
VOr. UME 43, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 1979

('~ Present address: Nippon Telegraph and Tele-
phone Public Corporation, Tokyo, Japan.

'K. Katsumata, M. Kobayashi, T. Sato, and Y. Miy-
ako, Phys. Rev. B 19, 2700 (1979).

L. Bevaart, E. Frikkee, J. V. Lebesque, and L. J.
de Jongh, Solid State Commun. 25, 539 (1978); L. Beva-
art, E. Frikkee, and L. J. de Jongh, Solid State Com-
mun. 25, 1031 (1978).

3A. Aharony and S. Fishman, Phys. Rev. Lett. 37,
15SV (19V6).

S. Fishman and A. Aharony, Phys. Rev. B 18, 3507
(19vs).

'P. A. Lindgard, Phys. Rev. B 14, 4074 (1976), and

16, 2168 (1977).
F. Matsubara and S. Inawashiro J. Phys. Soc. Jpn.

42, 1529 (1977).

T. Oguchi and T. Ishikawa, J. Phys. Soc. Jpn. 45,
1213 (1978).

F. Matsubara and S. Inawashiro, J. Phys. Soc. Jpn.
46, 1740 (1979).

For details, see K. Katsumata, J. Phys. Soc. Jpn.
39, 42 (1975), and references cited therein.

' L. Bevaart, E. Frikkee, and L. J. de Jongh, to be
published.

' D. E. Cox, G. Shirane, B. C. Frazer, and A. Narath,
J. Appl. Phys. 37, 1126 (1966).

' W. Schneider and H. Weitzel, Solid State Commun.

13, 303 (19V3).
'3See, for example, Y. A. Izyumov and R. P. Ozerov,

Magnetic Neutron Diffraction (Plenum, New York,
1970).

'4M. Kobayashi, K. Katsumata, T. Sato, and Y. Miy-
ako J Phys Soc Jpn 46 ]467 (]979)

Polariton Wave Packet Propagation in the Exciton Resonance of a Semiconductor
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This paper reports the first experimental observation of "slow" pulse propagation in
the exciton-polariton resonance of a direct-gap semiconductor. The propagation delay
of short light pulses transmitted through a B.V-pm-thick GaAs crystal was measured
directly with a cross-correlation technique. Polariton group velocities from c„ /8. 6
down to c„~/2000 were found when the wave-packet center frequency was tuned through
the n = 1 exciton resonance.

As a consequence of the Coulomb interaction
the low-lying electronic excitations in semicon-
ductors are modified: The electron-hole correla-
tion causes discrete exciton resonances and elec-
tron-hole-pair continuum states. Their coupling
to the light field (which is generally strong in the
case of direct allowed optical transitions), is the
essential in the concept of the polariton, a mixed
exciton-photon state, which corresponds to di-
electric polarization in the macroscopic descrip-
tion of dielectrics. ' The classical problem of
wave propagation in and transmission ghy'Ough

such bounded "spatially dispersive" dielectric
media for frequencies around the exciton reso-
nances has recently attracted renewed interest
in the context of transient phenomena. ' '

Up to
now, the continuing theoretical work towards a
consistent description of the problem (including
the interpretation of resonant light scattering
spectra) in terms of proper dielectric functions
and physically correct boundary conditions' ' has
not been adequately consolidated by selective ex-
periments on well-defined crystals.

We present in this Letter the result of a con-
ceptually simple, but nevertheless fundamental,
experiment on polaritons: the first direct study
of the enormous variation of the group velocity
around a discrete exciton resonance done by meas-
uring the propagation delay of wave packets trans-
mitted through a thin plane-parallel slab.

The GaAs samples of controlled thickness d
=3.7 pm and -200& 500 p. m' size were prepared
by standard lapping and etching from high-purity
(1VD, N„~ 5x10" cm ') vapor-phase epitaxy ma-
terial. Figure l(a) shows the experimental ar-
rangement: Bandwidth-limited light pulses of 12-
psec duration and 0.2-meV spectral width (hv ~ bT
=0.6) with accurately adjustable center frequency
&, were generated with a synchronously mode-
locked oxazine-750 dye laser. ' The laser beam
was split into reference and probe beams; the
latter was focused into a 50-pm-diam spot giving
-1 kW/cm' pulse peak power incident on the sam-
ple, which was held in pumped liquid He at 1.3 K.
The chosen pump power level was checked care-
fully to be well below the onset of nonlinear bleach-
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FIG. 1. (a) Experimental arrangement for measuring
the propagation delay of picosecond light pulses trans-
mitted through a thin sample. Noncollinear second-
harmonic generation (SHG) in LiIO& is used to perform
the envelope-intensity cross correlation between probe
and reference pulses. (b) The cross-correlation (SHG)
signal for five different light-pulse center frequencies
ceo around the exciton resonance at E& in the direct-gap
semiconductor GaAs at T = 1.B K. The light pulses were
bandwidth limited and had a. 12-psec duration.

~sHG(T)" »m T 'J, IE„.b, (t)l'IEref(t+~)l'«,

ing and saturation phenomena in the exciton ab-
sorption line. '

!
The propagation delay of the light pulses trans-

FIG. 2. Optical density spectrum of the 8.7-pm-thick
GaAs sample in the region of discrete exciton resonan-
ces n = 1, 2..., obtained from a standard cw white-light
absorption experiment. Ez denotes the lowest trans-
verse exciton energy, E the band-gap energy (onset of
continuum). (b) Experimental polariton wave-packet
group velocities on the same energy abscissa scale
(note the logarithmic ordinate scale1). The lines are
the theoretical group velocities B~/Bk for the two polar-
iton branches of the two-band single-exciton oscillator
model according to Ref. 1, taking the known parameters
of Ref. 10 (solid line, lower branch; dashed line, upper
branch). c/n& denotes the phase velocity caused by the
background dielectric constant.

mitted through the sample was measured by
means of a cross-correlation technique utilizing
type-I noncollinear second-harmonic generation
(SHG) in LilO, (Ref. 8) with the adjustable time
delay 7 in the reference beam and detection of the
SHG signal by a photon-counting system. The
geometry and polarization vectors were chosen
such that the time-averaged SHG signal at 2~,
is given by

i.e. , the envelope of the transmitted probe pulse
intensity folded with the unperturbed reference
pulse. The accuracy of the envelope delay meas-
urements was restricted to about 0.2 psec (0.5
psec in the region of higher damping) by laser
intensity fluctuations and shot noise at low trans-

I mitted intensities.
To obtain independent information on the spec-

tral damping of the Gahs samples, ' a cw absorp-
tion spectrum was measured with well-collimated
broad-band (tungsten-lamp) excitation and 0.1-
me V resolution under otherwise identical condi-
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vg q =d/LM . (3)

The spectral bandwidth of the pulses is given by
the circle diameter and the vertical error bars
indicate the envelope timing uncertainty equiva-
lent to 0.5 psec in LU. Possible multiple-reflec-
tion effects in the plane-parallel sample, which
lead to pulse delay and stretching, can be neglect-
ed here because of the relatively high damping
in the spectral region of interest [see Fig. 2(a)].

The lines in Fig. 2(b) show the predicted de-
pendence of the polariton group velcoity vz, =&~/
&k (full line, lower branch; dashed line, upper
branch) in the two-band single-exciton oscillator
model' with use of the values E~ =1.5151 eV, Egg
=0.08 meV (longitudinal-transverse splitting),
M~" =0.6m, (heavy-exciton mass), and nb=3. 55
(background dielectric constant) known from res-
onant Brillouin scattering experiments. "

The agreement with the experimental points is
good and displays strikingly the enormous change
in group velocity of about three orders of magni-
tude when ~, is tuned through the resonance. The

tions [see Fig. 2(a)]. The n =1 and n =2 exciton
resonances are well resolved; the structure at
1.5142 eV is the (DO, X) donor-bound exciton. The
spectrum shown has a noise-limited dynamic
range of 0- p,~, ~ 3 due to low intensity excitation
and is not corrected for the &-dependent reflec-
tivity at the sample surfaces. No significant
changes in the optical density were observed as
compared to the picosecond excitation. The en-
ergetic position of the transverse exciton energy,
Er =1.5151 eV,"is indicated in Fig. 2(a).

Tuning the light-pulse center frequency ~, into
the exciton resonance at E~, a monotonic in-
crease in pulse propagation delay (reaching -35
psec at the maximum) was observed. Figure
1(b) shows five of the individual pulse-envelope
cross-correlation traces, which actually were
taken in closely spaced intervals around E~ and
showed no significant change in pulse shape un-
less ~I~, Er~ &-0.3 meV. Within this interval
the mean delay was quite large and the correla-
tion signal became asymmetric with a trailing
edge "tail."

From the correlation data [Fig. 1(b)] we deter-
mined the relative time delay ht of the first mo-
ment of the pulse intensity distribution:

7+SHG(~) «[ 1 „&SHG(7)dr] '.'(2)
The circles in Fig. 2(b) show the measured prop-
agation velocity v&, of the wave packet through
the sample, defined by

data are an impressive manifestation of the re-
normalization of excitons at E~ due to their coup-
ling to the photon field'

In the spectral region of spatial dispersion of
the n =1 exciton,

~
Er"+ELY~ «u, &Er", we clear-

ly observe pulse propagation with see/Bk corre-
sponding to the upper (i.e., photonlike) polariton
b~anch. This fact directly tells that the contribu-
tion of the lower (i.e., excitonlike) branch to en-
ergy transport is negligible either because its
damping is so large or because its initial (and
final) coupling to the external light field at the
crystal boundaries is so small. The same argu-
ment applies for the question of relevance of the
third polariton branch originating from the light
I",8 I", exciton band. " The data points of Fig.
2(b) also show clearly the n =2 exciton resonance
(which is not considered in the theoretical curves).

The pronounced asymmetry in the cross-corre-
lation spectrum for

~ h~, Er ~
&-0.3 meV [see Fig.

1(b)] is very probably due to the strong variation
of 8~/ak and damping in this narrow spectral re-
gion The chosen bandwidth of 0.2 meV is no
longer small on this scale and leads to strong
pulse distortion by selectively damping and de-
phasing parts of the pulse frequency spectrum.

A careful inspection of the cross-correlation
pulse shape svings revealed small distortions and
asymmetries in the trailing and leading edges
[not visible in the linear plots of Fig. 1(b)]. We
could not yet ascribe unambiguously these struc-
tures to distinct propagation modes, which were
discussed recently. ' Unless the full incident pulse
spectrum (in time and frequency domain) is sta-
ble and known with high accuracy, the search for
separate wave fronts (the "precursors" of Ref. 2
or the beating phenomena of Ref. 3) with small
amplitudes is difficult, though in principle feasi-
ble with the state-of-the-art picosecond tech-
niques applied in our experiment.

In conclusion, we have reported the result of
a conceptually simple experiment which manifests
impressively the effect of renormalization of ex-
citons through their strong coupling to light:
enormous group-velocity variation (over three
orders of magnitude) controlling the polariton
wave-packet propagation around the lowest n =1
exciton resonance in the model semiconductor
GaAs. Our measurements of picosecond light-
pulse delays after transmission through thin crys-
tals verified for the first time this effect, which
has been anticipated long before this experiment
could actually be perf ormed. '
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The measured spin polarization of the photoelectrons emitted from Ni(111) shows a
crossover from negative to positive values at 270+ 90 meV above photothreshold. This
is in constrast to the case of Ni(100), where a crossover at about 75 meV occurs. A

single-particle photoemission calculation with an exchange splitting of 0.33 eV, and
which does not invoke emission from surface states, is in good agreement with the ex-
perimental results for both faces. These new results corroborate the empirical band
structure obtained by Eastman and co-workers from angle-resolved photoemission data.

In this Letter, we report measurements of the
electron spin polarization (ESP) of photoemitted
electrons from a well-characterized single-crys-
tal Ni(111) surface for photon energies h&u rang-
ing from threshold p to about 1 eV above p. We
find that the spin polarization changes from nega-
tive values (-45% at threshold, i.e. , preferential
direction of the magnetic moment of the emitted
electrons antiparallel to the magnetization) to
positive values at an energy E,= 270 + 90 meV
above threshold. A photoemission calculation
based on the Stoner-Wohlfarth-Slater (SWS) theory
and using an exchange splitting of 0.33 eV is in

good agreement with the experiment. This allows
us to extract the value of the exchange splitting

and the value of the Stoner gap for the (111) di-
rection. In agreement with the interpretation of
recent angle-resolved ultraviolet photoemission
spectra' (AH UPS), surface-state emission is
found to be not necessary to interprete the exper-
imental ESP data for both (100)' and (111)sur-
faces studied to date in contrast to the suggestion
by Dempsey and co-workers. '

Ni is accepted to be the prototype "strong" fer-
romagnet i.e. , the majority-spin d band is full
and the Fermi level crosses only the minority-
spin d band. Primarily two related quantities
characterize the electronic structure of Ni: the
magnetic exchange splitting & and the "Stoner
gap" 6, the latter being the energy differences
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