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Jahn-Teller effect in ZnS:Fe?* revisited with a modified Lanczos-type algorithm
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We study the Jahn-Teller effect in ZnSFeby means of a modified Lanczos-type algorithm, able to give
any excited state of very large quantum systems with good accuracy. The calculations are performed in the
energy range of 2945-3580 crh, in the framework of a multimode vibronic model. The zero-phonon
emission lines(hot lineg are also evaluated. The results are compared with the experimental ones.
[S0163-182696)08132-3

I. INTRODUCTION II. THEORY

_. _ . 2 .
Many experiments? have confirmed the role of the Jahn- _The near-infrared ab;oeron_ _spectrum of*Fein _ZnS
arises from the electronic transitions between the inftil

Teller effect in the infrared absorption spectrum of magnetic s : n . )
impurities in the 1lI-VI compound semiconductors. At the a}nd the fmgl T2 mUIt'PIEt of Fe*™, o.btalne.d'from th'e split-
same time, many theoretical vibronic models have been prot—Ing of the D_electro_nlc term(the spin-orbit Interaction fur-
posed (different for the symmetry and for the number of ther splits thl_s multlple_)t Moreover, the dyn_amlcal Jahn-
phonon modes taken into accourind have been treated Teller effect is recognlzled tp play a very important role,
either by means of perturbation thedrpr by direct diago- Pecause many phondfis™of different energies and symme-
nalization of matrices of rank as large as possible, takingfi€s can be coupled with theT, excited states, determining
advantage of symmetry-adapted basis stifesr also of the complex structure of the experimental spectra.
generalized Glauber states. The Jahn-Teller active modes for tﬁ’é’z multiplet (ne-

In Jahn-Teller systems with strong coupling, the main ob-glecting the breathing’; modg are those of symmetry;
stacle is the large number of basis functions required in thendI's (the Bethe notation is used for the phonon modes; the
product space of the electronic and vibrational states. Howeorrespondig Mulliken notatio& andT, is reserved for the
ever, the Lanczos-Haydock-Heine-Kelly recursion method, electronic pait The very high intensity of the first line of the
appropriately implemented, has emerged as a very powerf@pectrum at low temperature suggests a Jahn-Teller energy
computational procedure. weaker or of the same order of the spin-orbit coupling

In the case of the P& impurities in ZnS, the near- constant:?
infrared-absorption spectrum exhibits a structure more com- Calculations made in a cluster motfetonsidering as ac-
plex than that predicted by the crystal field and spin-orbittive a single mode of symmetiy; or I'5 (see, for instance,
interaction. There is a very intense line at 2945 ¢nand  Ref. 14 have given between them very similar results, but
there are two weak lines at 2964 and 2984 ¢mfollowed  they are not able to describe the experimental feature, and in
by a number of other transitions, qualitatively interpreted asffect only a limited range of the spectrum can be repro-
phonon-assisted transitions; so a vibronic Jahn-Teller terrduced. So it is necessary to consider a coupling with at least
must be introduced in the system Hamiltonian. In a previouswo modes of different energy and, possibly, of different
papef we have proposed a multimode vibronic model, symmetry. Here we recall only some relevant points inherent
treated with a traditional Lanczos recursion method; how-n the system taken into account and in the procedure.
ever, only a few excited levels could be obtained, because The total Hamiltonian consists of the sum of the elec-
the finite arithmetic precision produces loss of orthogonalitytronic contribution including the spin-orbit interaction, the
among the states of the Lanczos chain. When the basis loskxtice Hamiltonian, and the linear coupling of the electronic
orthogonality, “good eigenvalues” should be distinguishedpart with two-phonon modes of different frequency and cou-
from “ghost eigenvalues™ or “spurious eigenvalues™; this pling energy.
may limit the accuracy of the procedufas discussed in The number of basis functions, a product of electronic and
detail, for instance, in the prototype example of the Nesbevibrational functions, can become so large as to make diffi-
matrix 8) cult or hopeless any direct diagonalization of the Hamil-

In this paper we revisit the multimode vibronic model tonian. The Lanczos recursion method presents a fundamen-
with a modified Lanczos-type algorithtnwhich can give tal difficulty that makes this method unstable: due to finite

good accuracy. This procedure is illustrated in Sec. Il; inarithmetic precision, the functions constructed with the
Sec. Il we will show the results; Sec. IV contains conclud-three-term iterative relation lose orthogonality rather soon
ing remarks. (about 20—-30 stepsnd “spurious states” or “ghost states”
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FIG. 2. Relative intensities, in arbitrary units, of the transitions
from the ground state to the vibronic states associated t0The
multiplet; histogram and convolution with a Gaussian function
(half-width of 4 cmi™%). The phonon energies and the Jahn-Teller
energies are the same as in Fig. 1. In the inset, the phonon and the
Jahn-Teller energies arkw;=125 cm !, Ej;; = 130 cm 3
fiw2=295 Cmﬁl, EJT2: 50 Cmil.

(b)

FIG. 1. Behavior ofxy for some states whose energy is given in )
cm~ L. The calculations are made within the modified Lanczos pro- FOr What concerns the more convenient number xf22

cedure and with. = —100 cm %, 10Dq|=3136 cmi' %, hw, =25  relaxation steps, we have noticed that the technique is effi-
cm™ ! E;=50 cm % Aw,=125 cm !, Ejr,=130 cm L. cient if b, is monotonically decreasing. When this character-

istic is lost, it is useful to alternate a two-pass Lanczos pro-
appear in the diagonalization procedure. cedure with a number of steps not higher than ten, to safely

To override these difficulties, and to obtain any excitedavoid the ghost states.
state with the desired accuracy, we have previously proposed
a new iterative techniquewhich leads to determination,
within the Lanczos algorithm, of the ground state of the aux-
iliary operatorA=(H—E)? and hence the eigenvalue of  The infrared-absorption spectréirat low temperature of
H nearest in energy t&;, whereE; is any chosen trial Fe?' in ZnS presents a strong line at 2945 cthireferred to
energy in the range of interest. For more details, see Ref. s L), followed by two weak lines at 2964 and 2984
The iterative process alternates the diagonalization®2 c¢m~1 (L, andL,). There are then four rather broad lines at
Lanczos matrices to a two-pass Lanczos procedure of suio51, 3129, 3182, and 3241 crh (Ls, Ly, Ls, andLg);
able small dimension. after some other structure, at 3500 thithe spin-orbit part-

Concerning the details of calculations, we notice that thener band begins. When the temperature increases other tran-
Lanczos chain coefficiertt; is the most important indicator sjtions are observedhot lines or zero-phonon emission
of the accuracy of the calculation. Hence it will be used tolines), of decreasing intensity, at 2930, 2919, 2899, and 2882
determine at what level to stop the global iterative cycle. Ingm—1.
fact, let| ') be the normalized ground state aftdrcycles; In a previous papérwe have considered a two-phonon
at the next step we have vibronic model, both of’; symmetry. For the sake of scru-
pulosity, the studies of the two-mode vibronic model
5T,®(I'3+I's) have been performed, but the results are not
satisfactory, particularly as far as the possibility of reproduc-
with ag= (N |H|4). ing both the energies and the intensities of the transitions is

concerned. Thus we remain at the two-mode vibronic model
Thus, in this formalism, when the procedure convergesiT,®(I';+I'3). The number of basis functions is now
lyg) is an eigenstate oH and b}' is approaching zero 4(N;+1)?(N,+1)? because here the formalism of the
(bgﬂq&o imply again a component in the orthogonal space “dipole-carrying” staté® and the symmetry involved allows
In practice,b, is chosen to be smaller than a suitable preci-us to work in an invariant subspace &f of reduced
sion parametee. In the vibronic system taken into account, dimension** In the calculations we have used the crystal-
for e~102, the relative accuracy of the eigenvalues isfield parameter 1J@q|=3136 cm ! (to reproduce the first
10°8-10°°. Lo line), the free-ion spin-orbit coupling constant

IIl. RESULTS

bY' =yt [HIY =|[H|u') — aol v )|



7628 BRIEF REPORTS 54

TABLE |. Energies and peak intensities of the relevant transi- TABLE Il. Energy separations and intensities of the hot lines
tions from the ground state calculated with the modified Lanczosalculated with the same parameters as in Table | and compared
procedure and withh=—100 cm?, 10Dq|=3136 cm'!,  with the experimental values.
fw;=25 cm !, E;;=50 cm % Aw,=125 cm !, E;r,=130

cm~! and compared with experimental valdeShe numbers in i SEPC (cm™Y) | galc SEZP (cm™ 1) | ExPt
parentheses give the calculated total intensity of the groups of states
around the levels of energy 3051 and 3129 ¢m 4 16 130 152 100
3 32 100 26-2 120

Experimental data Results of this work 5 52 130 46-2 60
E; (cm™ ) el E; (cm™?) el
2945 100 2945.2 100 the inset of the same figure, we show what was obtained with
2965 4 2964.5 3.8 two interacting modes of intermediate and high energy, that
2985 1 2984.0 2.6 is, iw; =125 cm 1, hw,=295 c L; Jahn-Teller energies
3051 12 3050.9 3.%9) E;1=130 cm ! and E;1,=50 cm™t. As expected, thé.,
3129 25 3128.4 1.289) line is enhanced and a new transition appears at about 3200

cm™1, corresponding to this transition line. In Table | we

A=—100 cm !, the phonon energiedw,=25 cm 2, give the relevant eigenvalues compared with the experimen-

hw,=125 cm 1; the Jahn-Teller energieB;r;=50 cm™ ! tal data. . . .
andE 1= 130 cm %, these last chosen to reproduce the en- The transitions observed at higher temperature, hot lines

ergies and the intensities of the experimental lines. (or equivalently the emission zero-phonon lipdavolve as

The maximum numbeM of phonons for each degree of initial stgtes(sfinal statey the higher_ IengSyi (i :3’4’_5) of
freedom has been determined working with one phonoﬁhe multlp.let E and are below the ﬂrstlllne at 2945 cr_hby
mode at time and changingy! at fixed S (the Huang-Rhys e quantitysg;=E, —E, . The energies can be satisfacto-
factor, that is, the Jahn-Teller energy in units of the phonorily calculated taking into account the crystal-field and the
energy. The results have shown thal~2S+1 assures a SPin-orbit interaction at all the orders. To calculate the peak
relative accuracy at least of 10 in the eigenvalues and of intensity, however, we need to know the vibronic ground
1072 in the eigenvectordthe accuracy is better for the State of the®T, multiplet.
lower-lying states The energies and the line intensities, shown in Table I,

This rule remains valid also for the two-mode vibronic agree with the eXperimental results given in Ref. 1 within the
model, as confirmed by the calculation of the contributioneXxperimental uncertainties of the order of a factor of 2.
(called ap) of the basis functions with a fixebtal phonon
numberN, to the projection modulus square of chain eigen-
state. In Fig. 1 we show the behavior @f, for some levels
of interest. It can be seen that, is almost zero for any state We have applied our recently developed Lanczos-type al-
already forN=10, and its maximum value occursd&7. gorithm to a multimode vibronic model for studying the

With the procedure discussed, we have explored a largdahn-Teller effect on F& impurities in ZnS. The technique
energy range, up to 3580 cm. In Fig. 2 we give the histo- proposed, differently from the ordinary Lanczos procedure,
gram of the energies and the intensities for the transitionkas allowed us to span accurately a very large energy range.
from the ground zero-phonon state;(level in the °E mul-  Also, the knowledge of the vibronic wave functions has al-
tiplet) to the vibronic®T, levels. As expected, the first three lowed us to find very easily the hot lines. The increased
lines agree well with the experimental ones. At higher enernumerical accuracy allows us to better define the physical
gies we obtain many eigenstates very near one another, sepaodel considered, including the limits of the model. So we
rated by less than the experimental resolution; if we associateave found that the more convenient symmetry for the pho-
to each transition a Gaussian function, with half-width of thenon coupling is thd”; symmetry, and that more phonons are
order of the experimental resolutiés cm™1), we obtain the needed to reproduce all the rich stucture of the experimental
dashed line shown in Fig. 2 superimposed on the palisade. Ispectra.

IV. CONCLUSIONS

1G. A. Slack, F. S. Ham, and R. M. Chrenko, Phys. RE82, 376 (1953; Applied AnalysigPrentice-Hall, Englewood Cliffs, NJ,
(1966. 1956; R. Haydock, V. Heine, and M.J. Kelly, J. Phys5C2845
2F. S. Ham and G. A. Slack, Phys. RevAB777(1971). (1972; 8, 2591(1975. See also the volume by D. W. Bullet, R.

3]. Rivera-Iratchet, M. A. de Ogy and E. E. Vogel, Phys. Rev. B Haydock, V. Heine, and M. J. Kelly, irsolid State Physi¢cs
34, 3992(1986; E. E. Vogel, J. Rivera-lratchet, and M. A. de edited by H. Erhenreich, F. Seitz, and D. Turnbilcademic,

Orle, ibid. 38, 3556(1988. New York, 1980, Vol. 35.

4V. Savona, F. Bassani, and S. Rodriguez, Phys. Re49, 2408 L. Martinelli, M. Passaro, and G. Pastori Parravicini, Phys. Rev.
(19949. B 40, 10 443(1989.

5J. Rivera-Iratchet, M. A. de O=y M. L. Flores, and E. E. Vogel, 8A. Cordelli, G. Grosso, and G. Pastori Parravicini, Comput. Phys.
Phys. Rev. B47, 10 164(1993. Commun.83, 255(1994).

6C. Lanczos, J. Res. Nat. Bur. Starfd.S) 45, 255(1950; 49, 33 9G. Grosso, L. Martinelli, and G. Pastori Parravicini, Phys. Rev. B



54 BRIEF REPORTS 7629

51, 13 033(1995. 1IM. D. Sturge, inSolid State Physic®dited by F. Seitz, D. Turn-
8J. Bergsma, Phys. Lett. B2, 324(1970. bull, and H. EhrenreicliAcademic, New York, 1967 Vol. 20.
9N. Vagelatos, D. Wehe, and J. S. King, J. Chem. PB@s3613  ?G. Bevilacqua, thesis, University of Pi¢a995.

(1974. 13C. E. Moore, Atomic Energy Levels, Nat. Bur. Starid.S) Circ.

10, Martinelli, M. Passaro, and G. Pastori Parravicini, Phys. Rev.B No. 467 (U.S. GPO, Washington, D.C., 1949ol. Il (U. S.
39, 13 343(1989. GPO, Washington, D.C., 1952



