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Two-mode Jahn-Teller effect in the absorption spectra of F&" in 1I-VI and Ill-V semiconductors

O. Mualin and E. E. Vogél
Departamento de Bica, Universidad de La Frontera, Av. Francisco Salazar 01145, Casilla 54-D, Temuco, Chile

M. A. de Orte
Departamento de Bica, Universidad de ConcepcipCasilla 160-C, Concepcig Chile

L. Martinelli and G. Bevilacqua
Dipartimento di Fisica, Universitali Pisa, Piazza Torricelli 2, 56126, Pisa, Italy

H.-J. Schulz
Fritz-Haber-Institut der Max-Planck-Gessellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
(Received 4 August 2001; published 27 December 2001

Coupling of acoustical and optical modes is introduced to interpret zero-phonon lines in extended absorption
spectra of F&" in binary compounds of local symmetfly, . Both cubic 1I-VI (CdTe, ZnTe, ZnSe, ZnSand
cubic 111V (GaAs, InP, GaPcompounds are included in analysis and calculations. For the case of ZhS:Fe
which plays an important role here, interesting experiments are reported. The interpretation of the low-
temperature absorption spectra of the seven systems unfolds generalities so all observed lines, as well as the
absence of some expected lines, can be identified in the same generic way. In fact, only one parameter is freely
varied, which is the coupling constant to one optical méafgditional to the usual acoustical gnghich is
necessary to explain high-energy lines. The general and consistent explanation of several lines for seven
different systems provides a complete picture which allows a deep understanding of vibronic couplifig to Fe
in binary compounds. The values of coupling constants explaining the experiments are tabulated.
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[. INTRODUCTION obscuring physical interpretation. Consistency; since we will
use an electronic Hamiltonian that neglects mixture to upper
In the present paper we propose a consistent explanatiaonic levels and an elastic vibrational Hamiltonian, we need
for the low-temperature absorption spectra of Fas impu-  not invoke fine corrections in the coupling Hamiltonian. Ef-
rity substituting for the cation in the following seven zinc- fectiveness; the interesting features of the spectra to be ex-
blende crystals: CdTe? ZnTe?? ZnSe?* znS1°6GaAs®=®  plored here have more to do with considering acoustical and
InP?° GaP>° Additionally to this experimental information, optical phonons than using several phonons of a kind.
we also include here our own absorption measurements for To cope with calculations we have at our disposal three
the case of ZnS:Eé. This system seems to have all charac-different methods, each one with appropriate computer
teristics shown by most of the already mentioned spectra salgorithms>* This will allow precise numerical calculations
it is important to discuss these features in the light of com4in a way to be presented below. Our hypothesis is that all
plete experimental information in “clean” samples and overabsorption spectra can be explained by the same Hamil-
an ample energy window. tonian, handling a minimum number of parameters that take
The explanation of the zero-phonon lines ZPL's in theseconsistent values through the family of similar systems. The
spectra requires the introduction of Jahn-Teller coupting®  difference resides in the simultaneous explanation of the ab-
In the past, several approaches have considered a few lingsrption spectra for seven systems in a broad energy window.
near the absorption edge. One of the most popular hypothA/e begin by considering the leading lines of each spectrum,
eses is that one mode of symmetysuffices to cope with  covering next the entire absorption window. However, in-
this phenomenor>*we will see that one acoustical mode stead of tackling each compound as a separate case with its
is not capable of producing all observed ZPL's in the ex-own Hamiltonian, we do a general analysis always with the
tended absorption range. It is also possible to try coupting same vibrational modes, thus reducing the variation of pa-
modes to the electronic orbitals present irf £&"1 More-  rameters to a minimum. We continue this analysis as to in-
over, several authors have considered coupling to more thatiude a particular ZPL at about 200—300 cthover the
one phonon and also mixing and 7, modest®~?> Even  leading absorption line, which so far lacks a quantitative
more, multimode distributions have also been considered foanalysis. We will explain why this line is present in Ill-V
this problen?® However, we will consider here couplingé compounds while it is only found in ZnS among the 1I-VI
modes only due to several reasons. Simplicity; if the expericompounds. Finally, we will explain the existence of a broad
ment can be explained in a simple way there is no reason tstructure found at a few hundred cfover the threshold
bring in all other possible explanations which eventuallyline.
have little weight. Interpretation; many modes mean many We review experimental information in next section be-
coupling constants allowing almost perfect numeric fits butginning by the analysis of our own absorption spectra on
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FIG. 1. Near-infrared transmission spectrum
of sample 3094see text at liquid-helium cool-
ing in an immersion-type cryostat, recorded in
lock-in technique by means of a conventional
monochromator equipped with a cooled solid-
state detector.
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ZnS:Fé". In Sec. Il we define the Hamiltonian, approach, amounts for different samples. The two lines denoted by EX
and scope for our calculations. In Sec. IV we present angvere present only in one of the two samples measured in a
comment on the most important results. Finally, in Sec. V weprevious work! so they should not be attributed to Fe impu-
give several concluding remarks. rities. Indirectly, all of the above is a confirmation that the
spectrum shown in Fig. 1 is due to iron impurities at cubic
sites in our samples. So from now on we exclude from our
analysis those three extra lines reported in previous experi-
Optical spectra of various ZnS:Fe crystals were recordedhents. We also took additional spectra at higher temperature
by conventional grating spectrometdesg., Jarrel-Ashand  on ZnS:Fé* samples; however, we do not include them ex-
by Fourier-transform spectroscogruken. Since crystals plicitly here.
deliberately doped with iron usually display lack of defini- On the other hand, our spectra share several significant
tion in their spectral features, specimens containing iron imfeatures with previous spectra, from which we mention here
purities that entered unintentionally proved most useful forthree, which are important for the present work. First, a sec-
the present purpose. The high-resolution spectra in the rangmd ZPL is present at about 40 ctover the leading ab-
between 2900 and 4500 crhobtained by both techniques sorption line. Second, there is a clear ZPL in the intermediate
at low temperaturesT=4 K) turned out to be of compa- region of the spectrum having a shoulder toward lower en-
rable quality. In addition to the transmission curves presentedrgies; such shoulder is activated by temperature due to ab-
here, photoluminescence spectra under different excitatiogorption originating from levelsy,, vy;, etc. (see level
conditions were studied for comparison purposes. We repodgcheme in Fig. 2 Third, there is a huge absorption structure
below spectra on two different crystals. Crystal 3011 is an the approximate distance of 450—650 cmThese three
product of the former Aerospace Research Laboratories aifferent regions in the spectrum allow a separation of lines
Wright-Patterson AFB, Ohio. It was not intentionally doped. according to energy ranges for a better discussion of results.
X-ray analysis shows some stacking faults. Crystal 3094 waRegion A will include all clear ZPL close to the absorption
grown in an iodine-transport procedure at the Technical Unithreshold. Region B will be characterized by ZPL's in the
versity of Berlin. Besides a nominal doping by Tomole  middle of the spectrum showing thermal activation toward
Cr, traces of Ag, Mg, Si, and Mn have been detected. Judgeldwer energies. Region C will include the high-energy ab-
from x-ray analysis and also by the structure of its opticalsorption structure considered as a range not displaying pos-
spectra its crystal structure is preferentially cubic. sible individual lines. In this way we have constructed Table
In Fig. 1 we present the absorption spectrum on samplé where the main readings from Fig. 1 are to be found at the
3094 taken by conventional spectroscopy at 4 K. A spectruncentral column in the second line of each box. In the first line
taken on sample 3011 alsb4K by Fourier spectroscopy is of each box we give the same reading as taken from the
entirely equivalent to the one presented in Fig. 1 so it willpaper of Slack and co-worket$Spectrum presented by Pod-
not be explicitly included here. The spectrum in Fig. 1 islowski et al. shows a general agreement with previous dis-
similar to the three spectra reported by Slack andcussion although its resolution does not allow a more precise
co-worker$ with the following main differences: their line comparisorf.
marked 1-7 is only barely visible in our spectra, while lines The information for other columns of Table | has been
marked EX are not visible at all in the spectra reported heretaken from the papers quoted therein having the same se-
Explanations for these facts were already anticipated in thguential order as in the main text. Not all cited spectra have
just quoted paper. The line 1-7 is probably due to impuritieghe same resolution, so it is not always possible to single out
occupying hexagonal sites, which are not present in equalll lines. Moreover, only some of them display all previously

II. EXPERIMENT
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the importance of region A over the rest of the spectrum.

Zine-blende structure n ﬁ:%ﬁi ZnTe:Fé*. Spectra show the threshold line at
[T TG o 2490 cmt, followed by a well resolved ZPL at an interval
T} T5.00) near 12—15 cm'. Then a high and broad line is observed in
(5,0,1) the range 30—45 cnt; at least part of this absorptidif not
""""" all) should be attributed to the third ZPL which is expected to
. 410 {5} be always stronger than the second &h&here is no clear
,L GBI 5 B information for regions B and C.
= _(510) 6t ZnSe:Fé*. This system presents poorly resolved spectra.
o {5} However, some similarities with the previous system allow
— Ls (5.00) {5} us to read some of the lines. The threshold line is at
A 2747 cml, followed by a second ZPL at a difference of
23 cm !, while the third line is broad as in previous case
within the range 50—80 cnt. It is impossible to recognize
5Dy(d%) the line for region B or the structure defining region C.
oDy GaAs:Fé*_. Threshold line occurs at 3002 crh The
low-energy line close to the absorption threshold reported
recently is masked by the presence of linesand 1a which
were shown not to belong to Fe impurities. These extra lines
are not present in other compounds analyzed here confirming
their exotic origin. Fortunately, this energy region is resolved
= T (2,0,0) in a previously reported spectrdmwhich allows us to assign
s (5,0,0) a weak ZPL at an interval of approximately 48 ¢t From
s (3,0,0) there on, both experiments give similar results concerning a
" (4,0,0) third broad line at about 90 c¢m. No other clear possibility
" 100 {1 for a ZPL is to be seen in energy window A. However, the
characteristic ZPL for region B is clearly found at
FREE ION CRYSTAL SPIN-ORBIT JAHN-TELLER

FIELD

1st + 2nd Order

Basis

Scheme at Ejp

250 cm !, This feature can also be read in the spectrum of
Podlowskiet al® Finally the broad structure forming region

ELECTRONIC LEVELS VIBRONIC LEVELS

C appears in the range 450-500 ¢ narrower than in
FIG. 2. Scheme of energy levels after considering successivénS.
interactions which are introduced from left to right. First, ionic  InP:F€?*. The absorption spectrum reported for this sys-
multiplet °D, . Second, splitting due to crystalline field producing a tem is less resolved than the previous one. The threshold line
separation 1fDg| between the two components. Third, first-order at 2844 cm* is not followed by a second interval until we
spin-orbit interaction(leaving the ground multiplet unchanged getto 72 cm?, which probably corresponds to the third line
Fourth, splitting after second-order spin-orbit interactions: upwardpr structure; so there is no information on a second ZPL. The
arrows illustrate the only two allowed absorptidiestually second line for region B is Clear|y present at 273 érln However,

one should be strongerFifth, formation of a vibronic basis for the  the proad structure present in all other six compounds is less
excited multiplet in the Born-Oppenheimer limit: notation inside q|ear or not resolved.

parentheses gives index of the representation, number of acoustical GaP:F&* Spectra yield a threshold line at 3342 <

s s K 5,5 st 01w by an ample and wel reslvd specirum producing
textp P g regions, A, 5, The first line at 54 cm?, followed by the usual broad line,

' this time centered around 113 ¢t The ZPL for region B

is clear at 303 cm?. Then the structure for region C is very

defined energy windows. In any case, the reader is referred toroad extending from 550—700 crh
the original experimental work to better follow the discus-  Two of the common experimental facts shared by these
sion below. Energy differences are always referred to thgystems have received little or none attention in the ggst:
leading or threshold absorption ZPL. The narrow ZPL for region B with thermal activity on the

CdTe:Fé*. We begin with this system because it has thelower energy sidetii) The broad structure toward the end of
best defined structure for the low-energy linesgion A as  the absorption spectrum. For CdTe, ZnTe, and ZnSe as host
defined abovk In fact, it is the only system under consider- crystals previous studies have concentrated on region A,
ation where it is possible to identify, without any doubt, up tosince no clear line in region B or structure for region C have
five zero-phonon absorption lines. The threshold line occurgeen characterized as such. On the other hand, when 11-V
at 2282 cm', followed by lines of similar or smaller inten- compounds serve as host crystals the ZPL in region B is
sities at approximate intervals of 12, 27, 36, and 52" &m  quite clear, and region C is well defined, while lines in region
From there on, all spectra of CdTe?eare dominated by A are weaker or even lost as in the case of InP. This is where
phonon-assisted transitions and regions B and C cannot lvee can better appreciate the importance of the system
identified in a clear way. Apparently early measurements foZnS:Fé*, showing activity in all three regions. This is the
CdTe and the other 1I-VI compounds reported below stressehost important reason to include our results of Fig. 1 here.
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TABLE |. Compilation of main absorption lines of Fein the host crystals heading columns. Main lines
are included regardless of whether they are candidates for zero phonon lines or not. Threshold absorption line
is given in terms of absolute values based on the most recent reference or measurement; second, third, and
other lines in energy window A are given in terms of the relative differedcgsAg, . . ., with respect to
threshold lines. Line in energy window B is labeldd;. Range for lines forming the broad structure in
energy window C is given undeX,;. Double horizontal lines separate energy regions defined in the text.
Measurements coming from different references are listed in separatéfilseseference goes in first line
Approximate representative values fow® for vibrationale modes of host crystals are also given in the lower
part(as read from the cited papgr&nergy units in cm'. References correspond to those given in the main
text; asterisk denotes experiment reported here in Fig. 1 and discussion in the text.

Description CdTg1,2 ZnTe(2,39 ZnSe(2,4 ZnS(1)* GaAs(7,9 InP(9) GaP(10)
Threshold(A) 2282 2490 2747 2948 3002 2844 3342
A, (A) 12 15 23 39 48 ? 54
2nd Ref. 12 41 ?

Az (A) 27 30-45 50-80 104 91 72 113
2nd Ref. 30-45 100 20

Ay (A) 36

2nd Ref.

As (A) 52

2nd Ref.

A4 (B) ? ? ? 296 250 273 303
2nd Ref. 300 250

Ay (C) 450-650  450-500 ? 550-700
2nd Ref. 450-650  450-500

ho[TA(L)] 30 40 50 75 60 55 80
ho[TAL(K)] 35 55 70 90 85 75 105
ho[TA2(K)] 50 75 100 120 110 115 150
hw(TO) 140-160 170-190 230-270 300-350 250-270 310-340 330-370

An additional reason for this is to confirm the elimination of very slightly mixes this level with upper ionic levels and, of
lines designated 1-7 and EX as already discussed above. prime relevance here, splits theD multiplet into a °E
ground level and &T, excited level, using group theory
lIl. THEORY AND APPROACH notation. Such splitting is illustrated on the left-hand side of
Fig. 2. Spin-orbit coupling further splits these levels, leaving
In a previous paper some of us presented three differenf y, singlet as the true ground state, as shown in the central
methods to cope with Jahn-Teller calculatiSfshose of part of Fig. 2. At very low temperaturg$iquid helium and
Born-Oppenheime(BO),'*% Glauber(G),?**" and Lanczos  pelow) only the levely, is effectively populated. According
(L).22=*9More recently, we applied BO and L to explain the to selection rules, electric-dipole absorptions originating
low-temperature luminescence spectra of Fa II-VI and  from this state require final states of symmetl?y. Plain
l1I-V compounds®:3? We now apply these methods to ex- crystal-field theory predicts two strong and sharp lines, sepa-
plain the main features of the absorption spectra & Fia rated by about 500 cnt represented by upward arrows in
[I-VI and 1lI-V compounds. Since the coupling to acoustic the central part of Fig. 2. The first line is always observed as
phonons turns out to be at least of intermediate strength, B&he absorption threshold but the second sharp and strong line
is not appropriate to be used in the present analysis. On theas never been observed as such in any of the seven com-
other hand, L and G have been shown to agree for low angounds considered in Table I. Moreover, all the other lines
intermediate coupling$<10, as defined belowwhich we  and structures depicted in this table are not recognized by
also verified for present systems. However, there is no reasaneans of this simple approach.
to report equivalent results obtained by different methods Then, Jahn-Teller coupling is brought into the picture.
thus including redundant information. Then, we will concen-From there on, vibronic statés the extended Hilbert space
trate on results obtained after extensive use ofehsily  produced by vibrational and electronic statesust be con-
implemented for a two-mode modeio explain the main sidered. The onset of such coupling is schematically shown
features of the absorption spectra of Fén [1-VI and I11-V toward the right-hand side of this figure by means of the
compounds. We will not discuss characteristics of individualnotation[ y,n, ,ng]: vy represents the symmetry of that level
methods here and the reader is kindly asked to look for thenfy, for the initial state and'5 for the final states n, andng
in the literaturé®* represent the number of acoustical and optical quantum num-
Let us recall that Fe' presents al® electronic configu- bers, respectively. Previous theoretical work has regarded
ration leading to a°D ground multiplet. Crystalline field only low-energy lines, explaining the first few lines close to
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the threshold absorption. However, no attempt has been don
to explain additional lines, in particular zones B and C of the
spectra as previously discussed. This is one of the tasks ¢
the present paper.

We avoid going into theoretical details here as they were
recently presented elsewhéfeThe total Hamiltonian com- 1
prises an electronic pak,., a vibrational partH,, and a ¢4
coupling partH;. The electronic part includes all terms
involving orbitals of thed® electrongatomic up to spin-orbit
terms and crystalline fiejdIn all the analysis spin-orbit pa-
rameter\ is taken as-100 cm !, corresponding to the free
ion value. The crystal-field parameter for each compound is © §
adjusted to yield the appropriate absorption threshold using
expressions including spin-orbit coupling in second-order
perturbation theory.

The vibrational Hamiltoniam, is considered in the elas-
tic approximation by means of second quantization notation _ ) _
where a displacement is proportional to the sum of creation " 'C: 3. Theoretical analysis for ZnS#:ePhonon frequencies
and annihilation operators. The coupling component depeno%ref}ept f'Xeq COUp“r.]g to acoust'cal.phonon IS f'xe‘E.ﬁ.A:lgo.
on the hypothesis made with respect to coupling modes. cm - Coupllng_tlo optl_cal mode is varied to follow variation of line

g . . close to 300 cm™ (region B.

We stick to the idea of using modes of symmetryto
couple to electronic orbitals of the impurity in what is usu- ) o . )
ally referred to asT,®e coupling. Such local vibrational dynamics™™ within ranges summarized in Table 1. Jahn-
modes are produced by phonons belonging to potrasdK Teller energies for one acoustical phonon are known to be
of the Brillouin Zone(BZ).® So far, only acoustical phonons close to 200 cm for 11-VI compounds®*°so E;r, will be
have been used to study this coupling. However, after thorvaried around this value. So it is onlyyro that will gradu-
ough research we found that such an approach is incapable 8ffy increase in an ample range.
producing the zero-phonon levels that are necessary to ex-
plain regions B and C of the spectra summarized in Table .
So we introduced coupling to optical phonons, additional to
the acoustical one. In principle these modes also correspond We begin our analysis by discussing ZnS:Fevhich is at
to pointsX andK of the BZ, although the dispersion relations the center of our presentation. From the discussion on pa-
for optical modes are so flat, that this technical point losesameters in the previous section and Table |, we choose
relevance. Then the Jahn-Teller or vibronic Hamiltonian is,w,=100 cmi !, andAwo=340 cm L. Previous work on

§4,35

IV. RESULTS AND DISCUSSION

written as II-VI compounds with one acoustical phonon was able to
. . . explain region A of the spectrum witk;1,~230 cm*.
Hyr=Kal(aagTans) Dot (ap+and) D+ Kol(agy Upon introduction coupling to a second mode it is clear that
the first coupling should decrease. We do so gradually as we
+a0s)Dy+ (ab 20D, &Y D S oo

increasekE ;1o from nil to higher values. In Fig. 3 we present

with the usual definition of creation and annihilation opera-results obtained foE ;;,=190 cm'*, varyingEro from 10

tors for components ande of an acoustical modéndexA) 0 100 cmt. The position of each vertical line gives the
as well as an optical modéndex O). Normalized operators calculated energy difference of each absorption with respect
D for point groupT4 have been tabulated by Kosteral3®  to the threshold, while the height is proportional to its inten-

Coupling constant& , andKo can be expressed as sity. Several consequences can be extracted from this figure.
Weak coupling to optical modes does not change substan-
Ka=VEsrahoa, Ko=vVEjro.fiwo (2)  tially the coupling to acoustical modes present in region A.

The particular line in region B is a direct result from the
in terms of Jahn-Teller energie€ {7) and frequenciesd) presence of an optical phonon. This line in region B dimin-
of the corresponding coupling modes. Huang-Rhys factorgshes its energy and increases its intensitf as, increases.

S, andSg can be also defined: Many lines appear over 500 c¢rh thus giving rise to an
ample structure as observed in experiments. The distribution
of lines within the structure is very sensitive to the strength
of coupling to the optical mode.
According to experiments, a line in region B should be
Although the previous Hamiltonian has four parametersdetected around 300 cm. This value will be used to tune
in practice we will vary only one freely, while another one coupling to the optical mode. We found thef;q
will be diminished slightly from previously established val- ~55 cmi !, keeping all other parameters fixed at the values
ues with one-phonon coupling. Thus frequencies of theused in Fig. 3, describes the spectrum well. This is shown in
phonons, w, and wg, will be taken from lattice the lower part of Fig. 4. The numerical values of energy and

_EJTA_ _EJTO
SA_h_(uAv 80_th (3)
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(=100 cm'1), in a region where background and broaden-
ing is present due to phonon-assisted transitions. The line
close to 300 cm? is there as already established by the
tuning procedure. Then we realize that several important
lines are found above 500 crh thus explaining the broad
structure in this region.

It is instructive to do a separate analysis for each coupling
mode. In the intermediate portion of Fig. 4 we present vi-
bronic levels resulting from considering coupling to the
acoustical mode only: region B of the spectrum is completely
lost. In the upper part of Fig. 4 we present results when only
coupling to the optical mode is considered: now region A of
the spectrum is lost. Moreover, in neither of these two partial
analyses are enough levels of moderate intensity present
above 500 cm? to produce the observed structure in region
C. It is clear then that both modes are necessary to explain
the main features of the absorption spectra of these systems
in such a broad energy range as considered here.

Results for II-VI compoundg-irst we take phonon fre-
quencies from the lattice dynamics summarized in Table I.
Tuning for the other three II-VI compounds is not possible in

diate part considers coupling to the acoustical phonon only. Uppefhe way done for ZnS. What we have done is to diminish
part considers coupling to the optical phonon only. The successmp_cJTA from values that adjust region A with one phonon, set-

of several closely packed absorption lines toward higher energies iﬁng E, 1o to values that recover the explanation for region A
due to both acoustical and optical phonons.

of the experimental spectra. It is clear that this task can be
achieved by a combination of values g1, andE;tq; it

relative intensities are given in the central column of Tableturns out that pairs of values for these magnitudes are very
[I. Aside from slight deviations of few percent the main fea- restricted in parameter space if a simultaneous explanation
tures of the spectrum given in Fig. 1 are obtained. A secondor several lines and intensities is to be achieved. Results for
line (=40 cm!) can be observed in the experiments in CdTe, ZnTe, and ZnSe using one suitable set of parameters
spite of its low intensity because in this region there is notabulated in Table | are presented in Fig. 5. The agreement of
other source of absorption. The third line is clearly seercalculations with the experimental spectra of CdTe, with five

TABLE Il. Summary of calculated energy levels wifly components leading to zero-phonon absorptions.
First row identifies host crystals following the same order as in the presentation of experimental Teslgts
I). Leading six rows give values of the four parameters used in the calculations reported in Figs. 4-6,
according to the Hamiltonian defined in the text. Then energy differences with respect to the threshold line
are reported for direct comparison to Table I. In parentheses we report relative intensities of absorptions
ending in such level; in each column the threshold absorption is set to intensity 1.00. All lines with relative
intensity larger than 0.01 are included; additionally we always include the second line. Energy units'in cm

Host CdTe ZnTe ZnSe ZnS GaAs InP GaP
hwp 35 50 70 100 85 75 105
Ejra 210 220 210 190 160 170 180
Sa 6.0 4.20 3.00 1.90 1.88 2.27 1.71
hog 150 180 250 340 260 320 350
Ejro 30 30 40 55 40 60 50
So 0.20 0.17 0.16 0.16 0.15 0.19 0.14
Threshold 0.01.00 0.0(1.00 0.0(1.00 0.0(1.00 0.0(1.00 0.0(1.00 0.0(1.00
A, 13(0.99 16(0.09 24 (0.03 44 (0.01 44 (0.0 35(0.00) 51(0.01
Aj 24 (0.73  36(0.96 58(0.33 101(0.22 96(0.149 77(0.19 112(0.19
Ay 37(0.33% 53(0.10 120(0.05 166(0.03 154(0.02 182(0.03
Ag 54(0.26 81(0.249 141(0.02 185(0.01) 212(0.03 256(0.049 254(0.09
Ay ?7? 187(0.06 231(0.059 290(0.10 241(0.13 273(0.1) 306(0.19
Ags ?? 208(0.0) 262(0.03 354(0.0§ 284(0.02 374(0.05
A 225(0.03 293(0.01) 418(0.05 440 (0.00
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FIG. 5. Fit for the rest of the II-VI compoundparameters are FIG. 6. Results for Ill-V compoundé§parameters are given in

given in Table I). Line in region B is absent. Results for region C Table Il). Line in region B is very clear for GaAs and GaP, while it
are uncertain due to lack of experimental information that can allowis weaker for InP. In any case, fine tuning is possible and the broad
as to tune the optical mode. structure in region C emerges naturally for each system.

ZPLs in region A, is remarkable. Calculated spectra forwith a shoulder toward lower energies; in our case we have

ZnTe and ZnSe in this region also agree with experimentd!® Separate structures with the approximate right distribu-
The absence of lines in region B of the experimental spectr§On Of intensities. The absorptions corresponding to the
is also found in the three calculated spectra of Fig. 5. ActuShoulder are in agreement with the energies found in the

ally, if larger coupling to optical modes is introduced the €XPeriment, but the larger portion of the structure is dis-
absent line in region B begins to show; this can also bd/aceéd by about 50 ct to higher energies in our case.
interpreted as a test for an upper limit of coupling to theFmaI_Iy, in the experiment for Ir_1P basically no broad struc-
optical mode. However, nothing definite can be said for relure is reported. In our calculations we can say that InP pre-
gion C. In fact the distribution of possible lines to form this SENts the weakest broad structure of all these compounds as it
broad structure depends strongly on subtle changes in relf@!lows from Fig. 6. From this discussion flows quite clearly
tive strength of the two couplings. Without the precise tuningth@t the presence of such broad structure and its variety of
mechanism used for ZnS is impossible at the moment to get1@Pes is due to a delicate balance between the coupling to

beyond this point. acoustical and optical phonons.
Results for 11I-V compounddere the analysis is done
exactly as previously presented for ZnS, since in each case V. CONCLUDING REMARKS

the ZPL of region B is well characterized. Calculated spectra

for GaP, GaAs, and InP are presented in Fig. 6. The resem- The main characteristics of the spectra of Fén 1I-VI
blance of these profiles with the corresponding experimentzdnd 11I-V compounds can be explained by a vibronic cou-
spectra is quite good. The absence of many ZPL in region Aling including one acoustical and one optical phonon. Such
is well understood: larger phonon energies and lower JT coucoupling may produce a variety of ZPL's in three different
pling to acoustical modes weakens zero-phonon componentggions of the low-temperature absorption spectrum.

in vibronic levels. The second line of region A is extremely ~ The first few lines immediately above the absorption edge
weak and hard to detetctually the spectrum of InP did not (region A are due to coupling to acoustical phonons. Such
unfold the second line at allThe third line is stronger but at coupling is more important for & in 11-VI compounds as
the same time broader since it is originally a two-phononcompared to I1l-V compounds. For the former systedpss
line. We continue to region B which is always clearly presentlarge (see Table Il in the intermediate level, approaching
and in agreement with observed spectra after the tuning dorfrong coupling in the case of CdTe. The only exception is
in each case. The broad structure toward higher enefgies ZnS, which is similar to I1l-V compounds where coupling is
gion O deserves a special discussion since it is obtainedather weak and these lines barely show in the spectra.
directly by the previous procedure and without further tun- The next ZPL(region B is due to coupling to optical
ing. In the case of GaP, experiments present the most exnodes. This coupling is weak and similar through all com-
tended structure of all these systems in the form of a doublgounds So=0.1 to So=0.2). However, it shows better for
hump with the larger peak toward lower energies; this isSystems with larger optical frequencies since then it is pos-
roughly what can be observed in Fig. 6. In the case of GaAsible to get a larger mixing of bothis andT'; zero-phonon
the experiment gives a large structure just below 500 tm states producing on@nd just ongvibronic level of symme-
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try I's with an intermediate energy (200-300 ¢h). This  optical modes. It is also consistent with the larger values for
is so because the levél, has an energy intermediate be- Ejr rgached for the more ionic II-VI compounds as can be

tween the vibronic levels originating frotis with one and seenin Table_ I . :

two optical quanta. For systems with lower frequencies such SYStems with low-frequency lattice dynamics spread zero-
superposition is not possible and electronic led&jsaandT’; phonon components through seyeral _Ievels. This is one of the
lead to essentially uncoupled sets of vibronic levels. Fro easons for the relevance of region Ain CdTe and region B in

Fig. 5 we see that ZnSe is a candidate for thorough investi- ns ar!d' the thrge ”I.'V compounds. Towarq regio a su-
gation for a weak ZPL in region B. perposition of vibronic levels du,e to acoustical and optical
The broad structure present in most of these systems @odgs coupled tq both's anq T's _Ievels_ produces a large .
few hundred cm?! over the first absorption line is due to adml_xture sprea_dlng al_os_orpthn intensity thr_on_Jgh many vi-
both couplings. If any of them is turned off, such broad diS_bromc levels I_osmg individual intensity, but giving rise to a
tribution of absorptions is replaced by a few intense peak?road absorption.
which have never been observed in these systems. On the
contrary, if no coupling were present the strongest absorption
line should be precisely one at an interval of 500 ¢m The following agencies and programs are acknowledged
Coupling to any of the two phonons would break such shargor partial support: FONDECYTChile) under Contract No.
absorption into a few strong lines. It is only when simulta- 1990875; International Collaboration CNRaly) and Coni-
neous coupling to acoustical and optical phonons is invokedyt (Chile); Millennium Nucleus “Condensed Matter Phys-
that many absorptions lines, close to each other, of low tacs” (Mideplan Chile, P-99-135F Direccion de Investiga-
moderate intensity show up. cion y Desarrollo Universidad de La Frontera; Direccide
Coupling to acoustical modes is stronger than coupling tdnvestigacim Universidad de Concepaip MURST (ltaly).
optical modes. This finding stresses the importance of th&hanks are due to D. C. Reynolds, ARL, WPAB, and H.-J.
overall polarization of the crystal on this coupling and notBroschat, TUB, for the crystals, and to J. Nagel, G. Roussos,
just the nearest neighbors which are strongly involved in thend M. Thiede for setting up experiments.
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