phy5|c§“

ha Open Research of 1

This is the accepted manuscript made available via CHORUS, the article has been
published as:

Optical Probing of Ultrafast Electronic Decay in Bi and Sb
with Slow Phonons
J. J. Li, ). Chen, D. A. Reis, S. Fahy, and R. Merlin
Phys. Rev. Lett. 110, 047401 — Published 24 January 2013
DOI: 10.1103/PhysRevlLett.110.047401


http://dx.doi.org/10.1103/PhysRevLett.110.047401

The Fragile £, State in Bi and Sb: Probing Fast Electronic Decay with Slow Phonons

J. J. Li,' J. Chen,? D. A. Reis,>3 S. Fahy,* and R. Merlin'

! Department of Physics, University of Michigan, Ann Arbor, MI 48109-1040, USA
2Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, CA, 94025, USA
3 Departments of Photon Science and Applied Physics, Stanford University, Stanford, CA 94309, USA
4 Tyndall National Institute and Department of Physics, University College Cork, Ireland
(Dated: August 31, 2012)

Illumination with laser sources leads to the creation of excited electronic states of particular

symmetries, which can drive isosymmetric vibrations.

Here, we use a combination of ultrafast

stimulated and cw spontaneous Raman scattering to determine the lifetime of A4 and E4 electronic
coherences in Bi and Sb. Our results both shed new light on the mechanisms of coherent phonon
generation and represent a novel way to probe extremely fast electron decoherence rates. The E,
state, resulting from an unequal distribution of carriers in three equivalent band regions, is extremely
short lived. Consistent with theory, the lifetime of its associated driving force reaches values as small

as 2 (6) fs for Bi (Sb) at 300 K.

PACS numbers: 78.47.jh, 72.10.Di, 42.65.Dr, 63.20.kd

Measurements of excited-state lifetimes have a rich his-
tory. Recent advances in ultrafast laser science have
made it possible to determine time intervals of a few at-
toseconds [1], considerably shorter than those that can
be measured with, e.g., recoil Doppler-shift methods in
nuclear physics [2] or vertex reconstruction in particle
physics [3]. All these techniques are direct in that they
are based either on measurements of the speed and dis-
tance travelled by the decaying particle or use tools that
operate in time scales shorter than the lifetime probed.
Here, we describe a novel, indirect method which allows
lifetime determination in the femtosecond range using
vibrations of periods that are ~100 times longer. Our
approach relies on a comparison between the amplitude
of coherent phonon oscillations in time-domain (TD) ex-
periments [4-6] and the cross section of spontaneous Ra-
man scattering (RS). Its scope spans lifetime studies in
solids and molecules [7]. The results also help elucidate
long-standing questions about the processes responsible
for coherent phonon generation, particularly the subtle
differences between stimulated RS[8, 9]and the mecha-
nism known as displacive excitation of coherent phonons
(DECP) [10-12].

Typically TD experiments on coherent vibrations in-
volve two light pulses: the pump, which makes the ions
oscillate coherently, and the probe, which is sensitive to
the changes these vibrations produce in the optical con-
stants [4-6]. Here we are interested in the effects due to
excited-state decay in the excitation of opaque materi-
als. The electron-mediated interaction between a classi-
cal electromagnetic field and a single optical phonon is
described by the Hamiltonian [8, 9, 12],

1 - )
H=3 (P2+9Q2Q%) —Z2qQq — A -E(t)+V. (1)
Here E(t) is the electric field at time ¢; A is the dipole-
moment of the electronic system and V' contains both the

interaction between electrons, and between electrons and
other phonons; (Jq and Py are the coordinate and mo-
mentum of the mode of wavevector q and frequency {1q.
As discussed in [5], the symmetry of the phonons to which
light couples must match one of the Raman allowed rep-
resentations. The two Raman modes in Bi and Sb belong
to representations Ay, and E, of the point group 3m; the
corresponding displacements are shown Fig. 1. The term
équ represents the coupling of the mode with the elec-
trons: éq = N—1/2 > mnk 571531617171(%*701 where N is the
number of cells, cin x and ¢, k are electron creation and
annihilation operatbrs for the state of wavevector k in
band m, and £X4 are deformation potentials.
Ignoring phonon decay [9, 12],
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where (...) denotes the expectation value. The driv-
ing force Fy is associated with a weighted charge-density
fluctuation with the same symmetry as the phonon. A
schematic representation of the fluctuations that drive
the two Raman-allowed modes in Bi and Sb is also
shown in Fig. 1. These charge configurations represent
a Raman-type coherence, involving in general diagonal

as well as off-diagonal terms of the form <Cin,kcn7k—q>
as opposed to that of the induced carrier population,
which depends on the number of photoexcited electrons
I/,‘:‘;yk = <cl7kcn7k> and holes I/Zyk = <Cn,kCL)k>, which
affects only modes at q = 0. Fg is determined by the
Raman tensor associated with the coherent phonon gen-
eration, wfy. In the limit g — 0 and including decay of

the electron-hole excitation due to V [9, 13]
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Here ¢ is an average of the difference between the electron



FIG. 1. (color online) Schematic representation of the ionic
displacements and the corresponding isosymmetric charge
fluctuations that couple to the A1y and E4; modes. Blue and
red regions represent charge densities of different sign. The
trigonal axis is along z. The smaller drawings on the bottom-
right show a cross section defined by the gray planes in the
main figures.

and hole band deformation potentials, C}, is a tensor
whose constant elements reflect the phonon symmetry,
and we assume that the decay of off-diagonal elements
satisfies vp.m = Yn + Ym = I'. If the permittivity does
not vary much with frequency,

1/2 t ,
ARCES hvcf Im (e(w,)) / e L= Bt dt,
(4)

where w, is the central frequency of the pump pulse. The
Fourier transform of (4) differs from (10) of [9] in that it
explicitly includes decay. A similar expression was given
in [13] in the context of the DECP model through the
decay of the diagonal terms in (2). Up to a numerical
factor of order one, at times ¢ > 7 and for Qr < 1 (7 is
the pulse width)

F(t) =~
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Here tan¢ = I'/Q, Ey is the peak electric field and we

Q(t)

introduce £ = £(1 +T2/Q?)~1/2, which plays the role
of an effective electron-phonon coupling energy. Hence,
electronic decay leads to a decrease of the amplitude by
a factor (1+12/92)~1/2 and a modification of the phase
of the coherent oscillations. As shown later, the decay-
induced reduction in the amplitude allows one to deter-
mine I' from a comparison between RS and TD results.
The coherent vibrations generated by the pump cause
oscillatory changes in the optical constants that can be
measured by monitoring concomitant changes in the re-
flectivity or transmission of the probe pulse. The latter
process relates to the Raman contribution to the polar-
ization [5, 9]. Under the same assumptions as (3), the
conventional Raman susceptibility tensor is

Xfu(waw_Q) ~ 5 |:
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As noted in [9], in the absence of absorption xf, = 7/t

Otherwise, and even in the limit v — 0 considered in
[8, 9], the two Raman tensors exhibit substantial dif-
ferences [9]. Decay appears twice in (3), once in the
permittivity and a second time to account for the fact
that, in the presence of absorption, vibrations couple to
real charge fluctuations that have a finite life-time. In-
stead, decay manifests itself only once in the conventional
Raman tensor, (6), through the permittivity. The ampli-
tude of the coherent-phonon-induced change in the com-
plex refractive index is

_ 2T R dn €| Eo*ve
on = X Q ~ Im (€dw) . PSR (7)
As the integrated intensity for RS is [14]
S o €] (np +1)/, (8)

where np is the Bose thermal factor, it is apparent that
€ and, therefore, I' can be gained from a combination of
TD and spontaneous RS data.

Spontaneous Raman and ultrafast time-domain mea-
surements were performed on a single crystal of Sb and
a ~ 100-nm-thick single-crystal film of Bi grown on
a [0001] sapphire substrate, both with the trigonal z-
axis perpendicular to the surface.The pump-induced rel-
ative change in the reflectivity of the probe, AR/R =
2|6n/(n? — 1) + c.c.)| was measured as a function of the
time delay between the two pulses. Our detection scheme
is sensitive to the pump-induced xy birefringence, which
made it possible to separate the weaker E,; oscillations
from those of the dominant A;, mode [8]. As a source,
we used a mode-locked Ti-sapphire laser providing 70 fs
pulses centered at 800 nm with a repetition rate of 250
kHz. The pump (probe) pulse was focused onto a spot
of radius 100 (40) pum; the average power was 2.2 (0.5)
mW. Spontaneous RS experiments were performed with
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FIG. 2. (color online) Spontaneous Raman and pump-probe
data for Bi and Sb at 10K and 300K. Spontaneous Raman
spectra are shown in the top two panels; intensity units are ar-
bitrary and the geometry is z(x,2)z . The bottom two panels
show pump-probe differential reflectivity data in a geometry
that is sensitive to the pump-induced xy-birefringence. High
and low frequency oscillations and spectral features are due,
respectively, to the A1y and Ey modes. The TD A;q4 traces
also show a slowly decaying electronic background. Plots have
been shifted vertically for clarity.

30 mW cw Ti:sapphire laser at 780 nm in the backscat-
tering geometry z(z,x)z. Typical measurements at 10K
and 300K are shown in Fig. 2.

The data show two, high- and low-frequency features
corresponding to the A;, and E,; phonons, which obey
the expected Raman selection rules [8]. In both sub-
stances, the modes exhibit an increase (decrease) in
linewidth (frequency) with increasing temperature, T,
which is similar to what is found in many materials;
likely, a manifestation of anharmonic decay. Consis-
tent with our low power densities, corresponding val-
ues from cw spontaneous RS and TD traces agree well
with each other, and with early Raman work [15, 16].
The spontaneous cross sections show a relatively weak
T-dependence, in agreement with a previous report [15].
Unlike the spontaneous RS results, however, and in con-
trast to the behavior of the A1, mode, whose amplitude
is nearly independent of temperature, the initial £, am-
plitude shows a pronounced decrease with increasing T'.

The data in Fig. 3, comparing electron-phonon cou-
pling ratios derived from spontaneous RS and TD experi-
ments, emphasizes the differences between the two sets of
results for the F; mode. In spontaneous RS, the average
deformation potentlal difference £ gives a direct measure
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FIG. 3. (color online) Temperature dependence of the ratio
between effective electron-phonon coupling for the A14 and E
modes for spontaneous RS and for TD experiments extracted
from (7,8); see text. Lines are fits to the data.

of the effective coupling; it can be gained from a determi-
nation of the absolute cross section [17]. As shown in Fig.
3, and consistent with [15], the deformation potential ra-
tio, grs = |£(A1g)/E(Ey)| obtained from the expression
for the integrated intensity, (8), is nearly T-independent
in both substances. On the other hand, given that
AR x dn x 55/(22, the ratio of the effective coupling for

ff(Alg)/ff(Egﬂ;
see (7). In the TD case, the effective coupling increases
with increasing T, reflecting the strong decrease in the
E, amplitude; more so in Bi than in Sb. Since £ = 3
in the absence of electronic decay, we interpret the large
differences in the effective coupling ratios, particularly
at high temperatures, as a clear indication of electronic-
decay effects on the E; oscillations. In determining the
effective coupling constants, the initial pump-probe oscil-
lation amplitudes were multiplied by the Gaussian factor
exp(Q272/2) [4, 5]. This correction accounts for the fi-
nite pump and probe pulse duration amounts to a factor
of less than 10 (20) % for Bi (Sb).

As mentioned above, the amplitude of the A4 oscilla-
tions does not depend much on 7. From these results,
the T-dependence of the RS cross-sections, the decay of
the electronic background, and the available optical data
[18], we conclude that I' < € for the A;, phonon. Us-
ing this and the deformation potential ratios from the
spontaneous RS data, we determine the lifetime of the
E, driving force, 1/T(E,) =~ Q(E,) *(gbp/ghs —1) /2.
Results are shown in Fig. 4 (note that the lifetime of
the electronic coherence is 2/T"). Since most of the chan-

pump probe experiments is gpp = |
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FIG. 4. Temperature dependence of the E force lifetime, 1/T
(the electronic lifetime is 2/T"). Curves are fits to 2ng(0)+1,
where © is the Debye energy; see text.

nels available for scattering of highly excited electrons
and holes from other electrons or holes are unaffected
by temperature changes of the order of the phonon fre-
quency, we ascribe the decay to electron-phonon inter-
action. This attribution is supported by the facts that
(i) the dependence of the lifetime on temperature closely
follows that of the phonon occupation, which appears in
decay processes involving phonon emission and absorp-
tion by photoexcited carriers, and that (ii) values ©(Bi)
= 8.9 meV and ©(Sb) = 19.4 meV from the fits are in
excellent agreement with the Debye energies of Bi (10
meV) and Sb (17 meV) [19].

The real-space E, charge-density fluctuation depicted
in Fig. 1 can be shown to reflect an unbalanced oc-
cupation of states in regions of the Brillouin zone that
are equivalent under three-fold rotations about the trig-
onal axis. This difference in occupation arises in the ini-
tial photo-excitation process because of the polarization-
dependence of the optical transition dipole matrix ele-
ments. Momentum scattering will cause these differences
to decay at the rate yps. Assuming that electron-phonon
scattering is the dominant mechanism for momentum re-
laxation, Sheu et al. [20] show that, within a simple
two-temperature model with parabolic bands and clas-
sical phonons, s and the rate of thermal equilibration
between the electronic plasma and the lattice, vy , are
related by

3kpT, kT,
7M~( S )( 5B )'7L>>'7La

where kp is the Boltzmann constant,X; is the typical
energy of phonons involved in the electron-phonon scat-
tering process, T}, is the electron-hole plasma tempera-
ture (3kpT), is initially comparable to the incident pho-
ton energy ~ 1.5 eV) and T}, is the lattice temperature.
The rate of thermal equilibration between the lattice and
the electronic plasma has been estimated to be ~ 2 ps
[20, 21]. Assuming that 3, is equal to the Debye energy,
we obtain the estimates of the room temperature relax-
ation time 1/vps ~ 5 fs (Bi) and 10 fs (Sb), in good agree-
ment with the our measured lifetimes of the E, forces.

As by (5), stimulated RS theory predicts roughly the
same decay-induced reduction of the amplitude for all
Raman-allowed modes, thus raising the question as to
why the electronic decay, which manifests itself in the
large T-dependence of the E, amplitude, hardly affects
Ai4. To address this point, consider the RS force for the
mode at g = 0 (similar arguments apply to the other
modes for which the charge-density fluctuation varies si-
nusoidally from cell to cell). We introduce the scattering
probability P"(n'k’, nk;t), which equals the probability
that an electron or hole in state |n,k) has scattered to
state |n/, kK')after time ¢, so that

FO(t)‘T ~ N71/2 Z gn’n’ [Pe(n/k/ank; t)Vn,kﬁ_
nn’ kk’

Ph(n'k  nk; £ x|

After scattering, the perturbation-theory RS expression,
(4), no longer applies. Since the principal electron scat-
tering mechanism is by phonons, with scattering wave
vectors throughout the Brillouin zone, after a few scat-
tering events both electrons and holes will be nearly uni-
formly distributed over the energy shell, where E(n’k’)
lies within a few times X, of E(nk). As the redistribu-
tion produces a uniform density fluctuation, the force on
the A;4 phonon, albeit no longer of the RS-type, remains
roughly unchanged. That is, for ¢ > 1/vy/ ,

Fo = N71/2 <€e> Z Vn,ke — <§h> Z Vn xh
n,k n,k

= N71/2€VT,

where vp is the total number of photoexcited electrons
(or holes). Thus the A;, phonon force decays with the
lifetime of the photo excited carriers.

The above description of the A;, excitation is that
of the DECP mechanism, originally introduced to ex-
plain coherent oscillations of fully symmetric modes [11].
Accordingly, we attribute the observation of large A,
oscillations at high temperatures to DECP effects that
persist because of the large lifetime of the population of
photoexcited carriers. Further, the data in Fig. 3 clearly
show that a DECP component remains at low temper-
atures where the strengths of 4;, RS and DECP con-
tributions are comparable in both substances. While an



analogous DECP force could be envisioned for the g = 0
E, mode, it would only matter if the decay constant for
very small wavevector transfers were much larger than
Y, a possibility that is highly unlikely. More generally,
we note that, within the context of TD experiments, the
DECP mechanism matters only in substances for which
the light penetration depth is small compared with the
wavelength. In these cases, probe scattering is domi-
nated by surface effects regardless of the wavevector of
the charge fluctuation [5].
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