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The uniaxial pressure effect in the EPR spectrum of a Cr impurity in Si is investigated at 1.2-2 K with an aim 
at determining the vibronic-state model and assessing the possible manifestation of the Jahn-Teller (JT) 
character of the center in this effect. An appreciable nonlinearity of the pressure effect is observed for a deep 
JT center in silicon. This nonlinearity is described in the spin-lattice Hamiltonian by terms that are quadratic 
in pressure. The linear spin-phonon constants and combinations of certain quadratic-in-pressure spin-phonon 
constants are determined. A connection is obtained between the spin-phonon constants that are quadratic in 
the pressure and the JT-interaction and anharmonicity constants. It is shown that the JT-Hamiltonian 
parameters corresponding to a strong JT effect can explain the observed quadratic-in-pressure effect in the 
EPR spectrum. As a result, the contributions of the quadratic JT interaction and of the anharmonicity to the 
adiabatic potential become substantial, in agreement with the model in which JT minima of different 
symmetry coexist for CrO in Si. 

PACS numbers: 76.30.Fc, 71.70.Ej 

INTRODUCTION the model of the SLR of this J T  center. The strong J T  
interaction explains the observed nonlinear pressure 

The investigation of the effect of pressure on the EPR 
effect in the EPR spectrum. spectrum is one of the most accurate methods of de- 

termining the characteristics of the spin-phonon in- 
teraction of a paramagnetic center. In the case of a EXPERIMENT - 

degenerate triplet electronic state, the pressure effect 
in EPR can determine directly the constants of the or- 
bit-lattice interaction of the center. This is particu- 
larly important in connection with the possible onset of 
the Jahn-Teller (JT) effect. Indeed, for electronic 
triplets, the spin-orbit interaction forms states that 
a r e  shifted with respect to the spin and orbital degrees 
of freedom, and described by a total angular momen- 
tum J, and manifest themselves in the EPR. There- 
fore the coupling of such states with the lattice is de- 
termined, with good approximation, by the orbit-lat- 
tice interaction. Information on the orbit-lattice in- 
teraction permits ont only a description of the spin-lat- 
tice relaxation (SLR) but also a determination of the 
model of the vibronic states in the J T  effect. 

Interstitial CrO in Si exhibits a dynamic JT effect. 
We have previously inve~tigated' .~ the spin-lattice re- 
laxation of this center, which revealed anomalous pro- 
perties that could be explained in a model wherein JT 
minima of d i f fe re~ t  symmetry coexist. In the present 
paper we study in detail the effect of axial pressure on 
the EPR spectrum of CrO in Si, for the purpose of de- 
termining the model of the vibronic states and inter- 
preting the SLR data. 

We describe the observation, for the f i rs t  time ever, 
of an essentially nonlinear effect of uniaxial pressure in 
the EPR spectrum of a J T  center in silicon. By in- 
vestigating this effect and by obtaining the connection 
between the orbit-lattice interaction constants and the 
JT-Hamiltonian parameters, with account taken of the 
quadratic vibronic interaction and of the anharmonicity, 
we were able to determine the characteristics of the vi- 
bronic interaction and confirm the previously employed2 
model of a multiwell potential, and by the same token 

The influence of uniaxial pressure on the EPR spectrum 
of interstitial CrO in silicon was investigated at 9 GHZ 
and a t  temperatures 1.2-2 K. In the absence of pres- 
sure,  a t  these temperatures and a t  a magnetic-field 
orientation H 11 [loo], the EPR spectrum of this center 
consists of two lines separated by 24.5 G. ' At other 
directions of the magnetic field, the EPR lines become 
much broader and become more difficult to observe 
because of the low paramagnetic-center concentrations. 
In the apparatus constructed by us to produce axial 
pressure in a cylindrical EPR resonator operating 
in the H,, mode' at 1.2-78 K, a pressure up to 
1 10 kgF/cm was reached for samples measuring 
3 X 3 X 10 mm with inhomogeneity not exceeding 5%. The 
pressure was perpendicular to the direction of the mag- - - 
netic field, at two sample orientations, P 11[100] and 
P I I  [110]. At the two pressure directions and a t  
H 11 [001], the EPR lines shift in opposite directions 
in the magnetic-field, and at pressures 15-20 kg they 
merge into a single broad line, while an intense nar- 
row EPR line due to the two-photon transition is ob- 
served with increasing power. With further increase of 
pressure, the narrower EPR line shifts towards a 
stronger resonant magnetic field, while the strong 
field line shifts towards the weaker field. The 
arithmetic mean of the resonant magnetic fields of the 
two lines (H,,) shifts towards the weaker magnetic 
field (Fig. 1). 

At the orientation H l P  11 [110], a linear splitting 
(within the limits of experimental error)  of the EPR 
line is observed, a s  well a s  a shift of H,,, which can 
be described by using the ~amiltonian&'). This Ham- 
iltonian is obtained from $e, defined in Refs. 3 and 4, 
to which one adds terms that a re  quadratic in spin and 
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FIG. 1. Resonant magnetic fields of two EPR lines of c r O  in 
Si  vs pressure at H II [0011: o- P II [1001, 0- P 11 [1101. 

are  obtained from& by making the substitutions 
H, -3, and figij - G, , ,  and also by adding a term quad- 
ratic in the magnetic field, which described the splitt- 
ing of the EPR line of CrO in Si at  zero pressure. 

In this orientation, we succeeded in observing the 
angular dependence of the pressure effect on the mag- 
netic-field direction (Fig. 2). The angular dependence 
of the splitting AH between the lines and of the shift of 
H,, (6H) is described by the expressions 

The quantity 6H is assumed to be positive if H,, in- 
creases. 

On the basis of the obtained angular dependence of the 
pressure effect, Eqs. (1) and (3) were used to deter- 
mine the linear-in-pressure spin-phonon constants for 
CrO in Si: 

AH, G -bH, G 
000 t- 

FIG. 2. Angular dependence of the splitting of two EPR lines 
(0) and shift of arithmetic mean of the resonant magnetic 
fields of these lines H I ,  (0) of crO in Si at P=400  kgf/cm, 
HI P ll [1101. The solid lines correspond to the theoretical 
expressions (1) and (2). 

It is assumed here, in analogy with the preceding pa- 
per,' that g,, + 2g,, =0, corresponding to the absence of 
influence of the fully symmetrical deformation. 

At orientations H l P  11 [loo] one observes an effect that 
is essentially nonlinear in pressure, namely the splitting 
of the EPR lines and a shift of H,,, corresponding within 
the limits of experimental e r ro r  to a dependence on the 
direction of the magnetic field. To describe this ex- 
periment at  P 11 [loo] and H 11 [OOl] we used the quadratic- 
in-pressure spin-phonon Hamiltonian from the paper of 
K o l o s k ~ v a , ~  in the form 

For  the orientations P I1 [I101 and H 11 [OOl] the quad- 
ratic-in-pressure Hamiltonian is of the form 

We have discarded in (4) and (5) the terms with off - 
diagonal matrix elements. 

To take into account the nonlinearity that can appear 
in the quadratic in the magnetic field in the case of a 
spin-phonon Hamiltonian that is linear in pressure, the 
problem was solved numerically with a computer. The 
solid lines in Fig. 1 show the computer-calculated 
resonant magnetic fields of two EPR lines a s  function 
of pressure, using the ~amiltonin$~') +@), for two 
orientations of the pressure, P 11 [loo] and P 11 [I101 
and at a magnetic field direction ~ [ 0 0 1 ] .  The spin- 
phonon constants (3) were used in this case. The cal- 
culated resonant magnetic fields agreed with the ex- 
perimental ones at  the following values of the combina- 
tions of the spin-phonon constants: 

g,,z-2.92gi,,=- (25*5) .1W, 

g,tr+9.lgr,r+I06gro=(2*1) .lo5, 

G,,z-2.92G,,,=(90*10) .i04 cm-I, (6) 

G,,,+9.1G,,,+106GI,,=-(332) .lo' cm" . 
The calculations have shown that a t  the considered 

splittings of the EPR lines under pressure the contri- 
bution of the off-diagonal matri  elements fromflel) and 
of the term quadratic in the magnetic field, which we 
have assumed to be independent of pressure, leads to 
a negligible nonlinearity up to 900 kgf/cm (Fig. 1, 
P II [110]). However, the contribution of the off-dia- 
gonal linear-in-pressure terms G, ,  and the shift H,, 
turn out to be comparable with the contribution of the 
diagonal quadratic-in-pressure terms g,,,. If we ne- 
glect this circumstance, thenthe sign of the linear com- 
bination gij, (6) is reversed. 

ORBIT-LATTICE INTERACTION OF JT IMPURITIES 

The observed considerable quadratic effect of the 
pressures in the EPR spectrum of CrO in Si is evidence 
of a large quadratic orbit-lattice interaction with the 
long-wave deformations. On the other hand, the given 
center exhibits a strong J T  effect, so  that i t  can be 
assumed that the appreciable quadratic interaction of 
the center with the long-wave deformation is common in 
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character with the vibronic interaction. To clarify this 
question, we analyze the connection between the orbit- 
lattice constants and the parameters of the J T  Hamil- 
tonian. 

The initial electronic state of the considered KT 
paramagnetic center is the triplet T,. When account 
is taken of the linear and quadratic J T  interactions 
a s  well a s  of the anharmonicity, this leads to the fol- 
lowing J T  Hamiltonian in the quasimolecular approxi- 
mation: 

Here Q,, Q,, Q, and Q,, Q,, Q, a re  the normal vibra- 
tions of the cluster and transform in accord with the 
irreducible representations of the cubic symmetry- 

I group representations A,, E, and T, respectively. 
I The electron operators 4, t,, f,, f , ,  f', on the basis of 

the electronic state of the triplet T, were determined 
I in the book of Abragam and Bleaney.12 The constants 

b and c correspond to linear J T  interaction with tri- 
I gonal deformations of the cluster. The constants 
I W ,  b,,, b,,, c,, a re  connected with the quadratic J T  in- 

teraction for the T and K: and K: a r e  the cubic- 
anharmonicity constants. lo In (7) we took into account 
also the new terms in the quadratic JT interaction of 
the term T, which intertwine the tetragonal and trigonal 

I deformations with the fully symmetric one. This in- 
teraction is described by the constants b' and c'. 

In the adiabatic approximation we write down the 
shift of the atoms of the cluster Q, in the form of a 
sum of a shift Q; that varies rapidly with frequency w, 
and a shift Qr that varies with the frequency of the long- 
wave acoustic oscillations, and expand Q;' in terms of 
the components of the strain tensor. Substituting 
Q, = Q; + Qi' in the JT Hamiltonian and calculating i ts  
matrix elements on the vibronic wave functions, we 
obtain the effective Hamiltonian of the orbit-lattice in- 
teraction. Thus, for tetragonal J T  minima and for an 
octahedral cluster, the effective ~amiltonians&P&) and 

for the linear and quadratic orbit-lattice interac- 
tions, respectively, a re  given by 

eiJ are  the components of the strain tensor, 
e, = (2e,, - ex, - e,,), e,= 3'I2(e,, - e,,), e =em + e,, 
+ e,, Qo is the equilibrium deformation of the cluster a t  
one of the minima of the adiabatic potential, and R is 
the distance between the impurity and the ligand of the 

cluster. 

The choice of an octahedral cluster for the J T  inter- 
stitial impurity in silicon corresponds to the second 
coordination sphere; this is justified by the fact that the 
dominant role in the formation of the spectrum of the 
electronic state of an interstitial impurity in silicon is 
played apparently by the crystal field of the second 
octahedral sphere. 

It follows from (9) that the linear orbit-lattice in- 
teraction is determined not only by the constants of the 
linear vibronic interaction, a s  customarily assumed," 
but also by the product of the harmonic elastic constant 
K, by the ST shift, and both contributions a r e  com- 
parable in magnitude. 

Within the framework of the expansion in powers of 
the displacements, we have disregarded in (9) the 
quadratic vibronic interaction and the anharmonicity. 
These interactions, however, a s  follows from (lo), 
determine the quadratic orbit-lattice interaction, whose 
constants a re  proportional to the constants of the quad- 
ratic vibronic interaction and of the anharmonicity. 
The contribution of the anharmonicity in (lo), just a s  
the contribution of the harmonic oscillations in (9), is 
proportional to Qo and does not contain the vibronic 
reduction. 

We assume for estimates b,,, b,,, b' - lo4 cm"/A2, 
Kd = lo4 cm-'/A3, and Qo - 1 A ,  reasonable values for a 
strong J T  effect. For  an octahedral cluster of the 
second coordination sphere, using (lo), we then obtain 
the values of the orbit-lattice constants corresponding 
to the values of the experimentally determined linear 
combinations (6). Thus, the parameters of the J T  
Hamiltonian corresponding to the strong J T  effect can 
explain the observed quadratic-in-pressure effect in 
the EPR spectrum of CrO in Si. 

The anomalously large quadratic-in-deformation or- 
bit-lattice constants obtained in the present paper point 
to a considerable magnitude of the constants of the 
quadratic vibronic interaction and of the anharmonicity 
for CrO in silicon. On the other hand, the quadratic 
vibronic interaction and the anharmonicity for the J T  
effect of the triplet states leads to the possible coexis- 
tence of JT minima of different symmetry. O w l 0  This 
model was used by us earlier to explain the anomalous 
spin-lattice relaxation of this center. Thus, the ap- 
preciable contribution of the quadratic orbit-lattice in- 
teraction in the EPR spectrum, obtained in the present 
paper, agrees with our model of the vibronic states for 
CrO in Si.' 
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