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The spin-lattice relaxation times T of self-trapped holes ( Vk centers) in KBr containing less than 
lo6 F centers and Vk centers per cm3 are measured using a sensitive luminescence method at 
temperatures 0.4 and 0.6 K in a magnetic field from 7 to 15 kG. Single-phonon relaxation of the 
Vk centers is described by the dependence T-' = (AH 3BH ')coth(gpH/2kT). The term AH 3, 
which describes the spin-spin relaxation due to the modulation of the isotropic hyperfine interac- 
tion, is independent of the orientation of the axis of the Vk center relative to the magnetic field, 
while the term BH ', which corresponds to Kronig-Van Vleck mechanism of spin-lattice relaxa- 
tion, depends on that orientation and, in the case V k  1 H, it also depends on the orientation of the 
crystal. The anisotropy of the spin-lattice relaxation rate is explained by a model of the Vk center 
which consists of a Br; molecule and the two nearest cations. 

INTRODUCTION 

Holes in alkali halide crystals can become self-trapped 
in the form of so-called Vk centers, whose cores consist of 
(halogen); diatomic paramagnetic molecules which occupy 
two adjacent sites along the (1 10) direction in the face-cen- 
tered cubic lattice.' Investigation of the spin lattice relaxa- 
tion of Vk centers is of interest because, in contrast to the 
paramagnetic ions that have been thoroughly studied (see 
e.g., Ref. 2), in the excited state of the Vk center the spin is 
coupled to the axis of the molecule. As a result of this cou- 
pling, the spin-lattice relaxation rate should depend on the 
direction of the magnetic field in a characteristic way. In 
addition, the anisotropy of the spin-lattice relaxation rate 
gives information, presently lacking for not fully symmetric 
oscillations, on the magnitude of the electron-vibrational in- 
teraction in the Vk center. 

To the present time the spin-lattice relaxation of Vk 
centers has been studied mainly by the paramagnetic reso- 
nance saturation m e t h ~ d . ~ - ~  Single-phonon spin-lattice re- 
laxation due to the hyperfine interaction has been studied in 
Refs. 4 and 5. However, neither the absolute value nor the 
character of the anisotropy of the measured spin-lattice re- 
laxation rate agreed with the theory for isolated Vk centers.' 
To explain this discrepancy, the so-called fast-relaxation 
centers were invoked, these centers being formed in the crys- 
tal both as a result of the high concentration of Fcenters and 
Vk centers ( -  1018 ~ m - ~ ) ,  and as a result of the introduction 
of impurities for the purpose of good coloring ability. Thus, 
the basic mechanisms and the rate of spin-lattice relaxation 
of self-trapped holes have not as yet been determined. 

In this investigation we have used a luminescence meth- 
odC9 to measure the spin-lattice relaxation of Vk centers in a 
crystal having a low concentration ( < 1016 cmP3) of centers. 
The measurement method we used is based on the depen- 
dence of the intensity I of the photostimulated recombina- 
tion luminescence on the spin polarization P of the ground 
state of the electron Fcenters and hole Vk centers. The inten- 
sity of the singlet-singlet luminescence of Vke centers (of 
(halogen):- molecules), formed by the tunneling of an elec- 
tron to the self-trapped hole, under constant illumination in 

the F-center absorption band, depends on the temperature T 
and the magnetic field H like6 

I ( I I ,  T )  =! [I-,aP,(H, TIP" ( H ,  T)1, (1) 
where the coefficient B is equal to the intensity of the lumi- 
nescence in zero field and a 5 1 is a factor that takes into 
account the loss of spin memory after optical excitation of 
the F center. If a nonequilibrium spin polarization is created 
by a rapid change in the temperature, the polarization begins 
to relax towards the equilibrium value 

Pi=th ( g i p H / 2 k T ) ,  (2) 

where gi pH is the splitting of the spin sublevels. The time 
dependence of the luminescence intensity (at athe new tem- 
perature) is determined by the spin-lattice relaxation rates of 
the F centers and Vk centers. To study the magnetic field 
dependence of the spin-lattice relaxation, it is advantageous 
to forgo the radio-frequency method of exciting the spin sys- 
tem. However, in this case one measures the relaxation rate 
averaged over the components of the hyperfine structure. 

METHOD 

For the experimental sample we chose the crystal KBr, 
which emits intense luminescence in the band of the singlet- 
singlet transition of the Vk e center. The KBr single crystals 
were grown in air from a specially pure grade of salt by the 
Kyropoulos procedure. Plates of dimensions 8 X 8 X 3 mm 
were fastened into a magnetooptical He3 cryostat1° in the 
center of a superconducting solenoid having a vertical axis, 
so that the field was parallel either to the (100) or the (1 10) 
axis of the crystal with an accuracy better than 3". The color 
centers were created by x-irradiation at 80 K. Preferential 
orientation of the Vk centers was established by irradiation 
with linearly polarized light in the absorption band of the Vk 
centers (-380 nm). The direction of the light polarization 
vector was chosen such that the centers were oriented either 
parallel or perpendicular to the magnetic field. The neces- 
sary irradiation dose was determined from the saturation 
value, 20%, of the linear polarization of the recombination 
luminescence. The concentration of F centers and Vk 
centers remaining after the orientation was in the range 10'' 
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FIG. 1 .  Experimental diagram of the apparatus. 1 )  Cryostat, 2) crystal, 3) 
current source for the superconducting solenoid, 4) x-ray source, 5) lamp, 
filters (S3S-22-FS-1 + FS-6), and polarizer for orienting the Vk centers, 6) 
lamp and monochromator for stimulation, 7) filters (UFS-2 and 2 cm 
saturated solution of NiSO,) and photomultiplier, 8) amplifier/discrimin- 
ator, 9) pulse counter, 10) multichannel analyzer, 11) computer, 12) heat- 
ing-current source. 

to 1016 cmP3. The luminescence in the singlet-singlet band 
and the stimulation in the F absorption band were measured 
in directions perpendicular to the magnetic field (see Fig. 1) 
through a slit in the solenoid. The intensity of the stimulat- 
ing radiation was held at 10" photons/sec in order to de- 
crease the rate of decay of luminescence intensity due to the 
decrease in the number of recombining centers (one F cen- 
ter-Vk center pair is annihilated in the emission of one lumi- 
nescence photon). The intensity of the stimulated lumines- 
cence was two orders of magnitude greater than the intensity 
of the tunneling recombination luminescence occurring 
without stimulation. 

The spin polarization was driven out of equilibrium by a 
periodic modulation of the temperature of the crystal 
between 0.4 and 0.6 K produced with a heater attached to 
the crystal holder. In a special experiment, in which the tem- 
perature of the crystal was measured from the resistance of a 
grafoyl film applied to the crystal, it was shown that the 
temperature variation was approximately exponential, with 
a time constant 0.15 sec. The luminescence was measured by 
a photo-multiplier operated in the photon counting mode. 
The signal was accumulated for 5 min in a multichannel 
analyzer synchronized with the heater (lo4 single-photon 
pulses in each of the 255 channels). 

The time dependence of the luminescence intensity, 
corresponding to heating or cooling was approximated, us- 
ing least squares, by a two-component exponential: 

Z( t )  =Io+ I ,  e x p  ( - t / ~ ~ )  +I2 exp ( - t l ~ , ) .  (3) 
In the measurements on KBr we found that T, 2 207, and 
I, =I2. It is easy to show that if the spin polarizations of the F 
and Vk centers vary exponentially with greatly differing re- 
laxation rates, then the luminescence intensity (1) is de- 
scribed by formula (3). The value of T, we obtained were in 
good agreement with previous measurements of the spin- 
lattice relaxation times of Fcenters." Consequently, T, de- 
scribes the spin relaxation of the Vk centers. 

At each of the values of the magnetic field the measure- 
ments were carried out for several temperature modulation 
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FIG. 2. Spin-lattice relaxation rate as a function of magnetic field for: 1)  
HJly, 2) Hl(z, 3) Hllx. Curves 1, 2, and 3 are plotted from the formula 
[T coth( gpH/2kT)]-' = A H  + BH 5 .  The values of A and B are shown 
in Table I. 

frequencies. In approximating the time dependences, a lin- 
ear correction was introduced into the total luminescence 
decay, and an exponential correction was applied to the rate 
of change of the crystal temperature. 

RESULTS 

Figure 2 shows log-log plots of the spin-lattice relaxa- 
tion rate of the Vk centers vs the magnetic field strength for 
the orientations Hl(x, Hl(y, and Hllz (see Fig. 3). The relaxa- 
tion rate is maximal if the magnetic field is along they axis 
and minimal if the field is along the x axis. In both cases the 
axis of the Br; molecule is perpendicular to the magnetic 
field. In the lengthwise orientation (Hllz) the rate has an in- 
termediate value. The points on the graph were obtained by 
averaging the experimental data obtained at 0.4 and 0.6 K 
taking into account that for single-phonon spin-lattice relax- 
ation, T- ' -coth( gpH/2kT). On the basis of physical con- 
siderations, these dependences were approximated by least 
squares by the formula12 

[ T  cth ( g y H / 2 k T ) ]  -'=AH3+RH5. (4) 
The values ofA and B that were obtained are shown in Table 
I. It can be seen that A is isotropic and B is anisotropic. To 
ascertain the extent to which the measured values of the re- 
laxation rate are characteristic of isolated Vk centers, the 
measurements were carried out over widely varying stages of 

FIG. 3. Cluster in a KBr crystal. This cluster, after capture of a hole and 
static displacement of the ions as indicated by the arrows, can be taken for 
a Vk center. 
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TABLE I. Spin-lattice relaxation constants B[106 sec-' kGP5] and 
A [104sec-' . kG-3] and the dimensionless constants h f, for V ,  centers in 
KBr. The error is assumed equal to the double-standard deviation. 

Experiment Theory 

I B I A  ..ic 1 ad h? 1 hi, 1 h3' 

2,52*0,24 

de-excitation corresponding to an order-of-magnitude 
change in the concentration of Vk centers and with stimula- 
tion in the F ' center absorption band. To the limits of experi- 
mental error we observed no changes in the relaxation rate of 
the Vk centers. 

DISCUSSION 

I .  Vk -center model. When a hole is self-trapped, there is 
a strong local static lattice distortion. Anions I and I1 come 
closer together along the z axis (by 37% in KBr),13 the neigh- 
boring ions lying in the z = 0 plane are repelled, and so forth 
(see Fig. 3). l4 The local symmetry of the defect is D,, . The 
EPR spectra of the Vk centers are well described by a model 
in which the electron wave functions are localized on anions 
I and I1 and the effect of the surroundings is described within 
the crystal field approximation (see Ref. 15, from which we 
also have taken the numerical characteristics of the Vk cen- 
ter, as cited below). Henceforth we shall use this model. 

The ground state of a Vk center, 

where b  ,, , b  ,, and b ,, transform as the coordinates z, y, and 
x, is a Kramers doublet. The arrows .t and 1 designate the 
spin states, which are quantized along the external magnetic 
field. In the zero-order approximation the excited states are 
obtained by the transition of one electron to the unoccupied 
b ,, orbital. Thesplitting SE = E (B,,) - E(Bl , )  z E  (B,,) 
- E (B ,, ) z 2  eV is due to the molecular field (2 - .rr split- 
ting). The splitting of the excited states, due to the crystal 
field, A = (b  ,, ( H ,  (6 ,, ) - (b  ,, ( H v  (b  ,, ), is of the order 
0.1 eV and is comparable with the energy R of the spin-orbit 
interaction. For example, in KBrR /A = 36 whilein LiClR / 
A = 0.1. In the calculations we used basis functions based on 
the molecular orbitals and diagonalized with respect to these 
two interactions 

In2,*>=uiI b3,*>*iu21 b2,*), In,,*)=u21 b3,*)?=iull b2,*>, 

(6) 
where 

Here f indicates the spin states quantized along the axis of 
the molecule. 

2. Spin-lattice relaxation mechanism of the Vk centers. 
The singlet-phonon spin-lattice relaxation rate can be writ- 
ten in the form of a sum, each term of which gives the spin- 
lattice relaxation rate determined by the normal vibrations 
of a single symmetry 

where 

ctb ((61 = C siab (n ,  rn) ha6qg'R (n ,  m) q. 
n,m.a 

Here EL (n, m) is the coefficient of expansion of the coordi- 
nate Q P of the ith normal vibration which transforms as the 
b  th irreducible representation of the symmetry group of the 
defect, in terms of a translation of the mth atom of the nth 
unit cell in the direction a (a = x, y, 2). the quantity R(n, m) 
is the equilibrium coordinate of n, m atom; q is the phonon 
wave vector, R are the direction cosines of the phonon po- 
larization vectors; p (8 = l, t,, t,) is an index that distin- 
guishes the longitudinal and transverse vibrations; va is the 
speed of sound;p is the crystal density; the integration is over 
the solid angle. The derivation of formula (7) is analogous to 
that of formula (5.35) of Ref. 2 except that in (7) we do not 
neglect vibrations that rotate the defect. l6.l7 The terms of the 
operator 

aV da, Oi"=-+-IS, 
a Q < V Q i b  

that effect the dynamic coupling between the electron spin 
system and the lattice vibrations via the modulation of the 
electric field V and of the hyperfine contact interaction a, 
govern the spin-lattice relaxation mechanisms. The spin-lat- 
tice relaxation rate depends on the magnetic field like 

where A' and Ad describe the relaxation via the hyperfine 
interaction and B describes the Kronig-Van Vleck spin-lat- 
tice relaxation mechanism. The spin-lattice relaxation 
mechanisms associated with the hyperfine interaction have 
been investigated in Ref. 5, and we use those results below 
for the KBr crystal. 

According to Ref. 13, the hyperfine contact interaction 
constant depends on the internuclear spacing r of the 
(halogen); quasimolecule in the following way: 

a, ( r )  =ao+a, exp [- ( r - r , )  la'] . (10) 

Taking into account only the contribution from the totally 
symmetric vibrations, we obtain for the operator 0 P 

oib=-2'" (a,la*) IS. (1 1) 

Here I = I, + I,, where Ii is the spin operator of the ith 
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nucleus. Substituting (1 1) into (7) we obtain the formula for 
A' 

Ac=0,2546( J I IS ( t (p3ai2r02/h4pa*2) ( ' /3vt ,-5+'/3~t,-5+v,-5) ,  

(12) 
where the bar over the matrix element means an average over 
all the values of the total spin angular momentum of the 
nucleus and of its projection in the direction of the magnetic 
field. 

The electric field operator does not contain the spin op- 
erator and the orbital angular momentum of the ground 
state is zero. To obtain a nonzero transition probability 
between the components of the Kramers doublet as a result 
of the modulation of the electric field it is necessary to take 
into account the admixture of the excited states (6) in the 
ground state (5) in two ways: a) through the anisotropic hy- 
perfine interaction operator Ba>B DUB lo! SB (Ref. 5); this 
mechanism determines Ad in Eq. (9), and b) through the 
spin-orbit and Zeeman interaction operators (the Kronig- 
Van Vleck mechanism). For the Kronig-Van Vleck mecha- 
nism we obtain from (7) in second order perturbation theory 

B= [g3p5h"/8n2R4p ( 6 E )  ' 1  { h l  (HIH, b,  A )  

x z  vB-'j GPb ( Q )  Gg" ( Q )  dQ 
B 

where the remaining two terms in the curly brackets are ob- 
tained from the first by cyclic permutation of the indices 
a, b, c = 1, 2, and 3. The non-totally-symmetric vibrations 
of symmetry 0 ,, , P,, , and p ,, contribute to the relaxation. 
The dependence of B on the orientation is included in the 
dimensionless coefficients h, . The expressions for h, for an 
arbitrary direction are complicated. Here we show these ex- 
pressions for the three field orientations that we used. 

for Hllz (14) 
h3=2+ (A2-h2-261)  / ( A 2 + h z ) ,  

h2=2+ (A2-hZ+2Ah) / ( A 2 + h 2 ) ,  hi=O; 

for H l l ~  
h3=1+6h/6,h1- (A2+Ah) /  (A2+h2),  

h2=0, hi=& 
for Hljx 

h3=0, h2=1+6h/6,hf- (AZ-Ah) / (A2+h2), 

1i1=6. 

Here 6=i(b2u~l,~b1u>~i(b1U~lY~b,,>, 

where I, is the orbital angular momentum operator. From 
(14) it can be seen that the anisotropy of the Kronig-Van 
Vleck mechanism is determined, first, by the character of the 
interaction with the non-totally-symmetric vibrations (for 

each vibration there is one direction of the magnetic field for 
which it is inactive), and second, by the properties of the 
diatomic molecule (h, and h, depend essentially on R /A ). 

3. Discussion of experimental and theoretical results. 
The numerical values of the coefficients h i for KBr are giv- 
en in Table I (A = - 0.007 eV, R = 0.25 eV, R ' = 0.29 eV, 
S = 0.7, and 6, = 1). The experimentally determined anisot- 
ropy of the spin-lattice relaxation rate can be qualitatively 
understood if we postulate that the self-trapped hole inter- 
acts only with the non-totally-symmetric vibrationsp ,, . Ac- 
tually, in the two cases where the axis of the molecule is 
perpendicular to the magnetic field (see Fig. 3) the experi- 
ment gives B (Hlly) > B (Hllx). In the two cases where the 
magnetic field is along the ( 1 10) axis but is either parallel or 
perpendicular to the axis of the molecule, we have 
B (HJJ  y) > B (Hllz). These same relations between the corre- 
sponding coefficients h are satisfied for p,, vibrations and 
are not satisfied for p,, or p ,, vibrations (see Table I). 

The simplest model of a V, center which has all the 
vibrations present in the spin-lattice relaxation is a planar 
four-ion complex (anions I and I1 and cations I11 and IV in 
Fig. 3) in a crystal. Three librational symmetry vibrations 
p ,, , b Z g ,  andp,, correspond to rotations of the entire com- 
plex about the z, x, and y axes. The single "internal" vibra- 
tion (in which the two ion pairs I, I1 and 111, IV vibrate 
around the x axis in antiphase) hasp,, symmetry. It is natu- 
ral to suppose that it is this latter vibration that is character- 
ized by the largest electron-phonon interaction constant. 

To evaluate the electron-phonon interaction constant, 
we write down formula (13) in the form of three equations 
linear in the squares of the matrix elements, where, in the 
place of B, we use its three experimental values for the three 
orientations of the field (we have neglected the librational 
p3, vibration in comparison to the internal one). We obtain 

where we have used v, = 2.97 . 10' cm/sec, y,, = 2.22 . lo5 
cm/sec, v, = 1.35 . 10' cm/sec, R ,  = 6.596 A for the lattice 
constant,lgp = 2.75 g/cm3, and SE = 2.19 eV. 

The values of the electron-phonon interactions are ac- 
ceptable, since the differences of the matrix elements of the 
interaction operator corresponding to the totally symmetric 
vibrations are of the order 3 ev/A (this estimate can be made 
on the basis of the results of Ref. 19). On the other hand, by 
regarding the p,, and p,, vibrations as librations of the 
(halogen); diatomic molecule about the y and x axes we 
obtain in the adiabatic approximation an estimate for the 
electron-phonon interaction constant that in order of magni- 
tude agrees with (15) (Ref. 5). 
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In contrast to (15) the values obtained for the electron- 
phonon interaction for the P2, and P,, vibrations are not 
different, since the difference is determined by the small 
splitting of the IB,, ) and IB,, ) states by the static crystal 
field. One could probably obtain agreement between calcula- 
tion and experiment if, in the description of the dynamic 
interaction of the (halogen); molecule with the surround- 
ings, the surroundings were taken into account from a mi- 
croscopic point of view. 

Let us now evaluate the contributions to the spin-lattice 
relaxation from the hyperfine-interaction mechanisms. We 
obtain A' by substituting the values ro = 2.94 A, a* = 0.627 
A, and a, = 392 MHz, obtained from Ref. 13, into formula 
(12), and we obtain Ad using the electron-phonon interaction 
constant (15) (see Table I). The constant Ad is anisotropic 
and, since it is an order of magnitude smaller than A', this 
mechanism is unimportant. The value ofAC is in good agree- 
ment with the experimentally determined value of A, which 
is isotropic and only larger by a factor of two. 

Thus, both the experimental calculations and the ex- 
perimental determination that the spin-lattice relaxation 
rate is independent of the concentration of centers allows us 
to state that the relaxation rate that we have measured is 
characteristic of the Vk center itself. 

CONCLUSION 

There is as yet no satisfactory theory of V, centers that 
takes into account with sufficient accuracy the effect of vi- 
brations on the electric field at the position of the Vk center. 
By comparing a simple model with experiment we were able, 
however, to show that at a low concentration of centers the 
measured single-phonon spin-lattice relaxation takes place 
as a result of the basic mechanisms that have been estab- 
lished for isolated paramagnetic centers. The Vk center is of 
interest as a single, simple, molecular center which exists in 
an ionic crystal and for which it is known at the present time 
that the modulation of the hyperfine interaction and the 
Kronig-Van Vleck mechanism give comparable contribu- 
tions to the spin-lattice relaxation. In the case of oxygen mol- 
ecules in alkali halide crystals, one can consider only the 

Kronig-Van Vleck m e ~ h a n i s m . ' ~ . ~ ~  In the case of the CaO, 
molecule in calcite only the hyperfine interaction is impor- 
tant.*' Moreover, in the alkali halides the Vk centers repre- 
sent a variety of cases with widely differing parameter ratios, 
A / A  which must be manifest in a variety of cases of anisotro- 
py of the spin-lattice relaxation rate. 

The authors thank G. S. Zavt and V. S. Vikhnin for 
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crystals. 
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