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Investigation of nitrogen-related acceptor centers in indium selenide by means
of photoluminescence: Determination of the hole effective mass
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In this work we report on steady-state and time-resolved photolumines{®hcmeasurements in nitrogen-
dopedp-type indium selenide in the 33—210-K temperature range. In samples with low nitrogen concentration
the photoluminescence spectrum consists of exciton-related peaks and a band-to-acceptor recombination peak
(2.1-us lifetime) with LO-phonon replica. An ionization energy of 65.5 meV is proposed for the nitrogen-
related acceptor. A long-lived.8 us) component, which consists of an asymmetric broadband centered around
the acceptor peak, has been also detected by means of time-resolved PL. Samples with a higher nitrogen
concentration show a PL spectrum that mainly consists of the asymmetric long-lived broadband that can be
associated to a complex center. The asymmetric shape of this band is quantitatively accounted for in the
framework of the configuration coordinate model for complex centers. Under the assumption that the nitrogen-
related acceptor is shallow, the Gerlach-Pollman theory allows an estimate of the hole’s effective masses,
yielding mf, =(0.73+0.09)m, andmf; = (0.17 0.03)my.

[S0163-182697)03811-3

. INTRODUCTION stoichiometric polycrystalline meltin, 35 S& 49 to which
different amounts of indium nitride were added. Ingots used
Bridgman grown crystals of the IlI-VI layered semicon- here have been grown from melts in which the initial con-
ductor indium selenid¢inSe aren type when no acceptor centrations of nitrogen were 0.5 and 1 at. %, to which we
impurities are added. Such-type conductivity has been | refer as ingotsl o5 and|,, respectively. The strong seg-
shown to be due to a shallow native donor, with an ionizayegation coefficient of impurities in InSiRefs. 4 and 18
tion engrgyzof 17.4 meV, as determined from far-infraredy,ayes the actual concentration in the ingot much lower.
absorptior’:* The existence of such a donor has allowed ary.; o he impurities are rejected to the ingot end, together

z]i‘;tra;ecdﬁfgtrg'nn?gggn(:ntchee :;egtrri(r)nn eﬁg?gﬁéﬂlﬁsafns%th excess indium, during the Bridgman growth. From Hall
gh cy ; P . . %‘ffect measurements, the whole concentration at room tem-
ceptors, no good estimate of the hole effective masses exists

to our knowledge. Any advance in this direction depends Olferature IS of the qrder of tband 10° cm"* in 155 and
the possibility of finding a suitable acceptor impurity, creat-'1- '€SPectively. This does not correspond to the actual ac-
ing shallow acceptor levels with a low degree of compensaSePIor concentration due to the presence of compensating
tion. Impurities from groups | to V are knovrto create native .donors. Both donor and acceptor concentrations can
acceptor levels in InSe, but the resulting material alway€ estimated from the temperature dependence of the hole
presents a high degree of compensation and relatively |0\goncentratlon and mobility, accordmg to the model described
conductivity. Photoluminescence spectra in those crystals af@ Ref. 5. The acceptor concentrations are of the ordef 10
mainly dominated by broadbands that have been interpretedd 167 cm™? for ingots|o s and| 4, respectively. o
as arising from complex centers formed by the substitutiona| !N order to investigate the possible inhomogeneous distri-
acceptor impurity associated to native or self-compensatin§ution of impurities, samples from the InSe monocrystal
donors®™! From the analysis of those photoluminescencePoint P (beginning of the growthand the monocrystal end
(PL) spectra, acceptor-level ionization energies ranging fronF (last stage of the InSe growtivere studied. We will refer
50 to 90 meV have been proposel. to those samples &5, P;, Egs, andE;, where the sub-
Nitrogen has been shown to behave as an acceptor #€ripts indicate the initial concentration percentage. Samples
gallium selenid® In the present paper nitrogen-doped Were prepared by cleaving from both ingots with a razor
p-type InSe is studied. Results from continuous, time-Plade and had typical dimensions o3 mm in size and
resolved PL spectra, and PL time decay measurements @found 50um in thickness.
different temperatures are presented in Sec. Ill. In view of PL low-temperature experiments were carried out in a He
the results, the origin of the PL peaks is discussed in Sec. I\¢losed cycle Leybold-Heraeus cryogenic system. The excita-

and a calculation based on an anisotropic hydrogenic moddion source was a 100-mW tunable ‘Afaser at 488 nm. The
yields an estimate of the hole effective masses. beam was focused on the sample surface and the maximum
photon flux was of the order of %610?° photons s cm™ 2.
The laser beam was modulated at 1000 Hz with a 80-MHz
Bragg cell driven by a 1-kHz square wave having a decay
The p-type InSe crystals used in this study have beertime of 20 ns. The rise and fall time of the laser pulses was

grown by the Bridgman-Stockbarger method from a nondower than 0.2us, a value basically determined by the time

Il. EXPERIMENTAL SETUP
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FIG. 1. Representative N-InSe spectra: typepectrum(solid FIG. 2. TypeA spectrum evolution at four representative tem-

line) with the peak labels from PL1 to PL6; tyf& spectrum(dis- peratures. The smaller graph shows the higher energy part in greater
continuous ling consisting of a broad band, characteristic of the detail.
upper part of the high dopant concentration ingot.
PL5 and PL6 become less pronounced above 45 K but re-

response of the Bragg cell. The PL light was analyzed with anain still observable as shoulders of the PL4 peak up to 78
TRH-1000 Jobin-Yvon monochromator with 1-m focal K. Peaks PL1 and PL4 shift to lower energies with increas-
length and wavelength dispersion of 16 A/mm at the focaling temperature, as shown in Figa® The temperature shift
plane. The slit width was 1 mm for steady-state measureef the peak in typd spectra is shown in Fig.(B). It must be
ments and 3 mm for time-resolved and time-decay measurgpointed out that above 100 K all peaks shift to lower energies
ments. The detector was a Si photodiode with a 125-MHzvith a temperature coefficient 6f4 meV/K, the same as the
bandwidth amplifier. InSe band gap? The thermal quenching activation energies

To record steady-state PL spectra, the detector signal wéer the typeA (PL4) and typeB spectra are 43 and 88 meV,
synchronously measured with a lock-in amplifier and subserespectively, as obtained from the Arrhenius plot of the PL
quently acquired. For time-decay measurements, the squaitensity.
wave that drives the Bragg cell was used as an external trig- Time decay measurements have been performed at differ-
ger for a Hewlett-Packard 400-MHz digital oscilloscope ent temperatures and photon energies. Samples with the type
where the PL decay was visualized and subsequently a® PL spectrum exhibit a single component with a time decay
quired, after having passed through a 50-MHz dc-coupledf 16.26+0.13 us at 33 K. Samples with the typ& spec-
amplifier and filtered with a 10-MHz low pass filter for noise trum exhibit time decays with several components as shown
reduction. Further signal-to-noise improvement was
achieved by averaging 2048 sweeps. Time-resolved spectros-

copy was carried out using a boxcar integrator and a 100-ns L3 s
gate, which allowed for the PL acquisition at different delay - fa, PL1 (a)
times. 182 “a
2 0 ‘.
B 129 ¢ - 4
ll. RESULTS g - bl T4
Figure 1 shows two typical PL spectra at low temperature bt : " P
(35 K). Type A spectrum(characteristic of sampleB s, N S \-". ‘
Eqs, and P;) consists of some low-intensity, high-energy "0 60 100 140 180
peaks, labeled PL1, PL2, and PL3, at energies 1.336, 1.330, TK)

and 1.316 eV, respectivelghey can be seen in detail, with a
higher resolution, on the upper lgfiand a higher-intensity

peak(labeled PL4 at 1.285 eV, which slowly decreases for Mg

decreasing energies, showing two prominertaseled PL5 C 0 oo (b)

and PL6 at approximately 1.26 and 1.236 eV. TyPespec- o M :

trum (observed in samplds;) presents instead an asymmet- <z L 8o

ric broad band with its maximum around 1.265 eV. Samples Banf b

E, can also exhibit a mixture ok andB spectra. A i o,
Figure 2 shows PL spectrus at four different tempera- 1.20 "og

tures. In the high-energy region, peak PL3 quickly decreases N f

between 35 and 45 K. Peak PL2 also decreases, although at B e 10 1 m

a lower rate, and is no longer observable at 78 K. Only peak TK)

PL1 remains observable in the whole temperature range. Its

intensity slowly increases up to 128 K, and then starts a FIG. 3. Energy shift vs temperature @ PL1 and PL4 in type
decreasing tendency. In the lower-energy range, structures spectrum,(b) broad band peak in typB spectrum.



55 INVESTIGATION OF NITROGEN-RELATED ACCEPTOR ... 6983

0]- (LI N B UL B BLEURE IR B 10,
E FAg 1 7 8
A i £, ] § I
2 iy EY 1] S 6 F
g ) g &
. i g Bl
8 . - E 4
= IR g I
2 0.01 - S 2+
7 [ i
8 i 0 - ] s A
5 115 120 125 130 135 140 145
Energy (eV)
I FIG. 6. Long-lived and short-lived contributions to typespec-
04 us trum: (a) overall spectrum(b) long-lived component spectrurtz)
0.001 -t b b b b b L short-lived component spectrum, obtained by subtractingrom
-2 0 2 4 6 8 10 12 14 (a). The smaller graph on the upper right represents the long-lived
t (us) componenib) and four points determined by time decay measure-
ments.

FIG. 4. Logarithmic plot of the PL4type A spectrum time
decay signal at 35 K, having an amplitude at time zero. A fit of  linear fit of the linearly decreasing amplitude portion has

the linear part yields an exponential with a time decay ofid8  yielded the following approximate activation energies:
The amplitude of that component at time zerd\js(see the smaller 70—80 meV for the long-lived component and 56 meV for
graph. The subtraction of that fit to the original signal yields an- the short-lived one.

other component with a time decay of Zuls, with an amplitude Time-resolved spectra at time delays longer thanuk5

As at time zero. The remaining signal linear fit has a time decay ofcontain exclusively the long-lived component. Its contribu-
Q.4 s, which is of the same order of the laser modulating decayjgn to the steady-state PL spectrum can be obtained by sim-
time. ply multiplying by a factor. Such a factor is calculated in

) o ) ] ] order to give the same amplitude obtained from time-decay
in the logarithmic plot of Fig. 4. A fit of the linear part and measurements at a given photon energy, in our case
subsequent subtraction from the signal leads to the isolatiog — 1 2g5 eV (Fig. 6). As verification, this procedure has
of three different lifetimes, which are 18:®.1, 2.14-0.01, peen carried out at different energies around the peak PL4
and 0.380.01 us at 35 K. The intersect of each linear fit (1 559 1,265, and 1.296 @\and similar results have been
with the time origin gives the amplitude of that component alpptained(inset of Fig. 6.

time zero. Figure 5 shows the Arrhenius plot of the first two  afier having subtracted the long-lived component to the
decay times and their respective amplitudes at time zero. Th@peA spectrum, the prominences labeled PL5 and PL6 in
correlation between time decay and amplitude is evident. Ape low-energy tail of peak PL4 become more evident. Their
energieq1.285, 1.260, and 1.23@&re equidistant within the
experimental error. The whole suggests that this part of the

100:1\\\\\\”!\\\\\!!\\Hll\ :10'4 ! Y )
F b spectrum is a superposition of several components. Figure 7
— ] shows a decomposition of the experimental spectrum in four
= 5 7 Gaussians through a fitting procedure carried out in steps. In
5 O 0po 90 ] each step a Gaussian was fitted to the highest-energy and
—(% 107" = O 4107 -intensity peak, and then subsequently subtracted from the
s Tl
il 8 T T
g r JAVAN ﬁ 2 L4 & A _g N i
g-* ) AA o ® B i
2107 g0 1107 g 6r
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FIG. 5. Amplitude (left scale: @, long-lived componentA, Energy (eV)
short-lived componeitand time decay of PL4right scale: O,
long-lived componenty\, short-lived componehts the inverse of FIG. 7. TypeA spectrum. A Gaussian fit applied successively to

temperature. each peak allows for the isolation of PL4, PL5, and PL6.
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raw spectrum. In that way peak PL3.262 eV is clearly  Teller relation e,,=(w o/ wt0) 2€o. The reported phonon

evidenced and, following the same procedure, also peak PL§ansverse optic wave-number values'are, =180 cm !
(1.24 e\) and a new emerging peak, which was not visible ingnd K|= 191cm !, hencee.., =7.5¢, and €)= 7.3

the PL spectrun{1.218 eV}, have been isolated. Because InSe is an anisotropic semiconductor, .
leads to two different phonon mean numbefl), =0.64
IV. DISCUSSION and (N)|=0.17, whose average would be ((®,

+(N)|)/3=0.48, very close to the experimental ratio from

Let us first discuss the results regarding samples withyo ys"p) 4 1o PL5, which yields 0.38, suggesting that our
spectra_ of the? type. From its energy position anq tem.p.era- assumption of considering peak PL4 and its tail as an accep-
ture shift, we assume that the peak PL1 can be identified A3y peak with its phonon replica is correct.

the free exciton radiative recombination pedR.From its The behavior of the acceptor and exciton energy shift

energy and th_ermal quenching_ bghavior, pe‘?‘ks .PL2 and P ith temperaturdFig. 3(a)] contributes to the confirmation

can be associated to the radiative recombination of boungs hypothesis, as both show the same decreasing ten-
H 5,15,16 . y

excitons>™"The shortest time decay PL4 compon88  yoncy by keeping their distance approximately constant.

us), of the same order as the resolution time of our modula- Once the acceptor ionization enerdy , has been deter-

tion and_ detection system, can be a contribution of thos?m ed. the hole effective-mass tensor can be estimated on
peaks, since the time decay measurements have been carrig assumption that it corresponds to a hydrogenic aniso-

out with a lower-energy resolution. tropic acceptor. We will use the energy expressions calcu-

Let us now concentrate on pe"?‘k PL4 and it_s Fail, which aj,e by Gerlach and Pollmafthfor anisotropic hydrogenic
low temperature can be divided into four equidistant peaks:;

Peaks with similar structure have been found in GaAs dopeI purity levels:

with different acceptor impurities such as Cu, Mn, Cd, and R

Zn, and identified as band-to-acceptor radiative recombina- Ennm(a)=— —ZZ§|m|(a), 2
tion, with replica due to LO-phonon coupliff§.In polar n

crystals(ZnS, CdS, and ZnDHopfield!® observed also the where a=1-A is the anisotropy  parameter,
occurrence of a series of equally spaced narrow emissioA:mj Eoﬂm\’f €9/ is the anisotropy ratiaZ(«) the effective
lines, decreasing in intensity at longer wavelengths, and sUgharge, and R=pm* the Rydberg energy with
gested the same explanation. According to Hopfield, th :13_6602/60&0”' Assuming that we know the acceptor
separation between the emission lines corresponds to the egsq exciton ionization energigbinding energy at the=1

ergy of a longitudinal optical phonon. In our case, the energiiate, we can get two energy equations in which only the
distance between peaks is22 meV, very close to the LO  gffective chargey(a) is involved:

optical phonon energies reported for InSe which are 24.6

meV (LO parallel to thec axis) and 26.2 meMLO perpen- AE = hago(ah) (a),
dicular to thec axis).*®
Hence, assuming that peak PL4 is tfeero phonoh AEg=ReZ2( ey  (b), 3)

band-to-acceptor recombination peak, with a lifetime of

2.1 us, we can derive the acceptor binding eney,  Where

from its energy and that of the free exciton %gak:

AEAEp 1—Ep s+ AE.. The exciton binding energy - 1 .
AEq=EgiEe=145 meV. From the spectrum Zool @) = el arcsirhy[af,
EpLa=1.285 eV andEp 1= 1.336 eV(both at 35 K, then the

acceptor binding energy at 35 K would B&E,=65.5 meV. andRy, ay, andRgy,, a. refer, respectively, to the hole
This value is consistent with the calculated quenching actiand exciton Rydberg and anisotropy parameters.

vation energy and with the predictions mentioned in the We can obtain, from Eq3a), an expression for the per-

a<0 4

Introduction®® pendicular hole effective mass:
According to Hopfield® the mean number of emitted AE
phonons, which corresponds to the intensity ratio between o ah _ . —
the one-phonon peak and the zero-phonon peak, is given by Mhi BC?’ C=arcsirh( ] ay)), ®
2 1 1 /1 1 which, introduced in Eq(3b), gives the following equality:
N=————|——"—/, 1
(N) a (hw)o \/277(630 60) @ , r{(AEQX , AEg(e— 1))1’2}
sin C+
AE, Re

where a is the hole effective Bohr radius in the acceptor
level (a=e?/2¢,AE,, assuming an impurity hydrogenic R.C2+AEA(A.—1) vz

model for the acceptprandhw o the phonon energy. The :(|ah| R.C2+ AE |ah|) ' (6)
low-frequency dielectric constants in InSe can be obtained € A

from the values given in the literature for their product andwhere A, and R, are the electron anisotropy ratio and the
ratic eg, €)= (80.7= 1.3)e3 and e, /€9=(1.31=0.15), electron Rydberg energy, respectively. These values are well
we obtained €y, =(10.3+0.6)¢; and ey =(7.9£0.5)€p, determined in InSeA,=2.28+0.02 andR,=191.8+0.15)
where ¢, is the vacuum dielectric constant. The high- from the energy structure of donor levélgVe can then get a
frequency values can be calculated from the Lyddane-Sachselution (the holes anisotropy ratiofrom the crossing of
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both sides of Eq(6). Thus, by taking into account E¢5),
we can determine both perpendicular and parallel holes ef-
fective masses.

In order to do that, we must take into account the error
that affects bothR, and A, (or, equivalently, the error that
affects the dielectric constanég, andeg)) and the electron
effective masses that are reported in the literdture
[mg, =(0.1410.002m, and mg;=(0.0810.009m].

By combining different perpendicular and parallel dielec-
tric constants in the randd 0.1, 9.7 and[8.2, 7.3, respec-
tively (both ranges are included in the respective error inter-
vals) and introducing the experimental acceptor binding
energyAE,=65.5 meV in Eq(6), different crossing points
are obtained corresponding to anisotropy rajpvalues in
the intervall9.3, 2.81. Consequently, perpendicular and par-
allel hole effective masses are in the rafge1, 0.5 and
[0.24, 0.13, respectively. The hole effective masses mean FIG. 8. CC diagram for the complex center.

values and standard deviations obtained by averaging over )
all the crossing points yieldn}, =(0.73+0.09)m, and similar to those of PL spectra of Cd-doped InSe, attributed to

mﬁ;H=(0.17i0.03)m0. self-activated Iumin_escence i_n a complex C(_a_ﬁtdam. our
case, the same indium atom in interstitial position proposed

there would be a good candidate for the donor whereas ni-

trogen would substitute the selenium atom, acting as an ac-

both compounds from Se, states it would be reasonable to ceptor. This hypothesis could justify the fact that the broad-

T ‘ . band spectrunitype B) appears predominantly in samples
expect similar hole effective mass values in both_ compglundsEl' This can be explained through the fact that nitrogen was
Thf _values proposed for Gas_e by Ottawa_e’[ gl. » introduced as InN into the polycrystalline melt. A large part
(mf;, =0.8my andmy0.8mg andmyy =0.2mg) and Picciolf

v * . of the InN can decompose, liberating the nitrogen asmdl-
E&%e_hoé:ejrggtﬁ:gtzgnf;?i:1220) are indeed very close 10 o105 and giving rise to an indium excess. Even if most In

. . .atoms are rejected to the end of the ingot during the crystal
On the other hand, the density-of-states effective mass 'Browth (InSe can only be grown from melts with indium
* _ * 2k \1/3__
the valence band would ben,q=(mp my)""=0.48M,  excesy a part of them can remain in interstitial positions and
Wh|ch_ is well below the values found in the literature from 5550ciate to substitutional acceptors, giving rise to the com-
combined Hall effect and thermopower measurement§,|ex centers
23 ; At : : . .
(Mfig~1.5mg).~ It must be outlined that the estimation of | the framework of the configurational coordind@C)
effective masses from transport measurements are very mughodel for complex centers, asymmetric Gaussian bands cor-
dependent on the hole Scatterlng meChanlsmS, which are nmspond to Comp|ex centers in which the minima of the
well known due to the overcompensated character Ofround and excited state occur for very close values of the
p-InSe samples. o _ ~ configuration coordinate. This happens when the donor, the
~ The PL4 measured lifetime is also consistent with itsacceptor, or both have a shallow character; i.e., their wave
identification as band to acceptor recombination. Accordingynctions extend over several unit célfsin that case, tran-
to Barry and Williamé* this lifetime is given by sitions between both states do not lead to strong charge re-
arrangement and lattice relaxation. In order to account for the
hv shape of typeB spectra, let us describe the ground and ex-
moc2/ " () cited state of the centers as two parabdfas:

Previously and from a similar basis, Segwtal® had
proposed my ~0.6m,. Given the similarity between the
valence-band structure of InSe and Gdthat are formed in

2°h?
TMy°C

ma
Mg

Ec,
AE,

an
dp

-1 _
T(T—0)~ Pa

1 1
with p, the acceptor level concentratiom,, a,, and Eg(X)=2kgx%,  Ee(X)=7ke(X—X0)?+Eqe,  (8)
AE, the acceptor effective mass, Bohr radius, and energywhere x4 and «. are the ground and excited level elastic
respectively E., the transition matrix elemenhy the tran-  constants, respectivelgsee Fig. 8 Assuming a Maxwell-
sition energy, andn the refractive index. By taking Boltzmann distribution of electrons in the excited state, the
E.,,=0.6 eVvl* ma=m;4=0.45m; and AE,=65.5 meV, semiclassical approximatiéhleads straightforwardly to the
hv=1.28 eV, andr=2.1 us, Eq.(7) yields an acceptor following spectral shape:
concentration of X 10' cm™3, a value that is coherent with

those estimated from the temperature dependence of hole, . A _[1—V1—B(E—Eo)]2
concentration and mobility. (B)= 1-B(E—E,) X 202 ’
Let us discuss the origin of typR spectra. First of all it 9

must be pointed out that the broadband spectrum that appears

for longer times in typeA spectra has the same form and awit

decay time of the same order as the one characteristic of ke
spectrumB, suggesting a common origin in both cases. On B= —y 9, :(

BkgTer( ke~ Kg)) 12
h —2.7 —_—
the other hand, its form and temperature dependence are very KgXo

Ke
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V. SUMMARY

N-doped InSe samples have been investigated. PL mea-
surements have shown the presence of two types of spectra:
A (consisting of three high-energy, low-intensity peaks and a
high-intensity peak at 1.285 eV that shows a decaying “tail”
with some prominencesand B (broadband, which presents
; no details in its structure, appearing only in high dopant con-
00 F centration samples and belonging to the upper part of the
02 ¢ ‘ ‘ ‘ ‘ ingot). Time decay measurements yield two lifetimes, 18 and

el 2.1 us, at the 1.285-eV peak of the typespectrum and one

mergy (€V) of 16.3 us for the typeB spectrum. Time-resolved photo-
luminescence allowed for the isolation of the long-lived
spectrum component, which consists of an asymmetric broad
(b) band similar to typeB spectrum.

The peak at 1.285 eV in the typk spectrum has been
associated to the recombination with a single acceptor center,
leading to an acceptor binding energy of 65.5 meV at 35 K.
The observed prominences have been attributed to a
\‘/ phononic replica of the acceptor peak, given that their energy

distances coincide with LO optic phonon energies in InSe
and the mean phonon number calculated value is in agree-
115 118 121 124 127 130 ment with the experimental one. The higher-energy peaks are
Energy (eV) related to free and bound exciton recombinations. The agree-
ment of experimental points with a fit of the tyfBe spec-

FIG. 9. (a) Type B spectrum at 33 Kpoints and theoretical fit  trum, assuming a spectral shape based on a CC model for
(solid line), which yields the following parameter values: complex centers, has led to the identification of such a broad
A=0.402, B=40.4, 0=0.336, E;=1.245 eV.(b) Same at band as a recombination in a complex center. Also the long-
(@ at 134 K, in this caseA=0.0207, B=42.9, ¢=0.312, lived component in the typA spectrum seems to have the

1.0 -
08 |
06 [
04 |

0.2

Intensity (arb. units)

Intensity (arb. units)

Eo=1.2173 eV. same origin, as its shape and time decay suggest. A good
candidate as a donor could be the indium atom on the inter-
hve hve stitial position, as proposed in previous papers and in accor-
Teﬁ=ﬂ00t"( 2Kk T)' dance with the fact that the tyfg® spectrum is predominant
B B in those samples in which the indium concentration is sup-
whereA is an arbitrary factor. posed to be higher.
Figures 9a) and 9b) show the fit of Eq(9) to the experi- A calculation based on the Guerlach and Pollman hydro-

mental typeB spectral points at two different temperatures,genic model has allowed for an estimate of the holes effec-
obtained by leavingd, B, E,, and o as free parameters. tive masses, yieldingmy, =(0.73£0.09)m, and my;
The agreement of the CC model for complex centers with the= (0.17+0.03)m,.

experimental data is excellent at 134 K; it becomes worse at

33 K owing to the losss of validity of the semiclassical ap- ACKNOWLEDGMENTS

proximation at low temperatures. A broadening of the spec- Financial support from Spanish Government CICYT
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