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Time-resolved spectroscopy of the level-anticrossing effect in exciton emission
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The paper reports a time-resolved study of the Zeefspim) 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 Eck,prepared from ingots by cleaving along the planes of the
Foldy, and Wiedérin a study of the resonance fluorescencecrystalline layers perpendicular to the optical agisf the
of atomic lithium. This effect has thereafter been widely useccrystal. The exciton luminescence was excited by radiation
in optical spectroscopy to probe the fine structure of energyrom a pulsed copper-vapor laser with a pulse duratign
levels in various atomic systems, from atoms to crystais. =20 ns. The excitation density was about 200 WAcithe
Level anticrossing occurs when one, slowly varying, perturexciting radiation with photon energyv,,.=2.144 eV
bation (e.g., the magnetic fieJdends to make levels degen- >Eq (Eq is the crystal band gapvas incident at a small
erate, while another, a constant ofwehich can be an exter- angle to the normal to the sample surface, and the emitted
nal factor or a specific feature of the system itsedfevents  |ight was detected in the direction of the normal parallel to
the levels from the degeneradye., from crossing' The  the ¢ axis. The spectra were recorded using a grating spec-
appearance of an anticrossing signal is accounted for by gometer equipped with a photon-counting system with a
chang_e of _the propgrtie; of the initial ellectronic states c)V"ingﬁme resolution~30 ns. To investigate the emission at dif-
to their mixing, which is the largest in the region of thef rent instances of the exciton lifetime the detection gate of

;:rl]osesttﬁpgroach_ (?[f t_heﬂe]znergy l.i\ﬁls' ;I'h%to_b\{lous ;nerlt he photon-counting system was delayed with respect to the
€ method consISts In the possibility of obtaining INforma- o, ji4tion pulse. During the experiment, the samples were

tion on the parameters of quasidegenerate electronic statﬁgpt immersed in liquid helium at 2 K. The magnetic field

and their interaction in the conditions where the correspon las produced by a superconducting coil and oriented parallel

ing structure in the spectrum cannot be spectrally resolveg0 thec axis of the crystal
because of the relatively broad emission lines, which may be Figure 1 presents a GaSe emission spectrum in the region

cgusgd, for Instance, by _mhompgeneous broa(_jemng. Th@fthe fundamental absorption edge, which was obtained dur-

situation is characteristic, in particular, of the spin structurqng the first 30 ns after the excitation pulse. The shortest-

of excitonic states in anisotropic ;emmonductors. . . wavelength line ahvy=2.108 eV is due to radiative recom-
In the conditions of cw excitation, the level-anticrossing bination of free direct excitons, and the linesand 8 with

effect manifests itself in the form of a maximum or minimum the maxima at 2.096 and 2.089 eV are produced by the emis-
of Lorentzian shape in the magnetic-field dependence of thgion of triplet excitons bound to ionized centdes to iso-

e of e Lt emisin o e e uder S0, Seconi aps The e s an intense acous g
level-anticrossing signalHowever, our investigation of the _hose maximurm 15 shlfted_ (o lower energy byl meV
level-anticrossing effect in the afterglow spectra of tri IetW'th respect to .that of thes l.'ne.‘
: g 9 b b In a longitudinal magnetic fiel®=2 T (Faraday geom-

bound excitons in GaSe crystals revealed that the above =~ - ™ 2 . i e
simple signal shape is only a particular case relating to th&Y: Bllcl[kphoton) . the bound-exciton _“nef split into dou-
emission of excitons within a short time interval after the P1ets, whose components are strictly right'() or left (o)
excitation. circularly polarized. While in weaker fields no splitting of

This work was aimed at studying the Ievel-anticrossingth_ea andg lines is qbsgrved because of their relati\_/ely Iarg_e
effect at various instants within the lifetime of the excitonic Widths, the magnetic-field dependence of the exciton emis-
states. It is shown that during the exciton lifetifrte shape ~Sion intensity exhibits a hum’bwmch is due to the bound-
of the level-anticrossing signal undergoes substantig@Xciton Zeeman sublevel ancrossmg in the magnghc field.
changes, from practically a zero signaltatO to a Lorentz- Because the magneto-optical effects on thend g lines
ian peak at intermediate timesto finally a complex double- have the same pattern, we shall restrict ourselves in what
peak structure at large The purpose of this paper is to follows to an analysis of th@ line behavior.
demonstrate the evolution of the level-anticrossing signal Figure 2 shows,,-(B,t) dependence of thg-line inten-
during the exciton-state lifetime and to discuss its nature. sity in o~ polarization (<B<1 T, B|/c[[Kpnoton) Obtained

The crystals were grown by the Bridgman method andat various delay timeswith respect to the excitation pulse.
were not doped intentionally. The samples for the study weréThe detection gate width wast~30 ns) As seen from
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hv [eV] FIG. 3. Energy level diagram of the triplet exciton in GaSe in
the presence of a magnetic fiell|c
FIG. 1. Emission spectrum of GaSe crysfe=2 K.
exhibits already two well-resolved peaks, whose separation
Fig. 2, att=0 thel,-(B,0) plot exhibits only a barely dis- continues to grow with increasing(Fig. 2. Thus, the ex-
cernible maximum aB=0.36 T=B/.[For At<30 ns, the periment_al datg prgsented demonstrate that the shape pf 'the
maximum inl - (B,0) is practically indistinguishabl. level-anticrossing signal measured at different instants within
As the delay time is increased from 0 to 046, the rela- the bound-exciton lifetime varies essentially from a practi-
tive intensity of the maximum at 0.36 T increases dramati-cally complete absence of the sigriatt=0) to a complex
cally (though the absolutg-line intensity measured @  Structure with two maximaat larget).
—0 naturally decreases with increasing the dglag pro- To interpret the observed evolution of the level-

duce a pronounced peak in =B/ region (see Fig. 2 anticrossing signal, consider the energy level structure of
Thus in this delay-time interval thé,f(B,t) relation ob- triplet bound excitons in GaSe. In GaSe crystals, the orbitally

tained at a fixed is similar to thel ,-(B) dependence of the nondegenera_te state, Of an exciton hound 1o an ionized
B-line o -emission intensity observed in the case of cw Iu_center(or an isoelectronic trgplike the ground state of the

minescence excitatichAs the delay time is progressively free direct exc!tor?;lo is split py exchange interactiqn into
increased, the relative peak intensity continues to rise, but 9("0_ $tates, a singlet and a triplet one. F;” free excitons, the
shallow dip forms in the region of the peak maximuFig. splitting betweelj these _statAs_=2 m‘?V- The total elecl:-.
2). Afurther increase of entails an increase of the dip width tron and hole spin in a singlet exciton is zero, andetransmons
and depth(Fig. 2), so that at=2 us thel (B,t) dependence to this state are allowed for radiation polarized WHlc. In
our experiment IEL c), the singlet state does not manifest
itself.

Triplet excitons have a total spi&=1 and spin projec-
tions on thec axis S,=0,= 1. Optical transitions to th&,

=+1 state are allowed in thEL ¢ polarization, while the
S,=0 state is optically inactive. Because of the crystal an-
isotropy, theS,=0 state is split from thes,= +1 states by
an amountA <A, (Fig. 3). A longitudinal magnetic field||c
splits theS,= += 1 level into two sublevels witls,= +1 and
S,=—1, which yield right-hand and left-hand circularly po-
larized emission, respectivelfFig. 3). The energies of the
triplet exciton states in a longitudinal field are given by the
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100 e where g,, is the longitudinal component of the excitan
h [+ factor, andu is the Bohr magneton. According to Ed), in

the field B=2A/g,,uo=B., the energies of states 2 and 3

become equal; i.e., the corresponding energy levels cross. We

further assume the existence in the crystal of a static pertur-
FIG. 2. Level-anticrossing signal in thg-exciton emission, bationV (Ref. 11 which mixes the exciton statg®) and

I,-(B,t), measured at different timesluring the excited-state life- |*1). In this case, the crossing of levels 2 and 3 will be

time. The timet is specified in the figure. The points are experimen-replaced by their anticrossinig. 3). Consider this effect in

tal data, and the solid lines are plots of the theoretical reldpn ~ more detail. Foig, uB~2A, one will observe the mixing
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primarily of states 2 and 8i.e., state§—1) and|0)), be- A T 2 s
cause in these conditions the energy difference between these / / ]
states will be substantially smaller than that between states 1

and 3. Taking into account the perturbatiénthe wave func-
tions¥, , of the states originating from states 2 and 3 can be
written as

V,=CW,+C3V¥;, VY,=C¥,—C,¥;. (2

Recalling that state 3 is optically inactive, one finds that the
radiative transitions from statesandb are polarized in the
same way as those from state 2. The coeffici€lys are

Emission intensity [photons/s]

normalized to unityC3+C2%=1, and have the form t=15 ps]
0.5
1 A’ —0. B
CoaB)= 71 12— SngLO 2705 |
V27 [(A 050, 0B)*+ 4|V ]
0 T T T T
Wherevik:<\pi|v|\l,k> (l,k:2,3) andA':A+V22—V33. 00 03 06 09 00 03 06 09
The fraction of the optically active state 2 in the wave func- B [T] B[T]

tions (2) determines the radiative lifetimes, p, of the states FIG. 4. Theoretical magnetic-field dependences of the intensity

of trzlplet ff(qtlons with Wavezfunc'g(fnf\llf ab: Taf(B) of radiative transitions from the excitonic statesandb, 1,(B,t)
=[C5(B)7, "]~ and 7,,(B)=[C3(B) 7, "] ~, where 7, is  (s0jid ling) andl,(B,t) (dotted ling, calculated for various instants
the radiative lifetime of state 2. Assuming the nonradiative of their lifetime.

lifetime of bound triplet excitons, to be independent of
their spin state, we obtain, for the total effective lifetimes of
states a and b, 7,(B)=[7,(B)+7,']"* and m,(B)
=[rgr1(B)+rgl]*l. When the crystal is excited by unpo-
larized light withhv.,>E4 and neglecting the exciton spin
relaxation, the intensities of the emission from statesdb,
P,(B,t) (i=a,b), can be presented in the form

permit one to determine the exciton effective lifetimes in
initial states 2 and 3:7,=1.22<10"7 s and r3=77=7
X106 s.

The reasons for the observed temporal evolution of the
level-anticrossing signal can be conveniently considered by
analyzing separately the behavior of the emission compo-
P,(B,t)=Pqy7, }(B)exd —t/7;(B)], (4)  nentsP,(B,t) and Py(B,t) [or 14(B,t) andl,(B,t), if the
finite width of the detection gate is taken into accquAis
follows from Eq.(4), for t=0, when the population of states
a andb is determined only by the exciton generation rate in
these states, the,(B,0) andPy(B,0) relations simply repro-
aLquce the magnetic-field dependences of the exciton radiative-
recombination probabilities in these state:grl(B) and
T,;rl(B), respectively, with the total emission intensity

Ps—(B,t)=Pa(B,t) + Py(B,t). ®)  P,-(B,0) being independent d8. However, fort>0, the
Strictly speaking, afterglow spectra are measured during ROPUlations of states andb are determined already not only
finite time intervalAt (in our caseAt~30 ns), and there- by the exciton generation rate but by the rates of their decay

fore the experimentally measured signal should actually b& these states too, which are characterized by the exciton
written in the form effective lifetimes 7,(B) and m,(B). At fields B

~2A'1g,mo=B, the lifetime of statea, 7,(B), increases
1 [t+at comparatively rapidly, whereas the radiative recombination
lo-(B.)=1a(B,) +15(B,1)= Hﬁ P,-(B,)dt, rate 7,,*(B) falls off (for stateb one has the opposite situa-
tion). As a result of the competition between these opposite
t+At trends, at any timeé>0 the emission intensity of excitons
lap(B,t)= A_tJ Pa(B,t)dt. (6)  from statea, |,(B,t), nearB~B/, first reaches a maximum,
! to subsequently fall off aB continues to increase. The emis-
Figure 2 displays the relation calculated for different tinhes sion component,(B,t) in the field follows a similar behav-
by solid lines. As seen from Fig. 2, relati®o) reflects quite ior, but the maximum is reached here at a different field than
well the features in the level-anticrossing signal observed dor 1,(B,t) (Fig. 4). As a result, at not too largethe total
various instants during the exciton lifetime. The theoreticalemission intensityl .- (B,t) exhibits a maximum aB=B/
curves in Fig. 2 were obtained for the parametgss=3.48 (Fig. 2. (It is the exciton emission in this time interval that
7=1.25¢10"" s, 7o=7x10"% s, A’=0.0357 meV, and determines primarily the profile of the level anticrossing sig-
2|V,4=0.0045 meV. The values of, and 7, thus found nal of triplet excitons under cw excitatiors the delay time

where the quantityP, is proportional to the exciton genera-
tion rate and is the same for all[Equation(4) was derived
under the assumption that the excitation pulse duratipn
< 7;]. Because optical transitions from stateandb are not
spectrally resolved, one observes experimentally the tot
emission
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t increases, the maximum of thg(B,t) function shifts to- though the radiative transitions from these stdies, a and
ward higher magnetic fields, whereas thatlg{B,t) dis- b) are not resolved spectrally.

places in the opposite direction. Starting from certain values To sum up, an investigation of the level-anticrossing ef-
of t=4r,, this gives rise to the formation in the-(B,t)  fect in afterglow spectra reveals that the well-known shape
dependence of two maxima separated by a minindip) at  of the anticrossing signal in the form of a simple maximum
B=B., whose relative depth increases wiitiFigs. 2and 4  (minimum) is only a particular case corresponding to the
[Actually, the existence of the minimum is connected withemission of a system at a certain time after the excitation.
the fact that the total exciton effective lifetime in statemnd  The signal profile may vary substantially with time, and it is
b, 7.(B)+ 7,(B), reaches a minimum &=B/, and there- possible to isolate the contributions to this signal due to dif-
fore both states turn out to be depleted in this field region fofferent interacting states which cannot be discriminated spec-
long enough times.] It should be stressed that one of the trally in emission. It should be added that investigation of the
maxima inl ,-(B,t) corresponds to the contribution of state level-anticrossing effect in afterglow spectra offers also, in
a to the emission and the other to the emission from diate principle, a possibility of obtaining information on the life-
Thus by investigating the level-anticrossing effect at differ-times of any one of the interacting states. We note also that
ent instants during the excited-state lifetimes one can isolatde phenomenon observed should have a fairly general char-
the contribution of each of the states to the emission, alacter and be observable in various atomic systems.
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