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Nonexponential spin-lattice relaxation is shown to result under selective excitation due to ul-
traslow site exchange. The hopping rate k of the nuclei can be obtained directly without any
further assumption on the nuclear spin interactions and spin thermodynamics. In tellurium sin-
gle crystals, hopping rates of 125Te less than x =1 sec™! have been observed.

Slow and ultraslow atomic motion in solids has
been investigated for a number of years now by
NMR methods.! Particularly relaxation experiments
in the ‘‘rotating frame’’ have been used extensively
to study diffusion since the pioneering work of Red-
field,? Slichter and Ailion,® and others. Abundant
literature is available which deals with these tech-
niques and their interpretation.*

In this Communication we want to propose a novel
technique for the investigation of slow and ultraslow
motion in solids which does not depend at all on the
knowledge of the type or strength of nulcear spin in-
teractions, i.e., the hopping rate « of the nuclear spin
can be extracted from the experiment directly without
any further assumption. This leads to highly reliable
and accurate results. Our technique will be applicable
in all cases, where different nuclear sites result in dif-
ferent spectral lines, i.e., in all cases where high reso-
lution NMR spectra in solids are observed.’

These may result from chemical shift or quadru-
pole interactions in noncubic single crystals or powder
samples. The: spectra should be resolved only in the
sense that the linesplitting exceeds the homogeneous
linewidth. No long-time rf irradiation which may
cause excessive heating like in T, experiments is
necessary.

To be specific we want to treat the case of *Te
diffusion in ultrapure tellurium single crystals.

NMR spectra® and relaxation data of this system have
been obtained before.””® In Fig. 1 the three-line
spectrum, resulting from the three different orienta-
tions of the chemical shift tensor in the unit cell is
shown. For §0 parallel ¢, where c is the chain axis a
single line spectrum is obtained. In an ordinary
spin-lattice-relaxation experiment (7) all spectral
lines are saturated or inverted by, e.g., a 7 pulse and
their recovery with the relaxation time 7 is ob-
served. In the case of slow motion the relaxation
rate 1/T; can be exceedingly small. Let us suppose,
that we irradiate selectively only, e.g., line 1 of the

A4

spectrum. There will be a ‘‘local’’ relaxation rate
1/T, due to direct and indirect phonon processes as
well as contributions from conduction electrons (in
semiconductors and metals).® Moreover, at suffi-
ciently large temperatures hopping of the nuclei via
translational atomic diffusion occurs with a mean rate
k. The hopping process does reduce the magnetiza-
tion mz,(1) of the line 1 since magnetization is car-
ried from line 1 to lines 2 and 3. Lines 2 and 3,
however, do not supply inagnetization to line 1 dur-
ing hopping initially since their initial magnetization
is considered to be zero.

For arbitrary initial condition the following set of
coupled differential equations results

%mz(z) =—R-@z(1) , 6))
with the formal solution
mz (1) =exp(—Rt)mz(0) , 2)
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FIG. 1. NMR spectrum of 125T¢ in a tellurium single
crystal in a field Bo=6.3 T at room temperature.
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where

ﬁ’lz(t) = (le(f),mZZ(t),ng(t))
is a column vector and the relaxation matrix R can
be expressed as
100 2 -1 -1
01 0]+k|-1 2 -1]. 3)
001 -1 -1 2
The solution of Eq. (2) is in a straightforward
manner obtained as

=L

a b b
exp(—R;t)=exp[%t-] b ab|, 4)
No b a
with
a=+(1+2e) and b=+(1—e3) . (5)

Two limiting cases may be considered:

(i) All spectral lines are prepared in the same initial
state, e.g., mz;(0) =mz,(0) = mz3(0) =1 which leads
to

mz (1) =exp(—t/Ty), j=1,2,3 , (6)

i.e., all lines relax with the same relaxation rate 1/T.
(ii) Selective excitation of line 1, e.g.,

le(O) =1, mzz(O) =m23(0) =0 ,
leads to nonexponential decay as

mz,(8) =exp(—t/T) 1 +2exp(-3k2)1/3 , (7a)

mzz(f) =ng(t)
=exp(—t/T)[1 —exp(—3«2)1/3 . (7b)

In the case of slow motion (1/T; < k << 1/T,)
this nonexponential relaxation behavior is most pro-
nounced and the mean hopping rate « can be deter-
mined directly from the measurements. Figure 2
shows this behavior for %Te in a tellurium single
crystal for two different temperatures. The local
background relaxation rate is caused mainly by
charged vacancies as will be discussed in detail in a
forthcoming paper. Furthermore, irradiation of all
three lines, i.e., nonselective excitation leads to the
usual exponential behavior as given by Eq. (6) with
the background relaxation rate 1/7 remaining un-
changed. In contrast, the relaxation rate caused by
the fluctuating chemical shift tensor with rate « is ex-
tremely small; i.e., about 10~ « for a chemical shift
anisotropy of about 1000 ppm.

It is straightforward to see that the rotating-frame
magnetization my,(#) (j=1,2,3) in a spin-locking
experiment, however, decays exponentially. Only
spins leaving the spectral line j with a rate 2« lead to
a destruction whereas spins entering line j do not
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FIG. 2. Nonexponential time evolution of mz,(¢) (e®®)
and my; (1) (00O) of a selectively excited line (1) of the
15Te spectrum shown in Fig. 1 for two different tempera-
tures. The data points compare extremely well with the
theoretical expressions (lines) according to Egs. (7a) and (10).

contribute since they appear with a random phase and
cannot be locked in the locking field B,. Starting from
the same differential equation as before we arrive at

fﬁx(t)=exp(~£1pt)x_ﬁx(0) , (8)
with

L+2K
1p

100
Ri,= 010 ©9)
001

leading to an exponential decay
mxj(t)=mxj(0)exp[~t(1/T1,,+2K)] . (10)

This behavior is demonstrated in Fig. 2, too.

Since 1/ Ty, can be of the same order of magnitude
as k, T, measurements seem to be more complicat-
ed in this situation. However, a differentiation can
be obtained by varying the locking field B,. Also
spin echo (7T,) and linewidth measurements allow
one to extract the hopping rate k. Due to back-
ground contributions, however, these methods are by
far less sensitive than the selective T relaxation. An
analysis of this sort will be presented elsewhere.

The cross-relaxation rates 1/7Tcg =3« and
1/T1pcr = 2k according to Egs. (7a) and (10) were
determined from selective relaxation measurements
and are plotted versus temperature in Fig. 3. The
data in Fig. 3 illustrate the proposed ratio -;— of
1/Ticr and 1/Tcr.

Let us now compare the hopping rate « obtained
from our selective excitation with recent !2’Te™ tracer
measurements performed in tellurium single crystals.
Making use of a highly sophisticated sputtering tech-
nique, Mehrer et al.%!° were able to obtain tracer dif-



24 RAPID COMMUNICATIONS 6749

650 600 550 500

¢
103 ‘\‘
Tt \

Ticr i

B N

15 16 17 18 19 20x10°?
— (k)
FIG. 3. Cross-relaxation rates Tjg =3« (AAA) and
Tl"}CR =2« (0@®) as defined in the text vs inverse tem-
perature. An activation energy of 1.45 eV is determined

. 3 .
from the slope. Note the theoretically expected 5 ratio of
the two cross-relaxation rates.

fusion constants as low as 1.5 X 107! cm?/sec. Fig-
ure 4 shows their data for the tracer diffusion coeffi-
cient D, i.e., parallel to the c axis of the crystal.
Analogous to the expression for D} of Mehrer et al.’

D= (c/3)2ky +2x5) 11, an

where c is the lattice constant along the c axis and f}'
is the tracer correlation factor,” we define a NMR dif-
fusion coefficient Diimg as

%1/T1CR

Dlimg =(¢/3)% =(c/3)?
dmr = (c/3)% =(c/3) L Taen 12)

where

K=(KA +2KB)fNMR .

The NMR data are compared with the tracer data’
in Fig. 4, demonstrating among others that Diugr can
be determined down to 10716 cm?/sec. Equation (11)
is based on the assumption that atomic diffusion oc-
curs via nearest-neighbor monovacancy jumps inside
a tellurium chain (uncorrelated jump rate x4) and
next-nearest-neighbor monovacancy jumps from one
chain to another (uncorrelated jump rate «z). This
leads to k= (k4 +2kg) fnmr Where the correlation
factor fnmr takes account of the temporal correla-
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FIG. 4. Comparison of the diffusion coefficients D" paral-
lel to the c axis obtained from tracer measurements [ D}
000 Mehrer et al. (Refs. 9 and 10) and selective excitation
relaxation [Dlyr ®0® (Tipcr), AAA (T cg) this work].

tions in the atomic jump process (bunching effect*).
The slight deviation of Dymr and Dy evident from
Fig. 4 is likely to be caused by the difference in the
correlation factors and offers a possibility of deter-
mining the microscopic diffusion mechanism.!!

We have demonstrated for the first time that selec-
tive excitation relaxation measurements open the
possibility to investigate ultraslow motion directly
without resorting to spin dynamics. In our case jump
rates less than 1 sec™! were determined, however,
this novel approach will stimulate investigations in
other systems, e.g., ’Se in selenium or >C in mole-
cular crystals, where values below 1072 sec™! will be
observable due to the weak background relaxation.

Finally we would like to draw attention to related
techniques in ESR'? and recent!* 2D NMR applied
to site exchange.
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