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Diffusion of iron in aluminum studied by Mossbauer spectroscopy
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The broadening of the ' Fe Mossbauer line due to diffusion jumps of the Fe atoms in an
Al single crystal has been measured as a function of crystal orientation. The broadening is

strongly anisotropic. Theoretical calculations for the broadening using the five-frequency

model for the motion of an Fe atom via vacancies show that the following information

about the geometry and perturbed jump frequencies of the Fe-vacancy complex can be ob-

tained: (i) The anisotropy of the broadening yields information about the jump geometry
and jump-frequency ratios, (ii) the absolute value and the temperature dependence of the
broadening yield the diffusion coefficient and the activation energy for Fe diffusion, and (iii)

the anomalous decrease of the Mossbauer intensity in the vicinity of the melting point yields

information about the binding energy of the Fe-vacancy complex. Our results are consistent
with the following interpretation: Fe in Al moves by exchanging sites with nearest-neighbor

vacancies. The binding energy of an Fe-vacancy complex is Eb(0.29 eV. The diffusion
coefficient of Fe in Al is Di:,=1.1)& 10 +—'exp[ —(2.3+0.2 eV )t/ks T] cm's ' in reasonable

agreement with results from tracer experiments. Values are obtained for different jump fre-

quencies of a vacancy in the vicinity of an Fe atom.

I. INTRODUCTION

There is general agreement that vacancies are re-
sponsible for self-diffusion and impurity diffusion in
most cubic metals. ' Diffusion coefficients are usu-
ally measured by the tracer-diffusion technique.
When suitable isotopes are available from studies of
the isotope effect the correlation factor can be de-
duced. This yields information on the atomistic
mechanism for self-diffusion. Impurity diffusion is
more complicated, since the jump frequencies of the
defect may be changed in the neighborhood of the

impurity. From tracer-diffusion studies jump-
frequency ratios can be determined. ' It is, how-
ever, not possible to measure the jump frequencies
and to determine the elementary diffusion jump in a
direct way.

Additional information can be obtained with
methods which study defects and diffusion on an
atomistic scale. We report here on an investigation
of diffusion by Mossbauer spectroscopy. The influ-
ence of diffusion on the Mossbauer effect was
described by Singwi and Sj5lander and Krivoglaz.
The physical picture used to describe classical dif-
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fusion in a lattice is as follows: Most of the time an
atom sits in an equilibrium position. By thermal
fluctuations it gains so much energy that it is able to
overcome the barrier for a jump into a neighboring
empty lattice site. The duration of the jump is
determined by the duration of a lattice vibration
whereas the average time between two jumps
(residence time) is much larger. If a Mossbauer
atom (MA) performs one or inore diffusion jumps
during the lifetime of its excited nuclear state, the
emitted y ray is cut into pieces which are emitted
from different sites. The absorbing nucleus records
the phase shifts between the different parts of the y
ray. The distribution of residence times leads to an
energy broadening of the nuclear resonance inversely
proportional to the mean residence time ~. Since the
jumps are thermally activated the mean residence
time ~ decreases with increasing temperature and
thus the broadening increases. If the MA performs
jumps on a discrete lattice the phase shifts of the
emitted y ray depend on the angle between the direc-
tion of emission ( k vector) and the lattice directions.
Thus, the anisotropy of the line broadening which
can be measured in a single crystal is characteristic
of the geometry of the diffusion lattice.

Chudley and Elliot were the first to calculate the
anisotropy of the line broadening due to discrete
jumps in space for the case of ideal interstitial dif-
fusion (uncorrelated jumps in an empty lattice).
Later Krivoglaz and Repetskiy calculated the an-
isotropy of the line broadening due to diffusion via
nearest-neighbor (NN) vacancies but they also
neglected correlation effects. More recently, self-
diffusion of the MA via NN vacancies including the
effects of geometrical correlation between the jumps
of a vacancy and the MA have been considered by
Dibar-Ure and Flinn and Wolf' in computer simu-
lations and by Bender and Schroeder" in analytical
calculations.

Besides this broadening, the diffusion of a MA
causes relaxations of the hyperfine interactions due
to changes in the hyperfine parameters. Such
changes could be caused, e.g., by an approaching va-
cancy, since a vacancy in the immediate vicinity of
the MA could change the electron density at the
Mossbauer nucleus (measured by the isomer shift)

and cause an electrical field gradient (measured by a
quadrupole splitting of the resonance).

The first Mossbauer experiments on diffusion
were performed by Knauer and Mullen, who studied
the diffusion of Fe impurities in polycrystalline Cu
and Au. ' Other authors studied the diffusion of Fe
in various fcc and bcc hosts. ' ' All experiments
yielded diffusional broadening of the Mossbauer res-
onance of the order of magnitude as expected from
tracer diffusion. All were performed on polycrystal-
line specimens, therefore no information about the
geometry of the diffusion lattice was obtained.

Just recently, two groups have performed single-
crystal measurements of the anisotropic resonance
broadening. Asenov et al. ' have studied the dif-
fusion of Fe in a Cu single crystal and Mantl
et al. ' have reported on Fe diffusion measure-
ments in an Al single crystal. First evaluations of
the measured anisotropy confirmed that in these sys-
tems diffusion takes place via NN vacancies. Con-
siderable deviations were found, however, from
theoretical calculations for self-diffusion as, for in-
stance, performed by Bender and Schroeder. "

In order to contribute to the atomistic under-
standing of impurity diffusion we reconsider in Sec.
II the diffusion of a MA in an fcc host lattice in
terms of the five-frequency model. In particular we
consider the influence of binding between a vacancy
and the MA on the diffusional broadening and on
the relaxation of the isomer shift. Section III deals
with the experimental procedure. Section IV
presents more experimental data on Fe diffusion in
Al single crystals which are discussed in the light of
the theory. We determine the elementary jump vec-
tor for diffusion and obtain microscopic information
about the perturbed jump frequencies of a vacancy
in the neighborhood of an Fe atom.

II. THEORY

Singwi and Sj51ander have shown that the emis-
sion probability of y rays from a diffusing
Mossbauer atom (MA) can be expressed in terms of
the diffusional part of the self-correlation function
for the MA, Gz(R', t):

n

Here k is the wave vector and %co the energy of the
emitted y rays, %coo——E,—Eg the energy of the nu-
clear transition, and I 0 is the natural linewidth of
the excited state of the Mossbauer nucleus. The sum
is over all equilibrium sites R" of the MA on a

I

discrete lattice. The Debye-Wailer factor f„de-
scribes the reduction of the intensity due to vibra-
tions of the MA on one lattice site.

Expression (I) is correct if the jump rate of the
diffusing MA is small compared to the frequencies
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of vibration, and if any influence of the fluctuating
environment on the nuclear-transition-like changes
of isomer shift or quadrupole splitting can be
neglected.

If one has to take into account influences of a
fluctuating environment a much more complicated
theory along the lines of Blume and Tjon and Dat-
tagupta ' has to be employed. We shall present the

I

result of such a calculation for the case of diffusion
of a substitutional MA via vacancies, e.g., Fe in Al,
where the approaching vacancies can cause an iso-
mer shift of the transition energy. Details of this
calculation will be published separately. The for-
mula for the emission probability has to be modified
to the form

Here the index a=0,1, . . . specifies the possible
isomer states of the Mossbauer nucleus with transi-
tion energies e~=kco~ and enclosure by the angular
brackets means taking the thermal average over
these states. Explicitly the average reads

(e GD(R", r) )

= ge '
GD (R",t

~

R",0)pp, (3)
a,P

where

Gg~(R", t
i
R',0)=GD~(R' —R";r)

is the joint probability that during the time interval t
the MA has migrated from site R" to site R" and
that the isomer state has changed from P to a. pp is
the a priori probability to find the MA in the isomer
state P. To calculate Gn~(R", t) one has to describe
the dynamics of the MA and of the surrounding va-
cancies separately for the various isomer states and
the transitions between them. In the simplest model
we assume an isomer shift only if a vacancy is in the
NN shell of a MA (associated pairs) and no isomer
shift for all vacancies which are further apart
(nonassociated pairs). We can neglect configurations
with more than one vacancy in the NN shell since in
metals the vacancy concentration is always small
((10 ), even at the melting temperature. Then we
have the following schematic picture for the dynam-
ics of the Mossbauer nucleus (see Fig. 1): At t=0, a
MA sits on site, say n', and the vacancies are distri-
buted according to thermal equilibrium. Even if due
to interaction between vacancies and MA the vacan-
cy distribution is inhomogeneous, for small binding
energies (compared to the formation energy of a va-
cancy) most MA are in the nonassociated state (a).
At elevated temperature the vacancies start to mi-
grate and can jump to the NN shell of a MA thus
changing the isomer state to the associated state (b).
In this state the vacancy can induce a finite number
of jumps of the MA during a short-time interval (c);

the larger the binding energy the more jumps. Even-
tually the vacancy leaves the MA (d) and the isomer
state changes to the nonassociated state.

There are essentially two models worked out in
detail to describe the dynamics of a MA due to dif-
fusion via vacancies. Both use different approxima-
tions. The first one, the so-called "encounter
model, "was originated by Eisenstadt and Redfield
and has been generalized by Wolf and recently by
Bender and Schroeder. " In its most sophistica'ted
version it is capable of describing the dynamics of a
MA-vacancy pair in detail, including the correlation
effects due to geometry and binding. However,
this model has been explicitly applied only in a stat-
ic approximation assuming instantaneous atom
transfer due to all jumps induced by one vacancy
(the "encounter" ) and neglecting the temporal
development of these jumps. In this approxima-
tion the model cannot describe the influence of iso-
mer shift due to associated NN vacancies. In partic-
ular it only describes one line which carries all the
intensity. It is, however, suited well to describe spa-
tial correlations and thus the anisotropy of the

n' m" m'

OS migration of vacancy ~
associated pair nonassociated pair

(b) la)

exchange of sites
of associated pairs

n m, n

~ migration ot vacancy O
nonassociated pair

tc) (b)

FIG. 1. Schematic picture of the possible transitions of
the Mossbauer atom (~ ) via jumps of a single vacancy
(CI).
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linewidth of the Mossbauer line for the nonassociat-
ed state, which we call the no-vacancy line.

The second model by Krivoglaz and Repetskiy
explicitly describes the transition of vacancies be-
tween NN and other shells but neglects the correla-
tion due to repeated Uisits of the NN shell. It can be
easily adapted to include the isomer shift of the
Mossbauer line for the associated state, which we
call the vacancy line. Thus it can be used to
describe the intensity of the two lines as a function
of vacancy concentration and binding energy. How-
ever, due to the neglect of correlation effects the
description of the anisotropy of the no-vacancy line
is less accurate and general.

In the following we shall first discuss the results
of the Krivoglaz model adapted to include isomer
shift for the intensity and linewidth of the two-line
spectrum, and then turn to the more complete
description of the linewidth of the no-vacancy line
in the encounter model.

I

I

Q wi

MA

V(r}
Wp

(a)

Wg

~W Mp

A. The Krivoglaz-Repetskiy model
including isomer shift

Krivoglaz and Repetskiy have discussed the
dynamics of MA-vacancy pairs in fcc crystals. Ow-

ing to interaction effects the equilibrium concentra-
tion of vacancies in the nearest-neighbor shell and
the vacancy jump frequencies are perturbed in the
neighborhood of the MA as indicated in Fig. 2 using
the nomenclature of Le Claire for the so-called
five-frequency model. To simplify the analysis it is
assumed that the rotation of vacancies in the NN
shell of the MA is the fastest process, i.e.,
w ] pQ w g w 3 Then any vacancy arriving at a NN
site is quickly distributed over all sites of the NN
shell, and after an exchange of sites between a va-

cancy and a MA (with frequency wq) the vacancy is
instantaneously distributed over the NN shell of the
new MA position. In addition, it is assumed that a
vacancy which has left the NN shell (with frequency
w3) loses its memory and is treated as one of the
randomly distributed nonassociated vacancies. With
these assumptions any correlation between the jumps
of the MA and a vacancy is lost and only two con-
figurations of a MA-vacancy pair can be dis-
tinguished: the associated state with a vacancy in
the NN shell and the nonassociated state with no va-

cancy in the NN shell. For small vacancy concen-
trations we can neglect configurations with two or
more vacancies in the NN shell. For more general
jump-frequency ratios (small w~) a distinction of the
12 possible orientations of the associated pairs is
necessary and correlation effects can be described.

The equations governing the probabilities

GD (R ",t) read in the Krivoglaz model

I I I

MA (110} (220 } (330} R"
(b)

FIG. 2. (a) Five-frequency model for impurity dif-
fusion in an fcc crystal. The vacancy jump frequencies
are as follows: wo, vacancy jump in the pure host lattice;
m&, vacancy jumps in the NN shell of the impurity atom, '

w2, exchange jump of vacancy with impurity atom; w3,
dissociation jump out of the NN shell; w4, association
jump into the NN shell. (b) Possible energy barriers for
vacancy jumps in radial direction. The five frequencies
can be parametrized by the corresponding five activation
energies to overcome the potential barrier (E~ not shown).
Eb ——E3—E4——impurity-vacancy binding energy, Eo——E
=migration energy.

Gn~(R", t—)+ g W„Gn~(R, t)
m, a

=5(t)5-, 05~@ . (4)
I

The transition matrix W-„- describes the rates of
transition from one configuration to another. It
consists of two parts:

I W2
W-„@——W 5-„-+5,5, (Z5-„- —s-„- ) .

The first part

12cp 7w4 —7w3

—12c„7w4 7w3

describes the change of the isomer state of a MA
fixed on site R" due to association and dissociation
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of vacancies to and out of the NN shell. (Here and
in the following we have indicated the 2 &(2 matrices
by a single underline. ) The association can take
place to any of the 12 NN sites with jump frequency
w4 from 7 different non-NN sites which are as-
sumed to be occupied by vacancies with the vacancy
concentration c„as in the ideal crystal. The dissoci-
ation can take place from any site of the NN shell to
seven different non-NN sites with jump frequency
w 3 The association and dissociation jump frequen-
cies are related via the binding energy which also re-
lates the NN-vacancy concentration CNN to the
non-NN —vacancy concentration:

CvW3

CNN

—Eb /k~ T=e (7)

1 if R" and R are nearest neighbors
n m

0, otherwise .

The solution of Eq. (4) can be found by Fourier
transformation f~co, R"—+k yielding a 2)&2 ma-
trix equation

Here E~ is the binding energy of the MA-vacancy
pair. The second term in Eq. (5) describes the
motion of the MA due to exchange of sites with an
associated vacancy. Z is the coordination number
and

For the calculation of the emission probability,
Eq. (2), we need the self-correlation function in the
time —wave-vector domain

Go(k, t) = I dcoe '"'G(k, c0)

=8(t)e (10)

s(k)= —g e'"'"
Z

R

(12}

the form factor of the NN shell (R'ENN). For
the fcc lattice it is given by

1 a a
s (k)=—cos —k„cos —k

3 2" 2»

a a+cos —k cos —k2' 2'

Here 8(t)=1 for t &0, and 8(t}=0 for t &0 Fo.r-
mula (10) shows that the eigenvalues of the Fourier
transform of the transition matrix are the relaxa-
tion rates for the self-correlation function ~. It is
given by

%~=%0 ~5 )5tnw2[1 —s(k)] (11)

with Wo~ from Eq. (6) and

ic0GD(k, co)+ W—
k Gn(k, co)=1

with the formal solution

G(k, co) =( ical+ —Wk }

a a+ cos —k cos —kz 2 x

with a the lattice constant. Inserting Eq. (10) into
Eq. (2) we obtain for the emission probability

—1'
ro — l

cr, (k,co)=f„Re+ ico+ —1+W-„+—e ptt .
2A " A'

(13)

The u priori probabilities ptt (P=0,1) are determined by the detailed balance with transition rates between the
two isomer states:

~opo=~op1 Po+p1=1.
With Wo~ from Eq. (6) this yields

W4 12CNN
p1 = 12cv I 0 = 12cNNpo =

W3 1+12CNN
(14}

The inversion of the 2 X2 matrix in Eq. (13) can be done explicitly and the emission probability can be written
as a two-line spectrum

A)(k) A2(k}
o,(k,c0)=f„Re . +

Z1 —l CO Zg —l CO

where the positions of the lines are determined by the zeros of the determinant
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~o — i
D(z) =det —z+ 1+W-+ e—=0

2A " fi
(16)

yielding

z, ,= +i +—, [(—i5,+ W-„+W-„)+[(i5,+ W-„—W-k)'+4W-„W-„]'"] (17}

with

e& —eo

{19)

The weights are given by

the isomer shift due to an associated vacancy. The relevant combinations of the transition rates are given by

Wk + W-„=(1+12cNN)7w3yw2[1 —s(k}],
W'& —W& ——(1—12cNN)7w3+wz[1 —s(k)], W~&W~& ——12cNN(7w3)

~o . &o w2[1+s( k)]+i5~
A~ 2(k)=+(zl —z2) '

z~ 2
— i ——{1—+12cNN)7w3+2' fi 1+12c

(20)

The spectrum thus consists of two lines whose positions are given by the imaginary parts of zI q, the widths by
the real parts of zl 2, and the weights by A I 2. All functions are determined by the concentration and jump fre-
quencies of vacancies in the neighborhood of the MA, and by the isomer shift.

To be more specific, let us assume that the vacancy concentration is small even on the nearest-neighbor shell
of the MA. Then we can expand zl 2 and A I 2 with respect to the small parameter 12cNN. This yields for the
widths and positions of the lines

r, E'p

z~- +(12cNN)(7w3){1—Q(k)[7w3+w2[1 —s(k)]J}+& —+5~(12cNN)(7w3)Q(k)2' fi
(21a}

z2- +I7w3+w2[1 —s(k)]][1+(12cNN)(7w3)Q(k)]+i ——5I(12cNN)&7w3)Q(k)
2A'

(21b)

with

Q(k)=7w3{5I+ [7w3+w2[1 —s(k}]J )

and for the weights

(21c)

AI ——1 —A2, (22)

A2 12cNN{1—Q(k) [7w3+w2[1 —s (k)]—i5I] )

In this limit the two lines describe the emission of
the y ray if the MA is or is not associated with a va-

cancy, respectively. The lines are asymmetric due to
the imaginary part of A~ 2 which is proportional to
12cNNQ(k)5I. This shows that the asymmetry is
only relevant if 5i is of the same order of magnitude
as the vacancy jump frequencies. Because the over-

lap is small the lines are essentially centered at the
respective; nuclear transition energy, E'p and E'I. For
small vacancy concentrations each MA is in the
nonassociated state most of the time and the no-

I

vacancy line carries almost all the intensity.
Also, the contributions to the linewidths due to

diffusion are differing by orders of magnitudes:
While the additional width of the no-vacancy line is
proportional to the vacancy concentration cNN the
width of the vacancy line to first order does not de-
pend on the vacancy concentration but is of the or-
der of the vacancy jump frequencies. This can be
understood because the rate of change of the nonas-
sociated state is given by the association rate of va-
cancies to the NN shell which is proportional to the
vacancy concentration whereas the changes within
the associated state (exchange of sites of MA with
vacancy, w2) and out of this state (dissociation of
vacancies, w3) are governed by the local motion of
an associated pair and thus the width is proportional
to vacancy jump frequencies directly. This means
that the vacancy line is broader by a factor of
(cNN) ', and thus is hard to measure at high tem-
peratures where the additional width of the no-
vacancy line is of the order of the natural linewidth.
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rp d'--
Rezi —— +12cioiwi (k —K) (23)

which means that the diffusion-induced width goes
to zero proportional to the square of the distance to
the reciprocal lattice vector. The proportionality
factor is the diffusion coefficient of the MA:

d2
D~ ——12cNNW2

6
(24)

with d the NN distance. There is no correlation fac-
tor involved in this model since it is assumed that
the rotation frequency wl is the largest vacancy
jump frequency in the NN shell of the MA. (See
previous discussion and Fig. 2.)

Far away from the reciprocal lattice vectors we
can distinguish two limiting cases:

(i) [1—s(k)]wi »7w3, i.e., a vacancy makes
many jumps with the MA before it dissociates. To-
gether with wi &&w2 this means that one vacancy
can move the MA very far compared to the wave-

length 2n. /k of the y rays. This results in a constant
width of the line

r,
Rezi~ +(12c~~}(7w3) (25)

except close to reciprocal lattice points where
1 —s(k) goes to zero and the inequality (i) cannot be
fulfilled.

(ii) [1—s ( k }]wz« 7w3, i.e., a vacancy dissociates

At lower temperatures the intensity of the vacancy
line decreases rapidly proportional to c~ and is
thus invisible.

Only the no-vacancy line due to nonassociated
MA whose width is caused by long-range migration
of the MA is observed and we shall discuss this in
detail now.

Experimentally it is found that the shift of the
no-vacancy line caused by the overlap with the va-
cancy line [the term proportional to 5i in Eq. (21a)]
is small compared to the diffusion-induced width
which at high temperatures is of the order of the
natural linewidth I'p. This can be explained either
by assuming

51»(w3, wi )=Rezi/ex@-Po/cwz

which is unrealistically large or by 5i «(w3 wi).
We shall assume the second case to be true and
neglect 5i in the expression for zi.

The k dependence, i.e., the anisotropy of the
linewidth, depends strongly on the relation between
the vacancy jump frequencies in the neighborhood
of the MA. Most significant is the decrease of the
width close to every reciprocal lattice point K,
where s(k)~1. Then

quickly from the MA. The resulting narrow distri-
bution yields a strongly anisotropic width over the
entire Brillouin zone

r,Rezi- +12c~wi[1—s(k)] . (26)

In this modified Krivoglaz model with c~~ &&1 the
Mossbauer spectrum consists of two lines of which
only one can be observed. Owing to the
temperature-dependent vacancy concentration the
intensity of the lines is temperature dependent [see
Eq. (22)].

The main shortcoming of the model is the fact
that correlations between the motion of a vacancy
and a MA cannot be described. This is evident in
the expression for the macroscopic diffusion coeffi-
cient, Eq. (24), which does not contain any correla-
tion factor. Thus also the description of the aniso-
tropy of the linewidth is limited to cases of uncorre-
lated diffusion.

B. The encounter mode1

For the full description of the linewidth of the
no-vacancy line we use the encounter model with the
assumption of instantaneous atom transfer.
This assumption is justified as long as the duration
of the encounter is short compared to the lifetime of
the excited state. Owing to the neglect of the time
dependence during an encounter this model can only
yield one line whose width is determined by the
long-range migration of the MA. This line corre-
sponds to the no-vacancy line in the Krivoglaz
model described above. One can show ' that in
this model the linewdith is given by

Rez, (k) =I' /28+12c w [z,„,(w;)]

X 1 —ge'"'" W, (R",w;)
n

J

(27}

Here I p, c~~, and the jump frequencies w; have
the meaning defined above. z, (w;) =(1—pa) ' is
the mean number of MA jumps during an encounter
with pR the return probability of a vacancy from a
NN site to the site of the MA, " and

W,„,(R"—R™) is the probability that as a result of
all jumps of the MA during an encounter the MA is
displaced from site R to site R". In Eq. (27) we
have indicated the implicit dependence on the per-
turbed vacancy jump frequencies of z, and 8;„,.
The result for the linewidth is analogous to the re-
sult obtained for self-diffusion by Wolf. '

For the assumptions of the Krivoglaz model
(wi ))wQ w3 ) Eq. (27) reduces to Eqs. (23) and (26)
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in the respective limiting cases. For general jump-
frequency ratios, however, it includes correlation ef-
fects. The case of small dissociation frequency
w3 —+0 leads to infinitely large z,„,. As discussed
above Eq. (27} can only be applied if the duration of
the encounter (-wq ') is still short compared to the
lifetime of the excited state (I'0 '). Then the natural
linewidth dominates as can be seen from Eqs. (25}
and (27).

We have calculated the encounter parameters z,„,
and 8',„, within the five-frequency model using a
modified version of a Monte Carlo program by Wolf
and Differt. In Table I and Fig. 3 the results for
some values of the vacancy jump frequencies are
shown. As expected we find the following features.

The encounter parameters z,„,and W,„, are most
sensitive to the ratios wi/w3 and wz/w3. These fre-
quencies are in direct competition and they deter-
mine how often the MA exchanges sites with the va-
cancy. There is a minor dependence on the ratio
w4/wp of the association frequency w4 to the ideal

jump frequency wp which determines the return
probability of a vacancy to the NN shell. 8',„, and
z,„, are independent of the fourth ratio w4/w3 and
thus also of the parameter a of Table I. From the
principle of detailed balance one can show that
w4/w3 is proportional to the equilibrium concentra-
tion of vacancies, cNN, and thus determines the ab-
solute value of the line broadening.

For self-diffusion {model l, all w; =wo) and for
models with (wi, wq) « ws (model 5) the MA distri-
bution is very narrow, i.e., more than 95% of all
MA end up within the second-neighbor shell of the
initial site because the return probability pz is small.
Thus the correlation factor f~z is close to unity in
accordance with earlier results. ' If wq and/or wi
are larger than w& (models 2, 3, and 4) the MA dis-
tribution becomes wider because the return probabil-
ity increases. For model 3, e.g., less than 55% of
the impurity atoms end up within the second-
neighbor shell.

In Fig. 4 we have plotted the angular dependence
of the diffusional line broadening for values charac-
terizing Fe (k=72.98 nm ') in an Al single crystal
at 923 K (a=0.413 nm). As can be seen, narrow
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FIG. 3. Final distribution of Mossbauer atom after en-

counter with vacancy W, (R" ) vs (R' ) . Note the loga-
rithmic scale. The model numbers refer to Table I.

Rez, {k)= +DM„(k —K)', k~K . (28a)
2A

distributions of 8', lead to highly structured
linewidths, for wider distributions the structure be-
comes less pronounced. This is easily understood if
one considers that the anisotropy of the diffusional
broadening is due to an interference of the y wave
between the initial site and the final site of the en-
counter. The larger the number of different final
sites the weaker the anisotropy.

The persisting structure can be explained using
the reciprocal lattice plot, Fig. 5, with the Ewald
sphere of radius kF, of the Fe Mossbauer transi-
tion. As discussed before, for diffusion on a discrete
lattice the linewidth Rezi(k) is a periodic function
of k. This means that the diffusion-induced
broadening tends to zero close to every reciprocal
lattice point

TABLE I. Parameters for encounters in fcc crystals.

No.
Wg /No

4 f~ ienc

10 W,(R") Sum of all
R"=0 =(000) (110) (200) (211) (220) (310) R " & (222)

a a a 1 0.7815 1.3447
a a 0.01a 1 0.5357 33.357

10a a O. la 1 0.9051 4.119
15a a 0.1a 0.02 0.9302 2.451
0.1a 0.1a a 1 0.9529 1.04

8178
1600
3400
3700
2200

7083 365 149 62 8
1233 500 433 275 229
3600 1300 654 383 279
4833 1133 629 350 171
8075 83 17 0 0

124
61400
18600

7500
0
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Figure 4 shows that the minima of z~(k) can all

be related to directions where the Ewald sphere
comes close to a reciprocal lattice point of Al. This
is particularly true for (112) direction which shows
the most pronounced minimum for all models.

C. Discussion

0 a ~ ~ I ~ ~ ~ I I I I I ~ ~ I I ~ I ~ ~ I I I ~ I I

0 20 40 60 80 40 20 0
I I I I I I I

&001) &112& &111) &331) &110) &210& &100&

FIG. 4. Relative anisotropy of Mossbauer linewidth for
Fe in Al single crystal vs emission angle. Models are
designated by the same line symbols as in Fig. 3.

Different from the Krivoglaz model, in the en-
counter model correlation effects are included and
the diffusion coefficient reads

d2
DM~ 12cNNwq ——fM~(w; ), (28b)

where the macroscopic correlation factor fM& is
determined by the ratios of the vacancy jump fre-
quencies. ' It can approximately be written as

7
N1+ 2 W3

fM (29)
N1+W2+ g N3

A—

which shows that for w ~ && (w2, wq ) (Krivoglaz
model) fM~-l, which means no correlation.

From these theoretical results we conclude that
three experimental features of the Mossbauer spec-
trum can be used to obtain information about the in-
teraction of vacancies with Fe impurities in Al:

(i) According to Eq. (22) one can use the tempera-
ture dependence of the intensity of the no-vacancy
line to determine the vacancy concentration on NN
sites and thus the Fe-vacancy binding energy.

(ii) The temperature dependence of the linewidth,
particularly close to the (112) direction, can be
used directly to determine the activation energy for
Fe diffusion in Al.

(iii) As can be seen from Fig. 4 one can use the
variation of the anisotropy of the linewidth to find
relations between the vacancy jump frequencies in
the NN shell of the MA. Of course, the choice of
the parameters is limited by results of other experi-
ments. For example, the absolute value of the
diffusion-induced Mossbauer line broadening has to
be consistent with the Fe diffusion coefficient mea-
sured by the tracer technique ' and the relation
between the Fe diffusion coefficient and the self-
diffusion coefficient has to be fulfilled.

III. EXPERIMENTAL

reciprocal lattice for Al (fcc) (T10) plane

~ 226 ~ 446

~ 115 ~ 335

004 ~ 444

~553

002

~ 551

000~
440

FIG. 5. Ewald sphere for k vector of Fe-Mossbauer
line in Al reciprocal lattice. Whenever the sphere is close
to a reciprocal lattice point a minimum of the linewidth is
expected (see Fig. 4).

A. Source preparation

The solid solubility of Co in Al (Ref. 36) is very
small, close to the melting point about 0.01 at. %%uoCo
atoms can be solved at substitutional lattice
sites. ' The corresponding equilibrium concentra-
tion of Co at room temperature is far below 0.1

ppm, thus, fast quenching from high temperatures
becomes necessary to obtain reasonably strong
single-line Mossbauer sources.

From a 99.9999% Al single crystal, disks with di-
mensions of 1.1)(0.7)(0.1 cm were spark cut with
faces parallel to the (111)plane. These wafers were
etched with a solution of 25%%uo H2SO4, 5% HNO3,
70% H3PO4 at 355 K to a thickness of about 300
pm. About 18 mCi carrier-free ' CoC12 solved in
0.1 M hydrochlorid acid solution were used for dop-
ing. After eliminating HCl by freeze-drying the

CoC12 salt was solved in =1 ml high-purity dis-
tilled water. In a glove box with pure He atmo-
sphere 10-pl drops of the liquid were spread over the
surface of the crystal in order to achieve a homo-
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geneous concentration of CoClq. After drying, the
crystal was placed on an A1~03 disk in a vacuum-
tight quartz tube and then Cl was reduced at 573 K
in a flowing He-Hz gas mixture for 4 h. ' Co was
diffused into the crystal at 928 K in flowing He gas
for 7 d. Rapid quenching into pure water at room
temperature finished the doping.

Mossbauer spectra of the quenched crystals
showed that part of the Co are solved at substitu-
tional lattice sites, part have trapped vacancies, and
part of the Co atoms were hindered to diffuse into
the bulk by a surface barrier. Such a hold-up effect
of the Co atoms at a surface layer is reported in the
literature. ' Following annealing of quenched-in
vacancies at =473 K and removing a surface layer
by etching we observed Mossbauer spectra with only
one resonance with full width at half maximum
(FWHM) of 0.235 mm/s and an isomer shift of
—0.425 mm/s (with respect to a natural iron ab-
sorber) at room temperature. Most probably these
values correspond to solid substitutional sites of Fe
in Al. ' ' Homogeneous distribution of the Co
was shown by autoradiography. y diffractometry
proved low mosaic spread of the single crystal be-
fore and after the diffusion treatment [FWHM of
the (220) reflection =15 min]. The final concentra-
tion of Co in the single crystal was about 10 ppm.

B. High-temperature technique

The high-temperature measurements were per-
formed in an ultrahigh-vacuum sample chamber in
which a furnace with three individually controlled
sections was installed. The middle section of the
furnace had a slit over 180' parallel to the horizontal
plane for the detection of the y radiation. The radi-
ation window of the sample chamber was made by a
75-pm-thick polyimid foil with the absorption edge
below 6 keV. A thermal radiation shield around the
sample holder with a small slit for the y radiation
was used to minimize temperature gradients. Ther-
mocouples in the three zones of the furnace were ap-
plied for temperature recording. The chromel-
alumel thermocouples were calibrated before and
after the high-temperature experiments at the
solidus temperature of Al. The drifts due to aging
of the thermocouples were less than 2 K over a
period of 10 months. The temperature differences
between the sample and the thermocouple were
determined by melting and freezing a dummy speci-
men. The temperature distribution in time never
drifted more than +0.15 K during 24 h. However,
during the complete time of the measurements of
the anisotropy of the diffusional broadening of the
Mossbauer resonance a total temperature deviation
of &2 K was observed mainly due to aging of the

thermocouples as mentioned above. Such a varia-
tion in temperature causes a change in the
Mossbauer linewidth of about &0.002 mm/s which
is much less than the experimental error in the
determination of the half width (+0.015 mm/s) for
the high-temperature measurements. All the mea-
surements were carried out in a vacuum of 3)(10
mbar. In order to prevent vibrations a sputter ion
pump was used and the whole experimental setup
was placed on an antivibration support. The fur-
nace was heated by dc to avoid noise on the thermo-
couples and on the Mossbauer drives.

The Al single crystal was placed on a pure Al foil
and mounted on a stainless steel source holder. The
specimen was oriented on the holder by Laue dif-
fraction such that the (100), (111), and (110)
directions were parallel to the horizontal 180' slit in
the sample chamber.

C. Mossbauer techniques

The measurements were performed with two iden-
tical spectrometers, each could be aligned in various
directions with respect to the Al single crystal. The
transmission spectrometers consisted of Mossbauer
drives moving Pd—2 at.% 57Fe absorbers (at room
temperature) and of Kr gas proportional counters.
The 14.4-keV y rays and the counts of the escape
peak were accumulated by an or-gate.

The FWHM of the Mossbauer resonance of the
single crystalline Al Co/ Fe source measured with
a Pd—2 at.% Fe absorber was 0.33 mm/s, the cen-
tral shift was —0.26 mm/s at room temperature.
The convention of positive velocity for approaching
relative motion between source and absorber is
adopted, thus an increase in the electron density at
the source nucleus gives rise to a positive change in
the isomer shift.

Lead collimators of rectangular shape were used
to define the angular resolution of the Mossbauer
spectrometers. The angular resolution function
R (5,(p) had the shape of a trapezoid, with areas of
0.8'X5' at the top and of 8')&11.4' at the base. In
order to compare the experimental results with
model calculations of the anisotropic diffusional
broadening of the Mossbauer resonance the theoreti-
cal curves had to be folded with the angular resolu-
tion function.

IV. RESULTS AND DISCUSSION

A. Mossbauer spectra and their interpretation

Figure 6 shows Mossbauer spectra for Fe in Al:
spectra measured at 923 K (11 K below the melting
point of the sample) exhibit a broadened single line
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compared to spectra measured at room temperature
(RT). In addition, the figure shows that this in-
crease in the linewidth is different for different
directions of observation relative to the single-
crystal axes as is expected for diffusive motion of
the Fe atoms.

The position of the resonance as a function of
temperature is given in Fig. 7. In a Mossbauer ex-
periment the shift of the nuclear resonance from
zero energy difference between source and absorber
(zero Doppler velocity) is primarily due to the iso-
mer shift. This is a measure for the electron density
at the Fe nucleus, and thus contains information
on the atomic structure in the neighborhood of the
Mossbauer atom, e.g., about defects in the
impurity's first-neighbor shell (see, e.g., Ref. 41).
The temperature dependence of the shift is caused
by the second-order Doppler effect (see, e.g., Ref.
42).

Below 870 K the Mossbauer spectra consist of
severa1 resonances. The reason is that besides the
resonance from Co- Fe in solid solution in Al,
resonances from intermetallic compounds of Al with

Co-Fe appear because the Co concentration in Al in
our sample (-10 ppm) exceeds the sohd solubility
below 870 K. Data in this temperature range down
to about 500 K have been determined from a fit of
the Mossbauer spectrum with several components.
By rapid quenching from temperatures above 870 K
to temperatures below 500 K it is possible to freeze
in the high-temperature conditions. That explains
that spectra measured below 500 K again consist of
a single line only (e.g., Fig. 6, the spectrum mea-
sured at RT).

The straight line through the points in Fig. 7 has
a slope of 7.32& 10 mm/s ' K ' as given by the
Dulong-Petit rule for the heat capacity. From the
good fit of the data points with the Dulong-Petit
rule we conclude that the high-temperature reso-
nance is identical with the single line found at low
temperatures in highly dilute samples which is attri-
buted to Fe atoms on substitutional sites in Al.
Notice, however, that at RT we are far away from
thermal equilibrium conditions. It is known from
quenching experiments that this line is a no-
vacancy line, i.e., it is due to Fe atoms without va-
cancies in their nearest neighborhood.

In principle one would expect to find a second
line with a different isomer shift corresponding to
an 57Fe atom in the vacancy associated state (vacan-
cy line). ' The absence of this line can be ex-
plained in the framework of the Krivoglaz model:
According to Eq. (22) the intensity of the vacancy
line is rather weak as long as eNN is small. Close to
the melting point where cNN may be appreciably
large the linewidth of the vacancy line [Eq. (21)] is
of the order of the vacancy jump frequencies m2, m3,
i.e., it is considerably broader than the no-vacancy
line. Consequently the vacancy line cannot be
discriminated from the statistical fluctuations of the
background.

At high temperatures the central shift (sum of
isomer and second-order Doppler shift) of the no-
vacancy line shows only a small deviation from the
Dulong-Petit rule. This confirms the assumption of
Sec. II A that the shift of the no-vacancy line caused
by the overlap with the vacancy line is small in com-
parison to the natural linewidth I 0.

B. Temperature dependence of the resonance intensity

Figure 8 shows the temperature dependence of the
total resonance area E measured from room tem-
perature (RT) up to temperatures close to the melt-
ing point, normalized to unity at RT. According to
Sec. II, the area of the Mossbauer resonance is deter-
mined by the dynamics of the Mossbauer atom. If
the jurnp rate of the MA due to diffusion is small
the temperature dependence of the area is deter-
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mined by the Debye-Wailer factor f„ for vibrations.
For Debye-type behavior at sufficiently high tem-
peratures

f„(RT) f„(RT)

(31)
(30)

Here Ez is the recoil energy from the emission of
the y quantum (1.95)&10 3 eV for the 14.4-keV
transition of Fe), ks is Boltzmann's constant, and

SD the Debye temperature.
Below 700 K the temperature dependence of the

area of the no-vacancy resonance can be fitted by a
Debye model with the Debye temperature 8&——210
K.' Above 800 K, however, the resonance area de-

cays much faster than would be expected from the
Debye model. It is evident that vibrations alone
cannot be responsible for this drastic decay.

As discussed in Sec. II, the intensity F of the no-
vacancy resonance should decrease with increasing
probability of vacancy association to an Fe impurity
atom. The fractional area F corrected for the tem-
perature dependence of the Debye-Wailer factor
should then follow the probability that a Mossbauer
atom stays without a vacancy [Eq. (22)]

with the vacancy concentration cNN at an NN site
given by Eq. (7}. Fitting the high-temperature data
in Fig. 8 by Eq. (31) with en ——210 K and c„(T)tak-
en from literature ' (e.g., c„=8.2X10 at 923 K)
yields

Eb =0.29+0.02 eV .

Inserting this value in Eq. (7} yields the ratio of the
dissociation to association jumps of a vacancy to the
impurity NN shell

w4/w3 ——38

at 923 K.

C. Diffusional line broadening

Figure 9 shows the experimental data of the dif-
fusional broadening of the Mossbauer resonance as a
function of the direction of observation relative to
the single crystal. Etw denotes the difference of the

{004) {113) {664) {440)

Ic
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02—

t~
0.1

1
--10 g

{115) {224) {333) {331)
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FIG. 9. Diffusional broadening EL ~ of the Mossbauer resonance for Fe in Al at 923 K as a function of observation
direction. 4 =polar angle, y =azimuthal angle. Broken line and outer right scale: calculated anisotropy

[2Rez~(k) —I 0/R]/(w2cNNz, ') =12X2 1 —g W, (R" )e' "'"

for self-diffusion, solid line and inner right scale: calculation for impurity diffusion with frequencies as given in Table III.
Calculations are folded with experimental resolution.
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TABLE II. Diffusion coefficients.

Do (cm /s) Q (eV) D (923 K) (cm'/s) D~/Dso (923 K) Authors

Al self-diffusion 1.71 1.47
1.25
1.28 1 22X 10-s

Lundy and Murdock (Ref. 58)
Fradin and Rowland (Ref. 59)
Seeger et al. ' (Ref. 35)

Fe in Al 9.1X10'
135

0.12
1 1X104+—'

2.68
2.00
2.5
2.59
1.4
2.3+0.2

2.11X 10
1.67)& 10

2.09X10 '
2.89)(10

0.17
0.14

0.24

Hood (Ref. 33)
Alexander and Slifkin (Ref. 34)
Sayed and Kovacs (Ref. 60)
Tonejc (Ref. 61)
S5rensen and Trumpy (Ref. 15)
This work

'Seeger et al. analyzed all data concerning self-diffusion in Al in the framework of mono- and divacancy contributions. Q
gives the activation energy for monovacancy diffusion, D (923 K) includes both processes and was used for the calculation
of DMA/Dso

linewidth (in mrn/s) measured at 923 K and at RT.
The polar angle 8 was varied, and the azimuthal an-

gle was kept constant at y=43' for all measure-

ments. The crystal orientations given in the figure
correspond to y=45', i.e., the 2' deviation of y was
ignored here but will be taken into account in the
following model calculations.

The broken line corresponds to the self-diffusion
model for NN jumps in the fcc Al lattice (model 1

in Table I and Fig. 4) as outlined in Sm. IIB, but
now folded with the experimental resolution. In this
model all jump frequencies w; are equal and correla-
tion is a purely geometrical phenomenon. The ex-
perimentally measured minima and maxima of the
line broadening are exactly where expected for
(110) NN jumps in an fcc lattice. This proves that
the Fe atoms are diffusing as substitutional impuri-
ties in Al, mostly by jumps to NN vacancies. As il-
lustrated by the Ewald construction (see Fig. 5) the
positions and the heights of the extrema are sensitive
to small changes of the diffusion lattice. With the
given experimental resolution we would have seen
about a 4% change of the jump distance. Thus the
figure shows that non-NN jumps as proposed by
Janot can only make minor contributions to the
diffusion of Fe in Al.

Using the self-diffusion (SD) model we can deter-
mine an effective jump frequency for the MA-
vacancy jump by adjusting the absolute value of the

measured diffusion broadening to the calculated
curve. This yields wp ——1.67X10 s ' at 923 K
which is about 15% of wp ——1.11&(10' s ' for self-
diffusion in Al. The ratio mp/wp agrees well with
the ratio of the diffusion coefficients DMA/DsD
measured by tracer technique (compare Table II).

However, this modified self-diffusion model is not
correct as can be seen from the difference between
theoretical and experimental anisotropy. In addi-
tion, we have determined a binding between Fe
atoms and vacancies. Consequently, we have to take
into account more than one jump frequency to
describe the Fe diffusion microscopically, as is well
known from the work of Le Claire. The perturba-
tion of the vacancy jump frequencies shows up in
the smoothening of anisotropy of the line broaden-
ing ht w(k) relative to the theoretical curve for self-
diffusion. As shown in Sec. IIB the anisotropy will
be less pronounced for broader distributions

W, (R" ), i.e., if more jumps occur during one en-

counter. In order to vary W,„,(R" ) and in this way
find a fit for the measured anisotropy in the frame-
work of the five-frequency model we have to allow
different w; and insert them into Eq. (27). The solid
line in Fig. 9 represents the best fit, the correspond-
ing values for wi, w2, w&, w4, z,„„and fMA are
given in Table III.

The following remarks should be made.
(a) From the smoothening of the anisotropy it fol-

TABLE III. Vacancy jump frequencies for the diffusion of Fe in Al at 923 K. The ratios w1.w2. w3 are determined
from the fit of the experimentally measured anisotropy of the line broadening. Their absolute values, however, are deter-
mined from the absolute value of the line broadening and the ratio w4/w3 is determined in Sec. IV B. Wp has been calculat-
ed from self-diffusion data (e.g., Ref. 35).

Wp

1.1x 1010 s-'
W1

3 y lp9+0. 5 —1

W2

6 )( 107+0.5 —1

W3

8 &(10 — s

W4

3 y 1ps+0. 5 s
—1

fMA

0.92

ieAC

1.98
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lows that both wi, wq are larger than w3. Physically
this means that the anisotropy of the no-vacancy
line is less pronounced (smoothened) since more
jumps occur during one encounter. Satisfactory fits
are obtained for w~ 2 orders of magnitude larger
than w3. Thus, the principal assumption of the
Krivoglaz model w~ &&wq, w3 is fulfilled. There-
fore, the vacancy line is practically undetectable and

it is permitted to focus the attention on the no-

vacancy line as has been done in the encounter
model. The value of wz is such that we are between
the two limiting cases of Eqs. (25) and (26). This
means that the line broadening is proportional to
cNN ——c„w4/w~ times a factor between 7w3
and wi[1 —s (k)].

(b) The frequency set is very similar to the fre-
quencies used in model 4 of Fig. 3 and Table I. In
comparison to the self-diffusion model the distribu-

tion II',„,(R" ) of the MA after an encounter is de-

creased for the NN and next NN shell, but increased

by orders of magnitude for all more distant shells.
Figure 10 shows the temperature dependence of

EL ~ for two different directions of observation rela-
tive to the single crystal, namely for the (112)
direction where EL q exhibits the most pronounced
miniinum (here k~K) and for the (110) direction
where EL ~ shows a relative maximum. It is obvi-
ous that within the accuracy of the measurements
the temperature dependence is the same in both
directions. This implies that the anisotropy does not
change in the temperature range investigated which
indicates that the diffusion mechanism does not
change.

FIG. 11. Diffusion coefficient for Fe in Al: 0, (110);
~, (112);and, present result; ——,Hood (Ref.
33); ~, Alexander and Slifkin (Ref. 34).

We can now use the known anisotropy which
yields z „fMA, and W, to determine the dif-
fusion coefficient from the measured temperature
dependence of the line broadening in one direction.
According to Eqs. (27) and (28b)

[2Rez, (k, T) I /fi]z, „,d —fM/,
DM~(T) =

12 1 g e Wggg(R )

(32)

2Rezi(k, T)—I'p/A' is connected to the experimen-
tally determined line broadening br&(k, T) mea-
sured in mm/s by

2 Rezi( k T)—I'p/R= EL,n ( k T)
~

k
~

~ (33)

We can determine DM~(T) separately for the two k
values by inserting EL s ( k, T) and the corresponding
structure factors (which are known from Fig. 9) into
Eq. (32). Figure 11 shows the resulting Arrhenius
plot of the diffusion coefficient. A least-squares fit—QMA/k~ T
with DMA=Dpe where QM~ is the activa-
tion energy for diffusion of the Mossbauer atom
gives

104+$ '[& 3+o & ev~/kg~ g/

Whereas the activation energy depends only on
the slope of the diffusion broadening, i.e., QM~ is al-

ready given by the slopes of Fig. 10, the prefactor is
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sensitive to errors due ta an inaccurate determina-
tion of the structure factor. In comparison to the
activation energy for Al self-diffusion (Table II) the
activation energy for Fe diffusion is surprisingly
high. We shall discuss this in Sec. IVE.

As discussed in Sec. IIB one can determine the
diffusion coefficient from the diffusional broadening
close to a reciprocal lattice vector without reference
to the details of the anisotropy. In our case this
would be possible in the (112) dire:tion. However,
we have not done this because the experimental reso-
lution was not sufficient to satisfy the condition
(k~K"' ') for Eq. (28a) to hold.

In the framework of the five-frequency model it is
possible to calculate the activation energy Eq for the
exchange jumps, supposed fM„ is temperature in-
dependent":

2 QMA QSD +Em +Eh (34)

Inserting for QsD ——1.28 eV, E =0.63 eV, '
E&=0.29 eV, and QM~=2. 3 eV as determined
above one gets Ez ——1.94 eV. Using these values and
the ratio wz/wo ——5.45X10 at 923 K {see Table
III) yields an unexpectedly high value for the
temperature-independent prefactor (wq/wo)p
=7.63X10, which also shows up in the diffusion
coefficient. For a verification {or falsification) of
our model one has to perform the full analysis with
data for the anisotropy of the linewidth obtained at
different temperatures.

the minimum close to the (112) direction is only re-
duced by 18% if the diffusion proceeds by divacan-
cies exclusively. This means that also for the diva-
cancy mechanism extreme jump frequencies similar
to those obtained for the monovacancy mechanism
(particularly binding) would be necessary to explain
the experimental results. As has been noted by
Mehrer binding of divacancies decreases the con-
tribution of these defects to the long-range migra-
tion of impurities.

On the other hand, the evidence for a large diva-
cancy contribution to Fe diffusion in Al from other
experiments is inconclusive. Arrhenius plots for Fe
diffusion in Al are straight within experimental er-
rors. ' This holds also for seven other tracers in
Al over a temperature range for which a divacancy
analysis would suggest curvature. However,
Berger et al. ' ' interpret resistivity annealing in
quenched Al with 7 ppm Fe in terms of trapped di-
vacancies. Conclusions drawn from post-quench an-
nealing studies to the thermal equilibrium state may
be in error because a large divacancy population can
be built up during the quench (quench rate -10
deg/s) even if at the quench temperature only a few
percent of the vacancies are in the form of divacan-
cies 52

In summary, our results do not support a large di-
vacancy contribution to the long-range diffusion of
Fe in Al, but it cannot be ruled out.

D. Possible contribution of divacancies
to the diffusion

A smoothening of the anisatropy in the line
broadening is also expected if the diffusion proceeds
via more complex mechanisms than NN jumps via
monovacancies, e.g., impurity jumps to more distant
neighbors or diffusion via divacancies. Both
mechanisms can contribute to a wider distribution
8',„,(R" ) and thus to a reduction of the anisotropy
of the linewidth. There are no quantitative calcula-
tions for the contributions of non-NN jumps and we
will not discuss this mechanism further. Quantita-
tive calculations of 8',„,(R") for an impurity dif-
fusion via divacancies are virtually impossible, be-
cause too many free parameters are involved (the
relative contribution of divacancies, the various
jump frequencies). But it is possible to calculate the
line broadening for the self-diffusion mechanism
using the encounter parameters calculated by
Wolf. The resulting reduction of the anisotropy of
the linewidth is too small to fit the experimental
curve in Fig. 9, in particular the ratio between the
maximum width close to the (322) direction and

E. Comparison with literature

An anomalous decrease of the resonance area due
to diffusion has already been observed in the early
work of Knauer and Mullen on Cu Fe and Au Fe
alloys and later on in experiments on Fe dif-
fusion in Fe 0„. ' The authors attributed the de-
viation fram a Debye-type behavior quite generally
to anharmonic vibrations of the Mossbauer atom
close to the melting point. On the contrary, we have
attributed the entire anomalous temperature depen-
dence of the intensity to binding effects, yielding
Eb ——0.29 eV. Unfortunately, there is no direct mea-
surement of the anharmonic change of the vibra-
tional spectrum at temperatures close to the melting
point even in pure Al, so one can only speculate on
the magnitude of anharmonic effects for Fe jn Al.
If there were an appreciable contribution to the
anomalous decrease of the intensity the value for the
binding energy would decrease. Thus our value is an
upper limit for Eb. As a consequence the ratios
w] wp w3 are not affected, but the absolute values of
these frequencies would increase keeping cNN. wq
constant.

A comparison of the vacancy-Fe binding energy
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Eb (0.29 eV with values taken from the literature is
problematic due to the lack of other experiments
which measure the binding energy at thermal equili-
brium conditions at high temperatures. From
quenching ' ' experiments on AlFe samples the
trapping of vacancies at the Fe atom is known. Per-
ry and Entwistle measured the effect of small con-
centrations of Fe atoms on the initial rate of cluster-
ing of Cu atoms in quenched AlCu alloys and ob-
tained Eb ——0.18 eV. As discussed in Sec. IVD di-
vacancies or larger vacancy clusters may be involved
thus a quantitative comparison of this value with the
larger binding energy estimated from the present
work is not possible.

Previous experiments at AlFe alloys yielded
differing diffusion coefficients (Table II). This is
not surprising because these experiments are ex-
tremely difficult due to the low solubility of Fe in
Al, to the competition of grain boundary diffusion
or other short-circuiting mechanisms and to the
unavoidable oxide barrier at the surface of the Al
samples. This holds true also for the diffusion of
other impurities in Al as Cr, Mn, Co, Ni, etc. (For a
recent coinpilation see Ref. 38.} The present
Mossbauer experiment avoids most of these experi-
mental problems. All measurements were per-
formed with the same single crystal at thermal
equilibrium conditions (no grain boundaries, low
dislocation density). Furthermore, the existence of
one-line spectra showed that all Fe atoms were in
solid solution and surface effects are of less impor-
tance because most of the measured y quanta are
emitted from Fe atoms sitting in the bulk material.
As shown in Table II the value for the activation en-

ergy lies in the range of the values known from
tracer and more indirect resistivity measurements.

Qstz is considerably larger than the activation ener-

gy for self-diffusion Qsn in Al. This fact is in ac-
cordance with the general tendency of the transition
impurities Cr, Mn, Fe, and Co in Al, the value of
the prefactor lies between the values known from
the tracer experiments according to the general
trend that higher activation energies are accom-
panied by higher prefactors.

Contrary to all other experiments an earlier
Mossbauer study of ' Fe diffusion in polycrystalline
Al samples' yielded an activation energy Q~~ ——1.4
eV. This value is not very different from Qso for
Al. In this experiment the concentration of the Fe
atoms was very small, about 0.1 at ppm. A pre-
ferential trapping of the Fe atoms in the neighbor-
hood of the grain boundaries seems to be possible.
Therefore, we suppose that in the measurements at
polycrystalline samples a considerable contribution
of enhanced diffusion along the grain boundaries
might have influenced the result.

As mentioned in the Introduction anisotropic
broadening of the Mossbauer resonance has also
been measured for Fe diffusion in a Cu single crys-
tal. ' The results are in agreement with the present
ones: the angular dependence of ELw confirms a
NN vacancy diffusion mechanism of the Fe impuri-

ty in the Cu matrix, whereas the smoothening of the
experimental curve (as large as in the Al 57Fe experi-
ment} does not fit with the calculations on the basis
of a self-diffusion model. The authors suggested
that this smoothening might be caused by divacancy
contribution to the diffusion and by correlation ef-
fects. They did not perform measurements at tem-
peratures other than 1303 K, i.e., information about
a possible change in the anisotropy and a possible
Fe-vacancy binding is not available. Without this
additional information it appears impossible to fit
their data to Eq. (27) in order to check their sugges-
tions, because too many parameters are undeter-
mined.

V. CONCLUSIONS

This study has demonstrated the capability of
Mossbauer investigations to yield microscopic infor-
mation about the geometry and jump frequencies in-
volved in impurity diffusion. In particular the fol-
lowing features are remarkable:

(i) The pronounced anisotropy of the broadening
of the Mossbauer resonance for the single-crystal
measurements can be explained by diffusion of Fe
via exchange jump with nearest-neighbor vacancies.

(ii) The deviation of the measured anisotropy
from the curve predicted for the self-diffusion
model is evidence for a perturbation of the vacancy
jumps in the vicinity of the Fe atom. We have
determined the jurnp frequencies for the five-
frequency model (Table III). All vacancy jump fre-
quencies close to an Fe atom turn out to be appreci-
ably smaller than the vacancy jump frequency in
pure Al.

(iii) The anomalous decrease of the Mossbauer in-

tensity in the temperature region of diffusion is in-
terpreted with the two-line spectrum predicted by
the Krivoglaz model. Only one line, the so-called
no-vacancy line, can be detected since the width of
the other line is much larger than the frequency
range investigated, and its intensity is thus lost in
the background. The quantitative analysis yields a
binding energy of Eb &0.29 eV for the Fe-vacancy
complex.

(iv) From the temperature dependence of the line
broadening we obtain an activation energy for Fe
diffusion in Al Q~~=2.3+0.2 eV in good agree-
ment with previous results. The absolute value of
the broadening is consistent with the value of the
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Fe-diffusion coefficient in Al which close to the
melting point is much smaller than the self-
diffusion coefficient of Al [DM~/DAi(923
K)=0.24].
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