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and so in preference de Launay's tables should always
be used to obtain O(elastic) for cubic cryst:als.

TAsI,E I. Characteristic temperatures at O'K
for KCl, KI, and LiF.

KC1 KI LiF
CONCLUSION

Revised values of Os and 0'(elastic) for the three
salts mentioned in the Rice institute papers are given
in Table I. [O(elastic) for LiF has been obtained from
the elastic constants of Briscoe and Squire" using de
Launay's tables. The value of 743' quoted in reference
7 was derived from their preliminary results. ") It will
be seen that if Os is derived by extrapolating smoothly
a graph of C„/Ts against T', then for each salt Os and
0'(elastic) agree well within the limits of experimental
accuracy; there is no indication that 0'(elastic)&0's
(as suggested by Ludwig's calculations), although the
limits of accuracy would in fact permit a diGerence of
up to 1%%uz. On the other hand, if Scales's values of Os
for KI and LiF are chosen, we find that 0(elastic)) Os

by about 2%.
The example of Lip is of particular interest because

the lower estimate of Os(722'K) is quoted by Ludwig

"C. V. Briscoe and C. F. Squire, Phys. Rev. 106, 1175 (1957)."C.V. Briscoe and C. F. Squire, Bull. Am. Phys. Soc. Ser. II,
2, 18 (1957).

()(elastic)
0~0 (extrapOlated)
00(Scales' )

236 ~1
235.1~0 5b

13) ~2
132.3~1b
128.3

735&5
743~70
722~6

See reference 2.
b See reference 8.
o See reference 7.

(p. 300 of reference 3) as providing some confirmation
for his theory; but as we have seen, measurements in
the important range of temperatures below 20'K.
disagree. The resolution of this uncertainty by experi-
ments of more reliable accuracy would be very desirable,
since it would firmly settle both the shape of the C„/Ts
curve (relevant to the harmonic theory) and the
difference between Os and 0(elastic)" (relevant to the
anharmonic theory).

"It should be noted that Ludwig' 6nds that the classical
relation between elastic constants and sound velocities is no
longer strictly valid for longitudinal waves. If so, the values of
c» and c» given by the pulse technique may not be exactly
equal to the static values; however, no numerical estimate is
given of the magnitude oi this effect. Fortunately, O~(elastic)
depends mainly upon c44, which is determined solely from the
velocity of transverse waves.
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A broad-range magnetic spectrograph has been used to study the diffusion of gold into copper in the
temperature range 360-500'C by elastic scattering of protons and deuterons. This is a new technique in
solid diffusion measurements and should have fairly wide applicability in intermetallic diffusion. This in-
vestigation extends the data a factor of 10' below the sectioning range. These results together with data of
sectioning observers, show the Arrhenius law to be approximately valid over a range in D of 5)&10 . A
precise fit to all the data requires a slight upward curvature. In the temperature range studied here, we
obtain Q=45, 750+750 cal/mole and DO=0.104+0.06 cm'/sec. This represents a decrease of about 4000
cal/mole from the most precise data in the sectioning range. This curvature is attributed to diffusion along
internal surfaces, although the possibility of multiple diffusion mechanisms still remains.

INTRODUCTION

A LTHOUGH considerable eGort has been brought
to bear on the problem of solid diGusion measure-

ment and many ingenious methods have been used, the
sectioning technique has become more or less standard
because of its precision and wide applicability in metallic
systems. However, because the depth of investigation
(=0.01 cm) is so large, the method is effectively limited
to the range of D) 10 " cm'/sec. This, coupled with
the upper limit imposed by melting point, has effectively
limited the range of data to a few orders of magnitude
in many cases. Nowick' and many others have pointed

' A. S. Nowick, J. Appl. Phys. 22, 1182 (1951).

out the seriousness, for theoretical purposes, of the lack
of suKciently accurate data over suKciently wide range.
Methods extending the range signihcantly below 10 "
cm'/sec have been either indirect or else limited to
speci6c systems having unique properties. 2 5 Extension
of the data to low temperatures is of importance not
only for increased accuracy, but also to explore for
possible deviations from the Arrhenius law, indicating
multiple mechanisms of diffusion, such as the suggestion
of Lazarus of the possibility of barrier penetration in

' G. von Hevesy and W. Seith, Z. Physik 56, 790 (1929).
3 E. Cremer, Z. Physik Chem. M9, 445 (1938).
4 w. Jost, z. Physik chem. 89, 73 (1930).
5 C. A. Wert, Phys. Rev. 79, 601 (1950).
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FIG. 1. Schematic
layout of spectro-
graph and associated
equipment.

the system (Fe-Ag) at high temperatures. ' Further-
more, it is in the low-temperature region where one
could hope to induce a vacancy density considerably
larger than that which obtains at thermal equilibrium.
Therefore, it should be possible to study directly the
effects of radiation, plastic deformation, etc. , on the
diffusion process.

This paper describes a method based on elastic
particle scattering in which the total depth of investi-
gation is (10 ' crn, therefore extending the range to
10 "cm'/sec. The method used here is a nonsectioning
technique, although it is entirely feasible to use the
spectrograph for surface concentration determinations
in connection with the sectioning method. In either
case it is preferable that the diffusing atoms be heavier
than the solvent atoms, and in the nonsectioning
technique, considerably heavier. It is, however, possible
to obtain data of reduced accuracy when the reverse
situation obtains if the solubility is appreciable.

An interesting feature of the method demonstrated
in this paper is that although the specimens are poly-
crystalline (mean grain size =0.01 cm) the ratio of
grain size to depth of investigation is so large (=1000)
that grain boundary diffusion effects are thus elimina, ted
from the measurements.

DIFFUSION

Specimens and Technique

The copper used was obtained in the form of 7-mm
rods, 99.999% pure, from Johnson Mathey and Com-
pany. These were milled into ~ in. )& ~ in. blanks, —,', in.
thick. The blanks were polished with 0000 metallo-

6 D. Lazarus and B. Okkerse, Phys. Rev. 105, 1677 (1957).

graphic emery paper, then electropolished using a
standard phosphoric acid method. The specimens were
rinsed in de-ionized, de-aerated water and kept im-
mersed for the few minutes necessary to transfer them
to the electroplating bath. The blanks were then plated
with =4 pg/cm' of gold in a standard double cyanide
solution. The specimens were then sealed in Pyrex
ampoules evacuated to 10 ' mm Hg.

The diGusion anneals were carried out in a regulated
oven in which a massive block of aluminum served for
thermal inertia. Thermocouples inserted in the block
adjacent to the specimen wells indicated a temperature
stability of about &1'C. These thermocouples were
calibrated against a National Bureau of Standards
certified platinum-platinum 10% rhodium thermo-
couple.

Equipment and Experimental Procedure

The magnetic spectrograph has been widely used for
measurement of excited state Q values and for precision
mass determinations. Rubin has demonstrated the
usefulness of a magnetic spectrometer in the chemical
analysis of surfaces by particle scattering and has
suggested the possibility of determination of con-
tinuously varying concentration distributions with
minute depth resolution. '

The spectrograph used in this investigation is a 40-cm
instrument of the broad-range type developed by
Buechner. ' Figure 1 shows a schematic layout of the
system used. The diffused specimens as targets were
bombarded with protons from a 2-Mev High Voltage

Rubin, Passel, and Bailey, Anal. Chem. 29, 736 (1957).
C. P. Browne and W. W. Buechner, Rev. Sci. Instr. 27, 899—

907 (1956).
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FIG. 3. Proton spectra of gold on copper before and after
diffusion at 440'C for. 2 hours. E„=1.881 Mev, angle of scattering
90'. Thickness of gold layer =4 pg /eros.

Engineering Corporation Van de Graaff accelerator.
The bombarding energy was standardized at 1.881 Mev
using the Li'(P, ss)Ber threshold. The magnet entry slit
was about 2 mm in width. The combination of corona
stabilizing and entry slits permitted a region of the
target ~ mm)&3 mm to be illuminated by. the proton
beam. All scatterings were carried out at 90'. The
scattered protons are dispersed according to energy
along the focal surface where they impinge on a 2- &(10-
inch NTA nuclear emulsion plate. Eight strips 8 mm
wide may be exposed without disrupting the vacuum
system. The recorded particle spectrum is determined
by microscopic examination of the developed plates.
Proper interpretation of the particle spectra permits a
determination of the concentration distribution of
diffused solute. The energy range of the spectrograph
for a given field setting is 1.3 of the median energy. The
measured value of solid angle of acceptance is about
5)&10 4 sterad and varies slightly with position along
the focal surface. The measured quantity defined as
D= (1/E)(dE/dS), involving the reciprocal of energy
dispersion of the spectrograph, is shown in Fig. 2, where
S equals distance along the focal surface.

Typical proton spectra of a sample before and after
diffusion are shown in Fig. 3. The line shape of the
undiffused gold layer is about that obtained for an
infinitesimally thin layer. The width (=4 kev) is due
to the sum of all factors leading to an energy spread in
the scattered particles, such as beam spread, magnet
stability, finite apertures, etc. The rise below 10 cm is
in each case due to scattering from the copper solute.

ANALYSIS OF DATA

At 90 degrees, the energetics of scattering is par-
ticularly simple. A particle of mass M& and energy Ep,
elastically scattered by a particle of mass 3fp considered
at rest, is reduced in energy to E, according to the
relation

Mp —Mg

Mp+Mt

If the scattering element is in a layer which is thin
relative to the energy loss of the particles, a narrow
group is obtained (i.e., the thin gold group, Fig. 3).

However, if the scattering element is distributed in
depth, ionization and excitation energy losses spread
the spectrum and an extended distribution such as
shown in Fig. 3 is obtained.

Now in a thick target containing various elements
with atomic density S;, distributed uniformly

throughout the specimen, the number of particles I';
scattered by the element A; and counted in the spectro-
graph in unit energy interval is

where (do/dQ), =differential scattering cross section/
atom steradian in center-of-mass coordinates, q= inci-
dent charge in microcoulombs, 0=spectrograph solid
angle in sterad (cent;er-of-mass system), et= angle
between incident beam and a normal to the target,
02= angle between scattered beam and a normal to the
target, e;~=stopping cross section before scattering,
e,2=stopping cross section after scattering. I; is an
implicit function of energy through the dependence of
the e's and do-/dQ on energy. However, for the energy
intervals involved in this paper the e's and do-/dQ are
constants within 1%. Therefore, V; is proportional to
g, . Now, if 3', is not constant but varies with depth
then V, will be a corresponding function of energy,
where the relation between energy and depth of
penetration into the sample is given by

( e't
(E, E) =Q X, )

kss—+ ~x,
i L cosgi coses)

(3)

where E, is the energy of protons scattered from the
surface, and x is depth into the target surface. In
practice, for very thin solute layers, one can ignore
solute, applying Eq. (3) only to solvent species, without
incurring significant error.

Energy is readily convertible to distance along the
plate by

where the differential form is accurate to better than

(do) (I', =6.25X10"1V,
~

—
) qQ P N, I e,,k'

(dna,
cosOyp

+e's
I ~ (2)

coses)
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1% over the energy intervals involved here. We find
in effect, that the spectrum as recorded, under a simple
change of independent variable yields the concentration
distribution directly. In practice, of course, Y, is not
directly observed. One rather observes the convolution:

I's, (&)= g (rt) F;(E—tt) dtt,

where Vs; is the observed spectrum, and g(rt) is the
spectrometer resolution function normalized to unit
area. The function g (tt) may be determined by bombard-
ment of an ultra-thin target. Since the width of g(rt) is
appreciable compared to the diffused spectra, it is
necessary to take account of the convolution in the
analysis. The procedure used was to convolve the
appropriate solution of the concentration-independent
diffusion equation,

S ) x'q
C(xt) = exp~—

(+Dt) ~ 0 4Dt)
(6)

l
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Fio. 4. Convolution of spectrograph resolution function with
solutions of the di6'usion equation for several assumed diffusion
coefficients, compared with the elastic proton spectrum obtained
from a sample annealed at 503'C for 1 hour. E„=1.881 Mev,
depth resolution dx/ds=9. 042X10 ' cm/mm, where s=distance
along focal surface.

with the spectrometer resolution function for several
assumed D values, and to compare the results with the
data. For convenience, the convolutions were carried
out in units of distance along the focal surface.

A complication arises at the lower temperatures for
the Au-Cu system where o,

' and 0.
"phases are possible.

In this region, the thin-layer boundary condition is not
strictly applicable in the early stages of diffusion.
However, a resort to the numbers involved shows that
all solubility constraints are removed during diffusion
in a surface layer which is thin compared to thedepth
resolution of the spectrograph. It therefore appears
that the procedure used does not introduce an appre-
ciable error.

RESULTS

The experimental results are summarized in Table I.
Comparison of the proton spectra with the convoluted
solutions of the diffusion equation are shown in Figs.
4 and 5 for the highest and lowest temperatures. The
fits obtained define the diffusion coefficients within
about 10%.The mean penetration of solute was rather
small for the points at 362 and 389 degrees. In order to
improve the depth resolution, these two samples were
analyzed using 1.88-Mev deuterons. One of these
spectra is illustrated in Fig. 6. In this case, the depth
resolution is 6.55)(10 cm per mm distance along the
focal surface. This illustrates the point, which may be
readily verified by recourse to the expressions given
under analysis of data, that to improve depth resolution
one may either decrease the bombarding energy or
increase the mass of the scattered particle. By pushing
this point to the practical limit, it should be possible to
directly measure diffusion coefficients as low as 10 "
cm'/sec without inconveniently long annealing times.

A plot of InD ss 1/T is shown in Fig. 7. The best
straight line fit to these data is extrapolated upward
and compared with the recent precise measurements of
Tomizuka' in the temperature range 700'—1030 . The
individual data points fit the straight line with a root
mean square deviation of 12.6%. The equat. ion of this
line is
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Pro. 5. Elastic proton spectrum obtained from a sample an-
nealed at 352'C for 495.75 hours, compared with the convolved
solutions of the diffusion equation for several assumed D values
E~=1.881 Mev, dx/ds=9. 042X10 ' cm/mm.

TABLE I. Experimental results for gold-copper diffusion.

503
457
457
432
389
362
352

Duration of anneal
(hours)

1
2
2
6.25

20
96

495.75

D
(cm2/sec)

1.2X10 '4

1.8X10 "
2.2X10 '5
7 PX10-~6
9,0X10 "
1.5X10 '7

1.1X10 "

9 C. T. Tomizuka (private communication).

D= (0.104+0.06) exp(45 750&750/ET) cm'/sec.

Absolute accuracy of the points is believed to be better
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than &20%. The principle source of error as regards
absolute accuracy is in the measured value of stopping
cross section. The values used in the calculations were
obtained from the compilation of Fuchs and Whaling. "
However, a separate experiment was performed to
check the stopping cross sections used. The results
agreed with Fuchs and Whaling within 5%.

Annealing times shorter than one hour were not
attempted in the oven setup. However, it should be
possible to close the gap between the present method
and the sectioning range, by developing techniques for
accurate heating of specimens for short times of the
order of seconds.

DISCUSSION
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As may be seen from Fig. 7, the agreement between
the present results and the data of Tomizuka is quite
good, and establishes that the Arrhenius law is valid to
6rst approximation over a variation of eight orders of
magnitude. The apparent decrease in slope with
decreasing temperature is probably due to diffusion
along internal surfaces. Tomizuka's result in his range
(dotted line Fig. 7) is D= (0.69+0.07) exp(49 700
&500/RT). The present investigation therefore shows
a decrease in activation energy of 3950 cal/mole over
678'C. It is very interesting that this result of 5.8
cal/mole'C agrees so closely with the 6 cal/mole'C
found by Tomizuka" in his re-examination of the data
on the diffusion of antimony in silver. In the present
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FIG. 6. Elastic deuteron spectrum obtained from a sample an-
nealed at 375'C for 20 hours, compared with the convolved
solutions of the diffusion equation for several assumed D values
Es=1.88 Mev, dg/ds=6. 546X10 ' cm/mm.

"R. Fuchs and W. Whaling, California Institute of Technology
(unpublished) ."C. T. Tomisuka, Acta Met. 6, 660 (1958).
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case, the condition of Hart" that a diffusing atom
encounter many dislocations in distances of the order
of the depth of investigation is probably not valid.
Therefore, we might expect deviations from the
Gaussian distribution given in (6). The distributions
observed are certainly Gaussian to first order (see Figs.
4, 5, and 6); however, there was a persistant tendency
for the low-concentration data to fall outside statistics
toward greater penetration. The cause of these small
but persistent deviations is not yet understood.
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Fro. 7. Plot of lnD vs 1/T. The solid line is the best straight-line
fl.t of the data of this investigation, extrapolated upward into the
sectioning range. The dashed line is the result of C. T. Tomizuka
for the range indicated.


