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Ultrafast dynamics of coherent optical phonons and nonequilibrium electrons in transition metals
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The femtosecond optical pump-probe technique was used to study dynamics of photoexcited electrons and
coherent optical phonons in transition metals Zn and Cd as a function of temperature and excitation level. The
optical response in time domain is well fitted by linear combination of a damped harmonic oscillation because
of excitation of coherent,y phonon and a subpicosecond transient response due to electron-phonon thermal-
ization. The electron-phonon thermalization time monotonically increases with temperature, consistent with the
thermomodulation scenario, where at high temperatures the system can be well explained by the two-
temperature model, while below50 K the nonthermal electron model needs to be applied. As the lattice
temperature increases, the damping of the cohdignphonon increases, while the amplitudes of both fast
electronic response and the coherégf phonon decrease. The temperature dependence of the damping of the
E,y phonon indicates that population decay of the coherent optical phonon due to anharmonic phonon-phonon
coupling dominates the decay process. We present a model that accounts for the observed temperature depen-
dence of the amplitude assuming the photoinduced absorption mechanism, where the signal amplitude is
proportional to the photoinduced change in the quasiparticle density. The result that the amplitudegf the
phonon follows the temperature dependence of the amplitude of the fast electronic transient indicates that
under the resonant condition both electronic and phononic responses are proportional to the change in the
dielectric function.
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[. INTRODUCTION phonons in metals, which are impulsively excited and decay
within a few picoseconds, may play an important role in
Dynamics of nonequilibrium electrons and phonons inrelaxation of hot electrons.
metals, semiconductors, and superconductors have been theRecently, Melnikovet al. have observed the surface co-
focus of much attention because of their fundamental interesgterent optical phonoiw=2.9 TH2 at the surface of Gd
in solid-state physics. In particular, electron-phonon interacmetal using the second-harmonic generatidSHG)
tion is the center of the interest for understanding the naturéechniquet® They focused their attention into the generation
of nonequilibrium electron relaxationelectron-phonon mechanism of the coherent optical phonon and coupled co-
(e-ph) thermalization, of dressed electron&n electron plus herent magnon. The surface coherent optical phonon was
its phonon cloug of phonon self-energyreal part corre- excited by a transient charge separation at the surface, which
sponds to the change in phonon frequeneynd of phonon- is similar proposal to the displacive excitation mechanism
induced electron-electron interactidthis effect gives the (DECP.** Furthermore, Bovensiepeet all® studied both
birth of the Cooper pair in superconductots surface and bulk coherent optical phonons in Gd metal using
In metals, relaxation dynamics of optically excited non-the SHG and TR techniques, respectively. They discussed the
equilibrium electrons has been extensively studied bytransient frequency shifts observed for both phonons. Wa-
transient-reflectivity (TR) or transient-transmissio(TT)  tanabe et al. revealed coherent surface vibration on
pump-probe techniques using femtosecond las&rfhe  Cs/P{111) system by using the SHG technigtfeThe co-
e-ph thermalization occurs on a subpicosecond time scale ilerent stretching vibratiofw=2.2 TH2 was generated by
metals and has been traditionally described by the use of thesonant-impulsive stimulated Raman scatter{tgRS,*’
two-temperature modéTTM).6—° Besides the observation of and the damping of the coherent surface vibration was domi-
the dynamics of nonequilibrium electrons, coherent acousticnated by pure dephasing caused by hot electrons at absor-
phonon pulses have been investigated by using the pumpate. Thus, the SHG technique has mainly enabled studying
probe angular-deflection technigtfet! The acoustic-phonon surface coherent optical phonons on metallic surfaces. Nev-
pulse is generated through transient heating of the sampkertheless, investigations of bulk coherent optical phonons in
surface induced by excitation with intense laser pulses. Thenetals using conventional TR or TT pump-probe techniques
response from acoustic-phonon pulses is typically observedre still few mainly because of the very short optical penetra-
on a several hundred picosecond time sdale gigahertz tion depth in metals stemming from the absorption by free
frequency range'? Since the electron-phonon thermalization electrons(Drude absorption Therefore the change in the
that we are considering takes place on a subpicosecond tintefractive index associated with the coherent phonon oscilla-
scale (or terahertz frequency rang® coherent optical tions are very weak in the bulk, making it very difficult to
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measure. Although study of the surface coherent optical pho .
non in metal surfaces offers interesting applications, e.g.,
controlling chemical reactions on metal surfaces, there is
also tremendous motivation to observe and control the bulk
coherent optical phonon in metals in order to study transient
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imaginary part of the dielectric function, and the interband
transition could enhance the amplitude of the coherent ) i
phonons through the resonant ISRS process. Therefore the FIG: 1. (Color onling Schematics of femtosecond pump-probe
realization of generation and observation of bulk coherenfXPeriment. BS: beam splitter/2. half wave plate. The difference
optical phonons in metals using the TR pump-probe tech9f the photocurrent of th_e two Si-PIN detectors was amplified and
nique requires(i) existence ofk=0 optical phonon, which thus reduced current noise from the laser source.

can be observed by Raman scattering, @nd spectral peak ) ) .

in the imaginary part of the dielectric function, which is re- dence of the amplitude of the coherent optical phonons in Zn
lated to interband transition. Appropriate candidates of thdn terms of Stevens’ modéf.

metallic samples that meet the above requirements are Zn,

Cd, and Mg, in whichk=0 optical phonon modes were, in Il. EXPERIMENTAL TECHNIQUE

fact, observed in Raman scatterifig. .

In this paper, we report on the observation of both bulk The samples used here were single crystals of Zn and Cd
coherent optical phonon and nonequilibrium electrons in zvith cut and polished(0001) surfaces. The femtosecond
and Cd using a femtosecond pump-probe reflectivity techPump-probe measurementSig. 1) were carried out in a
nique with high sensitivity oAR/R=10"". The coherenE,, ~ €mperature range from 7 to 295K using a cryostat. The
phonon, whose oscillatory frequency is in the terahertz relight source used was a mode-locked Ti:sapphire laser whose
gion, is generated by optical excitation of nonequilibrium Pulse width was~20 fs as determined by autocorrelation of
electrong(interband transition The amplitude of the oscilla- ~30 fs??and the repetition rate of 87 MHz. The pump-beam
tions decreases dramatically as the temperature is raised froppwer was varied from 20 to 120 mW, while the probe-

7 K to room temperature. Importantly, the temperature debeam power was fixed at 5 mW. The polarizations of the
pendence of the amplitude of oscillation closely follows thePUmp and probe beams are orthogonal to each other to avoid
temperature dependence of the subpicosecond electroricking the scattered pump beam on the detector. We used a
transient, suggesting that under the resonant condition botRck-in detection where the pump-beam was mechanically
electronic and phononic responses are proportional to thehopped at 2 kHz. Both pump- and probe-beams were fo-
change in the dielectric function. The relaxation time of thecused onto a diameter 6f100 um on the sample. The pen-
fast electronic response decreases with decreasing tempefitation depth of the laser light with a wavelength of 800 nm
ture, showing saturation at temperatures below 100 K. If=1.55 eV} was estimated to be-13 nm based on the ab-
fact, this behavior closely follows the temperature depensorption coefficient of 7.58 10° cm™. Therefore the contri-
dence of the electron-phonon thermalization time observegution to the signal from the surface oxide layer is negligibly
in simple metals, such as Au, Agln order to explain the small. At the pump fluence of 9.2J/cnt (60 mW) we es-
peculiar temperature dependence of the amplitude of thémated the maximum electron temperature A€’ (assum-
electronic transient, we have derived a simple model, wheréng a thermalized electron get® be<100 K at 7 K2 Thus

the photoinduced change in reflectivity is governed bythe experiments can be considered as being in the reasonably
photoinduced absorption, where the initial states lie near theeak excitation regimé?* The TR signalAR/R) was mea-
Fermi energy. Assuming the so-called two-temperaturesured to extract the relaxation dynamics of nonequilibrium
modef and energy conservation law we were able to repro<arriers and the bulk coherent optical phonon as a function of
duce the temperature dependence of the transient amplitudlee time delay after excitation pulde.

extremely well—further supporting the association of a fast

transient with ele(_:tron-phonon thermalization qnd corr_elatioq IIl. GENERATION OF COHERENT OPTICAL PHONONS
between electronic and phononic responses via the dielectric

function. We have extended the range of pump fluences up to Traditionally, generation of coherent optical phonons has
6 mJ/cnt and study phonon softening as a spectator of therbeen described by either DEERfor absorbing mediaor

mal expansion. In Sec. V, we discuss the temperature depetBRS® (for transparent medjaln DECP mechanism, photo-
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excitation induces changes in the electronic energy- 11x10°
distribution function, and as a result, the crystal lattice begins 10
to oscillate around the new equilibrium positioQq(t)
=kn(t), wherek is a constant and(t) is the photoexcited
carrier density? In the first order only the A totally sym-
metric modes are coherently excited by the DECP mecha-
nism. Recently, Steverst al. have suggested that the com-
bination of DECP and ISRS is possible in semimetals. We
briefly introduce their model belo.

The impulsive stimulated Raman scattering equation of
motion for an optical vibrational mode whose normal coor-
dinate is labele® is given by%26

& d
—? + ZF—Q
ot

1.55eV —®—Zn

AR/R

Nov 0.0 I 1.0 | 2.0 | 3.0 | 4.0
+ QSQ =F() = 7(:%: RuEE:, (1) Delay time (ps)

FIG. 2. Transient reflectivity change obtained for Zn and Cd at

whereI" and (), are the vibrational damping and the fre- ; _ o el
the lattice temperature 7 K. The inset shows the imaginary part of

e O e delocic fncion ) fr 2 Cosed i Co (oper
field delivered by the broad spectrum of the ultrashort pumpiq‘qu"jlre)S and Mg(open trianglek (Ref. 27.
light. According to wave-vector and energy-conservation IV. EXPERIMENTAL RESULTS AND ANALYSIS
rules, a phonon mode with frequenay— w,=, and wave

vector ki—k.=k, can be excited>?s The Raman tensoRy Figure 2 shows the time-resolved TR sigitAR/R) ob-

tained for Zn and Cd at 7 K with the pump fluence of
denotes both the standard Raman tengband the electro- Foump=9.2 ud/cn?. The response of the reflectivity change

strictive forcemy. Equation(1) is valid only if Rq does not - Jndicis™ ot "o components. One is the initial transient
depend on frequency. In absorbing media, such as semim&{pnoscillatory response because of excitation and relaxation
als and semiconductors, the Raman terBgrdepends on  of nonequilibrium electrongfast electronic respongewhich
frequency and~(t) becomes a function of the frequency. Ac- gecays in a few hundred femtoseconds. Since the interband
cording to the theoretical work for the electrostrictive forceelectronic transition near thé point occurs at around
7TE| as the generation mechanism, assuming that the dielectr800 nm(1.55 e\},?’ this interband transition dominates gen-
function e(w) varies slowly within the spectral width of the eration of nonequilibrium electron distribution in Zn.
pump pulse, the Fourier component of the driving for¢e The second component is the oscillatory signal due to
is expressed as follows: generation of the coherent lattice vibrati@oherent phonon
responsg The time period of the observed coherent oscilla-
dRe(s)  _Im(e) | [ ) tion is several hundred femtoseconds, corresponding to the
do +2i QO . eMEM®[dt. (2 bulk E,q optical phonon mode as discussed below. It is to be
noted that in addition to Zn and Cd samples, we tried to
HereE(t) is the electric field of the pump pulse, i.éE(t)[2 ~ measure coherent optical phonons also in alkaline-earth
corresponds to the intensity of the pump ligatt)[?=1(t). ~ Metal Mg(0001), however we observed only very weak elec-
The real part ofe leads toF(t) = |E(t)|?, which is impulsive tsrr?cr)]\lis r)re_ls_ﬁgn;;;{gg dgoogstﬁglag(())f?esrelﬂttgzti-lc-gl z'ﬁgﬁ)tn is
and glvesQ(t)?csm(,)Otz, vyhergas .the. 'maginary part af significantly larger in Zn than that in Cd. This suggests that
leads t_OF(t)xf—w|E(t )|t which is displacive in character e interhand electronic transition, which contributes to the
and gives Q(t) <cos(t. Since |d Re(s)/dw|<Im(e)/Qo  imaginary part of the dielectric function (@) as shown in
with (), being the phonon frequency, imaginary part of thethe inset of Fig. 2, governs the excitation of the coherent
dielectric function dominates the driving force. Thus we ex-gptical phonon, although according to E@) the phonon
pect that the coherent optical phonon generated through resamplitude depends also on the deformation potential. In fact,
nant ISRS exhibits a displacive behavior. Solving Eg.for at the laser energy of 1.55 eV, (B) shows a dominant peak
the undamped harmonic conditi¢Fi=0) yields the coherent for Zn, whereas it shows a weak shoulder for Cd. For Mg,

F(Q) « {

phonon amplitudé? however, Inte) is almost zero, supporting the suggestion that
e this mechanism is indeed the main driving force.
_Im(g)NvEq it 2 Hereafter we will focus on dynamics of the coherent pho-
o=, oz | € CIEmdt, 3 . .
AmhQy )., non response and fast electronic response in Zn because the
signal amplitude is much larger than that in Cd and therefore
whereE is the deformation potential. According to E®), it is possible to make precise analysis of the time domain

the amplitude of the coherent phonon depends on the imagsignal.
nary part of the dielectric function as well as the pump in-

tensity I(t) if the temperature is constant, so that thermal A. Coherent phonon response
expansion and anharmonicity of the crystal lattice, which Figure 3 shows the time-resolved TR sigfAR/R) ob-
result in modification ob, and (), are negligible. tained on Zn at various temperatures at the constant pump

184301-3



HASE et al. PHYSICAL REVIEW B 71, 184301(2005

—

20x10°

2 IS
g = 530f s,
- 0.504% Dy
g >.2.25) 2
s Q
z o 5220} B
154 z 8040+ %ZIS_Ezgmode A
® o ‘G: : I I !
2 20 24 2% £ 030 0 200
' . y ’ .30+ emperature
& T=7K Frequency (THz) & P )
£ 10 g
g 0.20
A ® data
5+ 0.10 — fitting
T=80K
u 4
_ 0.00 -—————————————
0 K 0 100 200 300

T Temperature (K)
12 16

=

4 8
Delay time (ps) FIG. 4. Decay rate of th&,; mode together with the frequency

FIG. 3. Transient reflectivity change obtained in Zn at various(inse') as a function of the lattice temperature. The solid line rep-
resents the fit to the data using Ed).

lattice temperatures. The inset shows the Fourier transformed spec-
tra of the time-domain data.

0.06 ps'. The good agreement of the time domain data with
fluence of 9.2uJ/cn?. The frequency of the coherent optical the anharmonic decay model indicates that the damping of
phonon observed in the Fourier transform@) spectra  the coherenEy, mode in Zn is due to anharmonic phonon-
(see inset of Fig. Bis 2.32 THz at 7 K, being in excellent phonon coupling(population decay The frequency of the
agreement with that of the bulk,; mode observed by Ra- E, mode decreases as the temperature increases as shown in
man scattering’-?®The Fourier transformed spectra exhibit a the inset of Fig. 4. This temperature dependence is qualita-
redshift of the peak frequency and broadening of the linetively in good agreement with the anharmonic frequency
width of the E;y mode as the temperature increases. Thehift observed by Raman-scattering measurentérgsich a
coherent phonon signal in time domain, not including ul-frequency shift due to the lattice anharmonicity was also ob-
trafast electronic response appearing<a600 fs, was fitted  served in I~V semiconductors, which was reproduced by
by a damped harmonic oscillatoke™ coSwg, t+¢o), and  ab initio calculations including various anharmonic contribu-
in this way the amplitudé\, the decay ratédamping I', the  tions (thermal expansion, third-, and fourth-order
frequencywe, , and the initial phases, are extracted. anharmonicity.3!

1. Temperature dependence of damping and frequency
of the By mode

In general, damping of the coherent phonon is governed AS shown in Fig. %), the amplitude of the coherefb
by population decay(inelastic scattering and/or pure phonon significantly decrea_ses upon increasing the lattice
dephasingelastic scattering In semimetal and semiconduc- temperature. The decrease in the amplitude of the coherent
tor crystals, the decay process of the coherent phonon fPtical phonon at higher temperatures is contrary to the tem-
dominated by the population decay due to anharmoni@€rature dependence of the Raman intertéityconfirming
phonon-phonon coupling, rather than pure depha®ifg. that the amphtqde of the nonequmbnum coherent phonop is
The anharmonic decay rate depends strongly on the lattic@0t determined by Bose-Einstein statistics
temperature, while the pure dephasing, esgph scattering,

2. Temperature dependence of the amplitude of thg, Bnode

depends in metals on the hot electron den$ityy order to 800x10°F @ 1'0X10-6_(b) -
examine the decay process of the coherent optical phonon,
temperature dependence of the decay rate at the constant 600 08-m 7K
pump fluence, i.e., constant hot electron density, is measured. -

Figure 4 shows the decay rate of the coherent optical pho- <, ol €, 06
non as a function of the lattice temperature. The decay rate :é“ oj’ 0.4
increases upon increasing the temperature. This behavior is
well explained by the anharmonic decay ma8éh which 2001 0.2
the optical phonon decays into the two acoustic phonons
with half the frequency of the optical mode and with oppo- Oty 0.0
site wave vectorg?-30 0 200 0 18

Temperature (K) Fluence (ul/em™)
2
[=To| 1+ exf (hQy/2)/ksT] - 1 : (4) FIG. 5. (8 Amplitude of the cohereri,; phonon as a function

of lattice temperatureb) Amplitude of the coherertt,q phonon vs
Herel'j is the effective anharmonicity as the fitting param- the pump fluences at the two typical temperatures. The solid curves
eter andkg the Boltzmann constant’; is determined to be are the fit to the data using E€L2).
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FIG. 6. Transient reflectivity change observed at 6 m¥/ amn
295 K. The inset shows FT spectrum of the time-domain data, FIG. 7. (Color onling Transient reflectivity change observed for
showing the cohererif,; mode. Zn at 7, 100, and 295 K. The closed circles are experimental data,
and the solid curve is the fitting with E¢G).

n=1/[exp(fiQq/ksT)—1], which shows an increase in the _

phonon occupation number at higher temperatures. The very B. Fast electronic response
close behavior of the temperature dependence of the phonon
and electronidsee below in Fig. @)] responses suggests
that the amplitudes of the fast electronic and the coherer’ff e domain data and to obtain the amplitude and relaxation
phonon responses have the same origin. We will discuss ti} P

temperature dependence of the amplitude offiemode in ime pf the fast electronic transient, we utilize a Illnear com-
Sec. V. bination of a damped harmonic oscillator and a single expo-

nential decay function

The subpicosecond electronic response measured at sev-
ral temperatures is presented in Fig. 7. In order to fit the

3. The photoexcitation dependence

The photoexcitation intensity dependence of the coherent  AR(t) . o
E,, mode was investigated in the range up fo R - HO[AE™" codwg, t+ o) + Be 7+ consy.
=18.4 uJ/cnt. The amplitude monotonically increases with
the pump fluence both at 7 and 80 K, as shown in Fig).5 (5)
On the other hand, the frequency and the damping of the
coherentE,; mode were independent on the pump fluence in ] o ) )
this fluence range. The latter result shows that the dampinff€reH(b) is the Heaviside function convoluted with Gauss-
of coherentE,, phonons in Zn is dominated by anharmonic ian to account for the finite time resolution, whieand 7y
phonon-phonon coupling, which is determined by the lattice'® the amplltude. and rela>§at|on time of the fast electronic
temperature, rather than by pure dephasing via scattering Bj2nsient, respectively. In simple metals, such as Au?Ag,
hot electron<® ultrafast transient is usually attributed to the electron-phonon

When increasing the pump fluence by three orders othermalization, which is treateq _by the so-calle_d two-
magnitude(up to 6 mJ/crd) using the amplified femtosec- t€mperature mod€él TM). The main idea of the TTM is that _
ond laser systenfpulse duration of 130 jsthe time domain because of the fact that electron-electron .the_rmallzatlon is
signal drastically changes. Figure 6 shows transient reflectiynuch faster than electron-phonon thermalization, electrons
ity change observed at 6 mJ/&nThe width of the initial  duickly (in tens of femtosecongghermalize to a tempera-
electronic transient response is different from those observe#'® Te, Which can be much higher than the lattice tempera-
in Figs. 2 and 3 because the pulse duration used in Fig. 6 i&r¢ T;, resulting in Fermi-level smearing. In the next stage,
much longer than that in Figs. 2 and 3. Importantly, a|thougHaIectrons thermgllzg W|th Iatt|ce_|n a c.haracterlsuc _electr(_)n—
the pump fluence increases byl 0%, the electronic response phonon thermalization tme:, which is in metals typically in
increases only by one order of magnitude, suggesting somi@e 100 fs—1 ps range. Since after tens of femtoseconds,
kind of a saturation behavié?. The frequency of the coher- When electrons have already thermalized, the changes in the
ent E,; mode in the FT spectréthe inset of Fig. B is occupied electronl_c density of states are limited to energies
2.10 THz, which is slightly redshifted from that obtained at©f ksTe near Fermi level, the photoinduced reflectivity dy-
9.2 ud/cnt? at 295 K, 2.15 THz. This redshift would origi- namics tracks th_e time evolution of the electronic tempera-
nate from electronic softening of the lattier thermal ex- ture. The TTM is given by the set of two coupled heat
pansion due to lattice anharmoniéity® under high-density equationd’-**
photoexcitation. We note that strong background signal from
lattice heating arises dt>2 ps, and therefore the effect of
thermal ex_pansion may dominate the redshift of the coherent Ce(Te)&—Te =—g(T.-T) +Sz1), (6)
Eyy mode in Zn. at
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where C,(T,) and C, are the respective heat capacities of
electrons and latticey [=g(T;)] is thee-ph coupling function
and S(z,t) describes the absorbed energy, wheres the
depth coordinate. In the pump-probe experin&att) has a
Gaussian temporal shape. In the limit of weak perturbation

0.20+

0.10+

e-ph scattering time (ps)

(when change in the electronic temperature is small com- 0.00-
pared to the initial temperaturéhe relaxation of the elec- o 100 200 300
tronic temperature is exponential wigaph thermalization Temperature (K)
time®
FIG. 8. (Color online Temperature dependence of the electron-
Teph= 1 CC ) (8) phonon thermalization timer,). The closed squares are experimen-
gC.+C tal data, whereas the solid curve is a fit to the data with the TTM

. . . . . . del, d ibed by Eq10).
g(T)) is in the linear response limit particularly simple in the model, described by Eq10

case of simple metals where the electron bandwidth is much

larger than the Debye temperatudg, and the Debye model
of the electron-phonon coupling can be used. In this case AS shown above, the temperature dependence of the re-

1. Temperature dependence of electronic transient

g(T)=dG(T)/dT, wherd-3? laxation time follows the prediction of the thermomodulation
scenario, where the data above 50 K can be well fitted using
~ T \® (90T x4dx the standard TTM. On the other hand, the amplitude of the
G(T) = 4g.. 9_0 o €-1 (9 fast electronic responsB,in Eq. (5), also shows pronounced

temperature dependence as shown in Fig.. Moreover the
Given that, theT-dependence of. ,, [Eq. (8)] is completely ~ same temperature dependence is obtained also for the ampli-
determined by thes-ph coupling constantg..), ©p, C(T), tude of the oscillatory transient due to the photoexcited co-
and C,(T). Since the lattice specific he@ is a factor 18  herentE,y phonon, suggesting that the amplitudes of the fast
larger than the electronic specific he@@,>C,) in a wide electronic and the coherent phonon responses have the same

temperature rangéand since the electron heat capadty — Origin.
=yT.~ 9T, (when change in the electronic temperature is It should be noted that the temperature dependence of the

small compared to the initial temperatyréhee-phthermal- ~ amplitude of the photoinduced reflectivity transient has thus
ization time 7., is given by far not been studied for the case of simple metals. Below we
derive the temperature dependence of the transient amplitude

Ce T B as would be expected in the case of the thermomodulation

Te-ph =~ 9(T)) = 9Ty’ (10) :’jm?[chanism and show extremely good agreement with the
. . ata.
For T;< O, the functiong(T,) variesT} and forT= 6Oy, the To account for the temperature dependencéah Eq.

functiong(T,) becomes constaifg..).® SinceOp=234 K for  (5) we assume that the relaxation processes after excitation
Zn, TTM predicts 7e o~ T, % at Tj<Op/5 and 7o~ T, at
T|26D/5.39 14X10_6_
The relaxation time of the subpicosecond transient in Zn
obtained by fitting the data with E¢B) is shown in Fig. 8 as 12_
the function of lattice temperature. The relaxation time 10
monotonically increases from 75+30 fs to 260+ 30 fs as the

12x10°
10}

temperature increases, similar to the behavior obtained fo & 8| &
noble metal$. The behavior follows the prediction of the % ¢ 7
TTM at temperatures above 50 K, whereas no upturn in re- I 4
laxation time is observed at low temperatures. The absenc 4.

of upturn in relaxation time at low temperatures is common 2 Pard 2
in metals? and is attributed to the fact that the basic assump- ol 0

tion of the TTM thate-e thermalization time is fast compared -(') - 1(')0 - 2(')0 . 3(')0 o 1'0' —
to the e-ph thermalization fails at low temperatures. There-
fore a nonthermal electron mod@EM) needs to be intro-
duced that accounts for the low-temperature saturation of i g, (a) Amplitude of the fast electronic transient as a func-
relaxation tim&3%—the analysis using a NEM is beyond the tion of temperature. Inset shows the corresponding initial
scope of this paper. By fitting the temperature dependence ¢f -dashed lingand final(T.-solid line) electronic temperatures as
the relaxation time with Eq(10) we obtain the value of the a function of temperaturéb) Amplitude of the fast electronic tran-
e-ph coupling constanig,.=6.4x10° Wm 3K, which is  sient vs the pump fluences at the two typical temperatures. The
the same order of magnitude as in other simple métals.  solid curves are the fit to the data using EtQ).

Temperature (K) Fluence (pJ/cmz)
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with short laser pulse follow the TTM, i.e., electron-electronmodel predicts the sublinear dependence at 7 K, which is not
thermalization is much faster thaaph thermalization. Fur- observed in this intensity range, while good agreement with
thermore, we assume that the changes in the reflectivity &80 K data is obtained. We believe that for the same reasons
optical frequency1.55 eV} are due to photoinduced absorp- that the temperature dependences of relaxation time and am-
tion, with photoinduced quasiparticlém the energy range plitude at low temperatures do not follow the TTM predic-
of kgT, around the Fermi energ\as initial states and with tion; the fact that electrons are non thermal on this time scale
final unoccupied states well above the Fermi enétdyWe  can give rise to the absence of the sublinear intensity depen-
should note that similar arguments have been successfullyence at low temperatures.

applied for the case of optical pump-probe spectroscopy in

superconductofdand charge density wavé&Therefore, us- V. DISCUSSION

ing the Fermi golden rule, the amplitude of the transient is

proportional to the change in the occupied electronic density According to the model by Stevees al2° under the con-

of states neaEg, i.e., the amplitude of the photoinduced dition that the lattice temperature is constant, the amplitude
transient should be proportional to the photoinduced quasief the coherent phonon depends on the imaginary part of the
particle densityn,. In the limit when temperature is much dielectric function Infe) as well as the pump intensityt)
lower than the Fermi energy, which is the case here, thésee Eq(3)]. Here we review the temperature dependence of
number density of the electron-hole pairss in the Landau the coherent phonon amplitude in Zn in terms of E8).
Fermi liquid exactly proportional to temperatumexT. We  When the lattice temperature increases, thermal expansion
assume that after photoexcitation all the absorbed energy indccurs and the volume, increases. This effect will increase
tially goes in the electronic subsystem, and the electrons arée phonon amplitude according to Eg). The phonon fre-

described by the increased electronic temperafijreFol-  quency decreases fer8% with increasing the temperature
lowing this one obtains from 7 to 295 K, suggesting an amplitude increpiEg. (3)]
, by =16% contrary to our experimental results, which shows
Bocnp=np —ny =T~ T, (1) a'decrease in the coherent phonon amplitude as the tempera-

whereny is the quasiparticle density at the initial tem era—ture increases. The deformation potenfigjcan be taken as
Teh.I q hp Darticl yd i after el P nearly constant through the entire temperature range in the
ture Te, W ile nr, is t e quasipartic e, en§|ty after e ectrons present stud¢? Thus, any parameters other than(nin Eq.
have thermalized to final temperatdrg Taking into account  (3) cannot account for the temperature dependence of the
that the electronic specific he@t=yT,, wherey is the Som-  coherent phonon amplitude.
merfeld constant and using the energy conservation law it The initial phase of the coherent optical phonon is esti-
follows: mated to be 5°+5° at all temperatures from the fitting the
R e oscillatory part with the single damped harmonic oscillator,
BorTe=Te=\Te+ 2Ui/y-Te, (12 indicating that the coherent phonon oscillation follows co-
whereU, is the absorbed energy intensity. sine behavior. The cosine phase is consistent with the predic-

There are several important implications of Ed2). tion from Stevens’ modefsee Eq.(2)], where the driving
First, the amplitude of the transient is maximum at low tem-force of resonant ISRS has displacive character. Further ar-
peratures and decreasing as the sample temperature is @Ument for the displacive nature of the observed transient is
creasing. Second, at low temperatures the model predictsthe strong correlation between the photoinduced quasiparti-
sublinear excitation intensity dependence, while at high temcle density and the amplitude of the coherent optical phonon
peratures the dependence becomes more and more linear.0bserved in both temperature and fluence dependences. For

In Fig. 9 we show that the model, indeed, well reproducexample, in Fig. 5 we use the same fitting function as used
the observed temperature dependence. Wiete was taken for describing the temperature dependence of the electric
as a fitting parameter since the estimated absolute valug of transient. Fitting of the coherent phonon amplitude versus
is subject to some uncertaintpossible errors in the spot both the temperature and the fluence using @8) is sur-
size, reflectance, and the optical penetration depth may giverisingly good. As discussed in Sec. llI, the driving force
rise to substantial errarimportantly, the final temperature F(t) J' |E(t))|?dt’ is the Heaviside function convoluted
T, obtained from the same fishown in the inset to Figure Wwith Gaussian and causes displacive behavior for the excita-
9(a)] matches well the estimate given in Ref. 23. tion of Raman active mode through resonant ISRS process.

Although very good agreement with the temperature deBecause Irfe) is directly related to photo excitation of non-
pendence ofB is obtained at temperatures higher thanequilibrium electrons, quasiparticle density should follow
~50 K, B shows saturation below 50 K, while the model Im(g): ny,=Im(e). Thus under the resonant conditioQ,
predicts further increase in the amplitude. We ascribe thisc<Im(e) andny<Im(e).
discrepancy to the fact that at low temperatures the TTM
fails, sincee-e thermalization time becomes comparable or
even longer than the-ph thermalization time?

Figure 9b) presents the excitation intensity dependence We have investigated ultrafast dynamics of coherent opti-
of amplitude measured at 7 and 80 K, together with the fittal phonons and nonequilibrium electrons in transition metal
using Eq.(12) using the same value df/y as extracted Zn and Cd using a femtosecond pump-probe technique. The
from the fit to the temperature-dependence data. As seen, tloptical response in time domain is well fitted by linear com-

VI. CONCLUSIONS
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bination of a damped harmonic oscillation due to excitation The damping and the frequency of the coheregtpho-

of coherente,, phonon and a subpicosecond electronic trannon were also found to depend on the lattice temperature,
sient. Dynamics of both the nonequilibrium electron distri-which was explained by anharmonic phonon-phonon cou-
bution and the photoexcited coherdfy; phonon were ob- pling, rather than pure dephasing, and by anharmonic fre-
served in a wide temperature range from 7 to 295 K. Theyuency shift, respectively. There was no dependence of the
amplitudes of both the coherent optical phonon and elecfrequency and the damping of tii®, phonon on the pump
tronic transient show pronounced temperature dependencigfisence, suggesting that pure dephasing due to scattering
Based on the fact that the relaxation time of the fast elecyh not electrons is negligibly small. When increasing the
tronic transient closely follows the pred|ct|on_of the ther_moj ump fluence up to the millijoule per centimeter-squared
modulation scenario we analyze the relaxation dynamics "IfmJ/cn?) range, the redshift of the cohereij, mode fre-

terms of the two-temperature model. Good agreement wit . -
the model is obtainedpbetween 50 K and roorg temperaturéquency was observed, which was ascribed to thermal expan-

while below 50 K the model is found to fail similar to stud- §|o_n. Since thepg mo_de in Zn may be sensitive to highly

ies on simple metals, such as Au or Aggelow 50 K a anisotropic compressional behavior ©fa axial ratio in Zn

nonthermal electron modeheeds to be applied. crystal (hcp structurg as observed.by Raman scattering un-
In order to account for the temperature dependence of thde" Pressure, controlling the amplitude and the frequency of

amplitude we developed a model assuming the photoinducel#® coherenEy phonon will be useful for the study of the

absorption mechanism, where the signal amplitude is propo@radual anisotropie- isotropic transition occuring in Zf?

tional to the photoinduced change in the quasiparticle den-

sity. The model was found to account for the observed tem-
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