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Coherent THz Phonons Driven by Light Pulses and the Sb Problem: What is the Mechanism?
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Femtosecond laser pulses generate in Sb coh&rephonons at=3.4 THz, in addition to oscillations
of A, symmetry accounted for by the phenomenological displacive-excitation model. Experiments
agree with theoretical calculations showing that the coherent driving force in absorbing materials like
Sb is determined by Raman processes, as in transparent media. The Raman formalism provides a
unifying approach for describing light-induced motion of atoms of both impulsive and displacive
character. [S0031-9007(96)01455-X]

PACS numbers: 78.47.+p, 63.20.Kr, 78.30.—

Following recent advances in femtosecond laser techdECP). The DECP model, accounting, in particular, for
nology, several groups demonstrated that the propagatiaesults on semimetals [4], provides a simple explanation
of light pulses in solids is accompanied by intense latticdor driving fully symmetrianodes, seemingly unrelated to
vibrations showing a high degree of spatial and temporaRaman scattering [4,14]. In the DECP picture, the equi-
coherence [1-9]. The availability afoherentphonons librium positions of the ions experience a sudden shift
at THz frequencies has led to a variety of suggestionglue to coupling with photoexcited carriers created by the
for applications and experiments involving, in particu- optical pulse. HenceF is steplike and, thusQ o [1 —
lar, time-domain spectroscopy of phonons using pumpeog(¢)]. As discussed below, our approach renders the
probe methods [1-9], conversion of mechanical INtoADECP model [4,14] as a particular caserefonantCRS
coherent electromagnetic energy [7], and intriguing proin that the driving force generally contains both impulsive
posals relying on photon control of the ionic motion and displacive components. To test these ideas, we have
[10,11]. While coherent vibrations have been producegerformed pump-probe and conventional RS experiments
in insulators, semiconductors, and metals using, basicallyeexamining the case of antimony [4]. We chose Sb as rep-
the same technique [1-9], the experiments reveal fundgesentative of a class of materials which have been reported
mental, but poorly understood differences between trangp follow DECP, but not Raman predictions [4]. Unlike
parent and opaque materials [1,4]. This Letter presents grevious studies [4], we find that pulses drive not only one
unifying mechanism for phonon generation that explaingfully-symmetric), but the two Raman-allowed modes, and

the differences. that there is a strong correlation between time-domain and
Phenomenologically, the lattice motion is described by RS intensities. We also observe that the phase of the os-
d?9 s cillation is intermediate between that of purely displacive
T 079 = F(r,1), (1) and impulsive dynamics.

Measurements were performed on single crystals of
where @ is a classical phonon field of frequen€l, and  antimony at room temperature using cleaved surfaces
F is the driving force [1]. In transparent media, it hasperpendicular to the trigonal axis. Sb is a group Vb
been known for a long time that vibrational coherencesemimetal crystallizing in thé7 structure with the point
rely on coherent (stimulated) Raman scattering (CRS) fogroup3m and two atoms per unit cell. The three phonon
whichF = 3%, (xX E,E,)/2. Here,E, denotes acom- branches give the Raman-activg, (totally symmetric)
ponent of the optical pump fielgk®, ~ ax!))/09Q isthe and E, (doubly degenerate) modes at the center of the
nonlinear Raman, an)zlb(t}] is the linear susceptibility [12]. Brillouin zone. The corresponding Raman tensors are
When the pulse widthr, is small compared witf)~!,  given in Table I. Time-domain data were obtained using
F acts as arimpulsiveforce giving @ « sin(2¢). For a standard pump-probe setup in the reflection geometry.
absorbing substances, a unique process has so far ns$ a source, we used a mode-locked Ti-sapphire laser
been identified [1]. The experimental evidence indicategproviding 80 fs pulses centered at 815.0 nm at a repetition
that Raman selection rules are strictly obeyed (see, e.gate of 85 MHz and 15 mW of average power focused to
[3,5,7,13]). However, the oscillation phase varies froma 70-.um-diameter spot. RS measurements were recorded
material to material, and relative intensities gained fromn the backscattering configuration using 30 mW of a cw
time-domain measurements and spontaneous Raman scai:sapphire laser also tuned to 815.0 nm, or an Ar laser
tering (RS) do not appear to correlate [4]. One of the leadeperating at 514.5 nm.
ing proposals for explaining opaque systems is the mech- A summary of our time-domain results is shown in
anism known aslisplacive excitatiorof coherent phonons Fig. 1. In these traces, the relative reflected intensity of
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TABLE I. Raman tensors fom. The trigonal axis is along domain and RS spectra is shown in Fig. 2. Notice that
[001]. the ratio between the Fourier transform (FT) amplitudes
A (T) E,(IY) of .the two modes is very close to the RS intensity
ratio, as expected for transparent substances [1]. As
|: e —d:| discussed later, this correlation supports our claim that
—-e

Raman scattering is the underlying mechanism for the
driving force in absorbing media. Within this context,
it is important to mention that visible-range RS in Sb is
dominated by theE} resonance centered at 2.15 eV and
that the ratio between, andE, intensities, i.e.]a/el|?,
the probe beamAR/R, is plotted as a function of the is nearly constant across 1.7-2.7 eV (see Table | and
time delay between the pump and probe pulses. Standatte inset of Fig. 2). This indicates thawo-bandterms
CRS selection rules, easily derived from Table I, dictateare the leading RS process [15]. From the RS data at
that theA,, spectrum should not depend @n whereas 815.0 nm (1.52 eV), we havk:/e| = 2.2 = 0.5, while,
the intensity of theE, mode should behave as ¢28); at 514.5 nm (2.41 eV)la/e| = 2.4 = 0.6, in reasonable
6 is the angle between the polarizations of the twoagreement with [15]. Since these ratios are the same
beams. Our measurements are in excellent agreemewithin experimental errors, we conclude that two-band
with these predictions. As illustrated in Fig. 1(a), the processes dominate at 815.0 nm as well.
dependence of the modes allowed us to single out the The simplest Hamiltonian of interest to our problem is
E, contribution which could not be resolved in previous ; 1
work using=2 eV photons [4]. In Fig. 1(b), we show fits H = Z SokChicor + Z IPZ| + Q7107

q

to exgd—1I'7)sin(Qr + ¢) indicating that the dynamics bk
of the modes are neither displacive® = = /2) nor + Yyl =bb! le 4y 2
impulsive (¢ = 0). This should be contrasted with the % ;“kk Qi Con o' 0. @

results for theA;, mode at=2 eV showing purely

displacive behavior [4]. A comparison between time-cs @ndc,, are electron creation and annihilation opera-
tors for the state of energy,., wave vectork, and band
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FIG. 1. Reflection geometry data. In (a), the angle between THz

the polarizations of the two beams i = 7/4 for the

A, trace. E, results were obtained from the difference FIG. 2. Comparison between RS and time-domain results
between measurements Gt= 7/2 and at6 = 0. Fits to  (arbitrary units). Solid lines are Lorentzian fits. (a) RS
exp(—TI'r)sin(Qr + ¢) are shown in (b), after removal of spectra for two excitation wavelengths. The polarizations of
the background. Parameters &e= 4.5 THz, I'"! = 3.7 ps,  the incident and scattered light are parallel to each other. (b)
and¢ = —113° = 11° for the A;, phonon and) = 3.4 THz, FT amplitude corresponding to the traces in Fig. 1(a) obtained
I'"! = 1.8 ps, andp = —47° * 8° for the E, mode. Dashed with pulses centered at 815 nm. The inset of (a) shows the
curves are exp-I'r)cogQ ) corresponding to the displacive dependence of the RS cross section on the laser energy (from
limit. [15]).
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index b. Q, is the amplitude of the phonon of wave leading to (1) after the replacementQ =
vector g and frequencyQ,, and P, is the associated V‘1/22q<Qq)exp(iq -r). The two-band DECP
canonical momentum.5%% are matrix elements of the Model of [14] assumes that the electronic density matrix
electron-phonon interaction and is the volume. The IS diagonal, i.e., that the photoinduced charge density
time-dependent term describes the coupling of the system(r) is @ constant and, thus, that (3) vanishes for all wave
to the radiation field of the pump which we treat asVvectors buig = 0. However, (3) can be obtained directly

classical. From the equation of motion f@y,, we obtain ~ USINg perturbation theory. We show below that the
the identity electronic expectation value contains diagonal as well as

d*Q,) ) s oyt off-diagonal contributions_ and that it is th!sff-diagonal
i + Q0. = -V <Z :k,chbkc,,«k_q>, terms, rather than the dlag(_)na_l ones, WhICh. are respon-
kbb’ sible for the coherent oscillations. A straightforward
3) | second-order calculation gives

uv

—bb' t _ v * jw, t
ERk—qCokChbik—q ) = 533 > A (w1, kp)e'™
kbb' 27

X Ry, 02, 0 A (02 ka)e d(0DdDd ki k), @)
where
Ruv = (e/n'lﬁ)2 (lewZ)il [ruv(a)l, w7, (I) + rvu(_wZ, —wi, (l)]
with (y — 0%)
_ H(L;m(kl)amn(q)nzo(kZ)
(1, 2. @) mz,n([wm +iy/2 — ollw, — i7/2 — @]
N Eom(q@) 114, (k)IT,0(k2) N Eom(q)I1%, (k) ,0(k ;)
[0y — iy + 01 — 0][w, —iy/2 — 0] [wntiy — 01 + 0][o, +iy/2 — w1])

5)
A, are the components of the vector potential diflk) = >, (&, - p;) exp(—ik - r;); r; andp; are, respectively,
the electron position and momentum, ahdare unit vectors perpendicular ko If we ignore the weakj dependence
of R,, and set(}(q) = (1, the driving force in (1) can be written as
F(r,1) = = (1/87%) f Folr, 1y)e” 1TV Eg(r, )e! 270

X Z(Coiau)ﬂuv(wl» wZ) Coiav)>dl‘l dt2 dwl de > (6)

where coér,) = E,/E, and E, is the amplitude of the| with the result that, for pulses of widthy < Q7 !, F «

field. SinceZ, decays with a penetration depth given |Z(r,?)|* is impulsive [1]. In absorbing substances,
by ¢/(kwy), it is clear thatF couples to acontinuum however, dispersive effects cannot be ignored. Consider
of modes in the rang&q ~ 2xwy/c about the phase first the term of (5) containing two resonant denominators
matchingq = =Qns/c (n + ik is the refractive index and, in particulartwo-bandcontributions for which the
ands is a unit vector in the direction of propagation of the relevant matrix elements a@,’j}jf with b = b’ [17]. As
light). This contradicts the DECP prediction [14], basedmentioned earlier, these processes dominate at the Sb
on the assumption that the density matrix is diagonal, that} resonance [15]. Integrating (6) oves; and w,,
photoexcitation drives only the = 0 mode [16]. and expressing the field ag(r, ) exd —iwot + (in —

Let wo be the central frequency of the optical pulse.x)ko$ - r] + c.c., wheref is the envelope, we find that
The behavior of @ is determined primarily by the states for whicHw, — wo| > 7-(;1 provide an impulsive
frequency components df in the vicinity of ) and, contribution of the form
therefore, by the properties R ,, at w; — wy = *()

and w; = wy = *wq (as opposed tw; = —w,; * wg 5 ke

giving frequencies~-2w, that are too high to effectively Fi~~— | f(r, D)%e ’

drive the oscillator). Sincey® o« R, (0,0 — Q,q), V(mh/e)?

this establishes the link betweeR and the Raman « Z/(1+w2/ 2y Enn(I1g, coga,) 11,0 coga,))
susceptibility. For transparent media, we can safely “— 07 % n (wd — w2)? ’
replace in (6)R,, by its (real) value atv; = w; = wy ’ (7
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whereas frequencies satisfyihg, — wo| < 7, ' exhibit  we calculate that\R at w, = 2 eV should be a factor of

displacive character. In particular far> 7o, F ap- ~15 larger than aw, = 1.5 eV. This value compares
proaches the exact limiting value favorably with the factor of~7 obtained from our experi-
-1 s ments and results reported in [4].
Fp = — W Z | Eo(r, wn)l The authors are indebted to C. Uher for providing anti-
uv.n mony samples and valuable discussions. This work was
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Note added—After this paper was submitted, we

couple tovirtual charge-density fluctuations fdew, —
wol > 75", but to real ones in the opposite limit [we
notice from (3) that” = p(r) if the coefficients=iy are  pocame aware of related results by Hase et al. [19] on
approximated by constants, one for each band]. In thg; revealing coherenk, oscillations.

former case, the optical pulse gives an impulsive force &
because the fluctuations lifetime is|lw, — wy|™!. On

the other hand, and as in the DECP model [4,14], real

transitions lead to shifts in the equilibrium positions of the

ions (the lifetime of the fluctuation is that of the Raman [1] For recent reviews, see S. Ruhman, A.G. Joly, and
coherence) [18]. In the common situation where the K. A. Nelson, IEEE J. Quantum Electro24, 460 (1988);
width of the Raman resonanég is large compared with W. A, Kitt, W. Albrecht, and H. Kurz, IEEE J. Quantum
7o', it can be shown after summation ovey, that the Electron.28, 2434 (1992).

driving force is purely displacive fotwr — wo| < 8g [2] 3. M. Chwaleket:';ll.,AppI. Phys. Lett57, 1696 (1990).
gradually becoming impulsivelike dwgr — wol > 8 [3] G.C. Cho, W. Kiitt, and H. Kurz, Phys. Rev. Leb, 764

, : (1990).
where wp is the frequency of the resonance maximum 'y " onoet al Appl. Phys. Lett59, 1923 (1991); H. J.
(in Sb, 6 = 0.3 eV and wg = 2.15 eV; see inset of :
. .. he f h i Zeigeret al., Phys. Rev. B45, 768 (1992).
Fig. 2). Itis important to stress the fact that (8) applies to [5] T. Pfeifer, W. Kitt, H. Kurz, and R. Scholz, Phys. Rev.

Raman-active phonons of arbitrary symmetry, in contrast™ | et 69, 3248 (1992).

to the DECP model which concerns itself exclusively [6] A. Yamamotoet al., Phys. Rev. Lett73, 740 (1994).

with fully symmetric modes [4]. We also note that, [7] T. Dekorskyet al.,Phys. Rev. Lett74, 738 (1995).

in most circumstances, three-band processes [17] and8] Y. Liu et al., Phys. Rev. Lett75, 334 (1995).

the remaining terms in (5) having at most one resonant[9] A.L. Dobryakovet al., JETP Lett.61, 985 (1995).

denominator provide additional contributions to (7) but[10] D.A. Williams, Phys. Rev. Lett69, 2551 (1992).

not to (8), i.e., only resonant two-band terms contributd1l] S. Fahy and R. Merlin, Phys. Rev. Lef3, 1122 (1994).

to Fp. This explains why displacive behavior is seen inl12] ii?si%’lg\éss{ Shen and N. Bloembergen, Phys. R&X.

Ceg‘g':q materials like Sb, but not in others. [13] R. Scholz, T. Pfeifer, and H. Kurz, Phys. Rev. &7,
parisons be_twegn RS_ and time-domain measur 16229 (1993).

ments of the relatlvg intensity, and between our value 4] A.V. Kuznetsov and C.J. Stanton, Phys. Rev. L8,

for the coherent oscillator parameters and those reported ~ 3743 (1994).

in [4] strongly support the Raman interpretation. In [4],[15] J.B. Renucci, W. Richter, M. Cardona, and E. Schénherr,

[(wgr — wo)/Sr| = 0.5. Thus, the result that the nature Phys. Status Solidi (10, 299 (1973).

of the A, excitation is strictly displacive reflects simply [16] The distinction betweeng =0 and ¢ ~ Qn/c —

the proximity of wg to the resonant maximum. The in- 2k wo/c IS particu!arly important for materials Withoyt
termediate behavior found in our experiments is consistent @ center of inversion (e.g., GaAs [3] and Te [7]) which
with [(wg — wo)/8r| = 2.0. Since in the two-band case show strong dispersion at small wave vectors due to
axM/09 « 9y /9w where the proportionality constant Raman active polaritons.

L : s [17] See, e.g., M. Cardona, ihight Scattering in Solids
is eithera or e [15], our model carries the predictions that Il edited by M. Cardona and G. Guntherodt, Topics

AR should be proportional to the RS cross section (de- . . . . .

picted in the inset of Fig. 2) and that, at a giveg, the |(r:1h££p2h.ed Physics Vol. 50 (Springer, Berlin, 1982),
relative intensities gained from RS and time-domain datgig] A related result for molecular systems is given by
should be the same. The FT Spectrum in Flg 2 gives J. Chesnoy and A. Mokhtari, Phys Rev. B8, 3566
la/el = 3.0 = 0.2 in good agreement with RS measure- (1988).

ments. In addition, for a constant pump beam intensity[19] M. Haseet al., Appl. Phys. Lett. (to be published).
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