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Several radioactive isotopes of Fe and Co were simultaneously diffused into an equiatomic
FeCo alloy which exhibits fce, bee, and CsCl-type ordered phases with decreasing tempera-
ture. Penetration profiles were obtained by standard lathe sectioning and a grinding-section-
ing technique described in this paper. From InD-versus-1/7 plots, activation energies of
68.5 and 55 kecal and frequency factors of 1,26 and 0.25 cm?/sec were obtained for diffusion
of Fe* in the fee and bee phases, respectively. From similar plots, activation energies of
69. 4 and 60.0 kcal and frequency factors of 1.33 and 2.00 cm?/sec were obtained for diffu-
sion of Co®" in the fcc and bee phases of the FeCo alloy. The average isotope-effect param-
eters were 0. 66 in the fcc phase and 0. 52 in the bce phase. Manning’s theory for concen-
trated alloys was used to calculate correlation factors for the FeCo alloy. From these cal-
culated values and experimentally measured isotope-effect parameters, AK was determined
to be slightly larger in the fcc and bee phases of the FeCo alloy than has been reported in pure
Fe. The observed decrease in the isotope-effect parameter with increasing degree of order
during the bee-to-CsCl—type ordering transformation is explained in terms of an increase in
atom-jump correlation with the onset of long-range order.

I. INTRODUCTION

The predominant mechanism of diffusion in cubic
metals and dilute alloys has beenidentified asatom-
vacancy interchange. Since there is a certain prob-
ability that a diffusing atom will jump back into the
vacancy and cancel out the effect of the jump on
mass diffusion, its motion is described by a Bar-
deen-Herring-type correlation. ! The correlation
factor is the fraction of atom jumps which is effec-
tive in contributing to random diffusion and is inti-
mately related to the diffusion mechanism. In pure
metals it is a simple geometric factor which has
been calculated theoretically and deduced from
measurements. 2 The so-called “isotope-effect”
measurement is useful for determining correlation
factors and distinguishing among mechanisms of
diffusion. While measurements of the isotope ef-
fect in self-diffusion have been made in a number
of pure metals and dilute alloys, %% little work has
been reported in concentrated binary alloys. Since
most materials in everyday use are composed of
concentrated alloys, it is important to establish
the mechanisms of self-diffusion in such materials
and to understand the degree and nature of correla-
tions in these mechanisms.

The present investigation was undertaken to
measure self-diffusion, correlation, and isotope
effects in concentrated alloys. The previous studies
in this laboratory were on self-diffusion in highly

ordered near-equiatomic B-AuCd > and B-AuZn®’
alloys as a function of composition and temperature;
pressure effects were also investigated in the
latter.® However, no correlation studies were made
in these systems. Generally, tracer diffusion and
correlation effects in nondilute alloys cannot be
treated as rigorously as in pure metals and dilute
alloys. The approach in such cases has been lim-
ited to two idealized models: the completely ran-
dom alloy and the completely ordered alloy. In
random alloys, it is assumed that the vacancy ex-
changes with tracer atoms occur with their charac-
teristic jump frequencies independent of the con-
figuration of the surrounding atoms, and the corre-
lation of the atom jumps is of the Bardeen-Herring
type. Manning®'® has developed a simplified model
for diffusion kinetics in random concentrated al-
loys which yields equations demonstrating the pri-
mary effects to be expected. In the case of ordered
alloys, the problem can be reduced to a reasonably
simple form, since the alloy may be considered to
consist of two interpenetrating sublattices where
each sublattice is occupied by atoms of one kind.
The primary constraint on vacancy motion in the
ordered lattice is the requirement of maintaining
long-range order.

Three diffusion mechanisms have been proposed
for atomic motion in CsCl-type ordered alloys
which leave the degree of long-range order un-
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changed: (i) next-nearest-neighbor jump from body
center to body center, !° (ii) divacancy mechanism,’
and (iii) a highly correlated process with a mini-
mum of six atom-vacancy jumps in the next-near-
est-neighbor direction. * Wynblatt'® concluded
from his calculation of the activation energy of
motion for the three proposed mechanisms (using
a central-force model with a modified Morse po-
tential) that the Huntington-Elcock-McCombie six-
jump model is the most probable of the three.
Gupta et al. ® observed in ordered -AuCd that
D:U/D:d falls within the limits predicted by Elcock’s
model as was also observed in B-CuZn,? B-AgMg,™
and B-AuZn. ® All of this recent work seems to
support the third mechanism, although indirectly,
and more direct evidence is required. The isotope-
effect measurement in ordered and disordered
phases could provide such direct information.

The analytical expression for the isotope-effect
parameter E can be written as®®

_ 1-D,/D,

EB*I _ (Wla/mg)”z ’ (1)
where D, and Dg are the diffusion coefficients and
my, Mmgthe masses of isotopes @ and B, respec-
tively. If only one atom changes position in the
lattice but the energy of motion is shared with
others during the jump, the isotope-effect param-
eter is defined as!®'!

Eg=fs(aK) (2)

where f; is the correlation factor defined earlier
and AK is the fraction of the translational kinetic
energy possessed by the jumping atom in the di-
rection of the jump at the saddle point. The quan-
tity AK is, thus, a measure of the coupling of the
jumping atom with the rest of the crystal and
corrects for the deviation of the atomic vibrational
frequency from the m!/2 dependence. *® For a pure
metal, f;is a function only of crystal structure
and diffusion mechanism, Eis measured experi-
mentally, and AK is inferred from experiment,
models, and theory.

For a random binary AB alloy, where diffusion
takes place by atom-vacancy jumps, the correla-
tion is relatively small, f; approaches unity, and
the isotope-effect parameter is appreciable. In
ordered alloys, if the motion of a vacancy is highly
correlated, qualitatively it can be seen from (2)
that E ;2 f3AK (where # is the number of jumps
in the correlated sequence) and thus E would be
perhaps an order of magnitude smaller than for
the uncorrelated case. Thus, an alloy displaying
an order-disorder transformation should show a
transition in the isotope-effect parameter with
increasing degree of order if the diffusion mecha-
nism is highly correlated in the ordered state.
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Much of the data in concentrated binary alloys per-
tain to characterization of self-diffusion of both
species.®!* Isotope-effect studies'®?® have been
made in fcc NiCr alloys and CuZn alloys. How-
ever, the latter measurement (in disordered and
nearly ordered f-CuZn) remains inconclusive.
The 50-at. % FeCo alloy was particularly attrac-
tive for such studies, since it exhibits a sequence
of solid-state transformations from disordered
fce to disordered bee at 980 °C and from bec to
the ordered CsCl-type structure at 730 °C. The
temperature region of the disordered phases is
not unreasonable for diffusion work, but below the
ordering temperature, such studies are difficult.
Several radioactive tracers (Fe®, Fe®® Co®’, and
Co%) are fortunately available for diffusion and
isotope-effect studies and it was possible to mea-
sure self-diffusion and strength of isotope effect
in all three phases of the alloy, as will now be
described. Hirone, Kunitomi, and Sakamoto?®!
measured the diffusivity. of Co®® in FeCo over the
temperature range 840-1250 °C; their results are
in substantial disagreement with the present work,
as will be pointed out below. Wanin and Kohn’s?
reported values of the diffusivities of Fe>® and
Co® at their one temperature of measurement
are in accord with the studies presented here.

II. EXPERIMENTAL PROCEDURE
A. Specimen Preparation

Large grained specimens of 49-50-at.% Fe,
% in. in diameter and 3 in. in length, were grown
from 99. 99%-pure Fe and 99. 99%-pure Co sponge.
Owing to the large range in solid solubility in
these alloys, small errors in composition would
not be expected to affect the measured diffusiv-
ities in the disordered phase significantly, al-
though the effect might be more important in the
ordered phase. The metals were melted, mixed,
and directionally solidified in Al,O; crucibles
with a tapered end supported by a water-cooled
Cu pedestal in an rf furnace. In this manner,
grains as large as § in. in diameter were ob-
tained. Following growth, the specimens were
annealed for several weeks at 950 °C, spark cut
into cylinders § in. in length polished with
progressively finer emery paper and a 0. 05-u
Al,0O; wheel to satisfactory smoothness and flat-
ness, and etched in dilute NITAL to remove the
cold work.

B. Diffusion Measurements

In order to determine diffusion coefficients and
isotope-effect parameters, measurements of pen-
etration of radiotracers into bulk specimens were
made. Monolayers of radioactive isotopes were
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used in combinations of Fe®® (2.9 yr, 5.9-keV

x ray)/Fe® (44 day, 1.3-MeVyray), Fe*®/Co®"
(267 day, 0.122-MeVy ray), and Co®7/Co® (5.3 yr,
1.3-MeV 7 ray). Co® present as an impurity in the
Fe® tracer could cause error in the half-life
decay correction. However, the amount of Co®
present in the stock solution of Fe®® after a period
of four half-lives was low enough to remain un-
detectable. 2° The various tracer combinations
were simultaneously plated on the plane ends of
the specimens from a bath consisting of distilled
water saturated with ammonium oxalate. After
plating, the specimens were sandwiched between
polished Al;0; wafers which served to prevent
evaporation of the isotope from the surface of the
specimens and any chemical reaction between the
alloy and the quartzcapsule. They were then sealed
of* after being evacuated to 10-*Torr. The diffu-
sion anneals were carried out in resistance-wound
furnaces controlled to +1 °C. The furnace temper-
atures were read with a Pt-Pt 13%-Rh thermo-
couple which agreed to within 0.1 °C with one cal-
_ibrated by the National Bureau of Standards.

After the diffusion anneal, a layer of at least
twice the thickness of the expected diffusion dis-
tance was removed from the cylindrical surface
of the specimens to eliminate surface-diffusion
effects. For an instantaneous plane source diffus-
ing in a semiinfinite crystal, the concentration
N; of the ith radiotracer is given as a function of
penetration distance x by

N;=(W,/(nDt)"%]exp(- x%/4D;t) (3)

where W; is the total amount of plated ith tracer,
D; is its diffusion coefficient, and ¢ is the anneal-
ing time. This expression implies that a plot of
InN; versus x2 will be a straight line with a slope
of —1/4D;t. The relative concentration of two
isotopes, @ and B, diffusing simultaneously is
thus

In(N,/Ng)=const+(1-Dg/D,) (x2/4DB t). (4)

Therefore, a plot of In(N,/Ng) versus x2/4D 4t
permits determination of 1 -.D;/D, which is pro-
portional to the isotope effect [Eq. (1)]. By dif-
fusing two tracers simultaneously, the errors
arising from composition and structural variations
from specimen to specimen, annealing time and
temperature, and sectioning are eliminated. ®

It was desired to take at least 8-10 sections for
each penetration profile. For those specimens in
which the tracer penetration was of the order of
3-5mils, the lathe-sectioningtechnique, described
in detail elsewhere, 13 was used. Consecutive
sections were removed from the specimen paral-
lel to the face and the chips collected and weighed.
The chips for the isotope-effect measurement

were dissolved in NITAL and dried to a uniform
film in the planchet before counting. The unifor-
mity of the film was controlled by slowly rotating
the planchet containing the dissolved sample at a
speed of 1rpm under an infrared lamp. Care was
taken to insure that the solution was evaporated
slowly to avoid bubbles in the film. Specimens
which were dissolved and dried several times ex-
hibited counting fluctuations consistent with the
statistics. The chips for the Fe*®/Co% diffusivi-
ties and the Co*"/Co® measurements were counted
directly since no appreciable absorption of these
radiations occurred. The distance of penetration
in each case was determined from the weight of
the section and the diameter and density of the
sample. Typical lathe-section thicknesses were
about 0. 3mils. A different sectioning technique
had to be employed for small tracer penetrations
at low temperatures. Sections of the order of

1 u in thickness were obtained by a grinding appa-
ratus constructed for this experiment rather
similar to those used by other workers. A 18~‘-
in.-diam planchet containing an adhesive-backed
disc of SiC polishing paper was held in the center
of a Buehler 296012S polisher. The specimen was
held in contact with the polishing paper by a shaft
mounted perpendicular to the plane of the wheel
and offset §in. from the wheel center. The shaft,
which was rotated in a direction opposite to that
of the wheel by a motor-belt assembly, was allowed
to float freely in a cylindrical greased tube

which was machined to a close tolerance so that
the shaft was maintained perpendicular to the
polishing wheel. The weight on the shaft wasvaried
from 1.4 to 41b. Specimens to be sectioned were
first mounted on the lathe and a side cut taken to
eliminate effects of surface diffusion.

Whereas, in the lathe-sectioning technique, the
face to be sectioned could be aligned for parallel
sectioning independently of the back face, this
was not the case in the grinding technique. Although
the shaft recess was parallel to the polishing sur-
face, the specimen surface to be ground would not
be parallel unless both planar surfaces of the
specimen were parallel. In polishing the specimens
prior to plating, it was extremely difficult to get
the faces sufficiently parallel. However, parallel-
ism was achieved by turning the specimen over
and grinding the back of the specimen until the
planar faces were parallel. Unfortunately, the
back face of the specimen was thus rendered unfit
for sectioning, in contrast with the lathe technique
where both faces could be plated and sectioned.
The specimen face being sectioned was examined
after the first complete turn of the polishing wheel
to make certain that the scratches on the surface
were evenly distributed over the face of the spec-
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imen.
By varying the wheel speed, number of turns,

paper coarseness, and weight on the shaft, sec-
tions from <1 to ~ 8 i in thickness were obtained.
The thickness of the section was determined from
the weight of the grind and the known diameter

and density of the specimen. The planchet, with
the polishing paper, was placed directly under the
scintillation detector and the radioactive emis-
sions counted. Due to the fineness of the ground
particles, no appreciable absorption of the 5. 9-keV
X ray occurred. A limiting factor in the grind
method was the error in the weight of the sections.
A typical weight of a 1-u section was about 1 mg.
Since the microbalance used was read with a
probable error of 20 ug, the weighing error
approached 2% when sections of less than 1 4 in
thickness were weighed. Although the planchets
were stored in a desiccator prior to sectioning,
some error may have been introduced due to mois-
ture pickup during grinding. However, the diffu-
sivities obtained by the lathe and grind techniques
on the same specimen agreed to within experimen-
tal error (2%), as will be shown.

C. Counting

The selective counting of the isotopes of each
given pair Fe’/Fe®, Co%/Co%, or Fe®/Co*
was accomplished by energy discrimination using
a scintillation detector with a 5-mil Be window
and a 2-in. -diam 2-in. -thick NaI(T1) crystal.
Both high-energy ¥ rays of Fe®, y rays of Co®’,
and the low-energy x rays of Fe®® could be detect-
ed and counted with the same detector. Counting_
successive aliquots of Fe®® and Fe®® indicated
that there was no effect of count rate onthe results
of the determination in the range used in the ex-
periment. During counting, the following proce-
dures were adopted. Samples were placed in ex-
actly the same position under the scintillation
counter to avoid geometry effects. The samples
were counted in a random order to avoid super-
position of equipment drift. Sections which were
recounted, when corrected for differences in
decay time, showed fluctuations consistent with
the counting statistics. Since, at most, count
rates of the order of 10000 counts/min were used,
no dead-time correction was necessary. Standards
were counted before and after each section and
equipment drift, decay and background corrections
were calculated on a computer by modifying an
existing program. Corrections were also made
for Compton scatter in low-energy windows as a
result of high-energy radiation by counting pure
standards and determining the relative amount
of radiation detected in the low-energy window.
At least 50000 counts were taken for each section

so that the statistical-counting uncertainty was less
than 0. 5%.

III. RESULTS

Penetration profiles (plots of 1n specific activity
versus penetration distance squared) of Fe® and
of Fe* and Fe®® in equiatomic FeCo alloy are shown
in Figs. 1 and 2. The profiles for diffusion anneals
at temperatures of 795 °C and above were obtained
with the lathe technique, and it is seen that these
are linear over at least two orders of magnitude
in N. The profiles for diffusion anneals at temper-
atures less than 795 °C were obtained with the
grind technique. It was possible to obtain linearity
over only about one order of magnitude, presumably
due to the contribution of grain boundary and/or
dislocation diffusion at the low temperatures of
anneal; only the linear portions of these plots were
employed in calculating the diffusion coefficients.
Figure 3 shows the results using both the lathe and
grind techniques on the same specimen for diffu-
sion of Fe® at 904 °K ; the agreement is seen to be
within experimental error. The values of the dif-
fusion coefficients for the Fe*®, Fe® and Co®’
tracers at different annealing temperatures are
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listed in Table I for the three phases. The largest
source of error in values obtained with the lathe-
sectioning technique is due to inaccuracy of tem-
perature measurement (e.g., a 2 °C error at
1000 °C results in a 5% error in diffusion coeffi-
cient). Since other errors such as weight, counting,
etc., were less than 2%, the total error in mea-
surement of diffusion coefficients is estimated to
be about 5%. The larger errors at lower temper-
atures are due to the difficulty of taking off mea-
surable thin sections with the grinding technique.

Plots of In(Nss/N,) versus x2/4D,t over a tem-
perature range spanning the three phases of the
alloy are shown in Fig. 4; values of 1—-Dg/Ds;s,
which are equal to the slopes in Fig. 4, are sum-
marized in Table II. It can be seen that the slopes
of these curves, which are proportional to the
isotope-effect parameter, appear to be noticeably
smaller below T, =730 °C in the ordered region
than above this temperature in the disordered
regions. The experimental values of Ey, are listed
in Table II and plotted as a function of tempera-
ture in the lower part of Fig. 5. The average value
for Ey, in the fcc phase is 0. 66+ 0. 08 and in the
bcce phase is 0. 52+ 0. 08.

One measurement was made to determine the Co
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isotope-effect parameter in the fcc phase (E¢,
=0.77+0.10). Errors in the isotope-effect param-
eter in the ordered phase are very large as com-
pared to those in the disordered phases, due to
significant decay of the Fe®® tracer during the
4-6-mon diffusion anneals at the low temperatures,
inadequate depth of tracer penetration even for
these long anneals, and significant “short-circuit”
diffusion mentioned above. Consequently, the
penetration profiles for these runs are not very
satisfactory and exhibit appreciable scatter; little
quantitative reliance should be placed on the isotope-
effect parameter in this region although there
seems to be a trend toward lower values at lower
temperatures.

The temperature dependence of Co®” and Fe®
diffusion coefficients in the FeCo alloy (Arrhenius
plot) is shown in the upper part of Fig. 5. The
behavior of InD is distinctly different in the fcc,
bce, and CsCl-type ordered phases; the transfor-
mation temperatures in this alloy are indicated by
the vertical dashed lines. The diffusion parame-—
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TABLE I. Values of the diffusion coefficients for the Fe59, Fe® tracers in FeCo.
D (Fe®) D (Fe®) D (Co®) Dp®/Dg"
Temperature Phase (em?/sec) (cm?/sec) (cm?/sec) °
(°C)
655 CsCl—type 1.56x1071° 1.56 %1071
655 CsCl—type 1.18x1071% 1.15x10715 1.0
683 CsCl—type 8.72x10715 8.68x10715
683 CsCl—type 1.02x10" 1 1.19x10" 1 0.9
702 CsCl-type 5.05x1071 4.79%x10™1
704 CsCl-type 4,29%x1071 3.40x1071 1.2
721.5 CsCl—type 8.72x10~ 1 8.70 10714
721.5 CsCl-type 1.47x10718 1.30x107 1 1.1
795 bee 1.02x1071 1.03x10712
795 bece 9.45x10713 8.12x10713 1.2
856 bee 6.77 x10712 5.17 x1071? 1.3
877 bee 1.04 %1071 1.07x107 1
887 bee 1.34x10~1 1.21x10" 1.1
902 bee 1.80x1071 1.85x107 1!
939.5 bee 4.68x10"1 3.80x10~ ! 1.2
944.5 bee 5.01x107 ! 5.12x10" 1
1012 fce 2.96x10712 3.00x10712
1020 fee 3.91x10712 2.63x10712 1.5
1060 fee o
1062 fee 7.95x10712 8.14x10712 6.54x10712
1127 fee 2.24 %1071 2.28 x10" 1!
1129 fee 3.70 x10~1 2.48 x10~ 1 1.5
1161 fee 5,30 x1071 5.34x107 1
1164 fce 5.75x107 1! 4,32x10"1 1.3

ters @ and D, are listed in Table III. The co-
efficients for both Co and Fe show a sharpincrease
associated with the fcc to bee transformation. The
resolution of the data does not warrant the draw-
ing of separate lines for Co and Fe in the region
below the ordering temperature. Attempts at
interpreting unique values of @ in this region from
this data are not very fruitful nor meaningful since
the degree of long-range order is probably still
changing (even) at the lowest temperature atwhich
they were taken.

IV. DISCUSSION AND CONCLUSIONS

A. Diffusion of Binary Species in Equiatomic FeCo

As seen in Fig. 5, the temperature dependence
of D in the fcc and bee phases is described ade-
quately by an Arrhenius relation. The values of
@ and D, for the diffusion of Fe® and Co®” in the
FeCo alloy are listed in Table III. The @ and D,
obtained for the diffusion of Fe* in the equiatomic
alloy are comparable to those reported for the
diffusion of Fe® in pure Fe: @ = 67. 9kcal and D,
=0.49 cm?/sec in the fcc phase, 2 and @ = 60. Okcal
and Dy= 2. 0cm?/sec for ferromagnetic®® Fe. The
data of Wanin and Kohn®2 for the diffusivities of
Fe and Co (presumably separately) in FeCo at

1200 °C have been put on Fig. 5 as described in
the caption; their points lie pretty well on the lines
drawn through the present data. However, Hirone,
Kunitomi, and Sakamoto®! report for the diffusion
Co% in 50-50-at. % FeCo 41. 8 and 27.4kcal/mol
for the @’s and 1.1x10™* and 2. 6 cm?/sec for the
Dy’'s in the fcc and bee regions, respectively. It
is difficult to see how even “correcting” this work
for the isotope effect to permit comparison with
the present studies on Co®" will substantially im-
prove the rather considerable disagreement with
the results summarized in Table III.

The sharp rise in diffusivity for Fe®® and Co®’
upon transformation from fcc to bee in the alloy
is not unexpected. This is consistent with a higher
motional energy E,,, in the more close-packed fcc
phase, since the energy that must be possessed by
the jumping atom to reach the saddle point is higher.
The change in the preexponential frequency factor
(Dy=va®vfe*S'® where v is a geometric factor,
a the lattice parameter, v a mean lattice frequency,
and A S the entropy change associated with the
process) also contributes to this rise in diffusivity
with transformation from fcc to bce phases. Since
the Zener-Wert relationship?’

AS=2BQ/T,, (5
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TABLE II. Values of 1 —~Dy/D,,, for Fe, from the

slopes in Fig. 4.
Temperature 1 — Dyy/ D55 Ey, f (Calc)
(°C)
655 0.002+0.020 0.06 +£0.20
683 0.010+0.020 0.30+0.20
702 0.005+0.020 0.16£0.20
721.5 0.010+0.014 0.30+0.15
795 0.018+0.008 0.54+0.08 0.707
877 0.015+0.008 0.46 +0.08 0.705
902 0.022+0.010 0.64+0.10 0.715
944.5 0.019+0.008 0.556+0.08 0.701
1012 0.023 +0.008 0.67+0.08 0.745
1062 0.024+0.008 0.71+0.08 0.764
1127 0.022+0.008 0.65+0.08 0.743
1161 0.021+0.008 0.61+0.08 0.756
Temperature 1 - Dgy/ Dy E¢, f (Cale)
(°C)
1060 0.019+0.008 0.773+0.10 0.808

has first been “corrected” to Co® using the isotope ef-
fect E of Table III; the correction of ~2% is hardly dis-
cernible in the fugure. Agreement with the present work
is satisfactory.

predicts that the entropy change is proportional to
@, a change in @ will also result in a change in
D,. In Eq. (5), A is an empirical constant B is the
measured temperature dependence of the elastic
modulus, and T,, is the temperature of the melting
point.

With the onset of long-range order, InD-versus-
1/T plots for Co and Fe diffusion deviate increas-
ingly from linearity. At temperatures less than
T,, the necessity of maintaining the equilibrium
degree of order places constraints on the diffusion

TABLE III. Diffusion parameters for FeCo.

Q D,
Phase Isotope (kcal/mole) (cm?/sec)
fee Fe® 68.5+2.0 1.26+0.10
fee Co®7 69.4+2.0 1.33+0.50
bee Fe?? 55.0+1.0 0.25+0.10
bee Co®7 60.0 £2.0 2.00 +0.50
CsCl Fe%?, Co®? 133.0+10.0 oo
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process resulting in a lower diffusivity of the
ordered alloy than in the disordered alloy. At tem-
peratures only slightly lower than T,, the degree
of long-range order in FeCo is probably not high.
The diffusion parameters, therefore, are expected
to be strongly dependent on the increasing order
and depart from a simple Arrhenius temperature
dependence. The curvature in Fig. 5 in the CsCl-
type phase is reminiscent of diffusion®® in 8-CuZn.
As the temperature is decreased further, the
degree of long-range order approaches its maxi-
mum value, unity. It is believed that a highly
ordered state can be preserved during the diffu-
sion process by the Elcock-McCombie correlated
six atom-vacancy jump sequence mentioned above.
Substantially lower diffusion coefficients and higher
activation energies should be observed for such
correlated jump sequences as the temperature of
diffusion is decreased into the ordered region;

this appears to be the case in Fig. 5.

It was observed that Fe diffuses about 40%
faster than Co inthe fcc phase and 20% faster in the
bee phase. This difference cannot be due entirely
to the mass difference between the Fe and Co
atoms. It is of the same order as the Dg./Dc,~1.3
in both fcc and bee Fe reported by Walter and
Peterson. 2 They attributed this difference in
diffusion coefficients of Fe and Co to a “repelling
of vacancies” by the Co atoms. However, the
ratio Dg./Dc, in the ordered phase of FeCo at the
lowest temperature measured in this work (655 °C)
is of the order unity and appreciably different
from the corresponding ratios in alloys known to
be highly ordered at the temperatures of diffusion.
For example, in equiatomic B-AuCd, D¥./D%, has
been reported to be approximately 1.3. The differ-
ence in D’s was attributed by Gupta et al.® to the
difference between the saddle-point energies on
the two sublattices. In the FeCo system, the or-
dering temperature is about 730 °C below the
melting point (compared with the AuCd system
which is believed to be ordered to the melting point)
and the ordering energy may be significantly lower
because of the similarity between Fe and Co atoms.

B. Isotope Effect

As mentioned above, Eg, listed in Table II is
expressed as the product of two terms AK and
fre. In concentrated alloys, fy, cannot be calcu-
lated from geometric factors alone (as in pure
metals) and there is no satisfactory theory for it
nor for AK. Manning®® treated the kinetics of dif-
fusion in a random alloy using a simplified model.
He assumed that the jump frequencies w, and wp
of tracer atoms A and B into vacancies are inde-
pendent of the surrounding configuration, and that
all vacancy exchanges with nontracer atoms occur

with an average frequency w. These assumptions,
which are not valid in a concentrated alloy, are
even less so in a dilute alloy. However, this model
does yield the following simple equation which
predicts the main effects expected in concentrated
alloys:

foo Mo+ 2)(NLDY+NoD) — 205 ©
A7 (My+2)(N,D¥% +NgD¥%) ’

D%, D%, N,, and Ny are the tracer diffusion co-
efficients and mole fractions for A and B atoms,
respectively, and M, is a constant equal to 7.15
for fcc and 5. 33 for bee crystals. ® The correlation
factor has been studied in only a few concentrated
binary systems. From their measurements of the
isotope effect for Cr in Ni-rich CrNi alloys, Heu-
mann and Reerink!® report a value of f, close to
that predicted by Manning’s theory.

1. fcc Phase

Using Manning’s theory and known results for
pure metals, certain inferences can be drawn. It
is generally accepted that diffusion in fcc metals
and dilute alloys occurs via atom-vacancy inter-
change. Since Fe and Co atoms are adjacent in the
Periodic Table, and consequently very similar in
size, mass, and electronic configuration (as re-
flected in the large range of solid solubility), it
is not unreasonable to expect the diffusion behavior
in FeCo alloys to be similar to that in pure Fe.

In pure metals with vacancy-exchange diffusion
mechanisms, AK is less than unity. 2 If the further
assumption is made that AK is the same for Fe
atoms as for Co atoms, then from Eq. (2)

Ege/Eco=fre/fco . (m

In order to test the validity of Manning’s theory
for this alloy, E., was also measured in an FeCo
alloy (with a nominal composition of 50-at.% Fe)
for Co% and Co’" at 1060 °C. The ratio of Eg,/Ec,
was found to be 0.92+0.10 as compared to a ratio
of fre/fco=0.95+0.05 from Eq. (6) and experi-
mental values of D%, /D¥, (Table I). This excellent
agreement between the measured and calculated
ratios constitutes strong evidence for the applica-
bility of Manning’s theory, at least for concentrat-
ed fcc alloys. Values of fy, calculated from Eq.
(6) are listed along with experimental values of
Eg, in Table II. Using average values for Ey, of
0.66+0.10 and for fp, of 0. 75+0. 05, AK was
estimated to be 0.88+0. 10 in the fcc phase. This
is consistent with the values reported for other
fcc metals: AK=0. 86 for Ag® and AK=1.0 for
Pd.’° However, a somewhat lower value of AK=0.68
has been reported for pure fcc Fe. 2
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2. bce Phase

The mechanism of diffusion in bece metals and
dilute alloys is not as well understood as in fcc
metals and dilute alloys. *! Vacancy, divacancy,
and interstitial mechanisms have all been suggest-
ed as possible in bce metals. ®! Using an average
value for Ey, of 0. 52+0. 18 from Fig. 5 and an
average value for fy, of 0. 70+ 0. 05 calculated
from Eq. (6) (which assumes a vacancy mecha-
nism), AK was determined to be 0.73+0.10 in
the bcce phase of the equiatomic FeCo alloy. This
is somewhat higher than values in the literature
for pure bcc metals. Barr and Mundy>? reported
AK =0. 50 for Na and Walter and Peterson® report-
ed AK=0.59 in a-Fe. In these two cases of pure
metals, values of f were calculated from simple
geometric factors. The larger values of AK ob-
tained in the FeCo alloy (for the fcc and bec
phases) rather than in pure Fe indicate that there
may be somewhat less coupling between the jump-
ing Fe atom and lattice in the alloy.

3. Ovdeved CsCl- Type Phase

A plot of E g, versus reciprocal temperature for
the three phases is shown in Fig. 5. The uncer-
tainty in the values of E g, listed in Table II is
larger for the ordered phases than for the other
phases and is related to the difficulty in making
precise diffusivity measurements at such low
temperatures, particularly with the grinding de-
vice employed here. The effects of short-circuit
diffusion as observed by Peterson and Rothman®®
also could cause some uncertainty in the values
of Ey,, especially in the low-temperature mea-
surements. Graham?® has reported that short-cir-
cuiting effects are responsible for the low values
of E he observed in ¥-Fe. In the present investiga-
tion, since the specimens were extremely large
grained and linear penetration profiles were ob-
tained, it appears that the short-circuiting effects
(if any) on the measured isotope-effect parameter
are negligibly small. Assuming that E is no more
sensitive to short-circuiting effects than is D, Eg,
decreases as the temperature decreases and the
corresponding degree of long-range order in the
CsCl-type phases increases. As mentioned above,
f lies between 0 and 1, and approaches 0 for highly
correlated diffusion mechanisms. In their work in
the CuZn system, Rothman and Peterson® suggest
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a priovi that the value of AK may be relatively
insensitive to the process of ordering. If this is
true, changes measured in Ey, may be attributed
principally to a change in £ and consequently to a
change in diffusion mechanism as the alloy becomes
more highly ordered. The results of Rothman and
Peterson were inconclusive due in part at least to
the presence of only partial order. In this investi-
gation it was observed that Ey, changes from about
0. 50 in the disordered bcc region to about 0. 06 in
the ordered region. If the six-jump mechanism is
assumed to be operative in the ordered region, E
might be expected to be on the order of f® (AK) or
about 0. 07, in qualitative agreement with experi-
ment.

C. Conclusions

There are several conclusions that can be drawn
from the present work. The isotope-effect mea-
surement is a useful tool to gain information about
correlation effects and diffusion mechanisms in
alloys. The values of the isotope-effect parameter
measured in the bee and fce phases in the 50-50
FeCo alloy were only slightly higher than those
predicted by theory. The value of Eg,/E¢, mea-
sured in fcc FeCo is in excellent agreement with
the predictions of Manning’s model for a random
concentrated binary alloy. The values of AK in-
ferred from experiment and theory indicate a
lower degree of coupling between the lattice and
a jumping atom in FeCo alloys than is indicated in
pure Fe. Finally, if the decrease in isotope-effect
parameter in the transformation from disordered
to ordered phase indicates a change from a lower
to a more highly correlated diffusion mechanism,
the most plausible jump mechanism in the highly
ordered region is the six-jump process.
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Conductance measurements on high-quality thin-film Cr-Cry0;-metal tunnel junctions
show neither structure due to the antiferromagnetic energy gap of bulk Cr nor zero-bias

anomalies.

The conductance is almost linear in voltage at low temperatures and biases,

with fine structure at 28, 44, 62, and 82 meV. These results are in qualitative agreement
with the assumption of inelastic tunneling via elementary excitations of the Cr,O; barrier.

We have measured the temperature and mag-
netic field dependence of the conductance of more
than 80 thin-film Cr-Cr,0;-M tunnel junctions,
where M (metal) is Ag, Sn, or Pb. In contrast to
other reports, L2 none of our junctions exhibit
giant resistive anomalies. Although the even con-
ductance G,(V)=3[G( + V)+ G( - V)] is linear in
dc bias V at low temperatures, the temperature
and magnetic field dependence indicate that this is
not due to impurity-induced zero-bias anomalies!™®
or small metallic inclusions.? In particular, (a)
G(V) has no observable magnetic field dependence
to <0.1% for applied magnetic fields (H) between

0 and 30 kG at 1, 2 °K; (b) below 4. 2°K, G(0) is
nearly temperature independent, having a slope of
50.5% per °K; (c) the shape of G, (V) is indepen-
dent of both magnetic field and temperature in the
range 1.1 sTs4.2°K, 0sH<30KkG. When Sn or
Pb was used as the second electrode, excellent
superconducting tunnel characteristics were ob-
served below T, ; for superconducting Pb elec-
trodes, G(0) at 1.2 °K was as low as ~0. 1% of the
normal-state conductance, and the phonon struc-
ture due to the strong coupling behavior of Pb was
as large as in the best Al-/-Pb junctions.® We
conclude that the electron transfer mechanism is



