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A theoretical and experimental investigation was carried out of tunneling, between various 
structural positions in a crystal, by microparticles coupled to centers that have simultaneously 
paraelectric and paramagnetic properties, in the presence of electric (E)  and magnetic (H) 
fields. It is established that electric-field effects of a qualitatively novel type are possible in EPR of 
the systems considered. The experiments were performed by the EPR method on quartz crystals 
with low-symmetry A1-0- centers, in which a paramagnetic hole can be localized on one of the 
two oxygen ions of the A104 tetrahedron, or can become delocalized relative to these ions. An 
anomalous influence of the electric fields in the EPR signal intensity was observed at T z  30 K. 
The dependences of the effect on the orientations of E and H, as well as on the intensity of the field 
E, and on the number of defects in the crystals, are investigated. 

1. INTRODUCTION 2. THEORY 

Investigation of tunneling by microparticles is essential 
for the solution of many problems in physics, chemistry, bio- 
logy, and engineering. Detailed information on tunneling 
in a solid is obtainable by microwave-spectroscopy methods, 
such as paraelectric resonance5-' which is observed in 
centers having electric dipole moments and tunneling 
through the crystal. If the tunneling paraelectric centers are 
furthermore paramagnetic, observation of EPR on them in 
the presence of external electric fields provides unprecedent- 
ed opportunities of obtaining information on microparticle 
tunneling. 

Various electric-field effects in EPR of localized centers 
have by now been thoroughly in~est i~ated.~. '  Relaxation of 
tunneling centers was considered in Refs. 10-13, and the 
influence of an electric field on a system with a threefold 
degenerate electron ground term of symmetry T, was inves- 
tigated in Ref. 14. It can nevertheless be stated that there are 
no published reports on the influence of electric fields on the 
frequencies and probabilities of EPR transitions of deloca- 
lized paraelectric centers. To a considerable degree, this is 
due to the fact that until recently a theory of electric-field 
effects in EPR was developed only for paramagnetic impuri- 
ty centers with fixed positions in the crystal. At the same 
time, paramagnetic paraelectric centers that tunnel through 
crystals are quite frequently encountered. Foremost among 
them are orientation-changing electron-hole centers. These 
objects, as will be shown below, are subject to qualitatively 
new electric-field effects of a type that differs from the tradi- 
tional  one^."^.^ 

Tunneling studies by microwave-spectroscopy methods 
were confined as a rule to high-symmetry cubic centers. Re- 
cently, however, active research into low-symmetry centers 
using microwave spectroscopy have been initiated.I5 It is 
important therefore to increase the number of objects in 
which tunneling effects due to low-symmetry system can be 
occur. A distinctive feature of these systems is the presence 
of an adiabatic potential with a small number of wells, so 
that they canbe treated as appropriate model systems. At the 
same time, the large number of parameters of the external 
actions can lead to a large number of effects related both to 
the orientation of the fields and to their absolute values. 

1. Following Ref. 7, we assume the following: 1 ) Local 
symmetry of the paramagnetic center (PC) in the initial 
symmetric nonequilibrium position corresponds to the point 
group C,, . 2)  Tunneling between two equivalent minima of 
the adiabatic potential leads to a two-level system with tun- 
nel splitting A, i.e., the vibron problem has been solved. In 
addition to the assumptions of Ref. 7, we recognize here that 
each of the levels is doubly degenerate in spin. We character- 
ize the lower and upper levels by irreducible representations 
( IR)  r5 and r:" respectively (see Ref. 16 for the designa- 
tions of the IR). The z axis of the rectangular coordinate 
system is chosen along a twofold axis, and the x and y axes in 
reflection planes. We assume that the minima of the adiaba- 
tic potential (the wells) lie on they axis. The influence of the 
electric and magnetic fields is described by the matrix M, of 
the perturbation operator-p-H-d-E, where p and d are the 
effective magnetic and electric dipole moment of the PC. 
Numbering the wave functions in the sequence $r?,$L5, 
$r3(l', $?(I), we obtain16 for the matrix elements (ME) of 
the matrix M,, whic includes also the gap A, 

The constants a andB are the ME of the operators - di and 
p i ,  respectively. For example, 

(1) 

ia, = !+: (- d,) dr.  

We refer to the representation that leads to the matrix M, as 
symmetrized. 

We transform from the symmetrized representation 
( 1 ) to a well representation by using the unitary transforma- 
tion 

where the nonzero matrix elements of S are 
sll =s13=s22=s24=s32= -s 34-  -s 4 1 -  - -s 4 3 -  - 1/ 
2. The ME of the matrix M ,  contain, besides the parameters 
of M,,  also the linear combinations 
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The row and column numbering that follows from (2)  for 
the matrix M, corresponds to the sequence q, ; ,q, ,+ ,q, ; , 
q, ,+ (q, p is a function of the ith well with spin projectionp). 
Note that it is convenient to use the matrix M, in the case of 
weak tunneling and the matrix M, for strong tunneling. 

2. Since our aim is an approximate solution of the prob- 
lem, we perform beforehand one more unitary transforma- 
tion of the matrix M ( M ,  or M, ) : 

in a representation in which the 2 X 2 blocks along the princi- 
pal diagonal ar diagonalized (MI, = M,, = O), and U is a 
quasi-diagonal matrix. Without writing out the general ex- 
pressions for U, and % (in the form of ME of the matrix 
M),  we write, only as an example which we shall use below, 
the diagonal ME of the matrix M ,  already in explicit form 

where 

The subscript s numbers the axes x, y, and z. 
3. Let us find approximate solutions for the matrix M. 

We choose its diagonal ME as the zeroth approximation, 
and the remaining ME as a perturbation. This means small- 
ness of the ME of the intertunnel states in the case of M, and 
of the ME between the different wells in the case of M,. 
Analysis of expressions (5  and (6)  shows that cases when 
MI, = E3,, EZ2 = E4, or MI I = a,,, G2* = %33, (i.e., de- 
generacy or close placement of two levels) are possible at 
definite orientations and values of the fields E and H. It is 
convenient therefore to develop the theory for the case in a 
way that one pair (our of the four) levels is considered exact- 
ly, and the ME between the states of different pairs are treat- 
ed as a perturbation. To make the approach general, the dis- 
tance between the levels in the pair must be regarded as 
arbitrary rather than small or zero. This problem is consid- 
ered in general form in the Appendix. 

FIG. 1. Schemeof energy levels and of the two-well potentials in which the 
particle tunnels. The vertical wavy lines separate region I from regions 11. 
The numbers i in the small square correspond to expression ( 5  ), and the 
numbers i in the small circles to expression (8).  

4. We present the calculation results for the matrix M, 
in the case when the field H is directed along an arbitrary 
coordinate axis s. We note beforehand, however, that it fol- 
lows from (5 )  that at different values of Ey one and the same 
level can cross different levels (Fig. 1, dashed line). We 
therefore divide the range of variation of Ey ( - oo to + oo ) 
into two regions. We choose the boundaries of the regions 
arbitrarily at the points E,b = , g,Hs/2a4. It is important, 
however, to have the distance between levels near the bound- 
ary large enough for perturbation theory to be applicable. 
The energy structure is of the form: 

1) Region I ( (E,(<jE,b() :  

2) Region 11: 

where 

Terms of second order of smallness [the second term of 
(A. 1) ] have been left out of Eqs. (7 )  and (8 ) ,  since analysis 
has shown them to have no effect on the main conclusions of 
the work. The numbering of the levels in Eqs. (7 )  and (8)  is 
in accord with the pairwise grouping of the levels in each of 
the region. Figure 1 (solid line) shows the energy structure 
in accordance with Eqs. (7 )  and (8 ) .  

We present the expressions obtained for the transition 
ME from the equations of the Appendix (the numbering is 
the same as in Eqs. ( 7 )  and ( 8)  ). 

1) H J J x  

Other transitions ( 13, 24, 14, 23): 

r i j = H z ( t )  (Pi&-Qij'-iP7ESQij-)+Hu(t) ( P g Q i j - - i P 3 6 E s Q t j + ) .  

(10) 
1) Hlly(z) 

Other transitions: 

The upper sign in ( 12) corresponds to Hlly, and the lower to 
Hllz, g, = 8 ;B 14 - B7&. The expressions for Qi, are too 
unwieldy to write out here (plots of some of them are shown 
in Fig. 2) .  Equations (9)-.(12) illustrate clearly the selec- 
tion rules. 

Equations (7)  and (8)  wer used to obtain expressions 
for the transition frequencies v, and for the resonant mag- 
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FIG. 2. The resonant frequencies (a)  and the ME of the EPR transition 
probabilities (b)  vs the electric field. The subscripts ijlabel the transitions 
in accordance with the numbering of the levels in Fig. 1. The dashed lines 
are plots of Q ,,,,,,, that determine the probabilities of the paraelectric 
transitions vs E,. v,, = 21, + /h ,  and y,, is the value of y,, in the absence of 
tunneling. The plots for negative E, are mirror images of Figs. 1 and 2. 

netic-field values H,.  Plot of v, and yq vs the electric field 
are shown in Fig. 2. They correspond to a definite (discussed 
below) relation, typical of centers with weak tunneling, be- 
tween the parameters of the theory. 

3. EXPERIMENT 

The measurements were performed with a superhetero- 
dyne EPR spectrometer in the 3-cm band. The EPR signals 
were recorded from an oscilloscope screen with the constant 
magnetic field modulated by a 50-Hz field. The sample, 
equipped with coated graphite electrodes, was placed in a 
teflon ampoule filled with transformer oil. 

The principal measurements were made on samples of 
synthetic pleochroic quartz, with only one of the three Si4+ 
positions predominantly replaced by A13+. In this isomor- 
phous substitution, one of the oxygen ions of the A10, tetra- 
hedron loses an electron, and A1-0- centers are produced. '" 
We shall designate by 0, and 0, the oxygen ions on which 
paramagnetic holes (spin S = 1/2) can be localized. The 
symmetry of the A1 position in the quartz corresponds to the 
group C,. If we confine ourselves to the A10, tetrahedron, 
however, this symmetry can correspond approximately to 
group C,, . The z axis is then directed along L ; , which is one 
of the twofold axes of the crystal and which passes through 
the A10, tetrahedron from which the EPR signal is received, 
they axis is directed along the 0,-0, direction, and the z axis 
is perpendicular to the other two directions. 

According to Ref. 19, at T = 4.2 K a constant electric 
field alters the intensities of the EPR signals V, and V, corre- 
sponding to hole localization on the 0, and 0, ions. This is 
due to a redistribution of the holes over the positions of these 
ions. The total EPR signal intensity V = V, + V,, however, 
remains unchanged in this case (if there is no EPR-signal 
saturation). We have observed that at T=: 30 K the electric 
field E increases the total intensity of the EPR signals. The 
experimental results are shown in Figs. 3 and 4. We mea- 
sured in the experiment the signal peak intensity V corre- 
sponding to the center of the EPR line. No noticeable 

FIG. 3. Temperature depengence of a change produced in the EPR signal 
by a field E = 50 kV/cm, E L ; = 60°, ELL,, HIIL ;. 

changes of the width and shape of the EPR signals by the 
field E were recorded. The EPR linewidth at half-maximum 
was 0.2 Oe. It is difficult to measure accurately the shapes of 
such narrow EPR lines. The plots shown in Figs. 3 and 4 are 
independent of the polarity of the electric field and corre- 
spond to the case when the EPR signals are not saturated by 
the microwave field. The V(E)/V,,,,, dependence changes 
with increase of saturation, viz., a large E begins to decrease 
the EPR signal, apparently because of the effect of E on the 
spin-lattice relaxation of the A 1 - 0  centers, an effect de- 
scribed in Ref. 13. 

The measurements were made mainly at HIIL; and 
Ê L ; = 60°, ELL, (is the threefold axis). A study of the 
dependence of the effects shown in Figs. 3 and 4a on the 
orientation of the fields E and H relative to the crystal axes 
was made difficult by the smallness of the effects and by 
superposition of EPR signals from the centers correspond- 
ing to A13+ in other sparsely occupied positions of Si4+. At 
the same time, we succeeded in establishing the following. 
The effect takes place at EllL, and is absent at EllL ;. If the 
crystal is rotated in a magnetic field around the L, axis, the 
value of V(E)/V(O) changes little, and the effect tends to 
increase as H approaches L ;. Conversely, if the crystal is 
rotated around the L ;  axis the V(E)/V(t) effect is essen- 
tially anisotropic. When the field H is oriented close to the 
0,-0, direction, the effect is a maximum is approximately of 
the same size as at HIIL ;, while for H oriented near the x 
axis (in which case the EPR line is located in the strongest 
magnetic field), the effects shown in Figs. 3 and 4 are absent. 

The foregoing effects were observed, besides in synthet- 
ic quartz, also in natural samples of smoky quartz. We did 
not succeed in observing these effects in samples of honey- 
comb or morion quartz, which contain more defects. 

FIG. 4. Dependence of the EPR signal intensity on the electric field, V , , ,  
is the maximum EPR signal, T = 30 K. Points-experiment, solid line- 
theory according to Ref. 16. 
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4. COMPARISON OF THEORY AND EXPERIMENT. 
DISCUSSION OF RESULTS 

In real crystals, resonant centers are acted upon, besides 
the external electric field E, also by internal elect-ric fields e 
due to lattice defects, so that the resultant field is 29 = E + e. 
LetJ; ( e , )  be the distribution function, normalized to unity, 
of the ith component of the field e. The general expression 
for the EPR line shape can be represented in the form 

where c is a dimensional factor that includes the density of 
the centers; g (v  - v j )  is a function of the profile of a line 
with resonant frequency v,, (we denote its halfwidth by 
Svj ); wj is the square modulus of the ME transition. The 
summation in (13) is over all possible transitions. If, how- 
ever, the investigation is carried out at frequencies close to a 
definite resonant frequency v,, the contribution from transi- 
tions with I ' # I  can be neglected, inasmuch as 
( v  - v,, I %Sv,, for these transitions and g(v - v;) z 0  can 
be neglected. In accordance with the experimental condi- 
tions we confine ourselves to EPR transitions at the frequen- 
cy v, (Fig. 2a). Since the components Ex and E, enter in the 
theory in the form of perturbation-theory corrections and 
experiment has revealed no influence of such fields on the 
frequencies and intensities of the transitions, we neglect her- 
after these influences (a, = a, = 0, a,, - E, <A/2), so 
that only integration with respect to de, remains in (13). 

The dependence of v, on w, on the electric fields is de- 
termined by the ratio of the parameters of the theory. Analy- 
sisshows that for (psH,I)lAl, wherep, =P;,f?, = P $ ,  
0, = 0 2 ,  the frequencies and probabilities of the EPR tran- 
sitions in region I can depend substantially on the field E. 
The parameter /3, can be interpreted as the magnetic mo- 
ment induced along the s axis by the tunneling of the charge. 
The presence of the magnetic moment P, can lead to various 
effects on strongly tunneling centers, for example to the on- 
set of magnetic ordering of the centers as the crystal is 
cooled. If, however, I/3,Hs 1 4 A we obtain in region I 

= W2, = 0, U l 3  = w,, = w,, and v,, = v,, = v,, so that 
the EPR does not depend on the electric field and coincides 
with the signal from the localized centers. Analysis shows 
that the parameters p, and on for weakly tunneling centers, 
such as the A1-0- centers, are negligibly small. 

In region I1 there is produced near the level "crossing" 
a field interval SE in which the frequencies and probabilities 
of all the transitions are unequal to the corresponding values 
for localized centers. This can lead to a dependence of the 
EPR signal intensity on the field E. We represent expression 
( 13) in the form 

V ( E )  =Vma-6V ( E )  , (14) 
where SV(E) contains integration over the region in which 
the inequality noted above takes place, and V,,, = cw,g(O) . 
For 6v) I r , ,  I we have SV(E) = 0, and in the opposite case 

where E, = gsHs/a4 and SEz0,5 1 T , ,  /'a,-'Sv is a devi- 
ation of 8, from Eo such that g(v, - v j )  = 0,5g(0). Ex- 
pressions ( 14) and ( 15 ) can be interpreted as follows: The 

delocalized centers for which 29, lies in the interval 
IE, f SE I make no contribution to the EPR signal at the 
frequency v,. When an external field that "shifts" the distri- 
bution function is applied to the sample, the number of these 
centers decreases, making the EPR signal stronger. We 
choose f, ( e , )  to be a Gaussian with half-width B (Ref. 7 )  
and obtain then for V(E) 

V ( E )  -1  -- E - E  '""4-( y)'] (16) 
Vmw n '"B 

The value of E for quartz crystals was the subject of a num- 
ber of studies (e.g., Refs. 7 and 13), according to which 
a,zz (10" - 10") Hz (we put h = 1). The values of E, 
and Sv are known directly from experiment: 
a,E, = gsH, = v,/2 = 0,5. 101° Hz and& = 3. lo5 HZ. For 
a,Z = 33 10'' Hz (which is close to the value of a,g deter- 
mined for the investigated sample by independent meth- 
ods7," and for r , ,  = 3. lo7 Hz the relation ( 16) agrees with 
experiment satisfactorily (Fig. 4).  With increasing defect 
content in the crystals, a,E increases and then, according to 
( 16), the effect of the electric fields on the EPR signal wea- 
kens, and this explains the absence of effects in samples with 
large defect contents. 

The influence of the E-field on the EPR signal is ap- 
proximately the same at Hllz and Hlly and is nonexistent at 
HIIx. In accordance with the foregoing this means that I T,, I 
has for Hllz and Hlly approximately equal values I T,., / ~ S V ,  
whereas for Hllx, on the contrary, IT,,, I &Sv. An explana- 
tion of this angular dependence of the effect follows from 
Eqs. (7)  and (8 ) ,  according to which 

To estimate these quantities, we compare the parameters 
contained in Eq. (5)  (this equation corresponds to isolated 
wells) with the parameters of the spin-Hamiltonian of a 
spin- 1/2 particle: 

where fi, is the Bohr magneton and gij are the components 
of the g-tensor of the particle. Taking into account the nu- 
merical values of the g-tensor of the A1-0- centers in 
quartz,'' we obtain from ( 17) IT;, 1 = 1,14.A*. lo-,, 
IT;,, I = A*. 1,17. lop2. Since experiment yields 
lr,, I = 3.10' Hz, we obtain for T = 30 K A* = 3.109 Hz. 
For T = 4.2 K we have for th investigated object, according 
to Ref. 7, A'z  lo6 Hz. For T = 4.2 we have accordingly 

I I?;,, I = I r;,, I = lo4 Hz (Sv = 3 '  lo5 HZ., SO that the theo- 
ry explains also the fact that the field E does not influence the 
total signal of the A1-0- centers in quartz at T = 4.2 K. 

The causes of the increase of A* of the investigated ob- 
ject at T z 3 0  K compared with A* at T = 4.2 K are not 
known at present. We note at the same time that for parae- 
lectric centers the tunnel splitting depends as a rule on the 
temperature.5 It is possible that as the temperature rises the 
tunneling proceeds more and more via excited vibronic 
states of the center, for which A is large, while for T >  30, 
owing to the rapid increase of the level width r; ' the condi- 
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tion 7; > 1 r7,4 1, at which phonon localization ofthe centers 
takes place,*.' begins to be met. Allowance for the excited 
states does not change the foregoing arguments and can be 
reduced to an effective change of the parameters of the theo- 
ry. 

The tunnel effects considered here can manifest them- 
selves also in other resonance phenomena. Thus, in the pres- 
ence of delocalization, paraelectric transitions can take place 
at frequencies close to v z  / T, 1; the probabilities of these 
transitions are given by Eqs. (9 )  and ( 1 1 ) and are shown by 
the dashed lines of Fig. 2. These resonances can influence 
one another if paraelectric and EPR transitions are simulta- 
neously excited. Such a double tunnel-magnetic resonance 
may be effective for the study of the tunnel splittings on 
centers with weak tunneling (when direct recording of the 
paraelectric resonances on them is difficult), by using the 
influence of the paraelectric resonances on the higher-fre- 
quency EPR transitions. 

We note, finally, that all the foregoing conclusions re- 
main in force if it is assumed, in accord with experiment, that 
the resonant magnetic fields are varied rather than the fre- 
quencies. 

5. CONCLUSION 

The previously investigated electric-field effectsh.' dif- 
fer from those considered here in that they pertain to centers 
localized in one of the structural positions, and no tunneling 
takes place in them. Most of these studies were made on 
objects having only one structural position. In the case of the 
so-called reorienting centers, which can have several posi- 
tions, the electric-field effect was investigated, just as for 
one-structure centers, in only one of the positions (in which 
case the EPR could serve also as an indicator of their occu- 
pancy). A characteristic feature of all these studies is that 
they deal with effects connected with a change produced by 
the E-field in the parameters of the ordinary spin Hamilto- 
nian that describes the resonant phenomena in the absence of 
an electric field (the so-called linear electric-field effect and 
its derivatives). 

For tunnel electric-field effects to be observable the pa- 
rameters that are specific to the effect, viz., the tunnel split- 
ting A and the operator ME of the magnetic and electric 
fields between the states of the different minima of the adia- 
batic potential, must differ from zero. In addition to meeting 
this condition it is necessary to determine the relation be- 
tween these parameters and the Zeeman and Stark energies 
in each of the wells. The conditions for realizing these effects 
in regions I and I1 are not equal and are connected with 
different parameters of the theory. Thus, in region I the pa- 
rameter A by itself does not lead to any effects. It is also 
necessary here, howeer, to have the zeroth-approximation 
Stark and Zeeman energies almost equal. If the foregoing 
conditions are met, the frequencies and probabilities of the 
transitions turn out to be anomalously sensitive to the exter- 
nal electric field, and it is this which leads to the tunnel elec- 
tric-field effects. 

APPENDIX 

Assume an arbitrary Hermitian quasi-diagonal matrix 
M such that M , z  = M,, = 0. Interchanging rows and co- 

which diagonal M E  of simultaneously considered levels are 
located alongside one another. We generalize a method, pro- 
posed'' for a group of degenerate levels, to include the case 
of arbitrary distance between a group of levels. To  this end 
we carry out a unitary transformation Tii = v- 'mu that leads 

- 
to E,,  = m,, = 0. The quasi-diagonal matrix u and the ME 
mi, differ from the matrix Uand the M E  a,j by the substitu- 
tion M i j  - m V .  Using as the zeroth approximation the diag- 
onal M E  Ei, = EjO' and as the perturbation the off-diagonal 
ME, we obtain, accurate to second-order perturbation theo- 
ry, the energies 

k f  i , j  

and the coefficients of the wave functions 

The subscript i labels the level that enters together with the 
level j in one group, and the subscript k, levels of the other 
group. Equations (A. 1 ) and (A.2), while formally in agree- 
ment with those given in Ref. 17, differ from the latter in 
having m, f m,, . 

For an arbitrary M E  of the i-j transition due to a time- 
dependent perturbation, one can obtain 

The matrix M ( t )  coincides with the matrix M  in which the 
field components must be regarded as dependent on the 
time, and A = 0; A ,  are the expansion coefficients of the 
wave functions that serve as the basis of the matrix Tii, in 
terms of the basis wave functions of the matrix M. 
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