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Coulomb correction to the dressed exciton in an inorganic-organic layered semiconductor:
Detuning dependence of the Stark shift

Makoto Shimizu* Nikolai A. Gippius-? Sergei G. TikhodeeV? and Teruya Ishihata
IFrontier Research System, RIKEN, 2-1 Hirosawa, Wako 351-0198, Japan
General Physics Institute, Russian Academy of Science, Vavilova 38, Moscow 119991, Russia
(Received 14 November 2003; revised manuscript received 2 February 2004; published 8 April 2004

We report the detuning dependence of the excitonic optical Stark shift in the inorganic-organic layered
semiconductor (gHsC,H,NH3),Pbl, as a typical material in which the effective Coulomb interaction is
strong. We show the polarization dependence ofd&ining spectrai.e., the shifts as functions of continu-
ously changing pump photon energy, over the range of 350 meV below the exciton resonance. It is found that
in the opposite-circularly and colinearly polarized configurations for pump and probe lights, the shift changes
its sign at 50 meV below the exciton resonance and is resonantly enhanced around it. With larger detuning, in
any polarizations, blue shifts are much smaller than predicted by the dressed exciton model. We present a
tentative model, which is an extended dressed exciton model including the excitonic molecule and unbound
biexcitons phenomenologically. The model reproduces the experimental result quite well.
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. INTRODUCTION just below its resonand& 1" The latter was explained to be
due to the four-particlétwo electrons and two holgsorre-
Since early reports; the optical Stark effect of excitons lation and the Coulomb memory effect, in comparison with
has been understood phenomenologically bydfessed ex- the one-dimensional fulf® calculation'® As for the detun-
citon picture which is the analog of the dressed atbifhe  ing dependence, in order to investigate contributions of the
exciton is assumed to be a two-level system, and the shift ifeavy hole and the light hole in the InGaAs quantum well,

described as, for weak light, Brick et al,** compared differential spectra with three differ-
5 ent detunings, and examined the detuning dependence with
Swy=—|uxE|*/(wp—wy), (D the theoretical support. However, these observations are not

enough to understand the whole picture of the excitonic op-
tical Stark effect, especially in the system with strong Cou-
lomb interaction, where the exciton-exciton interaction may

wherewy, dwy, and uy represents, the energy, the energy
shift, and the transition dipole moment of the exciton, re-

spectively. The frequency and the electric field of light areplay dominant roled® Systematic measurement of the shift

expressed by, and E, respectively. The numerator repre- ith i v chanaing detuning in th le of th
sents the light-exciton coupling, and the denominator repreWI continuously changing detuning in the scale of the ex-

sents the detuning. The picture is strongly supported by cledfton Rydberg is desirable. _
observations in the GaAs quantum well that the shift was " this paper, we report the systematic measurement
proportional to the light intensifyand to the inverse of the Of the detuning dependence of the excitonic optical Stark
detuning and that the effect was independent of lightShift in an inorganic-organic layered semiconductor,
polarizations (CsHsC,H,NH3),Pbl,.2°21 In this semiconductor, the exci-
On the other hand, these observations stimulated a nunton is confined in inorganic layers; organic layers work as
ber of theoretical works, which focus on many-body aspectdarriers for the confinement. This substance is suitable for
of the excitonic optical Stark effect. First-principle theories, studying many-body aspects of the excitonic optical Stark
which are derived from elementary interactions betweereffect for two reasons. One is the strong effective Coulomb
conduction-band electrons and valence-band holes, based orieraction between photogenerated carriers, which enhances
the Hartree-Fock approximatidi?, the Green’s function the correlation between excited quasiparticles, such as the
techniquée’,and the perturbatidr? have been presented. Dis- exciton. The exciton Rydberg is 220 meV. The binding en-
tinctive features in the excitonic system, all of which origi- ergy of the excitonic molecule is 40—45 mé&7?*The other
nate from the Coulomb interaction, have been pointed outis the strong exciton-light coupling, which is the source of
for instance, the excitonic enhancemettie stronger detun- the prominent Stark shift. We show the polarization depen-
ing dependenc®!®! and the oscillator strength dence and the detuning dependence of the excitonic Stark
change'?1? shift with the continuously changing detuning in a range of
Predicted peculiarities, however, have been detected iB50 meV below the exciton resonance. Strong biexcitonic
only a few experiment§:'~® The excitonic redshift was contributions are clarified. These results are compared with
observed, by the pump-probe spectroscopy, in the CuChe extended dressed exciton model which includes biexci-
crystal* in the colinear configuration and in the InGaAs tonic levels. Although the model is phenomenological and a
quantum well in the opposite-circular configuratiGnThe  more careful treatment might be necessary for precisely ex-
former was explained to be due to the coupling between thamining physical sources of the Stark effect, the model re-
exciton and the excitonic molecule, as the pump energy wagroduces the experimental data surprisingly well.
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IIl. EXPERIMENT LA

- /’ —— _

(CgH5C,H4NH3),Pbl, was prepared by the synthetic —— Ww/o pump ok A ]

method®® The sample for the measurement was a polycrys- '[° T oror s t e _

talline film prepared by spin coating from the solution. The - ore E & 1

sample was placed on the cold finger of a cryostat and was,, (% [ o ror ]
cooled to about 10 K. @ | ol

The Stark shift of the exciton was measured with the sub-& - "o .

picosecond pump-probe technique in the transmissiorg [ [ (l) RN OI5 N

geometry?? Two split-off beams of the output from a 1 kHz £ 05
Ti-sapphire regenerative amplifier were used for generatinc® L
the pump and probe lights. The pump light was generatec i
with an optical parametric amplifier, which covers all the

wavelength range in the experiment. As the probe light, the
white light continuum was generated by the self-phase-
modulation in a water cell. Polarizations of both pump and 0 L A

Pump Intensity (GW/cm®)

. . ) 23 2.4 2.5
probe lights were operated with achromatic wavelength Pump Photon Energy (eV)
plates in four configurations: cocircular{o*), opposite . . .
circular (6" o), colinear &x), and cross-linearxy). The FIG. 1. Absorption spectra with and without the pump. The

Overlap Of pump and probe Spots on the Sample was Checkwmp photon ene.rgy |52298 eV, as ShOWI’l by the arrow. The inset
with a video telescope. Spot sizes were measured with ahovv_s_ the pump intensity dependence of the shifts under the same
pinhole fixed on a micrometer stage. The cross correlatioffonditions.

and the zero delay timerf{=0) between pump and probe
pulses were measured by the sum-frequency generation Wimolecule
a B-BaB,0, crystal, folding the beam paths in front of the Lo : .
cryostat by a mirror. The cross correlation was typically 230 we note, In the case that the pump light and the exciton
fs in the full width at half maximum. The intensity and the aPSorption band have spectral overlap to generate real exci-
pulse width of the pump light were measured with a photo—tons' not only the prominent shift a~0 but also a weak

diode powermeter and an autocorrelator, respectively. Th ng lived (~10 ps) blue shift are observed. The long lived

angle between pump and probe beams was 11°. Since t éug Shsiita is a_scribed to t_he interac_tion between decohered
delay time is a function of the probe wavelength, retrievedXCIon : While, we ascribe the ?h'ﬂ aty=0 fully to the
spectra were numerically corrected after measurements. ﬁtark Sh'fF’. assuming that the excnonST@twO_are_conserv—
this paper, we report the data aj=0, unless otherwise "9 the initial coherence. The cross correlation is much less
noted. than the dephasing time of 500%.

The inset of Fig. 1 shows the intensity dependence of the
shift?® In botho "o+ ando o, the shifts are sublinear to
the intensity. The sublinear dependences are essential for the
dressed exciton model, dwy= 2| uxE[*+(wp— wy)?,

The solid line in Fig. 1 shows the linear absorption spec-which gives the linear dependence in the low intensity limit,
trum. Two absorption bands at 2.350 and 2.395 eV are as-e., |uxE|/|op,—wx|<1, as is given by Eq(1). The ob-
signed to b excitons which are split because the unit celltained result shows the linear dependence up to 1
consists of two formula unit& The intensity ratio of higher X 10° W/cm?. We confine ourselves into this linear regime,
to lower bands is independent of polarizations and is estiin the following.
mated to be about 0.35 by spectral deconvolution. In this Figure 2 shows the detuning dependence of the shift in
paper, we focus on the exciton at 2.350 eV. We consider thaivo overlapping ranges. The ordinate represents the shift
the exciton at 2.395 eV is not considerably influencing to thenormalized by the pump intensity, assuming the linear re-
excitonic shift of our interest, due to the small oscillator gime. Curves are calculated with the model explained below.

ﬁll.le to the coupling between the exciton and the excitonic

IIl. RESULT AND DISCUSSION

strength and the energy separatfon. Note that scales of both horizontal and vertical axes are dif-
Photoinduced spectrum changes, as examples, are dragrent in betweerfa) and (b).
by dashed and dash-dotted lines tof¢* ando* o, re- It is clearly found that, inr " ¢~ andxx, the shift changes

spectively. The pump photon energy is 2.298 eV. It is ob-ts sign at 2.308:0.002 eV and is enhanced at both the
served that the exciton peak prominently blue shifts inhigher and lower sideS. This feature is the obvious evi-
oo™, whereas it red shifts ir* o~ Although not shown dence of the resonance of the pump light to the transition
in the figure, we have confirmed that the red shift is alsobetween the exciton and the excitonic molecdi®As is
observed in xx, while not iny.* Therefore, it is now found  slightly different from the predictiof,we find that the de-
that the polarization selection rule for this red shift is thetuning energie$50 me\) for these crossovers are larger than
same as that for the two-photon generation of the excitonithe exact value of the binding energg0—45 meV of the
molecule!’ Moreover, since the pump detuning is only excitonic molecule. This difference is explained to be due to
slightly more than the binding energy of the excitonic mol- small competing contributions for the blue shift discussed
ecule by 7 meV, the red shift is qualitatively explained to belater. Whereas, inc"o" and xy, the blue shift monoto-
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FIG. 3. Levels for the extended dressed exciton mo@elX
(=1), M, andB(0,=2) represent the ground state, the exciton, the
excitonic molecule, and unbound biexcitonic states, respectively.
Gray zones show distributions of unbound biexcitonic states. Ar-
rows between levels show nonzero coupling by the-polarized
light.

ventional in this substance due to the dielectric confinement
effect?s?® Thus, in this paper, we try to understand the ex-

perimental result with a tentative model, where the biexci-

tonic states are phenomenologically introduced to the simple
dressed exciton model.

We shall postulate several levels for the exciton system,
as is schematically shown in Fig. 3. The ground state, the
excitons, the excitonic molecules, and unbound biexcitons
are represented &, X(*=1), M, andB(0,=2), where the
numbers in parentheses represent the component of the total
angular momentaJ) along the light axis.

2 21 2.2 2.3 For modeling the system, we consider only the following
Pump Photon Energy (eV) states on the assumption of low light intensity. Because of
the momentum conservation rule, neglecting light momenta,
oo (black, oo (red), xx (blue), andxy (green for two over- only excitons and biexcit_ons with zero tran_s!ational momen-
lapping ranges. Solid and dashed curves are drawn according to tﬁﬂm are'allo.vved for optlca}l coupling. Additionally for un-
model without and with unbound biexcitons, respectively. The ver-bound biexcitons, the relative momentum between two con-
tical dotted line shows the exciton resonance(bin data are plotted ~ Stituent excitons must be zero. But, relative momenta are not
in the magnified vertical scale in the range less than 2.3 eV. Thluantum numbers for the eigenstates; the oscillator strength
horizontal scale is reduced. from the exciton is shared by continuously distributed states
of unbound biexcitons. To simplify this complexity, we pos-
nously decreases for larger detuning. tulate that this group of states can be replaced by a represen-

Moreover, quantitative relations are pointed out. The bludative levelB.
shiftin "o is about twice of that inxy. The shift inxx is Among levels mentioned abov& and X(+1), X(—1)
larger than that inr* o~ to the positive direction. The range andM, X(—1) andB(0) andX(+1), andB(+2) couple by
for the red shift inc" o~ is rather large compared with that the o*-polarized light according to the conservation rule of
in xx: from 2.13 t0 2.30 eV inrt o~ and from 2.28 to 2.30 angular momenta. We express transition moments for these
eV in xx. These polarization dependences in detail ardgransitions byucg x, mxm, #xso), and uxge), respec-
clearly understood as a result of competing factors, which arévely. Because a biexciton transition is a process of adding
described by the model discussed below. one more exciton to the system, we assuméyB(iZ)

Although the detuning dependence has been derived ana_,-”)Z(ijLM)Z(’B(O):Mé’X .31 Then, depending on the polariza-

lytically by _Combesco?,_it is not possible to concretely cal- ions " the change of the-X transition energy is expressed as
culate it without knowing the biexcitonic wave functions.

Another way is the numerical calculation based on the first-

principle kinetic equation® But, we believe that it is not

straightforward to apply these theories to our system, be- Sw,.=2
cause the effective Coulomb potential is strong and not con-

FIG. 2. (Color) Pump photon energy dependence of the shift in

| xE|? 3 | x g2)El?
(x)x_wp wx+AB(2)_(1)p,

2
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| e xE|? | x mEI? | x B(0)El? shown by solid curves in Fig.(B). The calculated shifts in
ow, = ot Ao ovtAum—o all polarizations are roughly twice those of the experimental
X Fp X AM T EXTTE0) T (3 datain the range less than 2.2 eV. This discrepancy is con-
siderably large, considering the experimental resolution. Be-
| e xEI? | x mE|? | B(O)E|2 cause shifts should be proportional to the inverse of the de-
Owyy=2—— - ' - \ tuning for o"o™ and xy in the model withoutB, the

- “Ay— FAgo)— : .
OxT@p  OXTAMT@p  OXTRBO)T @p discrepancy represents the stronger dependence, i.e.,

1 |pxe@El? 8w 1 x| wp— wy| ~* With @>1, although the value of

5T oA (4) cannot be determined accurately with our experimental reso-
lution. Such strong dependence was theoretically derived as
a result of the Coulomb interactidi? or more concretely the

(5)  exciton-exciton interactioff but this has been suggested in
only a few experiments:t®

where — Ay (<0) andAgg) (>0) represent the correla- Including B to the model, the numerical result gives a

tion energy foM andB, respectively. Expressions fax and ~ rather improved fit, as shown by the dashed curves in Fig.

Xy are obtained via decomposing light and exciton polariza2(b). Blue shifts in all configurations become significantly

tions in the circular basis of polarizations. suppressed by th¥-B coupling which lowers the energy of

Solid and dashed curves in Figgapand 2b) show best X. Based on this improved fit, we conclude the unbound
fits in the range of 2.3 0.05 eV, without and witlB, respec-  biexcitonic states as the main source of the suppressed blue
tively. We note that the calculation was actually performedshift in the range less than 2.2 é/We note that thex-B
by numerical diagonalization of the model Hamiltonf&n, coupling is less important for smaller detuning; the fits with
which is equivalent to Eq$2)—(5) in the low intensity limit. ~ and withoutB are really identical, because tfeX coupling
Linewidths of transitions and the pump light are also intro-and theX-M coupling are resonantly enhanced and are pre-
duced phenomenologicalfj.Free adjustable parameters are dominant.
tex!muxm andAgq -y only; other quantities are restricted ~ Our result, which strongly implies the contribution of the
by values obtained experimentaffyDashed curves are not unbound biexcitons, is in contrast to the numerical result
drawn in (a), because they almost overlap with the corre-reported by Bricket al! Based on the semiconductor Bloch
sponding solid curves. We shall first discuss the fit witHBut equation approach, they show, the shift in the InGaAs quan-
The fit with B is discussed later for explaining the quantita- tum well is dominated by the Pauli exclusion principle and is
tive deviation of the fit without it. scarcely contributed by the Coulomb interactiondfio™*

The numerical result reproduces the experimental resulivhere no stable excitonic molecule exists. This difference is
quite well, especially in the range larger than 2.2 eV, as ignost likely explained to be due to the difference in the
seen in Fig. 29). Data in four polarizations are simulta- strength of the effective Coulomb interaction. The exciton
neously fit. Ine* o~ and xx, the resonance enhancementRydberg in the inorganic-organic layered semiconductor is
and the red shift—blue shift crossover are reproduced wellabout 20 times as large as that in the InGaAs quantum well.
These are mainly caused by tXeM coupling given by the Thus, the Coulomb contribution seems to be exaggerated in
second terms in Eq$3) and(4), the denominators of which our substance.
give the resonance and change their sign@at A,,. The
crossover energies are slightly lower than the exédul
resonance by ca. 5 meV, because @ coupling given by IV. CONCLUSION
the first term in the Eqs(3) and (4) gives small positive
contributions.

2 wx+AB(2)—wp'

mexEl® 1 Juxp@El?
Owyy= -

C!)X_(l)p 2 wx+AB(2)_(1)p'

We have clarified the detuning dependence of the exci-
The blue shift—red shift crossover is also seen at Iargetonifz optical Star_k shift i_n th_e semiconductor where the ef-
detuning ino* o~ andxx at 2.13 eV and 2.27 eV in experi- fective Coglomb interaction is strong. The enhancement a_nd

: : the red shift—blue shift crossover are observed at a detuning

ment, while at 2.22 eV and 2.28 eV by the model, reSPEChLt 50 meV ino o~ andxx. These are ascribed to the reso-

tively. According to the model, these crossover energies aBant contribution of the excitonic molecule. Blue shifts in

also determined by the balance betw&iX, X-M, andX-B any polarization in the range less than 2.2 eV is found to be

couplings. Although the crossover energy by the model with- . . :
out B does not it well ino-* o, the fit is much improved by much smaller than predicted by the simple dressed exciton

including theX-B coupling, as is seen below. model. This suppression of blue shifts are ascribed to the red

Svst tic relati bet i t polarizati ¢ hift contribution by the unbound biexcitons. An extended
_ >ystemalic relations between difierent polarizations 1ounGy o sseq exciton model which includes the excitonic molecule
in the experimental result are also reproduced. The blue shi

T . : . nd the unbound biexcitons is presented to show the close
ino” o™ s the twice of thatinxy, i.e., 0w =20wyy. The  enroduction of the experimental result.
shift in xx is always larger than that i o™, of which
difference is given agw,,— dw , - = dwy,. These relations
originate from the polarization selection rule for biexcitons
and stand regardless of the parameter values.

For the range far from th&X-M resonance, the fit of the The work was partly supported by the Grant-in-Aid for
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