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Spin-lattice relaxatlon of E centers in mixed alkali halldes: KBr„C11
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Measurements of the spin-lattice relaxation time, T&, of F centers in mixed alkali halide crystals,
KBr Cl&, have been made using magneto-optical techniques: magnetic circular dichroism (MCD) and
optical pumping. These techniques consist of monitoring the recovery of the MCD signal to equilibri-
um, after an intense pulse of circularly polarized light. They were used to obtain the dependence of T&

on the magnetic field up to 6.5 T and for several relative halide concentrations x at pumped liquid-He
temperature (2 K). A computer-assisted system designed to measure relaxation pulses of the order of 1

ms is described. A model based on phonon modulation of the hyperfine interaction was modified to in-

troduce the relative concentration x. This proves to be the main mechanism for spin-lattice relaxation
for the temperature and magnetic-field range considered here, as described for unmixed alkali halides.

INTRODUCTION

F centers in alkali halides have been the subject of
many investigations. ' They are attractive systems
academically since their simplicity allows a better under-
standing of their behavior and are of technological in-
terest as materials for magnetically tuned masers, optical-
ly pumped microwave amplifiers, polarized nuclear tar-
gets for neutron scattering, and magnetooptical
memories.

An understanding of the spin-lattice relaxation mecha-
nism is fundamental for finding a way to control it.
Many papers have been published regarding optical and
resonant measurements of the relaxation time and have
provided their theoretical explanation. They have con-
sidered F centers in many alkali halides with NaC1 (fcc)
structure and CsC1 (bcc) structure, but to our knowledge
always in an unmixed matrix. It seems clear ' that pho-
non modulation of the hyperfine interaction with neigh-
boring nuclei is the main relaxation mechanism, for both
direct and Raman phonon processes, at least for
moderate magnetic fields (0.5 & H & 2. 5 T). The modula-
tion of the crystal field by lattice vibrations becomes no-
ticeable above 2.5 T and becomes dominant at higher
fields. Naturally, this is true for diluted F centers ( = 10'
centers/cm ) and reasonably high magnetic field where
intrinsic relaxation mechanism dominates.

At low temperatures (liquid helium) only one phonon
direct process is important and the temperature and field
dependence for the relaxation rate can be adjusted by an
expression of the form

gpgH
T ' =( AH +BH )coth

2kT

The first term is expected from the phonon modulation
of the hyperfine structure and the second for crystal-field
modulation.

With the semiphenomenological theory described in
Ref. 7 the coefficient A can be calculated using parame-
ters determined from independent experiments. These

values successfully scale the field dependence of T, for
pure alkali halides. Here, this theory is adapted to take
into account mixed crystals, introducing the relative con-
centration x in the calculation. Compared with the ex-
perimental results for KBr, Cl the field dependence of
T, fits the experimental data for several orders of magni-
tude of 3 and scales properly from x=0 to 1. As for the
constant 8, a model relates its value to the g factor dis-
placement measured in ESR experiments.

The measurements of T, as a function of magnetic field
must be nonresonant which justifies the use here of
magneto-optical methods. As a high sensitivity method,
it is also indicated in order to observe the intrinsic
behavior of F centers, which requires low concentration.
The magnetic circular dichroism (MCD) signal is propor-
tional to the spin polarization of the lowest quantum
state, while a pulse of intense circularly polarized light of
appropriate wavelength, propagating parallel or antipar-
allel to the magnetic field, can be used to change this po-
larization at will. The value of T, is obtained from the
recovery of the MCD signal to equilibrium after the in-
tense light pulse.

The computer-assisted system designed for signal
analysis is also described. It allows the measurement of
relaxation times of several minutes, at low magnetic fields
and temperatures, and of milliseconds, at high fields.

EXPERIMENTS

Mixed crystals were grown by the Czochralski method
for pure KCl and KBr salts, in ten different relative con-
centrations. A difference of 2% was observed between
the concentration in solid solution as measured by ion-
sensitive electrodes and that in the melt. The series
KCl-KBr was chosen because single crystals can be
grown for any concentration.

Samples with 10X 10X2 mm were cleaved, colored by
x-ray irradiation with a tungsten tube and stored in the
dark or at liquid-N2 temperature. Care was taken to keep
the concentration of F centers below 10' centers/cm
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and their distribution as homogeneous as possible by
filtering the low-energy x ray with 2 mm Al filter and ir-
radiating alternately the two opposite faces of the sample.
The optical density was measured using a Cary-17 spec-
trophotometer. The Smakula formula together with the
optical density was used to obtain the F center concentra-
tion.

The paramagnetic contribution to the magnetic circu-
lar dichroism S can be shown to be proportional to the
ground-state spin polarization P, at low temperatures,
S =EP, . This means that the spin dynamics can be fol-
lowed via the evolution of the MCD signal S(t). A high
intensity circularly polarized light pulse can remove the
spin polarization from its thermal equilibrium value. The
spin lattice relaxation time T& is then obtained from the
exponential evolution of S(t) to equilibrium, after the
pumping pulse. The basic system and a description of
MCD measurements and optical pumping can be found
in Ref. 7.

In the high-magnetic-field region the relaxation times
become short, of the order of milliseconds, thus making
necessary the introduction of some automation in the ex-
citation, detection, and data acquisition procedure. A
scheme of the system is shown in Fig. 1. The ten sam-
ples, with distinct values of x, were mounted on a support
positioned at the center of a superconducting split coil
(Intermagnetics), provided with transverse and axial opti-
cal access. Each sample could be positioned to intercept
the light path by means of an external handle.

All measurements were performed between 1.92 and
2.10 K. The temperature was controlled and measured
via the liquid-He vapor pressure with a Bourdon manom-
eter. The best wavelength for the monitoring and pump-
ing beams was determined, in each case, from the MCD
spectra as shown in the upper left corner of Fig. 1.

The measuring beam, with wavelength A, , was gen-
erated by a tungsten filament source, and a 0.5 m Jarrel-
Ash monochromator. Its circular polarization was

modulated from right to left by a 50 KHz photoelastic
modulator (Morvue Electronic Systems). A photomulti-
plier tube EMI 9558QB was used for detection. While
measuring the MCD spectra, a feedback loop in the
high-voltage supply was connected to eliminate low-
frequency anode current fluctuations.

The pumping light sources (A. ) were an Ar ion laser
and a dye laser (both Spectra Physics), with the appropri-
ate circular polarization. Two opposite phase elec-
tromechanic shutters, S, and S2, controlled the
pumping-measuring cycles, preventing phototube satura-
tion and blinding by reAections of the pumping beam.

A triggering pulse from the double timer starts the
pumping-measuring cycle. After a delay time At, shutter
S2 is opened for the pumping beam while shutter S, is
closed. A second delay time follows after closing shutter
S2 and then S, is opened initiating the relaxation mea-
surement. The signal, after lock-in detection, enters a
multichannel analyzer PARC 4203. The decay signal,
after being averaged for several cycles, is transferred to a
VAX 11/780 minicomputer by a serial RS232 interface
between averager and computer. The computer analysis
gives the T, values from the MCD signal decays and fits
the relaxation rate vs FI to Eq. (l).

In all cases the decay is pure exponential. Attempts to
burn a hole in the MCD spectra were unsuccessful, lead-
ing to the conclusion that in this experiment the absorp-
tion line is homogeneously broadened and no special
configuration was preferred regarding the F center neigh-
borhood. Moreover the MCD spectra obtained immedi-
ately after pumping were identical, except for a scaling
factor, to that obtained before. Obviously the scanning
rate used for S(t) was much lower than T, .

RESULTS AND DISCUSSION

Due to the nature of F centers, an electron trapped in a
halogen vacancy with an extended wave function, an im-
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portant interaction between the F electron and the neigh-
boring nuclei occurs, as can be seen in electronic nuclear
double resonance (ENDOR) experiments. In fact, in-
teraction even with the 9th neighbors has been detected.
On the other hand, the crystal field has little effect on the
s-orbital ground state and dipolar interactions are negligi-
ble if the centers are diluted (less than 10' centers/cm ).
Thus, the modulation of the hyperfine interaction by lat-
tice vibrations should be the most efficient mechanism for
relaxation.

A model for T, based on this mechanism is described
in detail in Ref. 7. An expression is derived for 3 in Eq.
(1) involving parameters measurable from independent
experiments,

2

where s indicates the first, second, etc. , coordination
sphere of N, identical neighbors with nuclear spin I, at a
distance r&, from the center of the vacancy. The lattice
parameter a is an experimental parameter. ' This expres-
sion involves the hyperfine structure (hfs) constant v,
measured in ENDOR experiments, the velocity of sound
U calculated from the stiffness constants from c44 ob-
tained from ultrasound, the gyromagnetic factor g ex-
tracted from ESR results, and the crystal density p. The
variational parameter g characterizes the Gourary and
Adrian type-III function orthogonalized by the Lowdin"
method to all occupied atomic orbitals, at the neighbor-
ing ions.

Following the same steps as in Ref. 7 and introducing
the relative concentration as a parameter, the model was
adapted for mixed crystals. First, the fact that different
classes of centers can exist in mixed crystals must be tak-
en into account. In the case considered here 13 different

centers can be formed with identical nearest neighbors E,
but having in the second coordination sphere n Cl and
(12—n) Br ions, with n varying from 0 to 12.

The probability of occurrence of a center with a
specific value of n is given by the binomial distribution

W(n) = ' x "(1—x)'12!
n!(12—n)!

(3)

+(12—n)vB+B, (Ia, +1)], (4)

and this is the statistical weight, for a given value of x,
the contribution of that class of center to the relaxation.
The hfs constant is different for Cl or Br ions indicated as
vc& and vB„respectively. The nuclear spin is —,', the same
for both ions. A linear dependence was assumed for the
elastic constant c44. This is justified after a close exam-
ination of the phonon dispersion relation for mixed crys-
tals. "

The dependence of g, g, and vz with x is unknown, but
given that these values are quite similar at the extremes
(x=0,1), a constant mean value can be used. Naturally
the lattice constant a changes with x and so does r &„with
the same dependence, so g(r„/a) can be taken as in-
dependent of x, taking the values —,'g and —,'g&2 for the
first and second coordination shell, respectively. A linear
dependence of the density p with x was assumed. Al-
though this is not strictly true, ' it is a good approxima-
tion.

The contribution to T
&

' due to the first neighbor'
does not depend on x and is obtained directly from Eq.
(2). The contribution of the second shell with 13 classes
of centers with n Cl and (12—n ) Br can be written as

16m. g Pz(1+v)+2)
Az(x) =

9h p(x)U'(x)

X 2 W(" )l"vciIci(Ic& + 1

FIG. 2. TI dependence on B
for ten di6'erent concentrations x
of KBr Cl& . Solid lines
represent the best fitted curves
of the model given by Eq. (1).
The deviation from the model in
the low-field region is dependent
on the concentration and history
of centers, the so-called extrinsic
behavior described in Ref. 7.
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TABLE I. Best fitting parameters. i p-13

1.93
4.30
7.81
8.90
10.1
12.3
17.0
19.9
21.1
26.4

% of AE(s 'G x10' ) AT(s'G x10' )
Br
0
10
22
33
45
55
70
80
90
100

BE (s 'G x10 )

8.10
9.90
1 7.0
25.0
39.0
68.0
96.0
100
147
230

)p-14

)p-15

~ AF

AT
———2.88 A T

which gives, using the mean of the binomial distribution,

)p-16

O. p 0.2 p.4 p.6

X(% of Br)

0.8

12

g nW(n)=12x,
n=1

and the fact that I~, and Ic& are the same and equal to —,',
gives

So~' g'V~(1+v&2)'
Az(x)=

z s (x~vci —vB, ~+vii, ) .
p(x)U (x)

Disregarding the effect of the outer shells, the constant
A was taken as

A =A, +22(x) . (7)

The experimental results for T, ' as a function of mag-
netic field up to 6.5 T, for ten different values of x are
shown in Fig. 2. Measurements were performed general-
ly at 2 K. At any time that a deviation from this temper-
ature was observed, the corresponding value of T, was
corrected using Eq. (1), which applies at this low temper-
ature, where direct processes dominate. In all cases a low
F center concentration (10' centerslcm ) guaranteed no
relaxation through dipole-dipole or superexchange in-
teractions.

The solid lines in Fig. 2 represent Eq. (1) with A and B
adjusted using the nonlinear least squares method. The
best fitting parameters are listed in Table I along with
those calculated as described above. Theoretical and ex-
perimental values of 2 are plotted as a function of x in
Fig. 3. As can be seen, theory and experiment agree well
within a multiplicative factor of 2.88 and scale properly
through the different values of x. The agreement is quite
satisfactory, taking into account the following approxi-
mations introduced in the calculation.

(i) The values of c~ used in the calculation of the ve-

locity of sound were taken from measurements performed
in nonmixed crystals free from I centers. We adopted a
linear interpolation between the extreme values of x con-
sidering the smooth behavior of mixed crystals phonon
dispersion relations at large wavelengths. '

FIG. 3. Experimental ( AE ) and theoretical ( A T ) dependence
on x of the coeScient A in Eq. (1).

(ii) As pointed out in Ref. 7, on the computation of
V~tfo~, the overlap of orbitals at neighboring ions was un-
derestimated and thus the I' electron density becomes in-
dependent of the relative motion of ions leading to an
electron nuclei interaction lower than that which actually
exists.

(iii) Only first and second coordinate shells are con-
sidered. The contribution from the third shell is negligi-
ble in all cases and constituted of the same ions. The
fourth shell is more important than the third for the
dependence with concentration but its contribution is
much smaller than those from the first and second.

CONCLUSIONS

It seems clear that the main mechanism for spin-lattice
relaxation for I' centers in low concentration in mixed al-
kali halides for magnetic fields between 0.5 and 2.5 T is
phonon modulation of hyperfine interaction. The model
developed and adapted here applies satisfactorily.

The experimental equipment is appropriate for relaxa-
tion measurement from minutes to milliseconds. The op-
tical absorption band seems to be homogeneously
broadened and no preferential configuration is seen.

It would be interesting to further check these con-
clusions measuring T, vs H and its dependence on x for
other matrices, particularly solid solutions of the same
halide and distinct alkalis such as KC1-NaCl. In such
cases, a stronger dependence on x is expected.
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