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An experimental and theoretical investigation was made of the spin-lattice relaxtion (SLR) of 
Jahn-Teller CP centers in Si in the temperature range 1.2 to 8.5"K. The temperature dependence of 
the longitudinal relaxation rate 7;' was described by the expression r;' = A  exp(-A/kr), where 
A = (7* l)X 10' sec-I and A = 8*0.2 cm-I. The transverse relaxation rate r;' was 1.5 orders of 
magnitude higher and its temperature dependence was more complex. A theory developed by the authors 
made it possible to explain the SLR characteristics on the basis of the Jahn-Teller interaction of a triplet 
state of a paramagnetic center with trigonal and tetragonal vibrations. The energy structure and vibronic 
wave functions of the center were determined. Inversion splitting A, = 13 cm-' was observed. The vibronic 
reduction was found to play an important role in the spin-phonon interaction processes. 

PACS numbers: 76.30.Kg, 7 1.70.Ej 

1. INTRODUCTION 

Investigations of the ESR spectra of CrO, Fe' , MnO, 
and Mn' in silicon have played an important role in the 
development of the theory of the dynamic Jahn-Teller 
(JT) effect in crystals.c11 However, the information 
obtained from the ESR spectra of these is lim- 
ited to the vibronic reduction of the g factor. This is 
insufficient for the understanding of the internal struc- 
ture of the JT centers and of their interactions with the 
lattice vibrations. However, investigations of the spin- 
lattice relaxation (SLR) in the case of the static JT 
effectcse4] have made it possible to determine the mech- 
anisms of the interaction of the JT centers with phonons 
and some important internal characteristics of the JT 
centers. Much less work has been done on the SLR in 
the case of the dynamic JT e f f e ~ t . [ ~ ' ~ ]  Therefore, it 
seems desirable to investigate the SLR of the centers 
exhibiting the dynamic JT effect, particularly the CrO, 
Fe' , M ~ O ,  and Mn' ions in Si. The present paper re  - 
ports an investigation of the SLR of the CrO interstitial 
centers in Si. These centers can be regarded, because 
of the magnitude of the vibronic reduction in the g fac- 
tor,  as  the model object for investigating the dynamic 
JT effect in crystals. 

We shall show later that the theory of the spin-pho- 
non interactions in the investigated case of the triplet 
(T) ground state of an impurity should allow for the in- 
teractions with tetragonal (e) and trigonal (t,) deforma- 
tions of complexes (T x e + t, problem). 

A study of the dynamic J T  effect in this case is diffi- 
cult.cs-lll The vibronic wave functions of the T x e +  t, 
problem have been selectedc7] in the form of the wave 
functions of the T x e problem, deformed by weak inter- 
action with the t, mode. The solution has been obtained 
by the iteration method using the overlap integral of 
the e vibrational states. However, the inversion split- 

makes i t  impossible to interpret the ESR spec- 
trum of CrO in Si. A new (orthorhombic) form of min- 
ima of the adiabatic potential of the T x e + t, problem 
has been foundc8] but the values of the vibronic reduc- 
tion factors K obtained for this case fail to  account for 
the considerable reduction in the orbit-lattice interac- 

tion constants of CrO in ~ i ' ' ~ '  and, therefore, they do 
not explain the temperature dependence of the SLR rate. 
For the same reason, the approximations and results 
of an analysis of the dynamic JT effect adopted by 
O ' ~ r i e n [ ~ '  a r e  inadequate. The T x e +  t, problem has 
also been solvedclO*lll by the perturbation method based 
on the interaction with the t,(e) mode. In this case, 
there is no splitting of the ground state under the action 
of the perturbation and there is no inversion splitting 
if  allowance is made for the perturbing interaction 
with the t, mode. We shall show later that inversion 
splitting due to the JT interaction with the t, mode is 
responsible for the SLR mechanism of CrO in Si. It 
should be noted that the experimental resultsc121 indi- 
cate that the reduction in the orbit-lattice interaction 
is also due to the strong interaction with the e mode, 
which cannot be regarded as  a perturbation. 

We shall solve the T x e + t, problem on the basis of 
an approximation analogous to the adiabatic approach 
in which the T x e (or T x t,) system will be regarded a s  
fast, and T x t, (or T x e) as slow. The vibronic states 
(nonadiabatic in the ordinary sense) found in this way 
will be used to determine the inversion splitting into a 
triplet and a singlet because of the interaction with the 
t, mode. This produces a triplet ground spin-orbit 
state with a total momentum J = 1, which agrees with 
the ESR data.[,] We shall show that the J T  effect has 
a considerable influence on the spin-phonon interaction 
processes and that the SLR method is sufficiently sen- 
sitive for the determination of the inversion splitting, 
which governs the SLR mechanism. We shall develop 
a theory which explains the observed unusual nature of 
the spin-phonon interaction of the JT centers a t  low 
temperatures. 

2. EXPERIMENT 

The SLR of CrO in Si was investigated using a VAR- 
IAN E-12 ESR spectrometer'at a frequency of 9.2 GHz 
using a magnetic field modulated at l o 5 ,  lo4,  lo3, o r  
270 Hz by the continuous saturation method.[l3' The 
maximum klystron power was 600 mW. A cylindrical 
working resonator tuned to the H,,, mode has a Q fac- 
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FIG. 1 .  Temperature dependence of the width of the ESR line 
of c r 0  in Si. 

tor of 1 x lo4. The measurements were carried out at 
T= 1.2-8.5 "K. The temperature was determined with 
a semiconductor t h e r m ~ r n e t e r . ~ ' ~ '  A sample placed at 
the center of a resonator in a thin metal holder was 
immersed in liquid (at T =  1.2-4.2 OK) o r  gaseous (at 
T= 6- 8.5 OK) helium. 

Samples of silicon containing CrO interstitial centers 
were made of a p-type material with a resistivity of 
8 x lo3 a' cm by diffusion annealing and quenching. The 
dimensions were 3 x 3 x 8 mm. The CrO concentration 
was 1 x 1016 ~ m - ~ .  

The ESR spectrum of CrO in Si  consisted of two lines, 
the maximum separation between which was 24 G at the 
frequency of 9.2 GHz when the magnetic field H was or-  
iented along the [loo] crystallographic axis. The ma- 
jority of measurements described below was carried 
out on the first ,  narrower and stronger, line in the 
spectrum, which represented a transition in which the 
quantum number J ,  changed from 0 to +1 and which was 
the narrowest among the peaks of the first  derivative, 
AH,,= 3.2 G at T < 1.7 "K. The temperature dependence 
of AH,, is  plotted for this line in Fig. 1. In the range 
T= 1.2-4.0 "K the experimental points correspond to the 
first line. At higher temperatures T,  the two lines 
overlap and, beginning from 6 "K, only one broad line 
is  observed whose AH,, is also included in Fig. 1. The 
values of AH,, obtained at T =  1.2-4°K a r e  subject to an 
e r ro r  not exceeding a, and those obtained T = 6- 8.5 OK 
a re  subject to an e r r o r  within 100/0. At all temperatures 
T, the line profile i s  nearly Lorentzian. 

Figure 2 shows typical saturation curves of the ESR 
signal illustrating considerable changes in the relaxa- 
tion times T~ and r2 with T. We can see that, in the in- 
terval T =  1.2-2.5"K, i t  i s  possible to record the com- 
plete saturation curve, i.e., it i s  possible to reach val- 
ues of H, (H, i s  the amplitude of the microwave magne- 
tic field in-the resonator) at which the saturation curve 
bends a t  the point corresponding to half the intensity of 
the maximum signal. Therefore, a t  these values of T, 
we can use the methodcB1 which makes i t  possible to 
determine T, and 7,. At T>2.5 OK the homogeneous 
broadening begins to predominate so  much that, in the 
range T=2.5-4 OK, we can use the incomplete satura- 

FIG. 2. Saturation curves of the ESR signal of cr0 in Si at 
several temperatures: 1) 1.2"K; 2) 1.75%; 3) 2.5OK; 4) 3.5"K. 

tion C W V ~ [ ' ~ '  to find T~T,. The line broadening in this 
range T can then be used to find T, arid, consequently, 

71 ' 

In calculating the absolute value of T,, it i s  necessary 
to know the field H, in the resonator. Our results were 
obtained on the assumption that P= 200 MW correspon- 
ded to HI=  0.5 G ,  in agreement with the published esti- 
mates. [I5' 

At T >  4 OK, we were unable to achieve saturation of 
the signal and estimate T,. The value of T, in the range 
T =6-8.5"K can be deduced from the line broadening 

(Fig. 1) allowing for the initial splitting observed a t  
T < 4  OK. 

Figure 3 shows the results  of the determination of 
the relaxation rates 7;' and T: obtained for three sam- 
ples. In the case of T;', all the points a r e  described by 
the expression 

zi-'=A exp ( - A l k T )  , 

A=8&0.2cm- I ,  A=(7*1) .lo7 sec- 1 . (1) 

The values of T;' can be described by 

t l - '=K+B exp ( -b , lkT)  +C exp ( - A , l k T )  , (2) 

where K =  5.6 X lo5 sec-', B =  1.5 X lo9 secq, C =2.7 
x leO sec-l, A, = 8 cm-', and A, = 14 cm-'. 

A study of the saturation of the second line in the 
ESR spectrum, carried out in the T =  1.2-2.4 OK range, 

FIG. 3. Temperature dependences of the rates of relaxation 
of cr0 in St: 1) rzl; 2) T ; ~ .  The dashed lines represent the 
terms in E;q. (2). 
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gave similar results. 

A change in the orientation of H in the (001) plane 
through an angle of a = *lo0 from the [loo] axis did not 
al ter  the results. In the I ( Y I  > 10' case, it was not pos- 
sible to measure 7,. 

We checked whether 7, and 7, depended on the mag- 
netic field H by an experiment a t  a frequency of 35 
GHz. The experimental conditions were a s  follows: 
klystron power 50 mW, resonator Q factor 3000, re- 
sonator mode H,,,, dimensions of sample 0.8 x 0.8 x 8 
mm, and H= 8000 G (at 9.2 GHz, the field was H 
= 2000 G). Measurements in the range T= 1.2-4 "K 
showed that the temperature dependences 7;' and 7;' 

were identical a t  9.2 and 35 GHz. Moreover, the ab- 
solute values were identical if i t  was assumed that, at 
35 GHz, the power of 50 mW in the resonator corres- 
ponded to HI = 0.5 G. 

An attempt was also made to measure 7, by a pulse 
method. At T =  1.7"K and a frequency of 9 GHz, i t  was 
found that 7,s lo-' sec,  which was not in conflict with 
the above results. (It was not possible to reach tem- 
peratures below 1.7 "K in the pulse ESR relaxometer 
employed) 

3. THEORY 

The observed SLR behavior and the broadening of 
the ESR line of CrO in Si a t  low temperatures a r e  unus- 
ual for the following reasons. Firstly, the values of 
7;' and 7: a r e  of spin-phonon origin, which i s  con- 
firmed by their temperature dependence; they differ 
considerably in magnitude, so  that 7;' >> r;', and in 
their temperature dependences. Secondly, the temper- 
ature dependence of 7;' has no linear region associated 
with the one-phonon processes a t  the microwave fre- 
quency of the kind that usually predominate at low tem- 
peratures. Moreover, the values of 7: and 7;' a r e  in- 
dependent of the magnetic field. Thirdly, the absolute 
values of ril and 7;' a r e  anomalously high 

In view of these observations, we may expect the be- 
havior of 7;' and 7;' to be governed by different spin- 
phonon processes which a r e  not of the one-phonon kind 
a t  the microwave frequency. 

The exponential dependence ril(T) may be associated 
with the Orbach process, but the energy of the corres- 
ponding excited state (Ax 8 cm") does not agree with 
the energy of the first  excited electronic state with 
J = 2 ,  equal to 14 ~m- ' . [~ '  Moreover, we cannot identify 
A with the energy of the f i rs t  excited vibrational state 
because the rate of the Orbach process involving the 
vibrational states i s  considerably less  than that ob- 
served for CrO in Si. Moreover, the value A -  8 cm-' 
i s  far  too low for the vibrational excitation energy. 

The J T  nature of the paramagnetic centers i s  an im- 
portant factor in the explanation of the observed behav- 
ior  of 7;' and ril. The employed model of a JT impur- 
ity in a triplet state involves allowance for the interac- 
tion of this center with the trigonal (t,) and tetragonal 
(e) deformations of the complex. We shall assume that 

the "electron+e deformation" system i s  fast compared 
with the "electron+ t, deformation" system. Applying 
the adiabatic (in the above sense) approximation, the 
problem can be solved in two stages. First ,  we find 
the vibronic eigenfunctions and eigenvalues for the J T  
effect allowing only for the interaction with the e de- 
formation. We then use the wave functions of a vibro- 
nic triplet found in this way as the basis in considering 
the J T  effect resulting from the interaction with the t, 
deformation of the complex. In this way, the second 
stage of the calculation implies that the JT effect is due 
to the interaction of the t, deformation with the vibronic 
triplet resulting from the JT interaction with the e de- 
formation. It i s  assumed that the interaction with the 
t, deformation occurs when the JT effect i s  very strong 
(almost static) and we can use the tunneling model. 
Consequently, we obtain a singlet ground vibronic state 
(S=2) and an excited vibronic triplet state when the tun- 
nel matrix element i s  r< 0 and the distribution of the 
levels i s  inverted for I?> 0. 

The spin-orbit interaction lifts the fivefold spin 
(S=2) and the threefold vibronic degeneracy of the trip- 
let, which gives r i se  to three spin-vibronic multiplets 
with J= l  (E=-3X), J = 2  (E=-x),  and J = 3  (E=2X), 
where X i s  the spin-orbit interaction constant. Since, 
in the case  of CrO in Si, the ground state deduced from 
the ESR data i s  characterized by J = 1, this implies 
the inequality 3X > A, if r < 0. For the ground state 
J=1, we find that 

where 

O,, (m= 2,1,0,-1, -2) a r e  the spin wave functions. The 
singlet vibronic state 

i s  separated from the vibronic triplet by the energy gap 
A i ,  which represents the inversion (tunnel) splitting: 

where (E?;~) and Kt", (Ktet3 a re ,  respectively, 
the J'T energy and vibronic reduction factors for the 
T x t, (T x e )  problems, and w,,,, i s  the frequency of 
the t, deformations. It should be noted that the appear- 
ance of the inversion splitting i s  associated with the 
T x t, interaction. 

The four "single-well" vibronic states to which, a s  
assumed, the tunnel approximation can be applied (the 
overlap integral i s  y<< 1) a r e  represented by 
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1 -- (- Y ,,F "'F '' + Y,,Fe"'F," - U I ~ ~ ~ ~ Y F ~ ' Y )  F~:: ; ,F~:: )~ ,F$, : , .  
u'3 

Here, F:;,  and F;:: a r e  the wave functions of the T and 
E vibrations, respectively, the indices i label the adia- 
batic potential minima, *,,, *,,, and *,, are  the elec- 
tronic wave functions of the triplet. 

Similarly, we can find the vibronic eigenfunctions 
and states in the opposite limiting case when the "elec- 
tron+ t, deformation" system i s  fast compared with the 
"electron+ e deformation" system. 

Using Eq. (4), we determine the vibronic reduction 
factors in the case of the interaction of the triplet 
state with the t, and e deformations on the assumption 
that the "adiabatic" procedure i s  valid. We thus obtain 

K ( T , ) = K t r i g  (Tv)Kte tr  (Tr). 
K ( T ? )  =Ktrb (T?) l i , , t ,  (T:), 

K ( E )  =Kt , ,  ( E )  

for the T,, T,, and E representations. The resultant JT 
energy i s  

We shall now consider possible low-temperature 
SLR processes which may be exhibited by such JT cen- 
ters. 

In the ground state, the eigenfunctions (3) with the 
total orbital momentum J =  1 represent mixed spin-or- 
bit-vibrational wave functions. The orbit-vibrational- 
lattice interaction H,,,, which couples the electronic 
degrees of freedom and the vibrations of a complex 
with the lattice deformations, then gives rise to trans- 
itions in which the projection of the total orbital mo- 
mentum changes. Such transitions correspond to the 
ESR relaxation. There i s  also a change in the projec- 
tion of the spin of the center. 

Since H,,, i s  not of spin origin and does not contain 
spin operators, in this situation the SLR is due to the 
spin-free interaction. This i s  usually stronger than 
the spin-phonon interactions and accounts for the ob- 
served anomalously high SLR rate at low temperatures. 

The constants of the interaction of the total orbital 
momentum of a center with lattice vibrations were 
found experimentally by Ludwig and   am.['^] The val- 
ues of these constants were considerably smaller than 
the usual orbit-lattice interaction constants. This can 
be explained if allowance i s  made for the vibronic re-  
duction. Since the constants of the interaction with the 
t, and e lattice deformations a r e  quite small, i t  follows 
that, in this case, the important effect i s  the J T  inter- 
action with the t,  and e modes of the complex, which 
results in the vibronic reduction. This confirms the 
adopted model of the J T  effect. 

The vibronic reduction in the orbit-lattice interaction 
constant, which reduces the corresponding constants 
and, particularly, G,, i s  responsible fo r  the fact that, 
a t  sufficiently low temperatures, the SLR rate is  not 
governed by the one-phonon process a t  the microwave 
frequency. The vibronic reduction G,, i s  associated 
with the interaction of a center with the e deformations 
of the complex. If we use the measured values of 
G, , [~]  we find that at T =  42°K the one-phonon SLR rate 
a t  the microwave frequency i s  two orders of magnitude 
smaller than that actually observed. This i s  the reason 
for  the disappearance of the dependences T;' TH2 typ- 
ical of the one-phonon process a t  the microwave fre- 
quency. 

We shall assume that the low-temperature SLR 
mechanism involves relaxation under the action of the 
orbit-vibrational-lattice interaction H,,, due to the 
Orbach process a t  the frequency of splitting A between 
the singlet and the ground triplet state (J= 1). This 
explains the temperature dependence of T: and the ab- 
sence of the magnetic-field dependence of 7;' and allows 
us to identify A with the experimentally found value 
A = 8 cm-l. 

The energy gap between the singlet and triplet i s  
A = 1 3X* Ai I for r>< 0, respectively. Using the repor- 
tedC2' value X = 7 cm', we find that the experimentally 
observed A can occur only for 0. Therefore, the 
f i r s t  derivative of the potential energy of the t2 defor- 
mation, whose sign is governed by that of r , i s  also 
negative. The vibronic singlet i s  the ground state rel- 
ative to the vibronic triplet of CrO in Si. Therefore, 
using the above values of X and A, we find that the in- 
version splitting is A, =3A - A =  13.2 cm-'. 

A calculation of T;', measured by the continuous sat- 
uration method, will be made using Eqs. (3)-(8) and 
H,,, in the form 

where e i j  are  the components of the deformation 
(strain) tensor. Symmetry considerations lead to 

The matrix element (+,I h,, I +,) in Eq. (11) i s  related 
to the constant G,,  determined by Ludwig and  am.['^' 
Using this constant, we find that not only the tempera- 
ture dependence but also the absolute value of T;', de- 
rived from Eq. ( l l ) ,  a r e  in agreement with the experi- 
mental results. It should be noted that the matrix ele- 
ment (+,I h,,l+,), governing T;', i s  subject to the vi- 
bronic reduction. 

The appearance of inversion splitting due to the 
T xt,  interaction and the absence of the one-phonon 
process at the microwave frequency due to the vibronic 
reduction resulting from the T x e interaction provide 
direct confirmation of the adopted T x e +  t, model. 

Investigations of the ESR line broadening support the 
spin-phonon broadening mechanism not associated with 
the mechanism responsible for T, (because T, and T, 

1173 Sov. Phys. JETP 47(6), June 1978 



have different orders of magnitude and different tem- 
perature dependences). In fact, the SLR processes 
considered above do not have the rate necessary to ex- 
plain the spin-phonon broadening of the ESR line. The 
reason for the increase of 7;' relative to 7;' may be the 
broadening due to the spin-plionon processes under the 
action of HovL without vibronic reduction, which en- 
sures that 7;' >> 7;'. Similar processes in the case un- 
der  discussion result from one-phanon transitions be- 
tween the spin-vibronic multiplets with J= 1 and J= 2 
at  a frequency 2X. The transitions without vibronic re-  
duction only occur between states with identical projec- 
tions of the total momentum. Thus, they do not contri- 
bute to 7;' but may be responsible for the ESR line 
broadening if the corresponding lifetimes of the states 
with different total momentum projections a r e  different. 
Such a situation occurs in the interaction of the totally 
symmetric deformation of the lattice. Consequently, 
72 can be represented in the form 

T,-I = 3.2 
n3 (2h) 'A,' 

hipv5 exp (- $) . 
where A,= I (%, I hi,  I @,)I . It follows that A, and, there- 
fore, 7;' do not include the vibronic reduction factor, 
which may account for the anomalously large thermal 
broadening of the line. For this ESR line broadening, 
the rate 7;' i s  an exponential function of temperature 
and, in the case considered, the argument of this func- 
tion is 2X= 14 cm-'. A similar exponential r ise of 7,' 

is observed experimentally in the temperature range 
T = 3-8.5 "K. Applying the experimentally determined 
preexponential factor (2), we find from Eq. (12) the 
value of the constant representing the interaction of a 
center with the totally symmetric deformation of the 
lattice A,. The result is A,= 1.7 eV, which is reasona- 
ble for the constant HoVL without vibronic reduction. 
It follows from Eq. (12) that 7,' is independent of H, 
which is again in agreement with the experimental val- 
ues. 

Broadening of the ESR line in the T = 1.6-3 "K range, 
which obeys the dependence 7,' a exp(-A/~T),  where 
A %  8 cm-', is clearly due to the process involving the 
singlet vibronic state which is 8 cm-' above the ground 
state. m r t h e r  studies a re  needed to determine details 
of this process. 

The experimental evidence obtained at low tempera- 
tures in the range T = 1.2-1.5 "K shows that 7;' is inde- 
pendent of temperature, which can be explained allow - 
ing for the homogeneous line broadening due to the 
spin-spin interaction. Estimates indicate that, for the 
concentrations of paramagnetic centers n - 1015 -10l6 

~ m - ~ ,  the spin-spin broadening i s  in agreement with the 
experimental observations. 

Thus, our JT effect model (T x e + t ,  problem) of the 
deep CrO impurity in Si predicts the appearance of a 
new singlet vibronic state, which is not predicted by 
Ludwig and Woodbury. The vibronic states,  vibronic 
reduction, and inversion splitting explain the expeyi- 
mental results of the investigations of the low-temper- 
ature SLR and ESR line broadening. They also give the 
magnitude of the inversion splitting and the energy 
structure of the investigated centers. 

The authors a r e  grateful to M.F. ~ e r ~ e n  for his con- 
tinuous interest and valuable advice. 
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