
VOLUME 4) NUMBER 2 PHYSICAL RKVI KW LKTTKRS JANUaRv 15, 1960

plane.
In order to estimate the effect of the diffraction

of the primary beam on the secondary emission
we assumed that the diffracted beams would con-
tribute to the yield in the same way as the "nor-
mal" monotonic increase in yield with increasing
angle of incidence predicts. The proposed theory
explains qualitatively the experimentally observed
features; calculations are in progress and have
given satisfactory results so far.
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Several papers'~ have reported calculations
of the transition probabilities for quadrupolar
nuclear spin-lattice relaxation and considerable
data are becoming available. ' ' Nevertheless,
three important problems concerning quadrupolar
relaxation have not been solved. The first prob-
lem is to express the relaxation time, T„ in
terms of the predicted transition probabilities in
order to obtain a prediction that may be com-
pared with experiment. The second problem in-
volves the angular dependence of T, as the
ox ientation of the crystal is varied with respect
to the magnetic field. Experimental T, 's are
isotropic, but the theoretical transition probabil-
ities have a strong angular dependence. The
third problem concerns the temperature depend-
ence of the quadrupolar T,. Khutsishvili" has
proposed a high-temperature "four phonon"
process as opposed to the Raman "two phonon"
process considered by Van Kranendonk. ' This
Letter is concerned with these three problems.

Pound" first demonstrated and discussed the
importance of the nuclear quadrupole moment
in determining the spin-lattice relaxation time.
The first detailed theory was developed by Van
Kranendonk. ' Using the approximations that the
lattice vibrations could be described by a Debye
spectrum and that the lattice could be described
by an array of point charges located at the lat-
tice sites, he showed that the dominant quad-
rupolar relaxation mechanism was a Raman
process in which one quantum of lattice vibration
is absorbed, another quantum emitted, and a

nucleus makes a bm =+1 or a2 transition. He
obtained explicit expressions for the b,m =1 and
2 transition probabilities, S', and W» for the
NaCl lattice.

The spin systems we consider are those in
crystals of cubic symmetry with no static quad-
rupole interactions. The nuclear energy levels
are equally spaced and are given by the Zeeman
interaction, E(m) = -ySHm. Abragam and Proc-
tor" have shown that the concept of spin tem-
perature is valid for such systems when the
interactions between nuclei are stronger than
the interactions between the lattice and the nuclei
(i.e., T, «T, ). Using the spin temperature con-
cept, an explicit relation between relaxation
times and transition probabilities has recently
been given by Hebel and Slichter. ' This relation
ls
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where the energy values, 8, are chosen such
that the trace of the energy matrix is zero and
W(m, m+ p, ) is the probability of a nucleus making
a transition from state m to m+ p.

Starting with the quadrupole Hamiltonian of
Cohen and Reif,"we have carried out calcula-
tions for the transition probabilities for a point-
charge zincblende lattice. The predicted value
of W(m, m+ p) is
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where C =43/8wd'vsr', r = interatomic distance,
d = density, v = velocity of sound, T = T/8
(8 is the Debye temperature), Q&~ is the matrix
element for the quadrupole operator between
states m and m+ p, E(T ) is a numerical func-
tion given by Van Kranendonk, and the E&(~)
are

(~)=, [723.4-312n'],
k1

E ( ) =, [645.4+78n'],(re)'
k2

These results are

@ "'" '=163 =04250(»"') ' f(5/2)

= 0.6S (theory),
T (»'") t@2y

T,(A1»i 2i)

», =0.75+0.10 (exp. );
Tl

@Rb") '
4 28 f(5/2)

~(»") ' f(3/2)

where'Q Qg 0.2 +Qy Qs + 0.2 0.3 and Qgp Q2& Q3

are the direction cosines between the magnetic
field and the [100], [010], [001]cyrstalline direc-
tions. The notation is the same as that used by
Van Kranendonk.

When the expressions for the transition prob-
abilities are substituted into Eq. (1), the result
is

(eQ)'CT*'E(T*)[E,( )+4E,( )], (4)
1 1 (2I+ 3)

1

Rbas
=

i i

=1 027 (theory),

=1.23 a 0.40 (exp. ).
1

Figure 1 shows the results of temperature
dependence measurements of I' in KI between
77'K and 800 K. The data lie close to the
T, ~ T ' line, the predicted high-temperature
dependence for the Raman "two phonon" process.
The T, ~ T 4 line is arbitrarily drawn through

where the term f (I) = (2I+ 3)/I'(2I -1) contains
the entire dependence of Ti on the nuclear spin.
This spin function is generally valid for the
NaCl, CsC1, and ZnS lattices because the lattice
details are contained in the E&(~) terms. While
it has been recognized that T, would depend on
the nuclear spin, ' the explicit dependence has
not previously been derived.

When the values of E &(~) are inserted in Eq. (4),
it becomes

IOOO

IOO-

Theoretical
ttwo phonon

T, 40 I'(2I -1) r" CT E(T )(3305). (5)

T, is isotropic because the angular dependences
of the transition probabilities exactly cancel.
This isotropy holds also if one uses Van Kranen-
donk's' transition probabilities for the NaC1
lattice or Yosida and Moriya's transition prob-
abilities for the NaC1 and CsC1 lattices. [Be-
cause of a different choice of quadrupole Hamil-
tonian their coefficients of n' in E,(~) are 1/16
those of n' in E,(~). This is balanced by a factor
of two difference in the Q&~'s so that the pre-
dicted relaxation is still isotropic. ] Our T,
measurements on In"' in a single crystal of
InSb at 77 K give an isotropic T, of 0.80+0.05
second. Other investigations'y have r eported
isotropic T, s in the alkali halides.

The spin function, f(I), has been experimentally
verified with measurements on A1Sb and RbC1.
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FIG. 1. Relaxation times of I' ~ in IG. The two
phonon process predicts Ti ~ T and the four
phonon process predicts T& ~ T
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the data. The scatter in the data gives a +25'K
uncertainty for the Debye temperature (which is
not available from other sources).
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300'K. It is apparent that the T, dependence of
the "four phonon" process proposed by Khutsish-
vili" does not fit the data.

The temperature dependence for the Raman
process deviates from T ' for T & 8 and is given
by Van Kranendonk's function E(T ) Figure 2.
shows the results of Ty measurements on In"'
in InP. The straight line is T, ~T ' and the
dashed line is the predicted temperature de-
pendence using E(T ). The line is calculated
using the room temperature T, and a Debye
temperature of 400'K which gives the best fit to
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FIG. 2. Relaxation times of In" in InP. Because
T & 8, the data deviate from the straight line, T& ~ T
the dashed line is calculated using Van Kranendonk' s
function, E(T*).
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