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The broadening of the >’Fe Mdssbauer line due to diffusion jumps of iron atoms in a copper single
crystal has been measured as a function of crystal orientation and temperature between 1060 and
1313 K. The results are the following: (i) The anisotropy of the broadening agrees with what is ex-
pected for (110) jumps into nearest-neighbor vacancies. (ii) The deviation of the measured aniso-
tropy from the curve predicted for self-diffusion permits the determination of the vacancy jump fre-
quencies in the neighborhood of the iron impurity. The best fit indicates that association and disso-
ciation jumps of the vacancy with or from the impurity are slower, but internal jumps in the
vacancy-impurity complex are faster than vacancy jumps in the unperturbed copper lattice. (iii)
From the temperature dependence of the resonant intensity (the area of the Mdssbauer line) it can be
concluded that there is no significant impurity-vacancy binding. (iv) The diffusion coefficient for
iron in copper and its temperature dependence are in good agreement with tracer results. At 1313

K, D =(4.2+0.3)x 10713 m%/s.

I. INTRODUCTION

Conventional diffusion investigations are based on mea-
surements of the concentration gradient of diffusing
atoms. They determine the average rms distance moved
by the atoms in times from minutes to days, using, e.g.,
radioactive atoms as tracers. We call these “macroscopic”
investigations. With Mo0ssbauer spectroscopy, on the
contrary, the broadening of the Mdssbauer resonance ab-
sorption line due to motions of the y-emitting or y-
absorbing atom on the time scale of the nuclear mean life-
time is measured. From the angular dependence of the
broadening measured at single crystalline samples, full in-
formation on the elementary diffusion jump can be at-
tained. We may therefore call these investigations “mi-
croscopic.”

The theory for the diffusional broadening of the
Mdssbauer resonance absorption line has first been
worked out by Singwi and Sjolander.! These authors have
shown that the influence of diffusion on both the emission
or absorption probability is essentially given by

1 AT(9)/2
S (k,%iw) =exp( 2W)1r [AL(O)/2P + (B2 ,
which is of Lorentzian form. k is the wave vector of the
y radiation, #iw the energy transfer between y radiation
and lattice, and exp(—2W) is the Debye-Waller factor.
AT(¥9) is the full width at half maximum (FWHM) of the
line broadening due to diffusion jumps as a function of
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the observation direction:
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where 1/7 is the jump frequency and 4 () is an anisotro-
pic function depending on the scalar products of the k
vector and possible jump vectors. In an experiment the
convolution of S(k,fiw) with the nuclear ¢ line is mea-
sured. From the anisotropy 4 () the elementary jump
vectors are deduced by comparison with model calcula-
tions.?

In this paper the model calculations will be based on
the encounter model as worked out for Mdssbauer spec-
troscopy by Wolf et al.’ and generalized to describe dif-
fusion of impurity atoms via vacancies.* This model
takes advantage of the fact that in metals the vacancy
concentration is small. Thus the Mdssbauer atom moves
through the lattice via successively approaching vacancies
each inducing a few jumps of the Mossbauer atom. The
line broadening is then formulated in terms of the number
of jumps and the final displacements of the Mdssbauer
atom due to such an encounter.

During the past five years three series of experiments
have demonstrated that Mdssbauer spectroscopy on single
crystals can indeed be used to study the elementary dif-
fusion jump in solids on a microscopic scale.*~® The ex-
tensive measurements by Petry et al.’ and by Mantl
et al.”® both have led to new and surprising results.
Petry et al. studied the dynamics of an iron atom with a
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trapped interstitial and found a special type of diffusion,
namely “localized diffusion” in a cage. Mantl et al. stud-
ied the normal thermal diffusion of iron in aluminum.
From the measured anisotropy of the line broadening they
deduced a rather complicated interaction of the iron atom
with a vacancy. Unfortunately the results of the conven-
tional tracer-diffusion technique for this system are con-
troversal due to the very low solubility of iron in alumi-
num, and neither the isotope effect nor the enhancement
factor have been measured. This limits the possibilities
for comparisons between Mdssbauer and tracer results.

Therefore we thought it desirable to study the anisotro-
py of the diffusional line broadening in a system where
diffusion is believed to be well understood on the basis of
tracer experiments. We chose a dilute alloy of copper
with about 60 at. ppm *’Co which decays to *’Fe of which
the diffusion was studied.

A first Mossbauer study of the diffusion of *’Fe in
copper single crystals was already performed by Asenov
et al.® These authors measured at one temperature only,
i.e., they demonstrated the feasibility of the experiment
but did not attempt to draw any detailed conclusions.

The dilute alloy of *’Co-*"Fe in copper has several vir-
tues:

(a) We can rely on a series of consistent tracer measure-
ments of iron diffusion in copper’~!! and can draw con-
clusions from a comparison with our Mdssbauer results.

(b) The isotope effect of iron diffusion in copper’ and
the enhancement of copper diffusion by the addition of
solute iron atoms'® have been measured, and from the re-
sults various jump frequencies have been deduced. A
comparison with our results can be attempted.

(c) The lattice dynamics of copper has been studied by
inelastic neutron scattering up to the melting point,'?
which may help us to explain the temperature dependence
of the Debye-Waller factor.

We may therefore expect that Mossbauer measurements
of diffusion at the dilute alloy of >’Co-*"Fe in copper will
permit us to test the extent to which Mossbauer spectros-
copy can yield reliable information on the details of im-
purity diffusion. Furthermore, details of the interaction
of Fe impurity and vacancy which are principally un-
detectable with conventional (macroscopic) methods
might be detected by Mdossbauer spectroscopy as a micro-
scopic method.

II. EXPERIMENTAL

Due to intensity reasons Mossbauer measurements of
"Fe diffusion in a copper single crystal must be carried
out as source experiments. That means the specimen it-
self must be doped with ’Co. The combination of the
high vapor presure of copper close to the melting point
and the long measuring time makes it necessary to encap-
sulate the specimen. To shorten the time of measurement
we have used three adsorber-detector systems simultane-
ously.

A. Source preparation

A disc of 10-mm diameter and 250-um thickness was
obtained by spark cutting from a copper single crystal of
99.995% purity with face parallel to the {111} plane.

The thickness was reduced by the help of an abrasive
technique to about 100 pum, and finally the disc was
chemically etched with a solution of H;PO, (70%) to a fi-
nal thickness of 65 pm.

The orientation of the specimen was determined by
Laue diffraction with an accuracy of +1°. By two very
fine scratches the orientation was then definitely marked
on the specimen. After doping, the specimen was mount-
ed on the sample holder in such a way that the (001),
(111), and (110) directions were parallel to the 180°
wide slit of the furnace [see Fig. 1(c)], which defines the
measuring plane. By simply moving the detectors in this
slit plane measurements could be performed parallel
(001), {111), and (110) directions.

Due to the high activity of the doped specimen the
determination of the orientation was done before doping
the specimen and fixing it to the holder. Since we could
not exclude a small error in the adjustment of the encap-
sulated specimen to the holder, we checked the orientation
after the end of all Mossbauer measurements using a high
intensity x-ray diffractometer with good angular resolu-
tion (<0.1°) keeping the specimen fixed to the sample
holder in the same position as for the Mdssbauer measure-
ments. The result of this determination of orientation
showed that the specimen disc was tilted around its axis
({111) axis) in such a way, that the plane in which the
Magssbauer adsorber-detector systems could be moved
formed an angle of 7.8° with the (110) crystal plane, i.e.,
the plane which includes the (001), (111), and (110)
directions [see Fig. 1(c)]. All model calculations of the
anisotropy of the resonance linewidth were done for the
so-determined exact sample orientation.

For doping the copper single crystal we used about 50
mCi carrier-free *’CoCl, solved in 0.1 M hydrochloric acid
solution. This liquid was spread onto the single crystal in
drops of 10 ul each, which were dried by warming up the
crystal. When about a quarter of the whole amount of the
CoCl, solution had been deposed on the surface the
chlorine was reduced at 593 K in a flowing He-H, atmo-
sphere for 3 h. ¥’Co was then diffused into the crystal at
1225 K for 5 h in the same atmosphere. Subsequently, a
further quarter of the CoCl, solution was spread onto the
specimen, etc. Using this step-by-step program we
prevented the accumulation of too large a quantity of
dried CoCl, powder on the surface of the specimen.

To receive a homogeneous distribution of cobalt, the
source was annealed for 35 h at 1225 K in He-H, atmo-
sphere. To avoid internal oxidation the heat treatment
was terminated in a He-CO atmosphere for 2 h at the
same temperature. The specimen was not quenched but
cooled down rapidly in a flowing He-H, gas atmosphere.
To check the homogeneity of the cobalt distribution we
compared ¥ and induced x-ray emission from both sides
of the specimen. The ratio of 14.4 to 6.4 keV lines proved
to be identical for both sides. The Mgssbauer spectrum at
RT showed a single line of Lorentzian shape with a
linewidth (FWHM)=0.338 mm/sec versus a Pd—2 at. %
57Fe absorber. These facts indicate that all cobalt atoms
had diffused into the copper lattice and occupied identical
sites, which are assumed to be substitutional sites. Etch-
ing of the source was not necessary. A comparison of the
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FIG. 1. (a) Simplified drawing of Mdssbauer furnace and
detector systems. a, watercooled vacuum jacket; b, pumping
flange; c, rotary drive; d, insulation, zirconium oxide; e, heating
wire on ceramics body, three temperature-controlled zones; f,
molybdenum pipe with source holder; g, 180° slit in vacuum
chamber and furnace, radiation window: 75-um polyamid foil
(not shown); h, lead collimator; i, Mdssbauer detector and drive
system (three systems used simultaneously at different angles,
only one is shown). (b) Source holder and encapsulation (simpli-
fied). a, molybdenum holder; b, 200-um carbon foil; c, source;
d, molybdenum ring; e, heat deflector; f, thermocouples. (c)
Source orientation as determined by x-ray defraction. a, source;
b, detector plane; c, (110) crystal plane.

activity of the source to the activity of the tools which
had been used during doping showed that about 80% of
the original amount of >’Co had been brought into the
source. That means that the activity of the source was
about 40 mCi at the time the Mdssbauer diffusion mea-
surements were started. This corresponds to a >’Co con-
centration of 60 at. ppm.

B. Encapsulation of the specimen
and temperature control

Long-time measurements at temperatures 45 K below
the melting point need special precautions to avoid eva-
poration. In high vacuum the 65-um thick specimen
(=source) otherwise would evaporate within less than one
day. Even a low rate of evaporation after a while would
cause a contamination of the 75-um thick polyamid foil
used as a radiation window of the sample chamber, and
such a contamination (as that of any component visible to
the y detectors) would cause additional lines in the
Mossbauer spectra. Therefore, we encapsulated the source
between two graphite foils of 200-um thickness, which
were fixed to the molybdenum sample holder like a
sandwich [see Fig. 1(b)]. Carbon appears to be an ideal
material to encapsulate copper, because there is no solubil-
ity of carbon in copper even up to temperatures near the
melting point of copper. Besides that, the absorption of
the 14.4-keV ¥ rays by 200-um carbon is less than 2%.
By this gas-tight encapsulation technique the source was
protected safely for more than six months at high tem-
peratures and no evaporation was observed. To minimize
the temperature gradient the sample holder was surround-
ed by a molybdenum cylinder whose 180° wide y-ray slit
was also covered by a 200-um graphite foil. The furnace
is shown in Fig. 1(a); details of the furnace and the whole
setup are described in Ref. 8. To record the temperature
of the source, two encapsulated Pt—Pt—10 at. % Rh ther-
mocouples were used, one of which was placed inside the
sample holder very close to the rear side of the source.
The second one was situated in front of the source close
above the measuring plane. After the end of all measure-
ments new thermocouples as well as the thermocouples
which had been used during the high-temperature mea-
surements were calibrated at the melting temperature of
pure copper. During the measuring time of a high-
temperature spectrum (~4d) the temperature never
changed by more than +1.5 K.

C. Mgdssbauer spectroscopy

The angular resolution of the Mssbauer spectrometers
was determined by lead collimators of 10X25 mm win-
dow size in a distance of 170 mm from the source. The
resulting resolution function R(¢,d) had a trapezoid
shape, with areas of 1.1°X3.0° at the top and 3.7°X6.3° at
the base (smaller values for the direction perpendicular to
the plane of the measured anisotropy). All calculated an-
isotropy curves have been folded with the angular resolu-
tion function.

To perform the measurements, three nearly identical
transmission spectrometers have been used simultaneous-
ly. They were arranged in a common plane defined by the
180° slit of the furnace and could be turned in this plane
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around the position of the source within a certain overlap-
ping angular region. By this setup measurements over an
angular region of more than 120° are possible.

To get a sufficiently high resonant fraction during the
high-temperature measurements (the Debye-Waller factor
decreases by about a factor of 7 between RT and 1313 K)
absorbers with a rather high *’Fe concentration (Pd—2
at. % 'Fe) had to be used, which means that a small
broadening of the minimum linewidth had to be accepted.
Due to small differences in the ’Fe concentrations of the
absorbers, the measured linewidths at RT of the three
detector systems were 0.338, 0.290, and 0.350 mm/sec.
The 14.4-keV v rays and the counts of the escape peak of
the krypton-gas proportional counters were accumulated.
The convention of positive velocity for approaching rela-
tive 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 central shift.

III. RESULTS AND DISCUSSION

A. Mossbauer spectra and their interpretation

In Fig. 2 Mossbauer spectra of *’Fe in the copper single
crystal are shown. Compared to the unbroadened spec-
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FIG. 2. Mdssbauer spectra of *’Fe in the copper single crys-
tal. Absorber Pd—2 at. % *'Fe at RT. Notice that the linewidth
is different for different directions of observation. ¥ denotes the
measuring angle with respect to the (001) direction.

trum (973 K) the spectra measured at 1313 K are clearly
broadened. The broadening not only depends on the tem-
perature but also on the direction of observation relative
to the single-crystal axes. All measured Mossbauer spec-
tra could be perfectly fitted with one Lorentzian only.
Different attempts were made to detect an additional su-
?erbroad line which could correspond to a resonance of
"Fe atoms associated to a vacancy during the emission of
the y ray (“vacancy line”—compare Ref. 8). But even
with high-velocity (up to 50 mm/s) long-time measure-
ments (3 10° counts/channel, 1024 channels) we were
not able to detect such a superbroad line. This fact may
be taken as a first hint that cyy (vacancy concentration in
the nearest-neighbor shell of a *’Fe atom) is not—or at
least not much—larger than ¢y (vacancy concentration in
pure copper).

As a function of temperature, a minimum linewidth
was measured between 923 and 973 K. At lower tempera-
tures the Mossbauer lines are slightly broadened. This
broadening depends on the pretreatment of the specimen.
When the specimen had been cooled down rather fast (~1
K/s) the linewidth at room temperature (RT) was just
about 2% larger than the minimum linewidth, whereas a
very slow cooling velocity (~0.001 K/s) led to a line
shape which could not be fitted by a single Lorentzian
line. This broadening is caused by the limited solubility
of iron in copper. Beside the resonance of >’Fe in solid
solution in copper, at least one further resonance of >’Fe
in an intermetallic copper iron compound appeared when
the source had been cooled slowly.

The temperature dependence of the position of the
Mossbauer resonance line on the velocity scale (the central
shift) is primarily due to the second-order Doppler (SOD)
effect which at temperatures above 315 K is described by
the Dulong-Petit rule, 3 i.e.,

850]): ‘—(3E7k3 T/2mt:2) .
Here 8sop is in energy units, E,=14.4 keV is the
Mossbauer y energy and m is the mass of the Mdssbauer

nucleus. The position of the Mdssbauer resonance line as
a function of temperature is shown in Fig. 3. The dashed
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FIG. 3. Central shift of *’Fe in copper versus temperature.
Dashed line: slope (7.31 X 10~* mm/s K) given by the Dulong-
Petit rule, solid line: measured slope (7.0 10~* mm/s K).
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line represents the slope (7.31 X 10~* mm/s K) due to the
Dulong-Petit rule. The slope received from a linear fit
(straight line) to our data is only 7.0+0.1X 10~* mm/s K,
i.e., at 1313 K the measured central shift is about 0.04
mm/s smaller than expected from the Dulong-Petit rule.
This deviation may be partly explained by the increase of
the lattice spacing with increasing temperature which
reduces the electron density at the position of the nucleus
and thus changes the isomer shift.

Such a deviation cannot be explained by softening of
the lattice vibrations close to the melting point as may be
suggested from the anomalous decrease of the Debye-
Waller factor as presented in the next paragraph. The
second-order Doppler shift is a measure of the mean-
square momentum transfer which becomes completely in-
dependent of the dynamical properties of the lattice at
T>>9D'14

B. Temperature dependence of the area
of the Mdssbauer line

Figure 4 shows the dependence of the resonant fraction
F of the 14.4-keV y radiation, i.e.,, the area of the
Mossbauer resonance line, on temperature between room
temperature (RT) and 1313 K (i.e., 45 K below the melt-
ing point of copper). The fraction is normalized to unity
at RT. The actual fraction at RT was about 4—6 % de-
pending on which absorber was used.

If no additional Mossbauer resonance line appears, the
resonant fraction must follow the temperature dependence
of the Debye-Waller factor e ~2¥. For a cubic lattice'’

T gvidv, (3)
B

where m is the atomic mass, k the wave number of
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1000
TEMPERATURE ( K )

500

FIG. 4. Temperature dependence of the resonant fraction F
of the 14.4-keV y radiation from 5’Fe in the copper single crys-
tal. Solid line: fit to the data F=exp(—6E X T/K30}) and
Op=f(T)=338.9—69.7(T/Ts) K, Ts =1358 K melting tem-
perature of Cu. Straight dotted line: Debye model with
©p=315 K. Open circles: values obtained from neutron
scattering data on pure Cu (Ref. 12). All values are normalized
to the room temperature value.

Mossbauer y radiation, and g(v) the frequency spectrum
of lattice vibrations. For temperatures sufficiently larger
than the Debye temperature ©p, (but practically at all
temperatures larger than ©p) in harmonic approximation
the Debye-Waller exponent, 2 W is

2
3%k T

W= :
kBmeD

4)

Figure 4 shows that the actual course of the logarithm
of the resonant fraction does not follow a linear depen-
dence on T as should be expected from Eq. (4) (dotted
line, with ©p =315 K for copper'®) but rather becomes
increasingly steeper with increasing temperature. Since
we perform source experiments this strong decrease of the
resonant fraction cannot be explained by a leaking encap-
sulation and eventually evaporation of *’Co. A possible
reason for this deviation from linearity is an anharmonici-
ty of the lattice vibrations. To our knowledge copper is
the only substance for which the frequency spectrum of
lattice vibrations has been measured by neutron scattering
at temperatures up to the region of the melting point.'? A
considerable temperature dependence, i.e., anharmonicity
has been found. Following calculations by Schober and
Dederichs!® we have deduced the Debye-Waller factor for
the three temperatures for which neutron scattering mea-
surements have been done assuming that iron atoms in
copper vibrate in the same way as host atoms. From Fig.
4 it can be seen that the so-calculated values (open circles)
fit the experimental data well. This implies that the
strong downward curvature of the measured area of the
Mossbauer resonance line is compatible with the anhar-
monicity in the lattice vibrations. We therefore conclude
that the fraction of iron atoms bound at any moment to
vacancies is immeasurably small. If it were larger we
would expect to find a further reduction of the area by a
factor

1—12cnn=1—12¢yexp(E, /kpT)

due to the appearance of a very broad, and therefore
unobservable, vacancy line (compare Ref. 7) where E,, is
the binding energy between iron impurity and vacancy.
With a vacancy concentration ¢y =1.5x10"* at 1313 K
(Ref. 17) we can estimate that E, is smaller than 0.1 eV.

It may be worthwhile stressing again that this investiga-
tion into copper profits from the fact that copper is a
well-investigated substance, better studied than probably
any other metal. In evaluating the Debye-Waller factor
measurements we profit in particular from the results of
measurements of the frequency spectrum of lattice vibra-
tions up to the melting point. As mentioned above, such
measurements have not been taken for any other sub-
stance. The earlier Mossbauer study of the diffusion of
iron in aluminum® suffered from the unavailability of
such data.

C. Diffusional broadening
of the Méssbauer resonance line

Figure 5 shows the experimental data of the diffusional
broadening of the Mdssbauer resonance line measured at
1313 K as a function of the observation direction relative
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FIG. 5. Diffusional broadening AI'(¥) of the resonance line
as a function of the observation direction at T=1313 K. 9
denotes the angle between the (001) crystal axis and observa-
tion direction. Dashed line: computer simulation for self-
diffusion in copper (parameters in Table I, No. 1). Solid line:
simulation for diffusion of ’Fe in copper which agrees best with
measured data (parameters in Table I, No. 4). All simulations
have been convoluted with the experimental resolution.

to the (001) direction of the single crystal. As described
in Sec. IT A the observation plane, i.e., the plane in which
the Mossbauer absorber-detector systems can be moved, is
a plane tilted by 7.8° around the (111) direction [see Fig.
1(c)]. Therefore, the symbols for crystal directions in Fig.
5 are not exact (except the (111) direction), but rather in-
dicate an approximate direction. All model calculations
were done with the real crystal orientation. Measure-
ments which yielded a central shift or resonant fraction
deviating from the average value of all measurements by
more than 1.5 times the standard deviation have been el-
iminated because deviations of this size indicate that some
uncontrolled vibrations had disturbed data collection. In
spite of installation of the complete device on an air-
cushion support, such perturbations could not be com-
pletely excluded for this measurement series lasting for
nearly one year. From 80 measurements at 1313 K alto-
gether, 9 measurements had to be eliminated.

Monte Carlo simulations of the jumps of the impurity
and the vacancy have been performed in order to deter-
mine the anisotropy of the broadening of the Mdssbauer
resonance line for various combinations of jump frequen-
cies. We have used the computer program developed by
Schroeder* for impurity jumps in fcc hosts which is based
on the original program by Wolf and Differt® for self-
diffusion.

The program simulates encounters of a vacancy and a
Mossbauer atom (MA), and calculates the resulting distri-
bution of the displacements of MA’s by examining a large
number (>2000) of encounters. Every simulated en-
counter starts with a vacancy on a nearest-neighbor (NN)
site to the MA. The vacancy then jumps randomly to one
of its neighboring sites, the probability of which jump is
performed depending on the corresponding jump frequen-
cy. In consequence, the MA itself will jump to a NN site

with a certain probability. During the following jumps of
the vacancy the MA may move again, but if the vacancy
leaves the next-nearest-neighbor (NNN) sphere of the
MA, the probability of its returning to the MA decreases
rapidly. Therefore, the encounter is considered to be fin-
ished after 2000 jumps of the vacancy.

The encounter model® which is the basis of these simu-
lations looks only at the consequences of an encounter of
the Mdssbauer atom with a vacancy, i.e., it examines how
many and which displacements of a MGdssbauer atom
occur during an encounter. The model regards the time
spent during the encounter as negligibly short compared
with the time the MGssbauer atom spends without a va-
cancy; therefore, the model does not show what happens
during the encounter. As a result of the simulation we re-
ceive W, (R,) which is the probability that after the end
of the encounter the Méssbauer atom is displaced by a
vector R,. Therefore, 3, We (R, )exp(ikR,) is a struc-
ture factor describing the matching of the phases of the y
wave emitted from the site occupied by the Mossbauer
atom at the start of the encounter and from the site occu-
pied at its end. The simulation further yields z.,. which
is the average number of jumps of the impurity during the
encounter and the correlation factor f:

R,
L s w, (&, R

’
z enc p d

f= (5)
which describes the probability that a series of jumps does
not lead back to the original site (d equals the NN dis-
tance). The anisotropy of the diffusional broadening of
the Mossbauer resonance line results to’®

1— 3 Wenc(R,)exp(ikR,)
Ad)= : . (6)

z enc

The physical meaning of Eq. (6) may be understood as
follows. In case of exact phase matching between all the
wave trains emitted from start and end site,

> Wenc(R,exp(ikR,,)

would equal 1 and the Mdssbauer resonance line would be
unbroadened. In three-dimensional reality, however, there
is no crystal direction for which the structure factor be-
comes 1: the resonance line is rather broadened in all
directions, the size of the broadening varying markedly
with 9.

According to Eq. (2) the diffusional broadening of the
Mossbauer resonance line is related to the jump frequency
1/7 and the possible jump vectors R, of the Mdssbauer
atom. This permits us to determine the jump frequency
1/7 by comparing the simulation results with the mea-
sured size of the broadening and its anisotropy.

The diffusivity D follows then from the Einstein-
Smoluchowski equation

2
p=2"¢, %)
67
where d is the jump distance.
In Refs. 4 and 7 the parameters W, .(R,), Zenc, and f
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Wenc(R,) is the probability that a tracer, which started on (000) ends on a certain lattice site after the end of an encounter,

1 (take regard of the different number of atoms per shell). No. 1: self-diffusion, No.4: simulation, which fits best to measured data.
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had been determined by Monte Carlo simulations of the

Shnnoo encounter based on the “five-frequency model” of Lid-
“EgXdAg iard, LeClaire,'® and others. In that model wy is the va-
fa cancy jump frequency in the host lattice sufficiently far
away from an impurity. Furthermore w; and w, are the
frequencies of vacancy jumps in the impurity’s nearest-
CATI5 w neighbor shell and of exchange jumps of impurity and va-
SEF e~ cancy, thus w; and w, describe the jumps within the
impurity-vacancy complex. Finally, w; and w, are the
frequencies of vacancy dissociation and association jumps
FARE RN B Jfrom or to the nearest neighbor shell of the impurity.
A In the present work we base the interpretation of our
measurements on a simpler situation. We have deduced in
Sec. III B that there is no binding between iron impurity
B8R i i i
I22358 and vacancy, i.e., the nonlinear decay with temperature of
- the Debye-Waller exponent is fully explained by anhar-
monic effects. Consequently, the frequencies of associa-
toggen tion w, and of dissociation w; between impurity and va-
CeNong cancy are.e'qual; we'call them Wi _
t~rm s n In addition, we introduce a simplification of the five-
frequency model. We define an effective internal frequen-
cy wj,, of the impurity-vacancy encounter
S8888. Wi = ®
SEIATS Wity
Wiy describes the jumps in the impurity-vacancy complex.
The reason for this simplification of the five-frequency
model is the following: Our fitting results show that we
282338 can barely distinguish between separate influences of w,
exaane and w, on the anisotropy and the absolute value of the
broadening of the Mossbauer resonance. This will be
shown later in the paper.
Then—on In Fig. 5 the dashed line presents the line broadening as
a=838284 determined by computer simulation for the case of self-
imR=TAC diffusion, i.e., in the case of equality of all five frequencies
in the five-frequency model. The curve has been convo-
luted with the resolution function of our detector system
RS in order to permit direct comparison with the measured
SSSSssa data. Obv10usl_\;_1, the aniso?ropy of the data (i.e., the oscil-
lations in the size of the line broadening) is smaller than
expected for self-diffusion.
The solid line in Fig. 5 is the result of the simulation
S Qo —=a (again convoluted with the resolution function) which
-0 OO0 OO .
agrees best with our measured data. It corresponds to
Wine=1.0wy, w3;=0.1wg, 2. .=3.2, f=0.79, and
Wenc(R,) as given in Table I. With Egs. (2), (6), and (7)
w83 R and d =0.2609 nm the diffusivity is as follows:
° ° D(1313K)=(4.2+0.3)x 10~" m?/s .
In the following we shall perform a comparison of the
QAzxnas measured data with a series of anisotropy curves as calcu-
e lated by help of Monte Carlo computer simulations in or-
der to demonstrate that the definition of the internal jump
frequency w;,, really makes sense, and to give a feeling
for the limits of uncertainty within which the jump fre-
— 2 2 3 b 2 quencies can be determined.

First we have kept w34 and w;,, fixed at their values for
the best fit to the data (w33=0.1lwy, wi,=1.0wy),
whereas w; and w, (i.e., the constituents of w;, ) have

— e Tno been varied. It turned out that varying the ratio w;w,
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between 0.5 and 10 has no significant influence on the an-
isotropy. We can get a qualitative understanding of this
insensibility: What mainly matters for the strength of the
anisotropy are wj,, and wsg, i.e., whether we have a “vivid
internal life” of the encounter before the vacancy dissoci-
ates again. Details of the “internal life” have only minor
influence on the absolute value of the anisotropy of the
line broadening.

Next we have kept wjs fixed at its best value
(w34=0.1wg), and w;, has been varied between 0.5w,
and 2wy. From the comparison of the simulations and
the data we estimate that the uncertainty in w;,, is

0.9wogwim < 1.1w° .

Finally, we have kept wj, fixed at its best value
(win =1.0wg) and have varied ws4. For this set of simu-
lations the result are shown in Fig. 6. Comparison shows
that w4 values in the range 0.08w, <ws34 <0.12w, are
compatible with the measured data.

Summarizing, we can state that w;, is a reasonable
definition and w;, and wj4 can be determined from fit-
ting the anisotropy of AT within the following limits:

1.00 * H“”Wh“h{
0.50 (2) w
1.00 *#HI +
0.50( (3)
B 1.00
; | *
50-50] (4)
1.00
} t ot
0.50| (5)
[
1.00 *ﬂ T
o.s0| (®

0° 30° 60° 90°
ANGLE ¢

FIG. 6. Examples for simulations with different sets of fre-
quencies as given in Table I, Nos. 2—6. wy, is kept fixed to
Wine=1.0wp. w34 from top to bottom is 0.02wg, 0.05wg, 0. 1wy,
0.2wp, 0.6wo. Zencf(2)=8.5, z..f(3)=4.0, 2z f(4)=2.5,
Zencf(5)=1.7, Zene f(6)=1.3.

0.9w0 Wi < 1. le and 0.08“)0 Wiy <0. 12w0 Let us
summarize the physics which is hidden behind the simula-
tions of the anisotropy function AT'(3). We try to do so
by considering which physical parameters determine the
anisotropy and in which way they do act. It is evident
that the anisotropy of the diffusional line broadening will
be weaker the wider the distribution of impurities (the
Mossbauer atoms) at the end of the encounters is. Ex-
pressed the other way round, the anisotropy will be most
pronounced if every encounter transports the impurity
just to a nearest-neighbor site (see Ref. 18). What deter-
mines the width of that distribution? It depends on the
number of jumps during an encounter which are efficient
(not leading back to the original site) z.,.f. Thus we ex-
pect that the anisotropy will be weaker the larger z,.f is.
From Fig. 6 and Table I it can be seen that indeed this re-
lation holds: The smearing out of the anisotropy curve is
stronger the larger z., f is.

For small w;4,—as is the case here—the displacement of
the Mossbauer atom occurs as a result of a collaboration
between w;, and w, jumps. This “collaboration” of w,
and w, is necessary to create a vivid internal life in the
encounter and, thus, an effective transport of the impuri-
ty. An extreme ratio of w;:w, (either very large or very
small) would not be effective because either the vacancy
would circle around the impurity without a reaction of
the impurity (w;, >>w,) or the impurity would frequently
just exchange with the vacancy jumping to and fro
without a further-leading transport (w, >>w,;). We claim
that the effectiveness of the internal life in the encounter
is well described by the choice of wj, =w,w,/(w;+w,).
The length of an encounter is determined by the ratio of
Win, and ws; in detail, the smaller wy compared to wjy,
the longer the encounter is, giving the impurity atom the
opportunity to jump several times before the vacancy dis-
sociates again.

From tracer studies it is possible to deduce various ra-
tios of jump frequencies making use of measurements of
the enhancement factor and the isotope effect. A compar-
ison of these ratios as given by Bocquet'® with the corre-
sponding ratios deduced from our measurements is given
in Table II. w;/w, as determined by Bocquet agrees well
with ws/w;,,, whereas we find a lower value than Boc-
quet for wy/wy. The ratio w,/w, we can only determine
within a wide range not in conflict with Bocquet’s value.

Recently Ruebenbauer!® performed computer simula-
tions of the anisotropic line broadening for impurity dif-
fusion on the basis of the encounter model. In principle,
his work reproduces the results of Schroeder.® For sys-
tems with a low vacancy binding energy like Fe in Cu he
proposes a simplified approach in a high-temperature
limit. Neglecting different entropies for different fre-
quencies, this limit yields w;/w;=w4/we=1 and
W /Wy =My /Myost)'2=0.95 for Cu’’Fe (mMimp,Mpos
equals the mass of the impurity and host, respectively),
i.e., the only difference to self-diffusion comes from the
different masses. Ruebenbauer’s model yields results
which are in discrepancy with Bocquet’s and our values as
well.

Please note finally that the jump distance d correspond-
ing to one elementary jump is, in principle, a free parame-
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TABLE II. Comparison of frequency ratios resulting from tracer studies (see Bocquet, Ref. 10) and

from this work.

w3/ w w4/ Wo wy/w
Tracer 0.09+0.03 0.30+0.04 0.35+0.15

W3/ Win w4 /wo wy/wy
This work 0.10+0.02 0.10+0.02 0.1 <wy/w; <2

ter in the simulations of the anisotropy, because the posi-
tions of the extreme of the anisotropy curve are related to
d. From comparison with the simulations we get

d =0.26+0.01 nm

in agreement with the nearest-neighbor distance in copper
at 1313 K d =0.2609 nm.

D. Temperature dependence of line broadening
and comparison with literature on tracer results

For temperatures different from 1313 K we have mea-
sured the line broadening AT for only eight representative
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FIG. 7. (a) Temperature dependence of the diffusional line
broadening for *’Fe in a copper single crystal for three different
directions of observation. (b) Diffusion coefficient for ’Fe in
copper determined from the anisotropic line broadening. Solid
line: fit to the measured data; dashed line: tracer data (Ref. 11).

single-crystal directions. Fig. 7(a) gives the results for
three of these, showing that the Arrhenius plots are paral-
lel within the accuracy of our measurements. The same
holds for the directions not shown. This implies that the
anisotropy stays the same between 1060 and 1313 K. It
follows that the relation between the jump frequencies
stays the same over this temperature range, i.e., the jump
mechanism is temperature independent.

With the help of Egs. (2), (6), and (7) the anisotropic
AT measured for the different directions has been con-
verted to an isotropic diffusion coefficient. Figure 7(b)
compares the diffusivities so determined with tracer data
of various authors.’~!! The agreement is satisfactory.
The activation energy is 2.24+0.02 eV in agreement with
the tracer value 2.241+0.01 eV. The prefactor D, is
slightly larger than that deduced from tracer studies:
Dy(Mdssbauer)=(1.67+0.2)X10~* m?/s,  Dj(tracer)
=(1.240.2)x10~* m?/s. We do not think that this
difference is significant.

IV. SUMMARY AND CONCLUSIONS

The principal results of this work are as follows:

(i) The anisotropy of the line broadening, i.e., the angles
for which maximum and minimum line broadening is
found, agrees perfectly with what is expected for (110)
jumps into NN vacancies.

(ii) From the deviation of the anisotropy from the curve
predicted for self-diffusion, jump frequencies of the Fe-
impurity-vacancy complex can be deduced. We have de-
duced the internal jump frequency w;, of the complex at
1313 K as wj, =(1.0£0.1)wy, i.e., the jumps in the com-
plex are about as fast as jumps of the vacancy in the pure
copper lattice, the real uncertainty in the value being
probably higher. A separate determination of impurity-
vacancy exchange jumps and vacancy jumps in the NN
shell of an impurity, both together constituting w;,,, does
not appear to make sense, since the anisotropy is rather
insensitive to a mutual change of w; and w, as long as
Wiy, stays the same.

(iii) The enhanced temperature dependence of the
resonant fraction can be fully accounted for by the soften-
ing of the phonon spectrum as determined by neutron
scattering in pure copper. The binding effect between a
vacancy and an Fe atom can only be small (binding energy
of less than 0.1 eV). We have assumed no binding and
have set the frequencies for vacancy association to and
dissociation from the impurity equality. From the aniso-
tropy we obtain wj4 =(0.10+0.02)w,, i.e., association and
dissociation jumps are about ten times slower than vacan-
cy jumps in pure copper. This value is only one third of
the value deduced from tracer diffusion measurements.
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The real error is probably higher than 20%. If we inter-
pret the change of the jump frequencies as changes of bar-
rier heights we arrive at a schematic picture of a potential
seen by a vacancy in the neighborhood of an Fe impurity
in copper as sketched in Fig. 8.

(iv) The diffusion coefficients determined by Mossbauer
spectroscopy and tracer diffusion technique agree in ac-
tivation energies: 2.24+0.02 eV and 2.241+0.01 eV,
respectively. There is a slight, but probably not signifi-
cant, difference in the D, values which are
(1.67+0.2) X 10~* m%*/s and (1.2+0.2) X 10~* m%/s.

(v) From the temperature dependence of the line
broadening in different directions it follows that the fre-
quency ratios w; /w, remain unchanged between 1060 and
1313 K.

This study on a system well investigated with the tracer
technique has proved that the results of the diffusional
Mossbauer line broadening at single crystals are in satis-
factory agreement with results from tracer diffusion stud-
ies. Different from the tracer technique quasielastic
Mossbauer spectroscopy yields direct information on the
jump mechanism as jump vectors and jump frequencies.
The study has shown the limits within which these fre-
quencies can be determined, e.g., by demonstrating that a
separate determination of w; and w, is possible only
within wide limits if wj4 is small.

In our opinion the future of studies looking into dif-
fusional line broadening in single crystals does not pri-
marily lie in determining separately the various jump fre-
quencies involved in a diffusion process, the five-
frequency model being an oversimplification anyway. We
rather believe that Mossbauer studies of this type may
contribute to the understanding of unexplained diffusion
mechanisms where even the elementary jump vector is un-
known. These are, e.g., fast-diffusion processes where an
interstitial mechanism is under discussion or diffusion

i

t t t t + $ T > =

Rs
vacancy free vacancy NN vacancy free
to impurity

FIG. 8. Schematic representation of the potential seen by a
vacancy in the neighborhood of an Fe impurity in copper. The
association frequency w, is much smaller than wq (w4 =0.1w,),
i.e., a vacancy feels a repulsion when approaching an Fe impuri-
ty. But once the vacancy has arrived in the nearest-neighbor
shell of the Fe impurity the complex can perform quite a num-
ber of jumps (wiy,=2w,=20w;,) before the vacancy leaves
again, i.e., impurity and vacancy behave like they are in a
“cage” rolling through the lattice for about 20 jumps. There is
no vacancy impurity binding, i.e., the association and dissocia-
tion frequency are equal, w3 =w;=wjq.

processes in more complicated lattices than fcc and bee
metal lattices. We hope that this study of a simple system
has contributed to solidifying the basis for such studies of
more complicated (and perhaps more interesting) systems.
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