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Abstract. Femtosecond pump-probe second-harmonic gen- In this contribution, femtosecond time-resolved SHG in
eration (SHG) and transient linear reflectivity measurementgombination with transient linear reflection at frequencies
were carried out on polycrystalline Cu, Ag and Au in air and 20 was utilized to study the temperature dependence
to analyze whether the electron temperature affects Fresnelf @ for polycrystalline Cu, Ag, and Au samples. It is
factors or nonlinear susceptibilities, or both. Sensitivity to demonstrated that pump-probe SHG is particularly sensitive
electron temperatures was attained by using photon energids transient electron temperatures when photon energies near
near the interband transition threshold. We find that the noninterband transitions are used. The 2eV photon energy of
linear susceptibility carries the electron temperature depenthe laser employed nearly matches the energy difference be-
dence in case of Ag and Au, while for Cu the dependence isgween d-band and Fermi energy for Cu and Au [11, 12],
in the Fresnel factors. This contrasting behavior emphasizeghile in case of Ag this separation is abou® 8V [13] and

that SHG is nota priori sensitive to electron dynamics at thus almost resonant withz2. Broadening and shifting of

surfaces or interfaces, notwithstanding its cause. the Fermi distribution due to absorption leads to changes
in electronic occupancy which sensitively affects both the
PACS: 42.65.Ky; 78.47.+p; 63.20.Kr dielectric function [9, 12] and the nonlinear susceptibility

[14]. The influence of lattice temperature increase on opti-

) ) _ ) ) cal properties is negligible for our experimental conditions
Nonlinear optical techniques like second-harmonic and sumj1 1.

frequency generation gain increasing importance for the in-
vestigation of surfaces [1], interfaces [2], thin films [3], and
multilayers [4]. This trend is intensified by the possibility to 1 Experimental details
investigate the electron dynamics with femtosecond time res-
olution. For example, Hickst al. [5] used second-harmonic The experimental setup was reported in detail in [9]. Laser
generation on Ag(110) surfaces to study the time dependengeulses of 100fs duration at a wavelength of 630nm (2 eV)
of lattice temperature after pulsed laser excitation, and ultrawere generated by a colliding-pulse mode locked dye laser
fast laser-induced order/disorder transitions were detected bgnd amplified to 5@J at repetition rates of a few Hz. For
pump-probe SHG in semiconductors [6, 7, 8]. A broader ap-all SHG measurements, identical pump and probe pulses of
plication of these ultrafast techniques to surface and thin filmenergies between 12 and 46 and foci of 02 mm were
physics is expected, but increased use of time-resolved SH@sed, and the change of the probe pulse SHG yield due to
requires a more detailed understanding of the influence ofthe pump pulse was recorded. The choice of identical pump
transient electron temperatures on the nonlinear signal [5, 9gnd probe pulse energies caused strong heating due to the
The SHG yield is determined by the linear optical prop- probe pulse, but was necessary to obtain detectable SHG
erties of the material for the fundamental and frequency-yield. The effective area monitored by SHG corresponded
doubled radiation, given by the Fresnel factgig) and  to about one half of the beam area and was therefore nearly
F(2w), and its intrinsic ability to generate the second har-homogeneously heated. Great care was taken to work at in-
monic, characterized by the nonlinear susceptibiligf? tensities that caused no surface damage. Probe pulses were
[10]. All three quantities may be affected by the electrondelayed with respect to pump pulses by a computer con-
temperature. Whilef(w) and F(2w) sample the material trolled delay stage with.@ um accuracy and a typical step
within their optical penetration depth® is surface sen- size of 3um. In all measurements reported here we used
sitive within the dipole approximation for centrosymmetric p-polarized fundamental and second harmonic light. To cor-
materials. Hence, in order to uncover possible differences imect for a varying laser intensity, a reference signal was used
electron dynamics of bulk material, surfaces, and thin films,to record only signals within an intensity interval &5%.
it is of importance to isolate the temperature dependence dfleasurements of the linear reflectivity(w) were carried
each individual factor. out with pump and probe pulses focused to aba&tnim



o T Tt [16] to derive the functional dependencecobn photon en-

0 _ o " s | ergy in the range 1 5eV at room temperature. For the
: 2.5 pm ] calculation of the dielectric functions the approximation of
(w)=1.0¢10" Wm™2] electron momentum independent transition matrix elements

was used [17]. (2) In the same model the electron temper-
atureT, is contained in the Fermi-function. This allows to
calculatee(T,) for both photon frequencies and 2v with-
out any additional fit parameters. (3) Cooling of the electron
J temperature with time was treated according to the two-
J temperature model by Anisimoet al. [18]. The use of the
20nm ] two-temperature model is justified by electron thermaliza-
Au ° I(w)=1.2¢10" Wm = | tion times of less than 50fs, predicted for our experimental
1 L 1 L L . L conditions by the Fermi-liquid theory [19]. In this way we
-1 0 1 2 3 4 5 6 obtained the time-dependencecQb) ande(2w), fitted to the
pump—probe delay (ps) data in Fig. 1.
Fig. 1. Relative change of transient linear reflectivities at a photon energy No dependence af on pump-probe delay was found for
of 2eV for 25um (bulk) and 20 nm thick samples of Au. Solid lines AQ at 2eV and for Au at 4eV, while Cu showed a similar
represent model calculations with the same electron-phonon coupling ireffect at both photon energies. Model calculations lead to
both cases. Electron diffusion was taken into account for thg& sample good agreement with transient reflectivity data for all three
but neglected for the 20 nm film metals.
The variation ofe(w) and e(2w) with T, is now used to
and 02 mm, respectively. Frequency-doubled probe pulseredict the effect of transient electron temperatures on the
Fresnel factors in SHG. Any deviation from experimental

were used to obtaik(2w). For linear reflectivity measure- . :
ments the probe pulses were attenuated by a factox At data is then interpreted as electron temperature dependence
af the nonlinear susceptibility. Generally, this is complicated

The measurements were carried out under normal condition .
at incident angles of 43(pump) and 48 (probe). All data  PY three independent tensor elements(Bt as well as pos-
points in Figs. 1-4 correspond to an average over about 5o§ible nonlocal contributions. For isotropic bulk material, re-

shots, and represent relative changes of probe beam signgiized in polycrystalline metals, tieonlocalresponse gen-
normalized to values at negative delays. erates only P-polarized SHG. The corresponding field can

be written in the form (Eq. (22) in [10]):

Ep(2w) o<y - [EX(w) + ESw)] - 1)
Dipole-allowedsurface contributions, on the other hand, are
Information about the electron temperature dependence ddiven by Eq. (30) in [10]:

X(z). from time res_olved SHG measurements on pqucrys-Es(zw) X Xaza - Bs(W)Ep(Ww) , 2)
talline metals requires knowledge about (i) the magnitude of

the three independent tensor elements(@f and possible Ep(20) A - Xonn - E2(w) +
nonlocal contributions, (ii) the variation ef{w) and e(2w) s

AR/R (%)

2 Data analysis

2
with electron temperaturg,, and (iii) the electron temper- [B - Xezz O Xaza + D Xawa] - By(@) - (3)
ature relaxation. The different contributions can be separated by polarization
To obtain the electron temperature dependence(@wf  dependent measurements.
ande(2w) and the time dependence’df, we analyzed time- When analyzing the SH polarization for different po-

resolved measurements of linear reflectivities at photon enfgrizations of the fundamental, only P-polarized SHG was
ergies of fundamental (2eV) and frequency-doubled lightgetectable for all three metals. It varied with s where
(4eV). As an example, results of transient linear reflectiv-¢ js the polarization angle of the incident radiation. Since no
ities at 2eV for Au (dots) of a Bum (bulk) sample and  s-polarized SH radiation was detectable for arbitrary input
a 20nm thin film, for which electron diffusion is negligi- polarization, we conclude that,... is vanishingly small. As
ble, are compared to corresponding model calculations (soligjiscussed by Petroceti al. [20] it is reasonable to assume
lines) in Fig. 1. Xuzz & Xzaz fOF polycrystalline metal surfaces. Henge,..

_ Although the ratio of the pump intensities used for the s also small andy remains the only possible source of P-
thin film and the 25 um sample was only .2 : 1, the tran-  polarized SH generated by s-polarized input fields. Since
sient change of? for the thin film is more than twice as large no SHG yield was detected for this s-P polarization com-
as that for thick metal. The considerably longer relaxationpination, v is concluded to be negligible. Summarizing this
time for the thin film also signals reduced electron cooling discussion, the dipole allowed... connected to the near
and confirms the importance of diffusive heat transport bysurface region where symmetry is broken is the only source
electrons in bulk metals. of SHG.

The model calculations are based on knowledge of the  The second harmonic amplitude can now be expressed
dielectric functions¢(w) ande(2w), and of the electron tem- i the form [10]:
peratureI,.. The calculational procedure followed here was
described in [9] and is as follows: (1) Tabulated experimen-£(2w, Te) o< F(2w) - X2z - f(w) - |BEW)[* =
tal values ofe(w) [15] were fitted to the model of Rustagi .7 (T.)e(2w, T} Za(Te) - Xzz- - FATIE(TL) | EW)?,  (4)
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with ol i
Ag ¢ —1.310" -2
f(1) = sin@ F(T) = /1 (T “or (w)=1.3%¥10" Wm 7
S( e) — \/G(W,Te) s le\Le) — S e 9 20| ]
2cos® )
t,(Te) = (5) of

Ve(w, Te) cosO +f(T,)’

o
where © is the angle of incidence. Equivalent expression35
for .7%, 7, and.Z, with (2w, T.) are used, with lower Q _s40}

—~

case (capital) letters denoting quantities of the fundamentals —t——t——t——t——t——
(second harmonic) radiation. E 201 Cu i
The relative change dfy...|? with 7, can be extracted 5 . 2 2
from the differencesASH = SH(T,) — SHy of measured < 10 . /A]Xzzz| / Xzl
(SHy,) and predicted H,,) second-harmonic intensities: of _,,,-,;,;._-,__-.,3;.1 T Y e
A|Xzzz|2 ASH,, — ASHp -10 | :. ’._.'-_'c,-—’--' ..
2 = 3 (6) I i ook ]
|Xzzz| SHp(Te) -20 Py 15 -2 7
. ) ] (w)=1.6%¥10" Wm “ {
where S Hy is the yield for the probe pulse alone. -30} \ .

1 1 1 A 1 L 1 1 L
-2, -1 0 1 2 3 4 5
pump—probe delay (ps)

3 Second-harmonic reflectivities

Results of pump-probe SHG measurements are shown iRig. 2. Relative changes of SHG yield (dots) versus pump-probe delay
Fig. 2 for Cu and Ag, and in Fig. 3 for Au. Plotted are the time for Ag and Cu. The data are nor_maliz_ed_to the SHG yield of the probe
refative changes of the probe SHG signal as a funcion ofece T 1903 Ces, Soted Ies et e soucn e
delay between pump and probe pUIseSI The peaks aroun ﬁﬁthe difference between smoothed experimenta)ll data and dotteg lines
zero delay correspond to a coherent artifact between pUMpng represent the relative changelof.... |2 with electron temperature
and probe beams and will not be discussed here. Predictions

based on Eq. (4), with constagf? and the temperature de-

pendence exclusively in the Fresnel factors, are indicated by (L B B A B R
dotted lines. Solid lines represent smoothed relative changes  ggg L Au
of |x..-|? with electron temperature, determined by Eq. (6). ;
For Cu, the dielectric functions describe the temperature dex—~ S00 T ]
pendence of the SHG data well, and we conclude gt & o[ . I(w)=1.2%10"" wm™2
is in first order independent of electron temperature in thec
intensity range used. In contrast, for Ag and Au the temper-Z; 300
ature dependence of SHG is almost entirely contained in thgy 200 |

nonlinear susceptibility. =
Another way of presenting the data derived from Eq. 6 1 100 ]
is shown in Fig. 4, where the relative change|gf..|? is ok i

plotted versus electron temperature.

For this, we used the correlation between electron tempera- ~190 | , , . , , ) ) ]
ture and time scale given by the analysis of the linear reflec- -05 0 05 1 1.5 2 25
tivities (Fig. 1). From Fig. 4 it is obvious that for Cuy. ., pump—probe delay (ps)

does not depend on temperature. For Ag and Aly...|?
depends linearly ofi,. The different signs of the slopes re-
flect the mismatch between the photon energy éAu) and
2w (Ag) and the interband transition thresholds. Although no
theoretical prediction about the temperature dependence of
|-~ |? is reported in the literature, it is reasonable to assumehat |y...|? is independent of electron temperature. There-
that |x...|2, like the linear reflectivity, depends linearly on fore, the measurements on copper should be repeated under
small temperature variations. Thus, the linear dependenciedHV-conditions. Nevertheless, the influence of the oxide
of |x...|? on T, for Ag and Au indicate similar electron layer on the electron temperature dependence of the Fresnel
dynamics at the surface and in the bulk. Deviations for Aufactors remains small, as determined by the time dependence
above 5500 K may actually originate from different electron of the linear reflectivity. Thus, notwithstanding whether or
dynamics at the surface and in the bulk during the first 200 fsnot ¥ is influenced by the copper oxide/copper interface,
but may also reflect a nonlinear temperature dependence ofe have demonstrated that there are systems like Au and
|XZZZ\2. Ag, where time resolved SHG monitors the electron tem-
Regarding surface contaminations, no evidence for it wagperature relaxation at the surface, and others, like Cu in air,
found for Ag and Au. On copper surfaces an oxide layer re-where SHG is only sensitive to the electron temperature in
duces the total SHG yield [22, 23] and may in fact causethe bulk.

Fig. 3. Relative changes of SHG yield (dots) versus pump-probe delay time
for the 25 um Au sample. Description of solid and dotted lines al in Fig. 3
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electron temperature (K) for Au and Cu
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