IOP SClence jopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

. GaP:Cr+
Studies of the Jahn-Teller system

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1998 J. Phys.: Condens. Matter 10 10263
(http://iopscience.iop.org/0953-8984/10/45/013)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.210
The article was downloaded on 14/05/2010 at 17:51

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/10/45
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt&0 (1998) 10263-10267. Printed in the UK PIl: S0953-8984(98)93186-1

Studies of the GaP:C¢* Jahn—Teller system

A M Gavaix

LASMEA, UMR 6602 du CNRS, UnivergtBlaise Pascal Clermont-Ferrand Il, 24 Avenue des
Landais, 63177 Aulgre Cedex, France

Received 8 April 1998

Abstract. Estimates of the first- and second-order Jahn—Teller reduction factors SfTthe
state of isolated substitutional €rin GaP are made from an examination of thermally detected
EPR studies and a strain-stabilized strongly couplegl & Jahn—Teller model.

1. Introduction

The substitutional G ion in GaAs and InP has been detected by electron paramagnetic
resonance (EPR) (Krebs and Stauss 1977, Stetuasl977) and later by thermally detected
(TD) EPR experiments (Batext al 1988, Handleyet al 1990). Their analysis revealed that
the CF* ions are on strain-stabilized sites of tetragonal symmetry duegi@ Dahn—Teller

(JT) coupling. The problem of GaP:Cr has been mentioned by Vassrf1994) and Ulrici

and Kreissl (1996). But, in the above mentioned articles, the values of spin Hamiltonian
parameters have been estimated for isolatéd @r GaP, tetragonal symmetry fourth order
terms being left aside. The paramefewas taken as equal to zero.

The main purpose of the present article is to estimate the JT effect i#ilthstate of
isolated C#* in GaP. Firstly, the accurate values of the five parameters of spin Hamiltonian
are determined from TD-EPR experiments (El Metoui 1994, Vast@h 1994). Secondly,
with zero magnetic field and zero strain thE, state can be described by an effective
Hamiltonian. This model is resolved algebraically. Thirdly, with the strain-stabilization
hypothesis an analysis of the results obtained with both the spin and effective Hamiltonians,
with zero magnetic field, allows the evaluation of the first and second order JT reduction
factors.

2. The spin Hamiltonian

The 5T, ground states of the isolated substitutionaf*Cion in GaP can be described by
the same spin HamiltoniaH,,;, as used for the same ion in GaAs (Batsal 1988) and
InP (Handleyet al 1990):

a
Hpin = g B;S; + g1 0 (B:Sy + BySy) + DSZ2 + E(Sf + Sf + 514)
F
180

with § = § = 2 and where @, the tetragonal distortion axis, is along [001], [010] and
[100] successively.
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The values of the parametegs, gi, a, D and F are obtained by the minimization
technique fitting with theory (1) a set of TD-EPR lines attributed to isolated @n.
These data pointsx(), corresponding to 1-2 and 3—4 transitions (El Metoui 1994, Vasson
et al 1994), are shown in figure 1, at 9.3 GHz, for the magnetic fieldtating in the (001)
plane. The best fit with the model is obtained with the values given in table 1.
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Figure 1. Comparison of the experimental points,(®) with isofrequency calculated curves
(1-2, 3-4, and 2-3 transitions) using the spin Hamiltonian at 9.3 GHB fiorthe (001) plane.

Table 1. The computed values for the parameters of the spin Hamiltonian that give the best fit
to all the data.

a D F
8| g1 (GHZ) (GHZ) (GHZ)

1.966 2030 197 —-493 -143

The isofrequency curves deduced from these parameters are also drawn, in solid lines, in
figure 1. The theoretical curves agree with the experimental points to within the experimental
error (0.002 T at most). Consequently the parameters obtained can be considered as
reasonably accurate. Besides, some resonamegdrresponding to theoretical curves
can be identified: (293 0q) transition.
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3. The effective Hamiltonian

It is considered here that theT, state can be split by a dynamic spin—orbit coupling
described by the following effective Hamiltonian:

Hl;;=—AL-S - B(L-S)* - gC(LiSf +L3S7 4+ L252) + %(S;‘ + 53+ 89
F
180

with L = 1 andS = 2. Thus two additional terms have been addeddig, summarized

by Abhvaniet al (1983, 1984), Batest al (1988) and reviewed by Bates (1978) in zero

magnetic field and zero strain for the cluster model. These two terms are the same terms

in a and F of fourth order in spin as defined in equation (1).

In the case when the couplingg e dominates, they obtained

—A=—-Ay + 2kf1/)
—B = —)*(F, +2f}) 3
—-3c=)*A4f, - F)+B

wherea is the spin—orbit coupling constant,is the first-order Jahn—Teller reduction factor,
F, and F, are the second-order Jahn—Teller reduction factffs= k1/A and f] = yki/A
are the second-order spin—orbit factors with= 1 if there is no covalency effect and
A =10 Dg.

He/ff is written in the(m1, m,| basis, then in théJ, m ;| basis. An exact diagonalization
of H;,, leads to the exact algebraic eigenvalues given in table 2.

+-—{3557 — [305(S + 1) — 25]5%} @)

Table 2. Exact algebraic eigenvalues of effective Hamiltonian.

Level label  Energy

rs {24 —26B —33C + 140 — 3F + /B}

r; 3 {—2A —10B — 21C + 14a — F + J/a}
T3 A—B-3C+3—3F

Ts {24 —26B —33C + 140 — §F — /B}

T4 3 {-24 - 10B — 21C + 14a — F — Ja}
I —2A—-4B-3C+3a—3F

o =9[4(A + B)(A + B+C)+9C?] +4(2A + 2B +9C) (a + 3F) + 4a?
B =100A — B)(A— B +0.12C) + 9C2 + 4(—2A + 2B —3C +a+ 5F) (a + §F)

For instance, in table 2, the order of energy levels is the same in decreasing order as
the order deduced from static spin—orbit coupling (Low and Weger 1960, 8taadk1966)
from the highest to the lowest.

4. Estimation of the Jahn—Teller reduction factors

In the case of G in GaAs, Abhvaniet al (1982a) studying the effects of strain from

their H,;¢, have shown that positive strain isolates a lower set of one near doublet, one
exact doublet and a singlet with energies decreasing at the same rate linearly with strain.
Their separations are the same as those given by spin Hamiltonian with zero magnetic field.



10266 A M Gavaix

Consequently, taking into account the strain stabilization and the linear decrease with strain
of the energy levels, these separations are also the separations between energy levels with
zero strain.

In that case the parametets B, C are determined here by fitting the algebraic difference
between energy levels corresponding ., (2) and the calculated difference between
energy levels deduced df;,;, (1) with zero magnetic field and the values @of D, F
given in table 1. As in the case of a JT effect an inversion of energy levels Sthstate
may appear, so that as many hypotheses as possible regarding their respective positions
have been considered. Only one hypothesis gives a convenient fit within 0.02 GHz at most.
Table 3 indicates the obtained values for B and C parameters.

Table 3. The values ofd, B andC parameters and calculated values of first- and second-order
Jahn-Teller reduction factors and positions of energy levels. Their calculated positions, without
JT effect, are given in brackets.

Sample GaP:Gt
A (GH2) 6.83
B (GHz) 5.89
C(GHz)  -3331

y 4.00x 1078
fp (GHzY)  474x10°®
f{ (GHzY)  1.90x 1078
F, (GHz™!) 2.05x 106
Fp (GHz1) 333x10°°

I (GHz) 272.5 (4992)
T's (GHz) 230.8 (-3392)
I} (GHz) 229.1 (1600)

I's (GHz) 116.3 (1520)
T4 (GHz) 80.14 (-3520)
Iy (GHz) 78.17 £3681)

Then, the first- and second-order JT reduction factors are calculated from the values of
A, B, C by using relations (3) and taking= 1680 GHz (Handley 1989) anti ~ 211 THz
(7041 cntl, Zunger 1986, or 7034 cnv!, Ulrici and Kreissl 1996). The values obtained
for y, f},, fi, F, and F, are given in table 3.

Furthermore, the energy level values of file state are calculated with the formulae
in table 2. As a comparison, table 3 gives in brackets the calculated values of energy
levels with formulae of Low and Weger (1960) established approximatively in the case of
static spin—orbit coupling. In both cases thd Dq term is omitted. These formulae are as
follows (with Dg > 0 andA > 0):

I'i:—4Dg+ 3% —3.612/10 Dq
I :—4 Dg+ 2 —612/10 Dq
I's: —4 Dg+ A — 12 4?/10 Dq
I's: —4 Dg— 21 — 2.4 12/10 Dq
I',: —4 Dg— 21 — 12 22/10 Dq
I'y: —4 Dg— 21 — 24 12/10 Dg
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The value ofy (4.00 x 10~%) shows that the JT effect is important for th€, state of
isolated substitutional &f in GaP. This value is near that.88 x 10-3) obtained by Bates
et al (1988) for the same ion in GaAs.

However, it appears that;,p > ycaas. The same observation has been made féf Fe
ion respectively present in GaP and GaAs (Gavaix 1996).

Besides, with regard to static spin—orbit coupling there are

(i) a very important narrowing of energy levels,

(if) an inversion of energy level§s; andT's (with I's very near but abové&’;). This
disposition (%, T's, T';, T'3, I'4, T'1) from the highest to the lowest is the same as the
disposition obtained by Abhvarit al (1982a, b) for substitutional € in GaAs. But for
a weaker JT effect, as in the case of fife state of F&" in InP, GaAs and GaP (Gavaix
1996) there was only an inversion of energy leviédsandI':. Then, the order becanie,

T4, T, T'z, T';, T1 from the lowest to the highest, keeping in mind that e state is
higher tharPE state for F&" (Dq < 0 andx < 0).

5. Conclusion

From a set of lines attributed to the isolatedCion in GaP in TD-EPR spectra it has been
possible to determine with accuracy the five parameters of the spin Hamiltonian and chiefly
the parameteF which so far had been considered as zero.

Next, in zero magnetic field, the comparison of results with the theoretical model
proposed leads to a first evaluation of the first- and second-order JT reduction factors
for the CF* ion in GaP. The value of the factor shows that the JT effect is of the same
order of magnitude in GaP as in GaAs.
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