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Electric and magnetic dipole two-photon absorption in semiconductors
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Nonlinear spectroscopy of the exciton fine structure in GaAs has allowed us to measure simultaneously both
magnetic dipole two-photon absorption and electric dipole one-photon absorption. The splitting of the exci-
tonic ground state into the spin-allowed orthoexciton and the spin-forbidden paraexciton gives the electron-
hole exchange energy directly. The peak assignment is proved by nonlinear magnetoabsorption. Utilizing
electric dipole two-photon magnetoabsorption within the same experiment, a rich fine structure & the 2
exciton has been observed that has not been previously respB@&b53-182@06)05820-1

Nonlinear absorption spectroscopy has proved to be aere made by evaporating AuGe on the surface and alloying
powerful tool for understanding the optical and electronicat 450 °C for 4 min. The absorption processes at 1.4 K have
properties of crystalline solids. A great number of two-been investigated by measuring the photoconductive re-
photon absorptiofTPA) experiments on bulk semiconduc- sponse of the sample under intense linearly polarized near
tors such as ZnSkznTe, CdTe? and GaAgRefs. 2-4have  infrared lighf with a photon energy ofiw~Ey/2, where
shown that this method can provide additional information toE is the gap energy of GaAd4.519 eV at 4.2 K Magnetic
one-photon absorptiofOPA) measurements due to different fields between 0 ah6 T in theFaraday configuration have
selection rules. In particular, the two-photon allowel &x-  been applied.
citons, which cannot be observed in OPA spectra, have been In Fig. 1 the spectrum of the sample for zero magnetic
studied extensively in the past. field is shown. The photoconductive response is plotted ver-

A physical process of great importance in semiconductorsus the two-photon energyi2». The spectrum exhibits a
is the electron-electron exchange interaction, responsible fagtrong increase of absorption at 1.518 eV with a clear maxi-
the properties of the semiconductor at high excitation densimum at 1.518%0.000 02 eV. Furthermore, a double-peak
ties or in a magnetic field. This many-body effect is mostlystructure is observed at 1.515#4©8.00001 and
neglected in the one-electron approximation, but has beeh.515 55-0.000 01 eV, denoted bySy and 1Sy, respec-
found to influence excitonic levels in a magnetic field ortively.
under uniaxial stress.® Nevertheless, direct observation ofa  To understand the observed features one has to consider
zero-field splitting of the $-exciton level due to the ex- the band structure of GaAs at thepoint neark=0. Follow-
change interaction is difficult for two reasons: first, the split-ing the model of Cht and additionally neglecting the spin-
ting is very small, typically one-tenth of the exciton binding orbit split-off I'; valence band, the ground state of the exci-
energy, thus favoring materials with a large exciton bindington is a linear combination of eight electron-hole pair states

energy; second, the transition to the lowé&-éxciton state is 10

electric dipole forbidden and therefore not accessible in — op
OPA. For these reasons exchange energies of GaAs reported *g 1 18
so far have been obtained only by extrapolation from experi- S 08f 0 l
ments under high magnetic fields or uniaxial stress, which % 1spl
relax the selection rules. But the results for the exchange = osh l
energy differ from each other by up to a factor of %48. &
In this paper we show that a combination of two different %
nonlinear absorption processes within one experiment, 8 04r ‘ A
namely, TPA and self-absorption of second-harmonic gener- o
ated light, can yield detailed information about the excitonic O o2l
fine structure of semiconductors, which is not accessible by o
linear techniques, thus allowing a direct and precise determi- . . .
nation of the analytical electron-hole exchange energy s 1s1s 1817 1519 1 521
Aexcn- . . . TWO-PHOTON ENERGY [eV]
The nonlinear absorption experiments have been per-
formed on bulk GaAs. The sample consisted of a.5i- FIG. 1. Two-photon absorption spectrum of GaAs at 1.4 K in

GaAs layer with a carrier mobility of 200.000 (?Y/IV_S at77  the excitonic region. The differentSt and 2P-exciton transitions
K (n=1.4x10"cm™3), grown by liquid phase epitaxy on a are indicated by arrows. Also shown is the exchange energy
Si-doped (100)-oriented GaAs substrate. Ohmic contactsA ..
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that can be formed by the twofold; conduction-band elec- to an even-parity exciton states take place, there exists a TPA
tron state withs=3 and the fourfoldl'g valence-band hole process where the electric dipole transition to an intermedi-
state withj=3. The eight electron-hole pair states can beate spin-allowed state of odd parity is followed by a mag-
classified according to the system’s total angular momentumetic dipole transition to a spin-forbidden odd-parity final
J=]*s and itsz componentM. state. Utilizing this third mechanism, Hiich, Itoh, and
The electron-electron exchange interaction of the manypahlke-Lerch® were able to study the anisotropic exchange
body system transforms to an additional but repulsive interinteraction in alkali halides via TPA, which directly influ-
action between electron and hole, called electron-hole exences the energy levels of theS Jparaexciton. They also
change interaction in the two-particle system, which reducegetermined the isotropic exchange energy, although, as
the Coulomb interaction. Taking into account only the iso-stated by the authors, this was subject to large errors due to
tropic electron-hole exchange interaction, which may behe uncertainty of the energy of the transverse orthoexciton

written as" gained from an independent measurement of three-photon
absorption.
Hexeh™ A exc{3— 40~ 3)+ A 185 (1—M?), By applying a nonlinear spectroscopy in the photoconduc-

tive mode to extremely-high-purity GaAs samples we have

where o is the spin vector of the electrod,is the angular been able to identify the spin-forbiddersJparaexciton at
momentum vector of the hole, an| 1 is the longitudinal- B=0 T, which gives a distinct contribution denote&glon
transversal splitting, the short-range part of the exchange efhe lower-energy side of the orthoexciton in the spectrum in
fect gives rise to a splitting of the exciton ground state intoFig. 1. As both the para- and the orthoexciton can be seen
the J=1 singlet-triplet mixed state named orthoexciton, simultaneously in the experiment, one can directly determine
which is electric dipole allowed, and thk=2 pure triplet the isotropic exchange energy,.,in GaAs from the energy
state named paraexciton, which is electric dipole forbiddendifference of the two peaks to a great accuracy. A value of
The energy difference between these two states is the sdvg,=0.38+=0.01 meV is obtained.
called analytical exchange enerfy,cn- This value is in good agreement with the variational cal-

Despite the different spin multiplicity of the para- and culations of Ab€'* taking into account three valence and two
orthoexciton making the simultaneous observation imposeonduction bands and neglectikdinear terms in the Hamil-
sible in linear spectroscopy, transitions to both states can bi@nian. However, there is a wide spread in experimental re-
induced in the present nonlinear experiment due to differensults obtained previously by indirect methods. A value of
types of dipole transitionglectric and magnetianduced by ~ 0.37 meV was obtained by Gilleo, Bailey, and Riéxtrapo-
the illumination of the sample by strong laser light with alated from piezoreflection measurements. Natal® ex-
photon energy of half of the band-gap energy of the semitrapolate the positions of the magnetoexcitonis-exciton
conductor. fine structure toB=0 T using a peak assignment by line

It is well known that compound semiconductors such asntensity estimations. This leads to a valg,.,=0.16 meV.
GaAs exhibit second-harmonic generati@HG) when illu-  Sellet al.” state an upper limit of the exchange energy of 0.1
minated by nonresonant high-intensity light, due to the lackmeV, derived by polarization-dependent reflectivity mea-
of inversion symmetry of the crystal latticélf the exciting  surements under stress. Ekardt;sth, and Bimbefyfit a
laser frequencyw is chosen so that the energy of the SHGtheoretical model for the dependence of the exchange inter-
waveEgyc=2A w is in resonance with a transition energy of action on the oscillator strength of the transitions to their
the semiconductor, part of the SHG wave can be reabsorbezkperimental data at medium magnetic fields, giving a value
within the crystal if the transition obeys the one-photon se-of 0.02 meV. All the experimental results were obtained by
lection rules’ This second-order process gives rise to a pealone-photon spectroscopy and therefore need extrapolation
at the position of the one-photon dipole-allowe8 artho-  from high magnetic fields or stress as the paraexciton cannot
exciton. This transition can clearly be identified in the spec-be detected in principle within this technique without exter-
trum in Fig. 1 where it is denoted byS} . nal perturbations. The broad variation Af,., gives evi-

On the other hand, the high-intensity laser light inducesdence for the difficulty in determining the exchange energy
two-photon transitions according to TPA selection rulesin this way.
whenever the two-photon enerfpa= 2% w equals the en- The assignment of the peaks is perfectly confirmed by a
ergy of a two-photon dipole-allowed transition. In zinc- two-photon magnetoabsorption measurement. In Fig. 2 TPA
blende semiconductors withmlike valence band conserva- spectra of the sample in the range of th8 éxciton are
tion of parity implies two-photon electric dipole transitions shown at magnetic fields between 0 and 6 T, in steps of 0.5
to even-parity states such as thE 2xciton, which can be T, in the Faraday configuratiork|(B) at T=1.4 K. The pho-
detected at 1.5189 eV in the spectrum. Due to the smalioconductive signal is plotted versus the two-photon energy
binding energy of the R exciton in GaAs this feature ap- 2% w. For clarity, all spectra are normalized and in addition
pears more as a maximum on the background of the higheut on the high-energy side of the&SZExciton features.
excitonic states and the continuum absorption than as a dis- Following the structure of the 3 exciton from O to 6 T,
tinct peak. one can see the development of the double structure at 0 T,

A third nonlinear absorption of intense laser light in a already shown in Fig. 1, into a fine structure of five main
semiconductor is due to another two-photon process, reransitions at 6 T. The 3 orthoexciton exhibits a splitting
ported by Fralich, Itoh, and Pahlke-Lercf for the case of into two peaks above 0.5 T, which are separated from each
alkali halides. In contrast to regular TPA, where two con-other by 0.35 meV at 6 T. As a guide to the eye the peak
secutive electric dipole transitions of a valence-band electropositions are indicated by solid arrows.
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FIG. 2. Two-photon magnetoabsorption spectra of GaAs in the MAGNETIC FIELD [T]

range of the § exciton at magnetic fields between 0daé T in

steps of 0.5 T in the Faraday configuration at 1.4 K. Solid arrows '.:IG' 3. The Sorthoexcnon_ ar_1d -paraexciton transmc_)n en-
o : ” . ._"ergies as a function of magnetic field for the Faraday configuration.
indicate 1S-orthoexciton transitions, dotted arrows and triangles in- ; . .

. : " As a guide to the eye the data points are connected by solid and
dicate 1S-paraexciton transitions.

dashed lines for the orthoexciton and paraexciton, respectively. The
inset schematically shows the splitting of th8 éxciton due to the
Also the 1S paraexciton splits into two peaks at 0.5 T. linear Zeeman effect. The different states are labeletgy
The lower one of the two line6ndicated fran O T upward
by a dotted arroyruns through a minimum in transition rise to a Landau-level-like linear dependence of the transi-
energy &1 T with increasing magnetic field before it bends tion energies on the magnetic field, as can be seen in the
up and runs parallel to the other transitions, at the same timgpectrum of Fig. 3.
gaining oscillator strength compared to thg arthoexciton Allowed transitions occur for both the transversal ortho-
and thus being the most prominent transition at 6 T. At 3 Texcitons withJ=1, M;==*1 due to self-absorption of the
an additional shoulder at the low-energy side of the paraexoHG light and the transversal paraexcitons witk-2,
citon appears that forms a clear peak at @fo indicated by M,=*1 due to magnetic dipole TPA. For magnetic fields
a dotted arrow It can be seen that the magnetic field in- with y>:!. the field-induced mixing of the states leads to the
creases the absorption strength of the paraexcitonic contrip@Pservation of ~ the paraexcitonic = components  with
tions compared to the orthoexcitonic ones. This is a direcMa=*2. Tfaf.‘s'“m?s to longitudinal excitond\(;=0) are
consequence of the different transition processes. Where&Q8!Y allowed in Voigt geometryf and therefore cannot be

electric dipole transitions are weakly affected by a magneti Etectedd ifn our spectra. F(rjom tfh_is analysis we assigrrl] the
field, the probability of a magnetic dipole transition is en- C0S€rved features & T in order of increasing energy to the
hanced proportional 8. |2,-2), |2,—-1), |2,+1), |1,—1), and|1,+1) 1S excitons,

In Fig. 3 the transition energies of the observed'®SPectively. .
1S-exciton lines are plotted against magnetic field. As a To empha5|ze the powerfulness_ of the nonlinear spectros-
guide to the eye solid and dashed lines connect the measur&GPY t?cﬁnlque plre_sen;[]ed here, Fflgr.] 4 shows the TPA spec-
transition energies of ortho- and paraexcitons, respectivelyUmM Of the sample in the range of thé&2xciton at a mag-

The dependence of the peak position on magnetic field is
strongly nonlinear for fields lower than 3 T, leading to an
asymmetric splitting of the paraexciton and a diamagnetic
shift of all lines. The coupling between thel€1) and
(J=2) 1S-exciton states results in a complicated develop-
ment of the highest paraexciton transition.

The observed splitting reflects the theoretically predicted
behavior of the $-exciton substates in a magnetic fiélBor
the low-field region ¢<1 with y=fiwc/2R,, oc is the
cyclotron frequency an®, the effective Rydberg energy of
the exciton, where the magnetic field can be treated as a
perturbation on the excitonic levels, the degeneracy of both
the orthoexciton and the paraexciton is lifted due to the lin-
ear Zeeman effeéThis is illustrated in a diagram in Fig. 3, 0.0 Tses 1527 1530 1533
where the differentJ=1) and J=2) 1S-exciton levels are TWO-PHOTON ENERGY [eV]
indicated byM ;. In addition, a diamagnetic term in the ex-
citon Hamiltonian shifts the transitions quadratically with  FIG. 4. Two-photon magnetoabsorption spectrum of GaAs in
magnetic field to higher energy. For>1 the magnetic field the range of the R exciton @ 6 T in the Faraday configuration.
is stronger than the excitonic Coulomb interaction, givingObserved transitions are indicated by arrows.
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netic field d 6 T in the Faraday configuration. Due to the  In conclusion, we have shown that three different nonlin-
compression of the excitonic wave function in the presencear absorption processes take place in the sample due to ir-
of a magnetic field, the oscillator strength of the radiation by intense laser light with an energy of half of the
2P-exciton contribution is strongly enhanced. Whereas at ®and gap of GaAs, namely, self-absorption of SHG light,
T the influence of envelope-hole coupling is too weak toélectric dipole and magnetic dipole TPA. Because of the dif-
observe a splitting of the R exciton as in other materials, ~ ferent selection rules it was possible to observe both a zero-
it strongly affects the spectrum at 6 T. A complete lifting of field 1S-exciton splitting due to the electron-hole exchange
the 12-fold degeneracy of theP2exciton at 0 T(neglecting ~ Interaction and the 2 exciton. From the energy separation
the spin degeneragyin a magnetic field beyond Zeeman between the $ ortho- and paraexciton we could directly and

splitting could be observed in GaAs, giving fise to 12 peakgccurately determine the electron-hole exchange energy. The
in the spectrum. This fine structure has been reported fopSsignments of the peaks were pfo."e.d by nonlinear magne-
ZnTe and CdTe by Neumann, N, and Lipar?. Both ma- toabsorption where a Zeeman splitting of the ortho- and

. : - araexciton could be observed, leading to a fine structure of
terials have a large exciton binding energy and very shar;?

absorption lines, with well-resolved fine structure. In GaAs,tDIrE; %?atlgse ZzltDGeIéi![gna(ijr?Igor?néwr?e:ﬁ:pggl?jdbae ”g: dﬂ;gesr;r;r?
where, on the one hand, the linewidth of the exciton lines is 9 y

about four times larger than in CdTe and, on the other hanaSp"ﬁing due to envelope_-hole coupling, ShOW"?g the_univer-
the binding energy of the 2 exciton is ébout tWo times sal powerfulness of nonlinear spectroscopy to investigate the

smaller, they were not able to resolve this additional splittingexCItonIC fine structure.

of the various P-exciton states. With our high-sensitivity

nonlinear photoconductive measurement a detailed analysis The authors are very much indebted to Carl Pidgeon for
of the 2P exciton in a magnetic field, and therefore the de-helpful discussions. This work was partially supported by the
termination of the spherical paraméfethat defines the Bundesministerium fu Wissenschaft und Forschuri@ek-

strength of the envelope-hole coupling, is possible. tion Forschunyand the Gesellschaft fuMikroelektronik.
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