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Time-resolved spectroscopy of the level-anticrossing effect in exciton emission
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~Received 4 March 2002; published 10 May 2002!

The paper reports a time-resolved study of the Zeeman~spin! sublevel anticrossing effect in triplet bound-
exciton emission in GaSe crystals. The shape of the anticrossing signal was found to vary substantially during
the excited-state lifetime. One observes, in particular, a splitting of the Lorentzian-shaped peak of the signal
into two peaks, with their separation increasing with time. A theoretical description of the effect is proposed,
which permits explanation of the nature of the observed changes and determination of the lifetime of the
interacting states.
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The level-anticrossing effect was discovered by E
Foldy, and Wieder1 in a study of the resonance fluorescen
of atomic lithium. This effect has thereafter been widely us
in optical spectroscopy to probe the fine structure of ene
levels in various atomic systems, from atoms to crystals2–7

Level anticrossing occurs when one, slowly varying, pert
bation ~e.g., the magnetic field! tends to make levels degen
erate, while another, a constant one~which can be an exter
nal factor or a specific feature of the system itself!, prevents
the levels from the degeneracy~i.e., from crossing!.1 The
appearance of an anticrossing signal is accounted for b
change of the properties of the initial electronic states ow
to their mixing, which is the largest in the region of th
closest approach of the energy levels. The obvious mer
the method consists in the possibility of obtaining inform
tion on the parameters of quasidegenerate electronic s
and their interaction in the conditions where the correspo
ing structure in the spectrum cannot be spectrally resol
because of the relatively broad emission lines, which may
caused, for instance, by inhomogeneous broadening.
situation is characteristic, in particular, of the spin struct
of excitonic states in anisotropic semiconductors.

In the conditions of cw excitation, the level-anticrossi
effect manifests itself in the form of a maximum or minimu
of Lorentzian shape in the magnetic-field dependence of
intensity of the total emission from the states under study.~In
Ref. 1 this change in the emission intensity was called
level-anticrossing signal.! However, our investigation of the
level-anticrossing effect in the afterglow spectra of trip
bound excitons in GaSe crystals revealed that the ab
simple signal shape is only a particular case relating to
emission of excitons within a short time interval after t
excitation.

This work was aimed at studying the level-anticross
effect at various instants within the lifetime of the exciton
states. It is shown that during the exciton lifetimet the shape
of the level-anticrossing signal undergoes substan
changes, from practically a zero signal att'0 to a Lorentz-
ian peak at intermediate timest, to finally a complex double-
peak structure at larget. The purpose of this paper is t
demonstrate the evolution of the level-anticrossing sig
during the exciton-state lifetime and to discuss its nature

The crystals were grown by the Bridgman method a
were not doped intentionally. The samples for the study w
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prepared from ingots by cleaving along the planes of
crystalline layers perpendicular to the optical axisc of the
crystal. The exciton luminescence was excited by radiat
from a pulsed copper-vapor laser with a pulse durationtp

520 ns. The excitation density was about 200 W/cm2. The
exciting radiation with photon energyhnexc52.144 eV
.Eg (Eg is the crystal band gap! was incident at a smal
angle to the normal to the sample surface, and the emi
light was detected in the direction of the normal parallel
the c axis. The spectra were recorded using a grating sp
trometer equipped with a photon-counting system with
time resolution;30 ns. To investigate the emission at d
ferent instances of the exciton lifetime the detection gate
the photon-counting system was delayed with respect to
excitation pulse. During the experiment, the samples w
kept immersed in liquid helium at 2 K. The magnetic fie
was produced by a superconducting coil and oriented par
to thec axis of the crystal.

Figure 1 presents a GaSe emission spectrum in the re
of the fundamental absorption edge, which was obtained
ing the first 30 ns after the excitation pulse. The shorte
wavelength line athn52.108 eV is due to radiative recom
bination of free direct excitons, and the linesa andb with
the maxima at 2.096 and 2.089 eV are produced by the e
sion of triplet excitons bound to ionized centers~or to iso-
electronic traps!.8 The b line has an intense acoustic wing
whose maximum is shifted to lower energy by;1 meV
with respect to that of theb line.

In a longitudinal magnetic fieldB>2 T ~Faraday geom-
etry, BW icikW photon), the bound-exciton lines split into dou
blets, whose components are strictly right (s1) or left (s2)
circularly polarized. While in weaker fields no splitting o
thea andb lines is observed because of their relatively lar
widths, the magnetic-field dependence of the exciton em
sion intensity exhibits a hump,8 which is due to the bound
exciton Zeeman sublevel anticrossing in the magnetic fie
Because the magneto-optical effects on thea and b lines
have the same pattern, we shall restrict ourselves in w
follows to an analysis of theb line behavior.

Figure 2 showsI s2(B,t) dependence of theb-line inten-
sity in s2 polarization (0<B,1 T, BW icikW photon) obtained
at various delay timest with respect to the excitation pulse
~The detection gate width wasDt'30 ns.! As seen from
©2002 The American Physical Society04-1
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Fig. 2, att50 the I s2(B,0) plot exhibits only a barely dis
cernible maximum atB50.36 T[Bc8 . @For Dt,30 ns, the
maximum inI s2(B,0) is practically indistinguishable.#

As the delay time is increased from 0 to 0.6ms, the rela-
tive intensity of the maximum at 0.36 T increases dram
cally ~though the absoluteb-line intensity measured atB
50 naturally decreases with increasing the delay!, to pro-
duce a pronounced peak in theB5Bc8 region ~see Fig. 2!.
Thus in this delay-time interval theI s2(B,t) relation ob-
tained at a fixedt is similar to theI s2(B) dependence of the
b-line s2-emission intensity observed in the case of cw
minescence excitation.8 As the delay time is progressivel
increased, the relative peak intensity continues to rise, b
shallow dip forms in the region of the peak maximum~Fig.
2!. A further increase oft entails an increase of the dip widt
and depth~Fig. 2!, so that att52 ms theI (B,t) dependence

FIG. 1. Emission spectrum of GaSe crystal.T52 K.

FIG. 2. Level-anticrossing signal in theb-exciton emission,
I s2(B,t), measured at different timest during the excited-state life
time. The timet is specified in the figure. The points are experime
tal data, and the solid lines are plots of the theoretical relation~6!.
19320
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exhibits already two well-resolved peaks, whose separa
continues to grow with increasingt ~Fig. 2!. Thus, the ex-
perimental data presented demonstrate that the shape o
level-anticrossing signal measured at different instants wit
the bound-exciton lifetime varies essentially from a prac
cally complete absence of the signal~at t50) to a complex
structure with two maxima~at larget).

To interpret the observed evolution of the leve
anticrossing signal, consider the energy level structure
triplet bound excitons in GaSe. In GaSe crystals, the orbit
nondegenerate stateG4 of an exciton bound to an ionize
center~or an isoelectronic trap!, like the ground state of the
free direct exciton,9,10 is split by exchange interaction int
two states, a singlet and a triplet one. For free excitons,
splitting between these statesD152 meV.9 The total elec-
tron and hole spin in a singlet exciton is zero, and transitio
to this state are allowed for radiation polarized withEW ic. In
our experiment (EW'c), the singlet state does not manife
itself.

Triplet excitons have a total spinS51 and spin projec-
tions on thec axis Sz50,61. Optical transitions to theSz

561 state are allowed in theEW'c polarization, while the
Sz50 state is optically inactive. Because of the crystal a
isotropy, theSz50 state is split from theSz561 states by
an amountD!D1 ~Fig. 3!. A longitudinal magnetic fieldBW ic
splits theSz561 level into two sublevels withSz511 and
Sz521, which yield right-hand and left-hand circularly po
larized emission, respectively~Fig. 3!. The energies of the
triplet exciton states in a longitudinal field are given by t
expressions10

E1,25E060.5gzzm0B, E35E02D, ~1!

where gzz is the longitudinal component of the excitong
factor, andm0 is the Bohr magneton. According to Eq.~1!, in
the field B52D/gzzm0[Bc , the energies of states 2 and
become equal; i.e., the corresponding energy levels cross
further assume the existence in the crystal of a static per
bation V ~Ref. 11! which mixes the exciton statesu0& and
u61&. In this case, the crossing of levels 2 and 3 will
replaced by their anticrossing~Fig. 3!. Consider this effect in
more detail. Forgzzm0B'2D, one will observe the mixing

-

FIG. 3. Energy level diagram of the triplet exciton in GaSe

the presence of a magnetic field.BW ic
4-2
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primarily of states 2 and 3~i.e., statesu21& and u0&), be-
cause in these conditions the energy difference between t
states will be substantially smaller than that between stat
and 3. Taking into account the perturbationV, the wave func-
tionsCa,b of the states originating from states 2 and 3 can
written as

Ca5C2C21C3C3 , Cb5C3C22C2C3 . ~2!

Recalling that state 3 is optically inactive, one finds that
radiative transitions from statesa andb are polarized in the
same way as those from state 2. The coefficientsC2,3 are
normalized to unity,C2

21C3
251, and have the form

C2,3~B!5
1

A2
H 16

D820.5gzzm0B

@~D820.5gzzm0B!214uV23u2#0.5J 0.5

,

~3!

where Vik5^C i uVuCk& ( i ,k52,3) andD85D1V222V33.
The fraction of the optically active state 2 in the wave fun
tions~2! determines the radiative lifetimestar,br of the states
of triplet excitons with wave functionsCa,b : tar(B)
5@C2

2(B)t r
21#21 and tbr(B)5@C3

2(B)t r
21#21, wheret r is

the radiative lifetime of state 2. Assuming the nonradiat
lifetime of bound triplet excitonst0 to be independent o
their spin state, we obtain, for the total effective lifetimes
states a and b, ta(B)5@tar

21(B)1t0
21#21 and tb(B)

5@tbr
21(B)1t0

21#21. When the crystal is excited by unpo
larized light withhnexc.Eg and neglecting the exciton spi
relaxation, the intensities of the emission from statesa andb,
Pi(B,t) ( i 5a,b), can be presented in the form

Pi~B,t !5P0t ir
21~B!exp@2t/t i~B!#, ~4!

where the quantityP0 is proportional to the exciton genera
tion rate and is the same for alli. @Equation~4! was derived
under the assumption that the excitation pulse durationtp
,t i#. Because optical transitions from statesa andb are not
spectrally resolved, one observes experimentally the t
emission

Ps2~B,t !5Pa~B,t !1Pb~B,t !. ~5!

Strictly speaking, afterglow spectra are measured durin
finite time intervalDt ~in our caseDt'30 ns), and there-
fore the experimentally measured signal should actually
written in the form

I s2~B,t !5I a~B,t !1I b~B,t !5
1

DtEt

t1Dt

Ps2~B,t !dt,

I a,b~B,t !5
1

DtEt

t1Dt

Pa,b~B,t !dt. ~6!

Figure 2 displays the relation calculated for different timet
by solid lines. As seen from Fig. 2, relation~6! reflects quite
well the features in the level-anticrossing signal observe
various instants during the exciton lifetime. The theoreti
curves in Fig. 2 were obtained for the parametersgzz53.4,8

t r51.2531027 s, t05731026 s, D850.0357 meV, and
2uV23u50.0045 meV. The values oft r and t0 thus found
19320
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permit one to determine the exciton effective lifetimes
initial states 2 and 3:t251.2231027 s and t35t057
31026 s.

The reasons for the observed temporal evolution of
level-anticrossing signal can be conveniently considered
analyzing separately the behavior of the emission com
nentsPa(B,t) and Pb(B,t) @or I a(B,t) and I a(B,t), if the
finite width of the detection gate is taken into account#. As
follows from Eq.~4!, for t50, when the population of state
a andb is determined only by the exciton generation rate
these states, thePa(B,0) andPb(B,0) relations simply repro-
duce the magnetic-field dependences of the exciton radia
recombination probabilities in these states,tar

21(B) and
tbr

21(B), respectively, with the total emission intensi
Ps2(B,0) being independent ofB. However, for t.0, the
populations of statesa andb are determined already not onl
by the exciton generation rate but by the rates of their de
in these states too, which are characterized by the exc
effective lifetimes ta(B) and tb(B). At fields B
'2D8/gzzm0[Bc8 , the lifetime of statea, ta(B), increases
comparatively rapidly, whereas the radiative recombinat
ratetar

21(B) falls off ~for stateb one has the opposite situa
tion!. As a result of the competition between these oppo
trends, at any timet.0 the emission intensity of exciton
from statea, I a(B,t), nearB'Bc8 first reaches a maximum
to subsequently fall off asB continues to increase. The emi
sion componentI b(B,t) in the field follows a similar behav-
ior, but the maximum is reached here at a different field th
for I a(B,t) ~Fig. 4!. As a result, at not too larget the total
emission intensityI s2(B,t) exhibits a maximum atB5Bc8
~Fig. 2!. ~It is the exciton emission in this time interval tha
determines primarily the profile of the level anticrossing s
nal of triplet excitons under cw excitation.! As the delay time

FIG. 4. Theoretical magnetic-field dependences of the inten
of radiative transitions from the excitonic statesa and b, I a(B,t)
~solid line! andI b(B,t) ~dotted line!, calculated for various instant
t of their lifetime.
4-3
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t increases, the maximum of theI a(B,t) function shifts to-
ward higher magnetic fields, whereas that ofI b(B,t) dis-
places in the opposite direction. Starting from certain val
of t>4t r , this gives rise to the formation in theI s2(B,t)
dependence of two maxima separated by a minimum~dip! at
B5Bc8 , whose relative depth increases witht ~Figs. 2 and 4!.
@Actually, the existence of the minimum is connected w
the fact that the total exciton effective lifetime in statesa and
b, ta(B)1tb(B), reaches a minimum atB5Bc8 , and there-
fore both states turn out to be depleted in this field region
long enough timest.# It should be stressed that one of th
maxima inI s2(B,t) corresponds to the contribution of sta
a to the emission and the other to the emission from statb.
Thus by investigating the level-anticrossing effect at diff
ent instants during the excited-state lifetimes one can iso
the contribution of each of the states to the emission,
.E

La
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though the radiative transitions from these states~i.e., a and
b) are not resolved spectrally.

To sum up, an investigation of the level-anticrossing
fect in afterglow spectra reveals that the well-known sha
of the anticrossing signal in the form of a simple maximu
~minimum! is only a particular case corresponding to t
emission of a system at a certain time after the excitati
The signal profile may vary substantially with time, and it
possible to isolate the contributions to this signal due to d
ferent interacting states which cannot be discriminated sp
trally in emission. It should be added that investigation of t
level-anticrossing effect in afterglow spectra offers also,
principle, a possibility of obtaining information on the life
times of any one of the interacting states. We note also
the phenomenon observed should have a fairly general c
acter and be observable in various atomic systems.
a-

in,

ys.
1T.G. Eck, L.L. Foldy, and H. Wieder, Phys. Rev. Lett.10, 239
~1963!.

2E. Bernalean and A. Cavero, Spectrosc. Lett.12, 609 ~1979!.
3H.J. Beyer and K.J. Kolath, J. Phys. B10, 15 ~1977!.
4P. Dupre, Chem. Phys.196, 239 ~1995!.
5H. Anno and Y. Nishina, Solid State Commun.29, 439 ~1979!.
6A. Kana-ah, B.C. Cavenett, H.P. Gislason, B. Monemar, and M

Pistol, J. Phys. C19, 1239~1986!.
7P.G. Baranov, I.V. Mashkov, N.G. Romanov, C. Gourdon, P.

vallard, and R. Planel, JETP Lett.60, 445 ~1994!.
.

-

8E.M. Gamarts, E.L. Ivchenko, G.E. Pikus, B.S. Razbirin, V.I. S
farov, and A.N. Starukhin, Sov. Phys. Solid State24, 1320
~1982!.

9E. Mooser and M. Schluter, Nuovo Cimento Soc. Ital. Fis., B18,
164 ~1973!.

10E.L. Ivchenko, G.E. Pikus, B.S. Razbirin, and A.N. Starukh
Sov. Phys. JETP45, 1172~1977!.

11W.M. Chen, M. Godlewski, B. Monemar, and J.P. Bergman, Ph
Rev. B41, 5746~1990!.
4-4


