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Nuclear-magnetic-resonance study of crystalline tellurium and selenium
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Nuclear-magnetic-resonance measurements of ' 'Te and Se have been carried out in single crys-
tals of tellurium and selenium, respectively, between room temperature and the melting point T .
In particular, both the time evolution of the nuclear magnetization in the laboratory frame as well as
in the rotating frame, following both broadband and site-selective excitations, have been investigated
in detail. In tellurium, the Zeeman spin-lattice relaxation is determined by three different mecha-
nisms: (1) Below 300 K, spin-lattice relaxation is governed by a two-phonon (Raman) process; (2) in
the temperature range between about 300 and 450 K, the influence of conduction electrons overcom-

ing the gap energy of 0.30 eV becomes important; (3) above 450 K, the spin-lattice relaxation is due
to mobile charged vacancies. From the high-temperature data, the formation energy of a charged
vacancy was found to be 0.66 eV. In selenium, on the other hand, the Zeeman spin-lattice relaxation
time is essentially caused by a two-phonon (Raman) process over the entire temperature range. In
either system, the phonon-induced spin-lattice relaxation shows the same dependence on the crystal
orientation relative to the direction of the external field. For T)0.74T in tellurium as well as in

selenium, a diffusional contribution to the rotating-frame relaxation rate is observed, arising from
fluctuations in the nuclear dipole and chemical shift interaction due to atomic self-diffusion. How-

ever, from these data alone the correlation time of atomic motion could be determined only with a
relative large error. In contrast, from site-selective excitation experiments the correlation time was
extracted directly with a high degree of accuracy without any assumption regarding the nature of
the nuclear spin interactions. The observed correlation times are discussed in terms of Mehrer's
model for monovacancy diffusion via nearest- and next-nearest-neighbor jumps. Diffusivities in tel-
lurium deduced from this model are in good agreement with the tracer data obtained recently by
Mehrer et al. In contrast, the observed diffusion coefficients in selenium are about a factor of 20
smaller than the tracer diffusion coefficients measured some years ago by Bratter and Gobrecht.

I. INTRODUCTION

Tellurium as well as isomorphous selenium are elemen-
tary semiconductors with very unusual properties. ' Both
systems have a lower crystal symmetry than the "classi-
cal" semiconductors germanium and silicon. Further-
more, tellurium and selenium build a relatively soft lattice
characterized by low melting points [T (Te)=724 K;
T~(Se)=494 K], correspondingly low Debye tempera-
tures [OD(Te) =129 K; 8D(Se) =150 K], and low critical
shear stresses. However, while tellurium is a low-gap
semiconductor [6(300 K)=0.32 eV], the band gap of
selenium is so large [b,(300 K) = 1.79 eV] that the concen-
tration of intrinsic conduction electrons is negligibly small
right up to the melting point.

The NMR properties of both systems are also unique.
The low natural abundances of the NMR isotopes ' Te
and Se of about 7 at. % each result in a small signal
which makes an experimental investigation of NMR
properties somewhat difficult particularly at higher tem-
peratures. On the other hand, this low abundance also
leads to a weak dipole-dipole interaction between the nu-
clear spins and a-corresponding small contribution to the
linewidth (-several hundred Hz). Since both isotopes
have a nuclear spin I= —,, disturbing quadrupole interac-
tions do not exist. Qn the other hand, the high number of
orbital electrons is responsible for the fact that the ob-

served chemical-shift interaction is considerably larger
than the dipole-dipole interaction. This situation is in
contrast to that of materials containing nuclei with low
atomic numbers (e.g. , 'H or ' F, where the chemical-shift
interaction is very small compared to the dipolar interac-
tion).

The crystalline structure of tellurium and selenium can
be visualized as a hexagonal arrangement of trigonal heli-
cal chains in the (0001) direction (c axis) as shown in
Fig. 1. The atoms within the chains are connected by co-
valent bonds while the interatomic forces between neigh-
boring chains are more of the van der Waals type. In
selenium the covalent character of the binding is more
pronounced than in tellurium, as can be inferred from the
ratio r of the binding energies between nearest and next-
nearest neighbors [see Fig. 1: r(Se) = 11.75 and
r(Te) =3.1, respectively].

Because of the spiral arrangement of atoms in a 1-2-3
stacking sequence, three types of lattice sites in the unit
cell can be distinguished in an NMR experiment. The dif-
ferent orientations of the chemical-shift tensor with
respect to the direction of the external magnetic field Ho
at the different lattice sites lead to a well-separated three-
line NMR spectrum of Se in single-crystalline seleni-
um ' and of ' Te in single-crystalline tellurium. ' The
principal components (oo, ol, cr2, o3) of the chemical-shift
tensor cr, written in the usual way as
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0I 0 0

0 =go)& I+ 0 cr2 0

0 0 o3

were obtained from the rotation pattern of the NMR spec-
tra at T =77 K (values in ppm):

Se: (era=616, o, = —247, o'z= —28, o3=275),
Te: (o'o ——886, crl ———620, a'q —5——70, o3= 1190) .

The angle between the o33 'direction and the crystallo-
graphic c axis is remarkably smaller in selenium (11') than
in tellurium (47'), indicating the more covalent character
of the nearest-neighbor binding in selenium compared to
tellurium. The observed chemical-shift tensors have been
interpreted theoretically by Bensoussan in a molecular
model involving sp hybridization of the valence-electron
wave function. Because of the crystal symmetry, for Ho
parallel to the chain axis c, the three NMR lines collapse
into a single line.

In tellurium, the NMR spectrum was shown to be shift-
ed with temperature due to the temperature dependence of
the Knight shift E in semiconductors given by the rela-
tion

K =constX~T exp( 6/2kT) . — (2)

Because of the large difference in the gap energies b (see
above), the Knight shift is unobservable in selenium.
Nevertheless, a small additional shift of the Se spec-
trum, proportional to temperature, can be observed (see
Sec. III).

Up to now, relatively little nuclear-spin-relaxation data
of crystalline tellurium and selenium have been published
in the literature. Initial Zeeman spin-lattice relaxation
time ( TI ) measurements in tellurium were reported in the
low-temperature range 40—300 K by Koma et al. Nei-
ther electronic nor diffusional effects are found at these
low temperatures, and TI appears to be determined by a
two-phonon (Raman) process. More recently, Selbach
et al. extended the temperature range and demonstrated
clearly that, above room temperature, a second relaxation
mechanism becomes important. They showed that this
second mechanism arises from the creation of intrinsic
conduction electrons. Hence, in the temperature range
40—400 K the corresponding total relaxation rate in tellu-
rium obeys the theoretically predicted equation

FIG. 1. Crystal structure of tellurium and selenium consist-
ing of spiral chains in e direction arranged in a hexagonal lattice
(top). In the bottom half, a view along the c axis illustrates the
hexagonal arrangement of the triangular spiral chains. The ar-
rows indicate the nearest (I &) and next-nearest (I q) atomic
jumps of the 1V-1N,2N self-diffusion model (Ref. 13).

tions, leading to the following relationship, '
1 I+

Tl g Tl
=a, T +a2T exp —,(3)

2kT
1 =a)T

TI
ph

(4)

with the experimentally determined parameters (with c
axis parallel to Hp)

al ——0 55X10 s 'K
and

a2 ——2.64& 10 s ' K

In contrast, the Zeeman spin-lattice relaxation rate in
selenium was found to be governed up to the melting
point mainly by two-phonon-induced electronic fluctua-

with

a~ ——2.59X10 s 'K (c axis parallel to Hp) .

By means of radioactive-tracer techniques, atomic self-
diffusion in crystalline tellurium was first investigated by
Ghoshtagore, " and in crystalline selenium by Bratter and
Gobrecht. ' Mehrer has presented a comprehensive
theory about the diffusion kinetics and correlation factors
in tellurium and selemum. ' His calculations are based on
motion of single vacancies between nearest and next-
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nearest lattice sites corresponding to atomic jumps within
and between the chains (see Fig. 1). Very recently, Werner
et al. have very carefully repeated Ghoshtagore's tracer
measurements using tellurium single crystals of excellent
quality. ' They obtained diffusion coefficients about a
factor of 5 smaller than that previously obtained by
Ghoshtagore. Furthermore, their data agree with the dif-
fusion model introduced by Mehrer. '

In earlier work' ' we demonstrated that atomic
motions in tellurium as well as in selenium can be ob-
served very sensitively with a special NMR technique,
namely the nonexponential evolution of the nuclear mag-
netization after site-selective excitation caused by a mag-
netization transfer arising from atomic jumps. Since then,
the theory underlying site-selective experiments have been
published in the literature. ' ' Furthermore, in con-
trast to "classical" nuclear-spin-relaxation experiments
the correlation time of the atomic jumps could be ob-
tained directly from such site-selective experiments
without any further assumptions regarding nuclear spin
interactions.

In the present paper a comprehensive experimental in-
vestigation is presented of the NMR behavior of crystal-
line tellurium and selenium between room temperature
and the melting point. In particular, this paper deals with
different mechanisms responsible for the evolution of the
nuclear spin magnetization observed in classical T] and

T]~ experiments as well as in site-selective experiments.
Furthermore, correlation times for atomic diffusion are
extracted from the NMR measurements and compared
with tracer data obtained from the literature. For seleni-
um, atomic jump times of about 10 sec (i.e., diffusion
coefficients down to about 10 ' cm /sec) have been ob-
served.

II. EXPERIMENTAL DETAILS

The nuclear-magnetic-resonance measurements were
carried out on single crystals of a typical size of about
3 && 3 && 10 mm obtained from several sources. The tellu-
rium single crystals were made at the Institute of Physics
of the University of Wiirzburg, whereas the selenium sin-
gle crystals were produced at the Institute of Physics of
the University of Marburg. Because of both the fairly
high vapor pressure of Te and the danger of contamina-
tion by oxygen, the tellurium crystals were Czochralski-
grown in a hydrogen atmosphere using 99.999%-purity
tellurium as starting material. The hole concentration at
77 K was 2X10' cm . The selenium single crystals
were grown from the vapor phase using a 99.999%-purity
selenium melt doped with about 0.1 at. % Tl in order to
reduce the viscosity of the melt. The total content of im-
purities (except the concentration of Tl in the selenium
crystals) in all the crystals was lower than 10 ppm. The
samples were placed in quartz tubes which were Gushed
with dry argon gas and sealed with gas-tight high-
temperature cement.

The specimen under investigation was mounted on a
goniometer inside a high-temperature NMR probe con-
taining a single platinum NMR coil capable of operating
between room temperature and 900 K. Temperatures
were stabilized with a feedback system within 0.2%

over the temperature range investigated. Sample tempera-
tures were measured with a Philips Chromel-Alumel ther-
mocouple which was calibrated against the melting points
of 99.999%-purity tellurium and 99.999%-purity seleni-
um. The overall accuracy of the temperature determina-
tion was about +1 K. The high-pressure experiments at
room temperature were performed with use of a commer-
cial high-pressure system [Nova Swiss/Effretikon
(Switzerland}] using argon as the pressurizing gas. A
maximum pressure of about 2.5 kbar could be attained.
The rf coil inside the high-pressure NMR probe built
from copper-beryllium was wound directly around the
sample.

The nuclear magnetic resonance of ' Te and Se was
observed with a modified Bruker SXP 4-100 coherent
pulsed NMR spectrometer including an on-line data-
processing system in order to improve the signal-to-noise
ratio by signal averaging and to evaluate the experimental
data. The NMR measurements were made at various
magnetic fields in the range between 1.4 and 6.3 T. The
NMR spectra were obtained from Fourier transformation
of the off-resonance free induction decay following a m/2
pulse. The positions of the ' Te spectra and Se spectra
were referred to solid TeC12 and to an aqueous solution of
HzSe03, respectively. We used both a z-(m/2) pulse se-
quence and a saturation pulse comb a time r prior to the
m/2 reading pulse to measure the time evolution of the
nuclear magnetization in the laboratory frame. We ap-
plied a spin-locking technique (consisting of a strong vr/2
pulse followed by a long locking pulse of strength H~
shifted in rf phase by m/2 with respect to the first pulse}
to observe the evolution of the magnetization in the rotat-
ing frame. By varying the crystal orientation and thus the
separation of the NMR lines, the time evolution of the
magnetization of each line could be observed separately ei-
ther after a complete saturation of the total spectrum or
after a site-selective excitation of a single line.

III. NUCLEAR-MAGNETIC-RESONANCE SPECTRA

The nuclear spin Hamiltonian which describes the spec-
trum of ' Te in crystalline tellurium and of Se in crys-
talline selenium can be written ns

a =~z+aa+ ac+a (5)

where N is the number of spins with spin operator I and
gyromagnetic ratio y, o.o———,

' tro. , and o z' is the anisotro-
pic traceless part of o at site i (i =1,2,3) given by

Here, the Zeeman term Hz describes the interaction of
the spin system with the external magnetic field Ho, H~
denotes the magnetic dipole-dipole interaction, Hz is the
chemical shift Hamiltonian, and HF is the Fermi contact
operator which describes the interaction between the nu-
clear spins and conduction electrons. (See Abragam' for
detailed expressions for these different operators. ) The
operator Hc which is responsible for the three-line spec-
trum in tellurium and selenium can be related to the shift.
tensor o. as follows:

(I) (2) (3)H = yhH, N[,+ ,'( '„—"+ '„"+ '„')]—I,
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o~ ———,
' (o+o ) —cro, where cr is the transpose of o.

As shown in Fig. 2, the width of the three lines of the
NMR spectra are inhomogeneously broadened by misfits
5o ~ of the anisotropic part o z. The misfit 5o ~ is due to
lattice imperfections, probably dislocations. Hence, ac-
cording to Eq. (6) the inhomogeneous broadening function
gc(co) of a given line can be written as

gc(~) =)'Hog(5o~ )

where the function g (5oz ) describes the distribution of
the components 5oz of the misfit tensors 5crz in the
direction of the applied magnetic field Ho. Assuming, as
a first approximation, Gaussian functions for gc(co) as
well as for the field-independent dipolar broadening func-
tion gD(ro) determined by the operator HD in Eq. (6), the
total half-width 5v of the line may be expressed as

5v = (5vD+cHO)'/
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Here 5vD denotes the width of gz(co) and the constant c is
proportional to the concentration of defects, which in turn
are responsible for the inhomogeneous line broadening.
The experimental data in Fig. 2 are fitted by Eq. (8) using
5vD and c as fit parameters. The experimental values of
.5vD given by the ordinate sections of Fig. 2
[5vD(Te)=360 Hz and 5vD(Se)=130 Hz] agree roughly
with the theoretical dipolar widths calculated by Van
Vleck's second-moment formula by taking into account

Temperature (K)

FIG. 3. Temperature shift of the several Se resonance fre-
quencies for two different crystal orientations in the magnetic
field (0=0' and 126', respectively, with X axis perpendicular to
Ho) referred to the corresponding frequencies at room tempera-
ture. Magnetic field strength Ho ——6.3 T.

the rare natural abundance of the isotopes having a mag-
netic moment. '

As shown previously, the number of electrons in the
valence band of tellurium gives rise to a teinperature-
dependent Knight shift K of the ' Te spectrum described
by Eq. (2). This effect is unobservable in the Se spec-
trum of selenium because of the large energy gap b. of
selenium. Nevertheless, as depicted in Fig. 3, between
room temperature and the melting point the Se lines are
linearly shifted with increasing temperature, the shift de-
pending slightly on the crystal orientation. Hence, one
concludes from the data that the chemical-shift interac-
tion probably depends on temperature. Additional mea-
surements of the orientation dependence of the shift have
shown that both the isotropic part o.o and the anisotropic
part. o.

&,
o.2,o.

3 change slightly with varying temperature
(see Table I). The observed temperature dependence of
the chemical-shift interaction is probably caused by the
thermal lattice expansion but, to the best of our
knowledge up to now, a more precise theory of this effect
does not exist.

0
0

(b) TABLE I. Principal components o.; (in ppm) of the
chemical-shift tensor of . Se in crystalline selenium for three
different temperatures.

Ho (T)

FIG. 2. Magnetic field dependence of the half-width 5vlj2 of
(a) the ' Te NMR spectrum in tellurium and (b) the Se NMR
spectrum in selenium at room temperature (angle between crys-
tallographic c axis and the magnetic field direction is 0=50 ).
The solid lines are fits based on Eq. (8).
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IV. NUCLEAR SPIN RELAXATION

A. Single-line experiments

For an external field Hp parallel to the chain direction
(c axis) of the crystal (0=0') the three lines of the NMR
spectra collapse and a single-line spectrum is observed. In
such an orientation, spin-lattice relaxation times T& and
T& were measured in tellurium and selenium from roomIp
temperature to the melting point.

1. TeI1urium

A logarithmic plot of the experimental T~ and T,z
data of ' Te in tellurium versus reciprocal temperature is
shown in Fig. 4. As described by Eq. (3), the temperature
variation of the relaxation rate I/T& below 400 K is
determined by the interaction of the nuclear spins with
phonons and conduction electrons. Above 400 K the
slope of 1/T& shows an additional increase, indicating
that a third relaxation mechanism is activated. Hence, by
extending Eq. (3) the total relaxation rate 1/T~ can be
written as

1= 2 2=a ) T +Q2T exP
TI

1

2kT T)
+

Temperature (K)
650 600 550 500 450 400

10

where 1/T&
~ cv denotes the relaxation rate of the third

mechanism. The strong Arrhenius-type temperature
dependence of 1/T&

~ cv and its weak dependence on the
magnetic field strength suggests the following relaxation
mechanism: If a bond within a tellurium chain is broken
by formation of a vacancy, an electronic acceptor state is
created, since the free tellurium bonds at the chain end
tend to be saturated by free electrons.

Horstel and Kretschmar have investigated the tem-

perature dependence of the acceptor concentration by
measuring the Hall coefficient after quenching and an-
nealing of tellurium single crystals. They concluded that
thermally created charged vacancies with a formation en-
ergy of (0.8+0.1) eV are indeed the origin of the acceptor
states. Hence, analogous to conduction-electron-induced
nuclear spin relaxation, the relaxation rate 1/T~

~ cv may
be attributed to the effect of charged vacancies. Accord-
ing to Horstel and Kretschmar, a one-electron acceptor
state is created if a bond within a tellurium chain is bro-
ken by formation of a vacancy. They derived this model
by comparing the Te2 binding energy with the formation
energy of a neutral vacancy. Unfortunately, there is not
yet any direct experimental confirmation of this model. If
the electronic correlation time r, of a charged vacancy is
assumed to be small compared to the correlation time ~
of the vacancy motion, 1/T~

~ cv can be expressed as fol-
lows:23

=
~ y~yeA~S(S+1)fre Ccv

Cv
(10)

with Ef being the formation energy of a vacancy. Equa-
tion (10) is derived using the condition that 1/r, is large
compared to the electronic Larmor frequency co, =y,Hp,
which follows from the experimental observation that
1/T&

~ cv is independent of the magnetic field strength
Ho (see also Fig. 4). According to Abragam and Blea-
ney, the electronic correlation time ~, is determined by
three processes: the Orbach process, the single-phonon
(direct), and the two-phonon (Raman) process. For tem-
peratures above the Debye temperature, ~, is governed by
the Raman process leading to r, —T . Then, Eq. (10)
may be written as

Here, y, and S are the electronic gyromagnetic ratio and
spin, respectively. f denotes a lattice sum and Ccv is the
concentration of thermally created charged vacancies,

Ecv
Ccv(T) =Co exp f
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—(IO K )T

1

1 cv
T =&p exp

ECVf
kT (12)

with bp ——const.
To experimentally obtain the relaxation rate 1/T~

~ cv,
one must subtract the phonon- and conduction-electron-
induced contributions given by Eq. (3) from the T& data
of Fig. 4. Figure S shows that the experimental data thus
obtained obey a temperature law predicted by Eq. (12)
over more than five decades. The slope of the curve leads
to a formation energy Ef of (0.66+0.01) eV. This re-
sult is in fairly good agreement with the value estimated
by Horstel and Kretschmar in view of the relatively large
experimental errors given by these authors. Further-
more, the experimental value of bp was found to be
bp ——4.42&10' s 'K .

To the best of our knowledge, the interaction mecha-
FIG&. 4. Temperature dependence of the ' 'Te spin-lattice re-

laxation rates 1/T& and l/Tl~ in a tellurium single crystal for c
axis parallel to the magnetic field (0=0').

nism of the phonon-induced contribution 1/T&
~ ~„ is not

understood clearly. A phonon-induced fluctuation of the
chemical-shift interaction would lead to I/Tq

~ ~h ~HO, '
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FICx. 5. Arrhenius plot of the charged-vacancy-induced part
of the relaxation rate I/T&

~ cv multiplied by the square of tem-
perature of ' Te in tellurium. The straight line confirms Eq.
(12) with an activation energy of 0,66 eV for the formation of
charged vacancies.

but the experimental data of I/T&
~ ~h were found to be

independent of the magnetic field strength. Koma et al.
proposed for the relaxation mechanism a second-order
phonon-electron interaction which scatters electrons into
the conduction band. According to Koma's calculation
based on this model, T&

~ ~h should be proportional to
5 /T . On the other hand, as shown by Kosichkin, a
hydrostatic pressure p drastically affects the magnitude of
the band gap 5 of tellurium according to the relation
b, (p) =d(0) exp( —ap), with a=0.063 kbar Thus, one.

expects to see an analogous pressure dependence of T~
~ ~q

given by

Tt(p) j~h ——Tt(0)
~
~hexp( —4ap) . (13)

However, contrary to that proposal, the experimental data
of T,

~ ~h depicted in Fig. 6 are found to be independent of
the applied hydrostatic pressure p. The measurements
have been performed at T =290 K, where the spin-lattice
relaxation is governed mainly by the phonon-induced con-
tribution, while the other two contributions are only about
10% of the total relaxation rate [see Eqs. (9) and (12)].
The conclusion must be drawn that neither chemical-shift
fluctuations nor phonon-created conduction electrons are
accountable for the phonon-induced rdaxation. In our-
opinion, the relaxation rnechanisro is due probably to a
two-phonon- (Raman) induced fluctuation of nuclear-

FICx. 6. Phonon-induced part of the relaxation time, Tj
~ ~h,

of ' 'Te in tellurium vs hydrostatic pressure. The dashed line
represents the behavior as expected from Koma's model {Ref.
17) [see Eq. (13)].

spin —electron-orbit coupling. Indeed, such a mechanism
is expected to be independent of the magnitude of Ho and
of b„but leads to the experimentally observed T law
above Debye temperature.

Additional measurements of T~ ~&h as a function of the
crystal orientation with respect to Ho show a pronounced
orientation dependence of the coefficient a& in Eq. (3)
[and also in Eq. (4) in the case of selenium], which can be
expressed as

a~ ——a+bcos[2(8+$0)] . (14)

Values of the coefficients a, b, and Po are given in Table
II for one of the NMR lines of the ' Te and Se spec-
trum, in which the crystallographic X axis is the axis of
rotation (see Fig. 1). 0 denotes the angle between Hc and
the c axis. The large orientation dependence of T~

~ zh re-
flects the low crystal symmetry of the lattice structure of
tellurium and selenium.

As depicted in Fig. 4, contrary to the monotonic
behavior of 1/ T~, the rotating-frame relaxation rate
I/T, ~ shows a weak additional BPP-like (BPP denotes
Bloembergen-Purcell-Pound) contribution above 550 K
due to translational atomic diffusion. The field depen-
dence of the "background" relaxation rate I /T&z

~ b
characterized by the dashed lines in Fig. 4 follows the re-
lationship

H1+HLpT ~ =T1pfb1 1+ Lp
(15)

Te
Se

60.6
3.98

10.7
1.6

59
105

TABLE II. Values of a and b (in 10 s 'K ), and $0 in
Eq. (14) for ' Te and Se nuclei on lattice sites of type 1 (see

Fig. I), and for the crystallographic X axis (IH0) being the axis
of rotation.

Po (deg)



B GUNTHER AND o. NERT26

is the electronic
1 f;eld (dipolarcharge

dened) in t e r
vacancies» &p

h rotating fr™hemical-shift-broade
(15) leads to 5 =3..3

and c em -
1 data usingfit of the experimenta

0.36 R.
f, h t t; g-fram

d" rate
& '

At all tempei. aturesthe inverse temperat

I
(dashed lines) are fences betwee &p

t substant~al e««whi~h leads
b rs are greater than

&y m
lar e err«Since these

ressions obtaine
1/Tip t dirf.

analogous p
of

djfference between
such as thosewith more sophistica

28 We fOund 1 Sund Sholl and ' .
1 Bppt to analyze the dat y

be due to djffusion-
fjcient to an

essions. 1/T ip d'&&

h d'polar interactionduced fluctuatipns bo
„en taking into accouthe chemical-shif™

the dj plar fluctuatiod struct«e of
'

fluctua-
the pair-correlate

of the chemical shi tthe au o
. an be exPressed in e

t correlated s««tu .
th happ approxima-t,,n, 1/Tip I «fr "" ' '"

8tion as

(i6)
&D

H, 2
0

2 1+(~p&)1+(2~ rD)&p diff

the correlated meantime ~ denote
2 is

H the correlation
utive atomic jumps, and H,pb t een two consec

d chemical-shit of thh floctuating pa

e t gt o d.
P o

''h'd ol o 1

ate = /2 Eq. (16) may betion time ~D is re ate
simplified as

(17)
1

+&p diff
Il 2y Hl. ~ dy~ 1+(~ r)

denoting the mean-sq redyii DP,
h otat jng frane Qncal fjeld m tange of the

1 rrelated jump process.riences due to a single
' 7' could be fitted byThe experiment

'
1 thermally activated atomeans o q' (17) th a sjngle t erm

jump frequency,

—1(1 47+O. OS) e&]/kTI '+1.4) x 1o"e pII-

500 450

Temperature (K)
3004(0 350

(2.8
1"

d „—(0.(0 37+0.04) Q and Lp dy '
7 demon-

using ~LP=
The solid ljnes in igb si-fit parameters.

re. The total loca
as es i . f th fit prpce ui 'e

h the
s rat ate the quali y .

od agreement witsured is» goo
axa-

field HL thus measu
the background rela-value of O3

ie zp
6 ~ d termined from t e

tion formu»~ Eq.. (is).
e of them the temPera ture dependence oIn principle, from

the diffusion co«f '
j.ent D

b means
correlation time g

tion of temperature ycan e ccalculated as a '
1 as fprmulated bypf an Einstein-Smolu

of tellurium [see Eq.13 lattice structu
~

itatj on
Mehrer, for the

S y 8, site-selective exci(27)] But, as sho~n in
t ms put tp be

oI for measuh more precise too
tjmes wjll be use to

muc
Qmrecisely determine

f d'f f sjpn coefficients.obtain sel - i

2. geleni um

of Fig 4 the temPera-In a manner an g
77 '

-lattice relaxation
alo ous. to

of the Se spin- a
H

ture dependence
. ,d,«ed;n Fig. 8 forl y T& and 1p1/T in selenium a

103

?00
Temperature (K)

650 600 5@

Q =0.3G
~ H) =0.5G
o Q =1.0G
a Hq =2.QG

500

I

I

I

I

I

I

I

I

I

HAP. I 724K)

1.4 1,5

10.

100

1.916 1.? 1.8

—(ia-'K ')
T

the relaxation rateed contribution to e
t mperature as

4 The solid lines are leas - q
(17) (see text).

101

I
CA

0
g) 10-
U

O
10-

C3

CD~ 10-'-

I +
+

1I 4+
Tjp

'I

I

I
~ k

1a
Tt

I

E
S

g k +

~~gI ~
I ~

H) = 0.25G

H) = 0.5G
~ H) = 1.0G

~ H, = 63.4kG

I

I

I

0'
2.0 2.5 3.0

—(IO'K )T

3'5

f h Se spin-lattice re-de endence o t e
in ra

F p p
T in a selenium sin

111 hof the crystal (c axis parasinge-' o t ec1 -line orientation o t e c
netic field direction; 8=0 ).



31 NUCLEAR-MAGNETIC-RESONANCE STUDY OF CRYSTALLINE Te AND Se 27

aligned parallel to the crystallographic c axis (single-line
orientation). In contrast to the relaxation behavior of

Te in tellurium, which is governed by three relaxation
mechanisms [see Eq. (9)], the Zeeman relaxation rate
1/T& of Se in selenium in the entire temperature region
is determined essentially by a single relaxation process,
namely a two-phonon process described by Eq. (4). As in
the case of tellurium, 1/T&

~ ~q depends on the crystal
orientation with respect to Ho, as seen in Eq. (14), where.
the values of the coefficients a and b found experimental-
ly are presented in Table II. The solid line in Fig. 8 fitted
to the, T~ data is obtained from Eqs. (4) and (14) for
8=0. Likewise, the strength of this relaxation process
was found to be independent of the magnitude of Ho (i.e.,
the relaxation mechanism does not deal with phonon-
induced chemical-shift fluctuations). According to
Koma's model, the ratio of the phonon-assisted relaxa-
tion times of Se in selenium and ' Te in tellurium
should be equal to [6(Se)/b, (Te)] =885, while the exper-
imental data lead to a ratio of only about 15 (see Table II).
This discrepancy is further evidence that Koma's theory
is not able to explain the phonon-induced relaxation
mechanisms in tellurium and in selenium.

Above 450 K, a very small additional increase of the re-
laxation rate 1/Tq is observed with increasing tempera-
ture, indicating that a second relaxation mechanism is ac-
tivated. The corresponding additional relaxation rate is
caused by translational atomic jumps. As expected from
general relaxation behavior, the strength of this relaxation
process should increase with decreasing field strength [see
Eq. (17)]. Indeed, this behavior is demonstrated in Fig. 8,
where the relaxation rates in a weak rotating field H&
show a sharp additional increase above 370 K due to
atomic motion. In principle, it is possible to extract the
atomic jump frequencies 1/~ from these measurements
using Eq. (17) in analogy to the analysis of the ' Te relax-
ation data in tellurium shown in Fig. 7. However, con-
trary to the T~z data of ' Te, the T~& data of Se show a
monotonic temperature dependence and a relaxation-rate
maximum does not occur. Hence, a four-parameter fit of
these data by means of Eq. (17) cannot be performed suc-
cessfully; only the activation energy E~ of the thermally
activated jump process can be estimated from the slope of
the motion-induced contribution to the relaxation rate,
1/T)p

~

g' ff obtained by subtracting the phonon-induced
rates (dashed lines) from the measured relaxation rates.
According to Eq. (17), in the low-temperature region in
which

cozr »1, the relaxation rate 1!T~&
~

g'f'f is propor-
tional to 1/r(T) ~exp( Ez/kT). From—an Arrhenius
representation of 1/T, ~ ~ &off one finds Ez —0.9 eV, which
agrees roughly with the results of the more precise site-
selective excitation experiments discussed in the next sec-
tion.

Obviously, below 350 K the rotating-frame relaxation
rate 1!T&z, which has been shown to be dominated by
phonon-induced fluctuations in this temperature range,
does not approach the Zeeman relaxation rate 1!T~ for
locking fields FI»&HL, &, as expected from Eq. (15). The
discrepancy may be probably explained by an orientation
dependence of T]P with respect to the external field Hp,
which is different to the orientation dependence of T~.

B. Site-selective excitation

As mentioned in the Introduction, site-selective excita-
tion has been shown to be a very sensitive technique for
the investigation of ultraslow atomic motions in solids.
This technique has an advantage in not depending on an
independent determination of the type or strength of the
nuclear spin interactions, in contrast to ordinary nuclear-
spin-relaxation experiments, which are governed by rela-
tions of the form of Eq. (17).' This technique can be
applied to crystalline solids where the different lines of
the NMR spectrum can be associated with corresponding
nonequivalent lattice sites in the crystallographic unit cell.

There will be a single background spin-lattice relaxation
rate 1/T~ for all the lines caused, for instance, by spin-
phonon scattering processes. In addition, hopping of the
nuclei via atomic jumps between the lattice sites gives rise
to a transfer of nuclear magnetization between the corre-
sponding NMR lines, which, in turn, may be regarded as
a cross-relaxation process. Under site-selective excitation
of one of the lines of the NMR spectrum, nonexponential
time evolution of the z magnetization generally occurs for
all the lines, while the rotating-frame magnetization of
each line decays exponentially in such an experiment.

Supposing that each atomic jump results in cross relax-
ation between two different lines in the NMR spectrum,
the time evolution of the z magnetization of a selectively
saturated line i can be written as

nz, =1—exp
TJ

whereas the decay of the z magnetization of all the other
lines j&i is given by

m, (t)=1—exp (19)
J

———exp( —NI t)
I 1

N N

Here, N is the number of lines involved in the atomic
jump process and I =1/r is the mean jump rate. As
mentioned above, the rotating-frame magnetization of a
selectively locked line i decays exponentially according to

m~, (r) =exp

where T~z denotes the background relaxation time in the
rotating frame. A nonselective excitation of the total
NMR spectrum leads to the usual exponential decay of
each line in both those experiments governed by the back-
ground relaxation time T~ and those governed by T~P as-
sumed, respectively, to be of the form

m, (t) =1—exp( t/T& ), — (21a)

mz( t) =exp( t /T ~z ) . — (21b)

Thus, the relaxation of all N lines is assumed to be
described by a single relaxation rate. Obviously, the cross
relaxation in a site-selective T~ experiment is a factor of
N/(N —1) stronger than in a corresponding T&& experi-
ment. This factor has been measured' in the case of tel-
lurium, where N =3, and was found to be —', . In addition,
the nonexponential behavior of the z magnetization leads
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to an additional information about the value of N (i.e., the
number of lattice sites involved in the atomic jump pro-
cess). Hence, apart from the simpler realization, a site-
selective TI experiment offers more sensitive insight into
the microscopic details of the atomic jump process than a
corresponding T&& experiment. Therefore, in the follow-
ing we will focus only on site-selective Tt experiments
governed by Eqs. (18) and (19).

According to Mehrer's model, ' in trigonal tellurium
and selenium, atomic diffusion occurs via monovacancy-
assisted nearest-neighbor (1N) jumps within a chain with
an uncorrelated atomic jump rate I I and next-nearest-
neighbor (2N) jumps from chain to chain with an uncorre-
lated jump rate I 2 (1V-1N,2N diffusion model; see also
Fig. 1). Within this model the jump frequencies I;
(i = 1,2) must be written as

T =415K

m.„(tj
2
3

EI.+E~.
I =I 0 exp kT

=I 0; exp (22)
0 2 C 6 Bs

2 ————————————

where E» is the energy of monovacancy formation, and
E; and I o; denote, respectively, the migration energies
and attempt frequencies for 1N and 2N jumps. As illus-
trated in Fig. 1, each of these jumps goes from an initial
lattice site (1) to different lattice sites (2) or (3) (i.e., each
jump transfers nuclear magnetization from one line to
another). Then, with i =1 and j=2,3, Eqs. (18) and (19)
may be rewritten as

m, (t)

O 2 i (l gb s

and

I, = 1 —exp — [—, + —, exp( —3I t)]
I T]

FIG. 9. Transfer of nuclear magnetization between line 1 and
line 2,3 of the Se spectrum in selenium under site-selective ex-
citation of line 1. In the bottom half, the solid lines are obtained
from Eqs. (25) and (26) with an atomic jurnp rate I =0.095 s
( T =415 K}.

m, = 1 —exp — [—, ——, exp( —3I t)],
1

(24)

m, =—,
' [1—exp( —3I t)] (25)

and

m, =—', [2+exp( —31 t)] . (26)

The solid lines in Fig. 9 are smoothed-out time evolutions
of the peak intensities of the NMR lines 1 and 2+ 3 fol-
lowing a selective excitation of line 1 and are obtained
from Eqs. (25) and (26) with 1/I =r= 10.5 s.

It should be noted that, in principle, the atomic jump
rate I can be obtained also from an exchange broadening
of the NMR lines. ' Such line broadening becomes re-
markable only for I & 5vt~2, while, according to Eqs. (18)
and (19), site-selective excitation leads to a pronounced
nonexponential behavior if I &1/(%T&). Typically, in
solids, KT»&1/6vt~2 (i.e., site-selective experiments are

with I =I,+2I
Figure 9 demonstrates clearly the transfer of nuclear

magnetization in the Se spin system of selenium ob-
served by a selective excitation of line 1. The experiment
was performed with the crystallographic X axis being per-
pendicular to Ho (lines 2 and 3 collapse to a single line)
and at a temperature of 415 K, where 1/T& &&3I . Then,
Eqs. (23) and (24) may be simplified as follows:

a more powerful tool for studying ultraslow motions in
solids than excha'nge broadening). In fact, our measure-
ments have shown that, up to the melting point, the lines
of the Se spectrum show no observable exchange77

broadening. In contrast, the widths of the ' Te lines in-
crease strongly with increasing temperature above 550 K.
For instance, at T =650 K the width is about twice the
linewidth at room temperature. Nevertheless, this
broadening effect is small compared to the corresponding
cross-relaxation effect at T =650 K, as can be seen from
Fig. 10. This figure shows the temperature dependence of
the ' Te Zeeman relaxation rates of line 1 of NMR spec-
trum (shown in the inset) under selective excitation. The
measurements clearly demonstrate the existence of two
different relaxation rates, 1/TI and 1/T&+3I, in the
time evolution of the nuclear magnetization of line 1

above 470 K, as predicted by Eq. (23). At these tempera-
tures the background relaxation rates given by Eq. (9) are
essentially identical at the three nonequivalent lattice sites
due to the negligibly small contribution of the
orientation-dependent part, 1/ T

& ~ ~h [see Eq. (14)].
Furthermore, it should be noted that, in the temperature
range where cross relaxation becomes important, the re-
laxation rates of line 1 under a uniform excitation of the
total spectrum were found to be exactly the same as the
TI data given by the open circles in Fig. 10. By subtract-
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FIG. 10. ' Te nuclear-spin-relaxation rates vs inverse tem-
perature of the selectively excited line 1 in the ' 'Te spectrum of
tellurium, as obtained from the observed evolution of the nu-
clear magnetization with use of Eq. (23).

ing the two rates of Fig. 10, the atomic jump rate
r =r, +21 2 can easily be obtained as a function of tem-
perature.

Analogous to Fig. 10, Fig. 11 shows the Se Zeeman
relaxation rates in selenium obtained in the different ex-
periments. Again, the solid circles represent the data ob-
tained from selective excitation of line 1 of the NMR
spectrum shown in the inset of Fig. 11. Obviously, above
350 K, cross relaxation associated with atomic jumps be-
comes remarkable and leads to the two different relaxa-
tion rates, 1/T& and 1/T&+3r. In addition, nuclear-
spin-relaxation rates obtained from nonselective saturation
of the NMR spectrum are depicted in Fig. 11. The open
triangles illustrate the temperature dependence of the re-
laxation rate 1/Tj of line 2+3, whereas the open circles
represent the corresponding relaxation rates 1/T& in the
single-line experiment described in the preceding section.
Generally, the observed data of these background relaxa-
tion rates 1/T~ are governed by Eqs. (4) and (14), but
show an interesting feature. Above 400 K, the difference
between the relaxation rates of line 1 and line 2+3 van-
ishes and a mean relaxation rate is observed. This
phenomenon occurs because the atomic jump rate I be-
comes more rapid than the background rates 1/T~;
(i = 1,2, 3), resulting in a weighted average of both the re-
laxation rates of line 1 and line 2+3 as the atoms jump
between the two lines. From the experimental data de-
picted in Fig. 11, the temperature dependence of the
atomic jump rate I =I &+2I 2 in selenium can be deter-

FICx. 11. Temperature dependence of Se nuclear-spin-
relaxation rates in selenium for different spin excitations. Solid
circles: Relaxation rates of the selectively excited line 1 as ob-
tained from the experimental data by means of Eq. (23). Open
circles: Relaxation rates 1/ Tl of line 2+ 3 (Q—D—Q ) and in a
single-line experiment (o —o —o ) under a uniform saturation
of the spectrum [Eq. (21)].

mined.
V. ATOMIC SELF-DIFFUSION

Mehrer has shown that, within the 1V-1N,2N diffusion
model introduced in the preceding section for trigonal tel-
lurium and selenium, the tracer self-diffusion coefficient
parallel to the crystallographic c axis is related to the
mean atomic jump rate I = I &+2I 2 by

D) =(c/3) (I,+21 )f), (27)

where c is the lattice constant along the c axis. f)(( (with
0 &f)& 1) denotes the corresponding tracer correlation
factor, ' by which the measured quantity D) is smaller
than for a random-walk diffusion process. rz appears in
the expression for the macroscopic diffusion coefficient
parallel to the crystallographic c axis because the next-
nearest-neighbor jumps always have a component parallel
to the c axis, as can be seen from Fig. 1. In a similar way,
site-selective NMR measurements are also strongly influ-
enced by correlated atomic jump processes. As an exam-
ple, consider an atom carrying out a series of jumps
within a short time interval ~~&I '. Let us further as-
sume that this jump sequence displays the atom from an
initial site A; to a final site AJ, which are both crystallo-
graphically equivalent. Such a jump process would con-
tribute to the measured tr'acer diffusion coefficient, but it
does not affect the NMR cross-relaxation behavior after
site-selective excitation, because no transfer of nuclear
magnetization from one NMR line to another has oc-



30 B. GUNTHER AND O. KANERT 31

curred as a result of this jump sequence. Consequently,
the fraction of atomic jump sequences which contribute to
the observed cross-relaxation process is given by
1 —8'z z, where 8'z z denotes the probability for
such spatially correlated jump events with equivalent ini-
tial and final lattice sites. In addition, the cross-relaxation
behavior is also affected by temporal correlations, because
a multiple jump process of an atom, occurring within a
short time interval ~~&I ', has, in principle, the same
effect as a single atomic jump on the time evolution of the
selectively excited NMR spectrum. Therefore, the frac-
tion of atomic jumps which influence the NMR cross-
relaxation behavior is finally given by (1—Wz z)/Z,
where Z ( & 1) denotes the average number of jumps that
an atom carries out with a single vacancy. Hence, from
site-selective NMR measurements, one does not obtain ex-
actly the uncorrelated atomic jump frequency
I- =I i+2I 2. Instead, one observes a lower jump frequen-

cy I NMR, which can be expressed within the 1V-1N,2N
diffusion model as

650
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I NMR=(I i+2I z)fNMR (28) 1.5 1.6 1.7 1.8 1.9 2.0

where the correlation factor fNMR ——(1—Wq ~)/Z ac-
counts for the spatial as well as the temporal correlation
effects described above. In a previous paper we published
values of fNMR and of the ratio fNMR/f, which we ob-
tained as a function of I i/I z by means of a Monte Carlo
simulation of the I i and I z jumps. ' The results can be
characterized by only a few features: For 12/I i&0.1,
the ratio fNMR/f)=0. 9 is independent of the magnitude
of the frequency ratio I z/I"i within a deviation of 5%.
The ratio fNMR/fg approaches 1 for I 2/I i approaching
zero. For I 2/I i &0.1, the correlation factors fNMR and
f) can be approximated roughly by the same relationship:

fbi „, =10I,/I (29)

A. Tellurium

Figure 12 shows a semilogarithmic plot of the depen-
dence of the diffusion coefficients DgMR in tellurium on
inverse temperature calculated from the experimental data
of Fig. 10 by means of Eq. (30). It should be noted that
some additional data obtained from site-selective T&& ex-

In order to compare the NMR results (I NMR) with
radio-tracer measurements (D)), it is useful to define an
NMR diffusion coefficient DgMR analogous to Eq. (27) as

t

1

DIIiMR (c/3) ~NMR i (30)

with I NMR given by Eq. (28). From Eqs. (27), (28), and
(30) we can draw an important conclusion. If the 1V-
1N,NN model is a valid description for the self-diffusion
process in tellurium and selenium, then, for all I i/I 2

(i.e., for all temperatures), the radio-tracer diffusion along
the c axis leads to practically the same diffusion coeffi-
cients [Eq. (27)] as those obtained via Eq. (30) by nuclear-
spin-relaxation experiments. In the following section dif-
fusion coefficients DgMR of tellurium and of selenium, as
determined using Eq. (30) from site-selective NMR exper-
iments (Sec. IVB), will be presented and compared with
tracer data obtained from the literature.

periments are included in the figure. Obviously, in the en-
tire temperature range, the data follow a simple Arrhenius
law within the error bars. A least-squares fit (solid line in
Fig. 12) yields

+p ip ( 1.45+0.03 ) eV
Dg = 012 '

p (31a)

in units of cm2s '. In addition, self-diffusion coefficients
D), as obtained recently by Werner et al. from ' Te
radio-tracer, measurements, are depicted in Fig. 12. The
dashed line represents a plot of these tracer data using the
expression

0 6+p. s (1.53+0.04) eV
D = 0.6+p'4 exp (31b)

in units of cm s '. A comparison shows very good
agreement within experimental error between these two
sets of data, except for a slight deviation above 600 K.
Neglecting, for the moment, the three tracer data above
600 K, a least-squares fit of the remaining data leads to
an activation'energy of 1.43 eV, which is very close to the
value given in Eq. (31a). The good agreement of the two
sets of data is strong evidence that atomic diffusion in tel-
lurium is dominated by the 1V-1N,2N diffusion mecha-
nisrn as proposed by Mehrer. ' '

. In connection with this conclusion, it should be noted
that Mehrer et al. have also carried out tracer diffusion
measurements perpendicular to the crystallographic c
axis. ' They found that through the entire temperature

FIG. 12. Self-diffusion coefficients parallel to the c axis, D I~,

vs reciprocal temperature in tellurium single crystals. The solid
line represents a least-squares fit of the present NMR data (solid
circles) with best-fit parameters given in Eq. (31), while the
dashed line is an analogous fit of the radio-tracer data (open cir-
cles) as obtained by Werner et al. (Ref. 14).
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E
DgMR, T D0 exp

Em2 Em 11+2exp T

(32b)

with Do=10(c/3)2I oz. From the exponential term in the
large square brackets of Eq. (32b), we would expect a cur-
vature in the Arrhenius plot of the self-diffusion coeffi-
cient (Fig. 12). However, Eq. (32b) predicts a maximum
deviation from linear behavior of the Arrhenius plot of
only +6% within the measured temperature range
(500—650 K) for E 2 —E i—0.07 eV. For all other posi-
tive values of E 2 Eq the n—onlinearity is even much
less than +6%. On the other hand, the experimental er-
rors of DgMR T are larger than about +10%. Therefore,
the additional teinperature dependence of DgMR T, intro-
duced by the difference in migration energies for 1N and
2N jumps, cannot measurably influence the temperature
dependence of the experimental data. Hence, within the
framework of Eq. (32b), the observed effective activation
energy of 1.45 eV must be considered the activation ener-

gy E2 for interchain diffusion. We should mention again
that this somewhat surprising result is an essential conse-
quence of the correlation effects occurring within the 1V-
1N,2N diffusion model under the condition I z/I, «1
[see Eq. (29)].

B. Selenium

The NMR diffusion data DgMR in selenium obtained
from site-selective excitation measurements (Fig. 11) by
means of Eq. (30) are shown in Fig. 13. Because of the
low background relaxation rates in selenium, atomic jump
rates I NMR could be measured down to about 10 s
corresponding to diffusion coefficients DgMR down to
about 10 ' cm /s. In contrast to the diffusion in telluri-
um, a distinct curvature in the Arrhenius representation
of the selenium data is observed, which we interpret in
terms of three different diffusion mechanisms:

DkMR D01 exp
EeffII

kT +Dp2 exp kT

+Dp~ exp (33)

The solid lines in Fig. 13 represent a least-squares fit of
the data by means of Eq. (33) using the set of parameters

range the ratio. D)/DT lies inside the narrow bounds of
1&D)/DT &1.8 predicted by the 1V-1N,2N diffusion
model. ' Additionally, their experimental values of
D)Jt/DT indicate that I z/I &

&0.1 (i.e., atomic mobility is
higher along the chains than between the chains). Then,
with the use of Eqs. (28) and (29), the diffusion coeffi-
cients D) [Eq. (27)] and DgM~ [Eq. (30)] become equal
and may be written as

DENIM„=

10(c/3)'l, (1+21-,/I, ) (32a)

Assuming further, in accordance with Mehrer et al. ,
'

that both the attempt frequencies I o& and I o2 in Eq. (22)
are equal, we obtain
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FIG. 13. Arrhenius plot of the self-diffusion coefficient
parallel to the c axis, DgMR, obtained from selective spin excita-
tion in undeformed and plastically deformed (@=3.5%) seleni-
um single crystals. The solid lines are computer fits based on
Eq. (33); the slope of the dashed line is equal to the activation
energy E,If=1.20 eV of Eq. (33). For comparison, the tracer
diffusion coefficients of Bratter and Gobrecht parallel (D)) and
perpendicular ( DT ) to the c axis are also shown.

given in Table III. In analogy to isomorphous tellurium,
the dominating diffusion process in selenium represented
by the first term in Eq. (33) is attributed to the 1V-1N,2N
diffusion mechanism in'troduced by Mehrer. ' Likewise,
we again assume high atomic mobility within the chains
(i.e., I q/I ~ &&1 and I oi ——I oq), which allows the use of
Eq. (32) for the evaluation of the experimental data within
the 1V-1N,2N diffusion process. Again neglecting the
small temperature dependence of DgMR introduced by the
difference in migration energies for 1N and 2N jumps [see
Eq. (32)], we see that Egff represents the activation energy
E2 for interchain atomic diffusion. The dashed line in
Fig. 13, which has a slope of 1.20 eV, demonstrates the
degree of accuracy of approximating the data by only the
first (monovacancy) term in Eq. (33).

The last term in Eq. (33) describes an additional dif-
fusion process in the premelting region (T ~0.94T ).
Gilder and Lazarus have proposed that such a contribu-
tion may be due to the thermal expansion of relaxed
monovacancies, which leads to a temperature dependence
of the activation energy and of the preexponential factor
Dp. From molecular-dynamics studies in bcc systems Da
Fano and Jacucci ' concluded that the effect may arise
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TABLE III. Parameters determining the curvature of the Arrhenius plot of DIAM+ in selenium [see
Eq. {33)].

EIIr (eV)

1.20+0.04

E (eV)

0.6+0.2

E3 (eV)

2.0+0.5

Do~ (cm /s)

(8.2+5 ) X 10

Doz (cm /s)

4.8X 10-"
(~=0%)
13X10-"

D (cm /s)

9X 10'

from 1N double jumps of monovacancies which may be
thermally activated for T)0.9T . A third possible ex-
planation of the observed deviation is an additional
creation of divacancies at higher temperatures, as pro-
posed by Seeger and Mehrer, resulting in a simultaneous
migration of monovacancies and divacancies with dif-
ferent activation energies in that temperature range. The
last mechanism seems to be less probable than the first
two because of the observed low values of DgMR. Unfor-
tunately, at the present time, there exists no satisfactory
interpretation of the microscopic mechanism of the ob-
served high-temperature contribution.

Obviously, the second term in Eq. (33) is caused by pipe
diffusion along dislocations since the corresponding
preexponential factor increases with increasing dislocation
density p produced by a plastic deformation of a=3.5%
in the (1120) direction, in which the activation energy
Ed remains unchanged by the deformation (values given
in Table III). Enhanced diffusion along dislocations is
generally assumed to occur by a monovacancy mechanism
within a vacancy-rich pipe of radius r surrounding the
dislocation. Then, the resulting diffusion coefficient Dd
can be expressed as

Dd ——Do2 exp

Ei.—E.-d+E d
r'pDod exp (34)

where E„d and E d denote, respectively, the mean bind-
ing energy and effective migration energy (neglecting the
difference between 1N and 2N jumps) of a vacancy near a
dislocation. From the nuclear-spin-relaxation point of
view, one requires within this model that a common spin
temperature is established after each atomic jump inside
the dislocation pipe [i.e., the spin diffusion coefficient D,
must be large compared to the atomic diffusion coeffi-
cient DgMR, which is of the order of 10 ' cm /s (see
Fig. 13)]. The spin diffusion coefficient D, is related to
the dipolar local field co~—~vz according to
D,=(c/3) con /10 (Ref. 35). Hence, from Eq. (30),
D, D/g M-Rzv&/I . For Se in selenium, v~ —10 Hz and
I (370 K)-10 s ' (Fig. 11), and obviously, the condi-
tion vz/I ~~ 1 is fulfilled.

Suppose that the attempt frequencies I o; do not change
around a dislocation. Then Dod ——Do~, or Do2/Do~
=mr p. Taking a pipe radius r of about 5)&10 cm,
commonly assumed to be realistic in nonionic solids, a

typical dislocation density p of nearly 10 cm leads to
mr p=10, which is indeed of the same order of magni-
tude as the ratios Do2/Do& obtained from the data in
Table III. Values of E„d and E d in Eq. (34) have never
been measured directly, but estimates may be obtained
from the experimental data. As discussed above, for
I q/I ~ &&1, the energy E,'~f was found to be equal to
E2 E&„+E——2. Then, with Eq. (34), the difference
Eeff Ed =0.6 eV is. equal to Em 2+ EU d

—Emd . Peter-
son argued that the energies to form and to move vacan-
cies in dislocations are about 0.5 of the corresponding
values in the lattice (i.e., E d —0.5E z). Furthermore,
Stuke has studied the recovery of selenium single crys-
tals after plastic deformation as a function of tempera-
ture. He concluded that the annealing occurs via motion
of vacancies with a migration energy of about 0.6 eV. To-
gether, these data lead to a binding energy E„d for a va-
cancy in the dislocation pipe of about 0.3 eV, which seems
to be in acceptable agreement with the theoretical back-
ground of pipe diffusion. .

For comparison,
'

self-diffusion coefficients D) and DT
obtained by Bratter and Gobrecht from Se radio-tracer
measurements' are depicted in Fig. 13. Obviously, the
data lead roughly to the same activation energy as that
measured by nuclear spin relaxation, but the absolute
values of the diffusion coefficients differ by a factor of
the order of 20. The reason for the discrepancy is not
completely clear. In our opinion the tracer data are prob-
ably influenced by lattice imperfections caused by the
preparation technique of the samples. The anomalous
behavior of the penetration profiles published by Bratter
and Gobrecht may support such an assumption. Similar-
ly, sterner et al. ' have observed a similar discrepancy in
self-diffusion in tellurium by comparing their own tracer
data (depicted in Fig. 12) with previous tracer measure-
ments performed on tellurium crystals of reasonable qual-
ity, as described in the literature. " They concluded that
lattice defects, like dislocations, are probably the source of
the higher diffusivities published by Ghoshtagore. " On
the other hand, as discussed in the preceding section, their
diffusion coefficients exhibit excellent agreement with the
present results of site-selective excitation experiments car-
ried out on the same tellurium crystals. Hence, these re-
sults suggest that, in particular, in tellurium and in homo-
logous selenium self-diffusion is significantly enhanced by
lattice distortions. However, it remains difficult to ex-
plain that in both materials only the preexponential factor
is substantially affected, whereas the activation energy
(i.e., the slope of the Arrhenius plots) remains nearly un-
changed.
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