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Low temperature anomalies of the spin relaxation time of impurity nuclei due to the presence of
quasilocal oscillations are investigated. The two-phonon (Raman) mechanism of quadrupole relaxation

in nonconducting crystals is analyzed in detail.

RECENTLY much attention has been given to the dy-
namics of impurity atoms in a crystalline lattice. Fol-
lowing the famous series of articles of I. Lifshitz, ]
which were the first to consider the problem of the os-
cillation of an isotope impurity, many theoretical and
experimental papers have appeared, in which a wide
range of phenomena sensitive to the special properties
of the vibrational spectrum of the crystal impurities
have been studied (see the review by Kagan®

In the present paper, the question of the anomalous
temperature dependence of the spin-lattice relaxation of
impurity nuclei in nonconducting crystals is considered.
As is well known, spin-lattice relaxation of nuclei having
1> Y2 results from quadrupole interaction in the absence
of conduction electrons and paramagnetic impurities.
We examine here quadrupole relaxation of impurity
nuclei; however, the qualitative results will be true
generally for spins (in particular, electron spins)
‘‘attached’ to impurity atoms.

The effecacy of spin-lattice relaxation is determined
by the amplitudes of the impurity atom displacements
relative to the adjacent atoms of the lattice; these can
differ greatly from the amplitudes of the mutual dis-
placements of the atoms in the regular crystal. Further,
the temperature dependence of the relaxation rate of the
impurity spins should deviate from the usual behavior.

One can expect pronounced anomalies in the tempera-
ture dependence of the spin-lattice relaxation time at
low temperatures for heavy impurity nuclei, the dy-
namics of which can differ significantly from the dy-
namics of the atoms of the regular lattice in the low-
frequency region. It is just this case which is investiga-
ted in detail below.

In a static lattice the interaction of the quadrupole
moment of a nucleus with the intracrystalline field has
the form

H#Y =1/s) QuwVin, (1)
139
where Q,,, is the quadrupole moment tensor, and Vlf’v’
= 8% /0x,,0xy|, (V is the electric potential).

Taking into account the lattice vibrations, the Hamil -
tonian of the quadrupole interaction is ﬂt’Q ggQ + gt’Q,
where

He' =R +HG + ... ()

in which

(’) Z Cr*vn, = 2 C:na'ynavn’s- (3)

an’

In Eq. (3), v§ = uY —u{ designates the components

of the displacement of the n-th atom of the lattice rela-

tive to the impurity atom, the equilibrium position of
which is taken as the origin of coordinates (n = 0)

(summation over twice repeated Greek s é)erscripts is

understood). The coefficients Ca and Ca are given by
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We are interested in the temperature dependence of
the transition probability of the nuclear spin of the im-
purity atom (the transition m — m’) under the influence
of the perturbation #p.

To first order in the interaction %%, the probability
of a one-phonon process is given by the expression

2
Wo(m—m)= = =z 3 (1ot |m)” ('€ m)
4
XIm D aor(wo + i8), (4
where w, is the Zeeman frequency (for m —m’ = £1),

and @af,(w) is the Fourier component of the one-phonon
retarded Green function

DB ()= — i0() qua®(t); vaP(O)],

which is constructed from the relative displacement
vectors.

To first order in %2 the probability of a two-phonon
process is given by’

W& (m—m') = "‘1—8_“,0,7;2 S (m|Cam)
an’ pp’

X (| Ce | m) I By (00 + ), (5)
where @gf,')r’)%,(w) is the Fourier component of the two-
phonon Green function

D ()= — i0(1) (0 () v (¢); 57(0)2,8(0)D
It is not difficult to show that in the harmonic approxi-

mation, to which we limit our considerations in the
following,
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+ Da(@ + o) Im D s (@' + i0) }.

DIt is well known that the spin-flip probability calculated in
second order in g (1) is negligibly small compared with W(*) (m > m').
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In addition, using the symmetry properties of the co-
efficients Crollf, and the functions ﬂ)ﬁfnﬁ,, we find that

PR 1 ) oB . o
Wa(m—m')= e g Z Z (m ]C:,.,Im) (rrL’IC,,",,,|m)
nn’ pp

+o0
d .
X § T Im (D3 (00— 0) + D1 (00 + 0)]Tm Doy (0).

Since Im ﬂ)roffl(w) = —ﬂGg‘fl(wz) sign w, one can obtain
the following expression for the probability of a Raman

transition in the limit w, — 0 (after integration by parts):

Wa(m—m') = § don (o) (r(0)+ 1)F(0?), (7
1)

where

F(o2)=8x 3} D\ (m'|Cb|m)* (m|Conr| m) G (07) G2 (02),
nn’ pp’
and n(w) is the Bose distribution.
We remark that, as follows directly from Eq. (4), the
probability of a direct (one-phonon) transition can be
written

WO (m — m’) = f(00?) (n(w0) + 1) sign wo = kTf(a?) / |oo|, (8)
in which

F(02) = 2x D) (m’|Ca®|m)* (m’|CoP|m) Geb. (0?).

For the calculation of the spin-lattice relaxation, we
still have to find the explicit form of the function
Gﬁ‘B,(wz). First we introduce the quantity DZf(w), which
is the Fourier component of the retarded Green function

D (8) = ~ i0(2) {{ua®(t); uaP(0)]),

constructed from the vector displacements of the lattice
atoms from their equilibrium positions. Since we shall
consider effects connected with the replacement of a
regular atom oscillating in an acoustic branch by a
heavy impurity atom, it is sufficient to examine a sim-
ple dynamic crystal model which does not include the
optical oscillations. In the approximation in which we
consider only the difference in mass of the impurity
atom M’ and the replaced atom M, the equation for
Dﬁ‘f,(w) is

D (0) = DI (0) + eMa2DY (0) Dib(w). (9)

where D%?l[? (w) is the Green function for the regular

lattice, and the parameter € is defined as € = 1 — M’/M.
For a crystal with cubic symmetry, D;‘;‘l,(w)

= Do(w) 6, and the solution to Eq. (9) is

oay

D%(0) = Dot (@) + eMo? (0) Do (0) Dove (), (10

p(e)={1— eMo?Dy(o)].

Recalling now the definition of the function ﬂ)ﬁ‘f,(w), we
obtain with the aid of Eq. (10),
DL = DI (o) (D — DIP— P 4 oMot DY, (1D
In the following, we use the isotropic (Debye) model
for the description of the regular lattice oscillations,
for which
D (@) = Dnr(©) dap,

mD7 (12)
1 S doi2g (042) sin wRani/c
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Here g(cu2 ) is the spectral density distribution of the
squared frequency for the ideal crystal, c is the velocity
of sound, and Ry, = [R, — Ry|.

Using Egs. (11) and (12), we find after some simple
manipulations that

Gr(0?) = ——’%Im Do (0 > 0)= Grns (02) dap, (13)
where
2
Gnn’(ﬁ)z) = gg;; ) {[f’nn’(mz) - fno(‘mz)fon’(mz)] +
+ [ — fno + 802 (Joof no — Jno) HA — fons + €02 (Joofons — Jons)] }
{1 — e (0?) P + [newg (0?) '

and

) . sin wRnn/c % dw2g (01%)

fan(@2) = W’y Jnne (@)= 5 m;— m:sznn'(ﬂ)iz) .
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To simplify the subsequent calculations, we limit
our considerations to the point-ion model of Van
Kranendonk, B which has been studied in detail for the
case of quadrupole relaxation of nuclear spins in a regu-
lar lattice. In this model, cgf, = cglnﬁ 6, Taking into
account the nearest neighbors of the impurity ion, one

can write the Raman transition probability as

W (m - m') =

18 ~ @
=S € I m) (! O m) Lan (776, €),(14)

M2op? .
where © is the Debye temperature, and

1 X/T
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where
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For an ideal lattice (e = 0)

dz x2ex/t
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at low temperature (T < ©) it is not difficult to see that
Ly A(T/©, 0) ~ (T/©)". This gives the well known result
that the spin-lattice relaxation time of the nuclei in a
regular crystal is proportional to (T/©) 7 in the low
temperature region (with the exception of very low tem-
peratures, where the one-phonon mechanism is impor-
tant).

For the relaxation of an impurity spin, this result
can change significantly. As is well known, @ for a
sufficiently heavy impurity (|e| < 1), the equation

(15)

ewfp(w?) = 1

has the solution w = w* in the frequency range where
the spectral density g{w?) of the regular crystal is
small. For frequencies w ~ w*, the character of the
oscillations of the impurity atom and its neighbors is
significantly different from the dynamics of the atoms
of the ideal lattice.

For very low temperatures, this circumstance has
little significance for the spin-lattice relaxation of im-
purity nuclei; however, with increase in temperature,
the role of the quasi-localized oscillations will increase,
and the temperature dependence of the spin-lattice re-
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laxation time can be altered substantially (in compari-
son with the temperature dependence characteristic of
the ideal lattice). We note in connection with this that
the low temperature heat capacity and electric conduc-
tivity anomalies, resulting from quasi-localized oscilla-
tions in crystals having impurities, were discussed in
papers of Kagan and his collaborators.™* We investi-
gate below the anomalies in the temperature dependence
of the quadrupolar nuclear spin relaxation of heavy im-
purity atoms; as already remarked, the qualitative re-
sults apply as well to electron spin relaxation.

The distinctive features of the spin-lattice relaxation
of impurity electron centers has been investigated in a
recent paper by Mills. ©] In that paper, the peculiarities
in the vibrational spectrum of an impurity atom were
calculated; however, the amplitudes of the relative dis-
placements of the neighboring atoms were considered in
a macroscopic approximation, suitable for a description
of the deformation of the regular lattice by long wave-
length acoustic oscillations. We give below the results
of a completely microscopic calculation of the nuclear
spin-lattice relaxation time, which, within the frame-
work of the isotopic model, reproduces all the charac-
teristics of the local deformations of the lattice in the
neighborhood of the impurity atom. One should keep in
mind that for ionic crystals, the neglect of the change
in force constants can in some cases be too crude an
approximation, in which case the parameter €, charac-
terizing the impurity ‘‘defect,”” can be understood as
some phenomenological parameter fixing the true value
of the quasilocal frequency.

In the notation of'®! the coefficients Cﬁ‘n, are given by

aB = af =
Conr = Z,Q, A0y (b =0, =1, +2), and Eq. (14) for
the transition probability m — m + u takes the form

18 (16)

We(m—m+4 p)= Wu(mz)= oo 3'|QumiZFu(T/@ve)v
D

where

Fu(t,e)= 2 NunnLan(T,€), Ny oo = Sp{d: nndp; nar}.

nn'

Following Hebel and Slichter, ("] one can introduce a
single spin-lattice relaxation time T by the formula

—
=t [ Sl [ 3w [ =cmir e, + arurso o)
win m

(17
where the function C(I), whose explicit form is not im-
portant in the following, describes the dependence of the
relaxation upon the magnitude of the spin.

In the figure we show the calculated temperature de-
pendence of the quantity p(T) = (1/T)/(1/T o, where
(1/Ty, corresponds to the value calculated assuming
no impurities (i.e., € = 0). Curves are given for differ-
ent values of €. For a very heavy impurity (e = —10,
w*/wp ~ 0.18) the quantity p(T) has a sharp maximum
in the low temperature region; here, at T/© ~ 0.03, the
spin-lattice relaxation rate is two orders of magnitude
larger than the corresponding quantity calculated for
€ = 0. As |€| decreases, the maximum decreases and is
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displaced toward higher temperatures. The calculations
have not been carried out at very low temperatures;
however, it is easy to show thatp —1as T — 0.

These results are related to two-phonon (Raman) re-
laxation. The direct (one-phonon) process for nuclear
spin-lattice relaxation, the probability of which is given
by Eq. (8), is unimportant because w, is in the radio-
frequency region and is always much smaller than w*,
However, in the electron spin relaxation of the impurity
centers, it is possible to achieve the condition w, ~ w*,
and in this region one should observe an anomalous de-
pendence of the spin-lattice relaxation rate upon the
magnitude of an external magnetic field. This is entirely
realizeable because in a number of cases, a very low-
lying quasilocal impurity level is observed (apparently
in consequence of a significant reduction in force con-
stant).
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