thin-61m pump-probe experiments is
used. ' This is possible because the laser beam focal diam-
eter (d „=35pm) is large enough that the heat
dilfusion over the optical skin depth (-20 nm) dominates
over radial diffusion out of the heated area during the
time of interest (1.5 ps).

DifFusion in the direction of the pump beam is negligi-
ble during the time of our measurement, since the sample
is thin enough compared to the optical skin depth at 625
nm. In the plane of the sample the distance traveled by
the heat due to electron thermal diffusion may be estimat-
ed as bx=(Dht)', where D =a/C, is the thermal
difFusivity. The diffusion parameters for Nb are ~=55
Wm 'K ' and C, =2.2X10 Jm K for 8=300 K,
which gives Ax &0. 1 pm for Et=1.2 ps. The distance
traveled due to difFusion becomes smaller as 8 increases.
Therefore, for the duration of our measurements (1.2 ps)
the increase in the excited area in the plane of the sample
due to diffusion is negligible, since the laser focal diame-
ter was d =35 pm, which is much less than Ax =0. 1 pm.

The long temperature decay time due to difFusion is
also demonstrated by the experiments performed for
several metals (Ni, No, Ti, Zr, and Cu) by Clemens, Eas-
ley, and Paddock. Using a transient thermoreflectance
technique their measurements have shown that the tem-
perature decay time due to diffusion is in the ns region.

Allen has derived an equation for the thermal relaxa-
tion rate in the high-T limit. In this case, i.e., for tem-
peratures greater than Debye temperature, 8& (8n =275
K for Nb), g may be considered temperature indepen-
dent, and the thermal relaxation rate —g/C, has been re-
lated to the important electron-phonon mass enhance-
ment parameter A, . However, for temperatures close or
smaller than Debye temperature there is no simple rela-
tion between g and A, . The electron-phonon coupling pa-
rameter g in this case depends on the electron tempera-
ture 8, and phonon temperature 8I. To obtain a tem-

perature dependent expression for g (8„8I) for tempera-
tures 8~ the same approach and assumptions as
Allen's are followed, starting from the expression for the
rate of electron-phonon energy exchange 5E, /5t:

=2rrN(Et; )f de a F(co)(&co)
dt

X[N(co 8t) —N(co, 8 )]. (8)

/

In Eq. (8} a F(co) is the Eliashberg electron-phonon cou-
pling function, N(co, 81) and N(co, 8, ) are the Bose-
Einstein distributions for 8=8I and 8=8„respective-
ly, and N(E~) is the electron density of states of both
spins at the Fermi level. N(Ez) in Eq. (5) is now substi-
tuted by N (Ez ) = 3y /m kb obtained from the expression
for the electron heat capacity C, :

mk
C, = N(E~)(1+A. )8, =y(1+A, )8, ,

where ( I+A, ) is the electron-phonon enhancement factor
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and y is the electronic constant. For 8, )8D /3 one may
set 1, to be equal to zero, while for 8, & 8D/4 it resumes
its full value.

Equation (8) is modified and equated to the expression
for electron-phonon energy exchange

BE,
=g (Q~ Q~ )(Q~ —Q~ )e I ! e (10)

Thus, the time evolution of g occurs through time depen-
dence of 8,(t) and 8I(t):

6yAg(8, (t), 8&(t))= 2 f dc@ a F(cu)co exp
mkb(81 —8, )

—1

%co
exp

Equations (6), (7), and (11) are numerically solved and
the temperature dependence of the electron specific heat,
lattice specific heat and the electron-phonon coupling is
accounted dynamically. In the time scale of 0—1.5 ps the
diffusion term kV 8, may be neglected. As shown in the
flowgraph presented in Fig. 2, the theoretical simulations
are performed for a whole range of ambient temperatures
from 292 to 7 K (g being temperature dependent} and
compared with experimental results. The obtained tran-
sient thermotransmittance measurements represent the
lattice contribution to the thermomodulation signal since
the probe energy used is not near the Fermi level energy,
measured with respect to the top of the d band. '

The experimental setup used for our transient thermo-
transmittance spectroscopy consists of a colliding pulse
mode-locked (CPM) dye laser and an amplifier pumped
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FIG. 2. The flowgraph presented describes the experimental
and numerical procedure applied to obtain the electron-phonon
thermalization time w„ for sample (initial) temperatures rang-
ing from 292 to 7 K.

with a copper vapor laser operating at 6.5 kHz. The
duration of the pulses generated is 100 fs full width at
half maximum and the wavelength is centered at 625 nm.
For the lock-in detection the pump beam was chopped in
order to detect the difference in the transmitted intensity
of the probe beam caused the by pump. The probe pulse
used was 1% of the pump intensity. The energy of the
pump pulse was 110 nJ and was focused onto a spot 35
pm in diameter. In our experiment the probe spot radius
is about five times smaller than the pump spot radius in
order to minimize diffusion effects. A motorized transla-
tional stage with I-pm accuracy was used to delay the
probe pulse with respect to the pump pulse. The probe
beam was polarized perpendicular to the polarization of
the pump beam to avoid the large coherent artifact which
occurs when the probe beam is polarized parallel to the
pump beam. The niobium film used was 20 nm thick, de-
posited on a fused quartz, and is attached to a heat sink
whose temperature may be varied. The experimentally
determined absorptivity was found to be -S%%uo of the in-
cident laser energy.

The change in transmitted probe intensity was mea-
sured for time delays from 0 to 1.5 ps of the probe pulse
with respect to the pump. These measurements were per-
formed for ambient temperatures from 292 to 7 K. The
maximum change was 8% and was linearly dependent on
the laser fluence. In these measurements, the fast purely
electronic component was not observed because the probe
wavelength was away from the electronic transition to
the Fermi level. Therefore, the observed transmission
change is attributed to the change in lattice temperature
and is assumed to be linearly proportional. '

In Fig. 3 the measured relative transmission change is
displayed for three different ambient temperatures, 292,
20, and 7 K for delays from —0.4 to 1.2 ps. The dashed
line represents experimental data, and the dash-dotted
line represents the best fit to the experimental data. The
solid line represents the lattice temperature, computed
using Eqs. (6), (7), and (11). The electron-phonon cou-
pling parameter g (8„8,) from Eq. (11}is calculated for
every time-step as values of 0, and 0& change, using an
experimentally obtained electron-phonon coupling func-
tion a F(co}.' The Debye theory approximation is used
to calculate C& at temperatures where there is good agree-
ment with experimentally obtained C& values for Nb.
Otherwise, the experimentally obtained C& values given in
literature are directly used. " Electron heat capacity C,
is calculated using Eq. (9} with values for the electronic
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constant' y =719 Jm K and the dimensionless
electron-phonon mass enhancement parameter' X=O. 82,
which vanishes at higher temperatures. The displayed
results for 292 and 20 K show fairly good agreement with
theory, while the experimental result for 7 K shows a fas-
ter rise time than predicted by existing theory.

Figure 4 shows the measured rise time (the time re-
quired to establish temperature equilibrium between the
electrons and the phonons} as a function of sample tem-
perature. The rise time (measured from 10 to 90% of the
total rise} decreases from 370 fs at 292 K to 250 fs at 7 K.
The error bars reQect the standard deviation. Also plot-
ted (solid circles) are values for the electron phonon re-
laxation time ~ obtained from the numerical solution of
Eqs. (6) and (7) when the temperature dependence of
g(8„8&) [according to Eq. (11) derived from Allen's
theory ] is included. Calculated values show rather good
agreement with measured experimental values, un-
dershooting the experimentally obtained r by &10%,
from room temperature to well below Debye temperature
(SD =275 K for Nb) at 20 K. However, for sample tem-
peratures below 20 K the theoretical calculations give
larger values of the transmissivity rise time than the ex-
periment by about 15%, which means that the calculated
coupling parameter g(8„8I} is too small at very low

temperatures. When the convolution with the probe
pulse is taken into account the actual experimentally ob-
tained r would be 5-10%%uo smaller than displayed in Fig.
4. The effect being greater for shorter ~, i.e., at smaller
temperatures. This improves the agreement with theory
at all but the lowest temperatures. However, the
discrepancy between theory and experiment is greater at
very low temperatures. The lower values and continuous
decrease of the electron-phonon relaxation obtained from
the experiment for 8&8D/3 are most likely due to a
shake-off process taking place for 8 &8~/3. Namely, at
8 &8D/3 some part of the lattice energy is stored in a
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FIG. 3. The measured relative transmission change is

displayed for three di8'erent sample temperatures 292, 20, and 7
K for delays from —0.4 to 1.2 ps. The dashed line represents
experimental data, and the dash-dotted line represents the best
fit to the experimental data. The solid line represents the lattice
temperature, computed using Eqs. (3), (4), and the temperature
dependent g (8„8I) according to Allen's theory, Eq. (8).

Temperature 0 (K)

FIG. 4. Measured transmission rise time as a function of
sample temperature. The rise time decreases from 370 fs at 292
K to 250 fs at 7 K. Also plotted are values for the lattice tem-
perature rise time {i.e., the electron phonon relaxation time) ob-
tained from the numerical solution of Eqs. {3)and (4) when the
temperature dependence of g is included.
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FIG. 5. The calculated time evolution of the electron-phonon
coupling constant g(O„OI ) for our experimental conditions is
displayed for ambient temperatures 7, 20, 100, and 292 K.
g(O„OI) increases with time as 0, and ei increase and then
slightly decreases as the electrons thermalize with phonons.
Note the corresponding time evolution of 0, (solid line) and OI
(dashed line) for ambient (initial) temperatures 0=100 and 292
K in the inset. The close to zero value of g at 7 K also points
out to the breakdown of the model for very low temperatures.

Fermi liquid, which is seen in the specific heat change
from C, to (I+A, )C, . The laser pump pulse heats the
electrons quickly from 8,=8, «Sn to 0', )8D. It
causes a shake-off process leading to a release of the lat-
tice energy represented by A, . So the absorbed energy is
shared by the electrons and the shake-off phonon. This is
an additional and probably faster mechanism to heat the
lattice phonons at 8&SD/3. Moreover, this effect is
more pronounced at lower temperatures, since A, in-
creases with decreasing temperature, which explains the
measured continuous decrease in electron-phonon relaxa-
tion time obtained from the experiment. The disagree-
ment between theory and experiment at very low temper-
atures may also be attributed to the uncertainty in the ex-
perimentally obtained value of the electron-phonon mass
enhancement parameter A, used in this calculations,
whose effect is much more important at low tempera-
tures.

The experimental accuracy is + 10% as shown in Fig.
4, and this is adequate to determine a decrease from 370
to 250 fs (as the ambient temperature is decreased from
292 to 7 K) of the time it takes for the electrons to
thermalize with phonons. This is especially true if we
note that the experimentally obtained rise time shows a
steady decrease with decreasing temperature in all but
one measurement (Fig. 4).

The calculated [according to Eq. (11)]time evolution of
the electron-phonon coupling parameter g(8„8&) for
our experimental conditions is displayed in Fig. 5 for am-
bient temperatures 7, 20, 10, and 292 K. The time evolu-
tion is due to the change of 8, and 8I in time as the elec-
trons are first heated by the pump pulse and then transfer
the heat to the lattice according to Eq. (3) and (4). The
negative time in Fig. 5 represents the time before the

where

~( „) y d
a F(co)

0 N
(13)

Here, y is the electronic constant, a F(co) is the
Eliashberg electron-phonon coupling function and A, is
the electron-phonon mass enhancement parameter which
determines 8, and is the same as A, (co ). For sufficiently
high 8, and ei only the first term is retained and g may
be considered constant, but for room temperature rnea-
surements, keeping the second term of the Taylor series
expansion may slightly change the shape of the lattice
temperature rise. The difference in the two results for g
is rather small and is not considered to be significant
given the fact that the sample used in Ref. 4, although
very similar, was not the same sample used in the present
experiment.

In summary, the temporal behavior of the electron-
phonon relaxation process (electron-phonon thermaliza-
tion time) has been measured under nonequilibrium con-
ditions and compared with theory for temperatures rang-
ing from room temperature to below superconducting
temperatures. It was found that the electron-phonon re-
laxation time decreases from 370 fs at 292 K to 250 fs at
7 K. The temperature dependence and time evolution of
the electron-phonon coupling parameter g(8„8&) has
been determined using Allen's theory. These values for
g (8„8I) were used to obtain the numerically calculated
rise time. The calculated electron-phonon relaxation
time is in good agreement with the measured experimen-
tal values well below Debye temperatures, down to 20 K.
This confirms the validity of the theoretical model for

electrons are heated by the pump pulse, i.e., the value of g
at ambient temperature. For temperatures below Debye
temperature (8~ =275 K for Nb) g(8„8&) initially in-

creases with time as 8, and OI increase. Then, as the
electrons thermalize with phonons, g (8„8I) slightly de-
creases and acquires a constant value (on the ps time
scale) after the electrons and phonons have thermalized.
Note the corresponding time evolution of 8, (solid line)
and 8& (dashed line} for ambient (initial} temperatures
8=100 and 292 K in the inset. The very low initial
value of g at 7 K points out to the breakdown of the mod-
el for very low temperatures.

The results displayed in Fig. 5 confirm that the
electron-phonon coupling parameter g (8,8I ) is relative-

ly constant for room temperature and above. g in Ref. 4
is estimated to be 1.7%0.3X10' Wm K ', while ac-
cording to the present paper it is about 2.2X10'
W m 3 K ' (with again a possible error of approximately
+15%). One possible reason for this small difference
may be that for room temperature measurements (as in

Ref. 4) g is assumed constant which is only approximately
so. According to Aliens theory in the high-temperature
limit one can use the Taylor's series to derive the expres-
sion for g

3Ryz(co') R'(co')
n.ks 12(co )k 8 8i
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g (8„8t) used for determining the time evolution of the
electron-phonon coupling parameter. g (8„8i) was
found to increase with 8, and 81 and the electrons
thermalize with phonons faster at smaller ambient tem-
peratures. No special features have been observed below
superconducting temperature (8,=8.8 K) on this time
scale.

In work performed in the past ' ' g used in Eqs. (3)
and (4) has been referred to as the electron-phonon cou-
pling constant and has been temperature independent
since experiments were performed at room temperature.
However, for temperatures & SD, when g becomes tem-
perature dependent (and thus dependent on the intensity
of the pump pulse) one should be aware that g is actually
the coeScient of heat transfer between the electrons and
the lattice. The thermalization time v is governed by the
magnitude of g and by the electron and lattice heat capa-
cities. It decreases with increasing g and decreasing
specific heat. For temperatures (SD both electron and
lattice heat capacity decrease fast with temperature so
the thermalization time diminishes as the temperature is
lowered.

This work represents the first experimental evaluation
of the existing theory developed by Allen. The experi-
mentally obtained electron-phonon relaxation time for
different ambient temperature was compared to the cal-
culated ones, obtained based on existing theory, where
the electron-photon parameter g (8„8,) is a function of

electron and phonon temperatures. Reasonable agree-
ment is obtained for temperatures down to 20 K. The
agreement for the experiment with theory supports the
validity of Allen's theory below Debye temperatures.

Although the difference between the experimentally
obtained electron-phonon relaxation time and the
theoretically calculated one is almost within the experi-
mental error, it is clearly evident that for sample temper-
atures below 20 K the experimental results show a con-
tinuous decrease in the electron-phonon relaxation time,
while according to the theory the relaxation time starts
increasing slightly with temperatures 8 & 30 K. There is
a strong indication that the theoretical model has to be
improved for temperatures from 30 K to below supercon-
ducting temperatures. The discrepancy seen at lower

temperatures might be due to enhanced sensitivity to
electron temperatures when the sample is held at lower
temperatures. The temperature dependence of the
electron-phonon mass enhancement parameter k and the
effect of the shake-off process that arise at lower tempera-
tures also need to be addressed in more detail.
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