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The diffusion coeKcients of iron, using Fe" as the radioactive tracer, and the isotope-effect parameter,
using Fe" and Fe" as tracers, have been measured in vanadium over a temperature range of more than
800'C by standard sectioning and counting techniques. The diffusion of Fe" in vanadium exhibits the
anomalous behavior of having not one but two straight lines in a plot of lnD versus 1/T, with a change of
slope occurring near 1350'C. The data have been analyzed into the sum of two exponentials:
D= 2280 exp( —101 500/RT) at high temperatures, and D=0.0936 exp( —67 600/RT) at low tempera-
tures. The values of the isotope-eQ'ect parameter for the Fe' and Fes isotopes are approximately constant
near 0.7 at low temperatures, but decrease rapidly with increasing temperature above 1350'C. The measure-
ments are interpreted to indicate that two mechanisms of diffusion operate in vanadium. The mechanism
predominant at low temperatures is identi6ed as motion of a single vacancy, ' that at high temperatures is
probably motion of divacancies.

I. INTRODUCTION

TUDIES of diffusion of radiotracers have shown
that for most metals the diGusion coeKcient D can

be expressed as a function of absolute temperature T
through a simple Arrhenius relation

D=Dp exp( —Q/RT), (&)

where Do is the frequency factor, Q is the activation
energy, and R is the gas constant. %ithin experimental
error, D, and Q are temperature-independent, and a
plot of lnD versus 1/T is linear. Measurements of the
self-diffusion coe%cients for most metals have given
values of Do which are within an order of magnitude
of 0.5 (cm'/sec) and Q's which are about 36T,It; s
cal/mole.

Several body-centered cubic metals deviate from this
so-called "normal" diffusion behavior and are classed

as "anomalous" metals. Four of these anomalous metals,
P-Zr, P-Ti, P-Hf, and y-U, exhibit continuously curving

Arrhenius plots (on a lnD-versus-1/T graph) and/or

very low values of Do and Q.' ' Two others, V and Cr,
have such Arrhenius plots consisting of two straight
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lines, showing either an abrupt change of slope or line

curvature over a very narrow temperature range. ' ' In
contrast to the first group, the low-temperature values

of Do and Q for Cr and V fall within the ranges of values

found for normal metals; but the values at high tem-

peratures are considerably higher than expected. The
present work is a further study of the anomalous be-

havior of diffusion in V.
Explanations of the anomalous behavior observed in

these metals range from impurity effects to short cir-

cuiting paths to changes in mechanism; they have been

discussed extensively by LeClaire, ' Lazarus, ' and Kid-
son. ' A plausible explanation involving a change of

mechanism has been proposed recently by Peart and

Askill. ' Their view is that two competing mechanisms

of diffusion occur in metals, diffusion by a single vacancy
mechanism which is predominant at low temperatures

and diffusion by a divacancy mechanism, predominant

at high temperatures. In their interpretation, the tem-

perature at which the divacancy contribution becomes

significant is above the melting point in the normal

metals and below in anomalous metals,
The present study is principally a study of the isotope

effect for diffusion in vanadium. Measurements were

made both above and below the break in the Arrhenius

plot to determine if the anomaly observed is the result

of a change in diffusion mechanism.
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H. THEORY

One way of diB'erentiating between the several pos-
sible mechanisms is to use the isotope effect. This
effect may be expressed analytically in terms of a
parametcl E~ dcincd as

1—Drr/Dg

1—(mg jrrss)"

This expression applies to the case of one atom changing
position in the lattice during the difFusional process.
Dg and D~ are the difFusion coeScicnts of two isotopes
of the same element with masses mg and m~."If only
one atom changes position in the lattice but others
share in the motion during the jump, the isotope effect
has been shown to be

where f is called the correlation factor and hE has the
physical signi6cance of being the fraction of the tota1
translational kinetic energy possessed by the difFusing
Rtom In thc dlGUslon dlrectlon dUrlng thc junlp. ' The
correlation factor has different values for difFerent
mechanisms of difFusion. If hX is relatively insensitive
to the mechanism of diffusion or varies directly with the
correlation factor, a change in mechanism will produce a
change in the value of the isotope effect. No way cur-
lcntly cxlsts foI' predicting thc cfFcct of R.chRngc of
IQcchanlsm on AE» however.

Generalization of Eq. (2) is necessary if the mecha-
nism of diffusion involves the translation of more than
one atom. In this case the masses, mg and m~, must be
I'cplaccd by cfFcctlve masses» tÃ~ Rnd tÃJ3» dc6ncd as

mg =my+(n —1)m,
ms*= ms+ (n 1)m, —

where I is the total number of atoms changing position
and ns is the average mass of the matrix atoms. '4

Clearly, a change of mechanism which alters the number
of atoms changing positions will lead to a change in
the value of the parameter E~.

III. EXPERIMENTAL PROCEDURES

A. General

Values of the di6usion cocScicnts werc determined
by measuring penetration of .radiotracers into bulk.
specimens of vanadium. Thin layers of two radioactive
isotopes, Fes' and FC~9, mere applied to the plane ends
of Specimens of vanadium, the specimens annealed and
sectioned, and the sections counted. The boundary con-
ditions were those of an instantaneous plane source in a
scm1-lnQnltc crystal. Thc concentration c of onc radlo-

"A. H. Schoen, Phys. Rev. Letters 1, I38 (195g).
"James G. Mullen, Phys. Rev. 121, 1649 (1961)."A. D. LeClaire, Phil. Mag. 14, 1271 (j.966),
'~ G. H. Vineyard, J. Phys. Chem. Solids 3, 121 (1951).

tracer can be given as a function of the penetration dis-
tance x as

o=M/(s D1)'is exp( —x'/4D1). (5)

Here M is the initial concentration at the interface and
t is the annealing time. Thus„ the slope of a plot of
Inc~ versus x' gives the factor —1/4Drrf. The relative
concentration of the two isotopes, A and 8, can be
shown from Eq. (5) to be

ln(cg/err) = const+ (1 DIr/D—g) (x'/4Dst). (6)

Thus, a plot of ln(e~/cJr) versus (x'/4Ds1) permits
determination of (1 Ds/D~—); this number is propor-
tional to the isotope effect, Eq. (2). Errors arising from
the preparation of the specimens and the anneahng
time and temperature were eliminated from the deter-
mination of (1 Ds/D~) —by the simultaneous diffusion
of thc tlRccI's.

The difFusion specimens were zone-reined single
crystals of vanadium, prepared by Lcytess Metal and
Chemical Corporation. FroIn three to seven zone passes
were used. by them in the zone reining. The crystals
werc cyllndI'leal ln ShRpc Rppl oximatcly 0.5 ln. ln
diameter, and about 0.5 in. long. Specimens werc an-
nealed near the melting point of vanadium, before
RpplicRtion of thc tI'RccI'8, to I'cducc thc number of Sholt
circuiting paths.

The radioactive tracers were obtained as chlorides in
aqueous solution. They were mixed and applied to the
end faces of the vanadium specimens by one of two
methods, by electroplating from a saturated solution of
ammonium oxalate or by drying the aqueous solution
directly onto the specimen. No difFcrcnce could be
scen wlthln cxpcrlIQcntal RccUI'Rcy, bctwccn thcsc two
methods; and thc second method was used for most
anneals because of its simplicity.

Specimens were made up in three geometries. For
anncals below 1300'C, the tracer was simply applied
to the end faces of the crystal. Two other geometries
were used at higher temperatures where loss of both
tracer and vanadium occurs by vaporization. In one
method, the tracer was sandwiched between two single
crystals held. together with a light pressure by wire.
The two crystals sintcred together during the anneal,
however, and could not be separated subsequently.
Alignment for sectioning could only be done visually
by means of microscopic examination of the external
edge of the interface between the two crystals, not a
completely satisfactory technique. Another geoInetry
was then devised to minimize evaporation and yet to
RBow good alignment for sectioning. In this method, a
hollow cRp of vRnadlum wRs placed over thc plRtcd
ends of thc spccimcn. This CRp could cRslly bc ma-
chined away after annealing leaving the end face free
foI' alignment,

Two furna, ces were used for the diffusion anneals.
The anneals below 1100'C were made in a standard
rCsjstanCC-Wouqd fumaCq, Qontro) oj thjs fuInacq ~ay
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approximately +1'C. Specimens were annealed at
higher temperatures in an electron beam furnace with
control of about +1.5'C below 1350'C and &O'C above
1500'C. Temperature was controlled and monitored in
both furnaces using thermocouples appropriate for the
temperatures. These thermocouples were calibrated in
place before and after each anneal against melting points
of at least tmo metals which were nearest to the tem-
perature of the anneal. Vacuum in these furnaces
ranged between 10 ' and 10-' Torr at the annealing

temperature.
Specimens annealed at temperatures above 1200'C

were sectioned in a lathe. %ith this well-known tech-

nique, consecutive slices were removed from the speci-
men parallel to the end face, and the chips collected,
weighed, and counted. Sections of 0.0004 to 0.001 in.
thickness were typical. The distance of penetration was

determined from the weight of the section, the diameter
of the specimen, and the density of vanadium.

The specimens other than those with the sandwiched
tracer were aligned for sectioning by mounting them in
a lathe and advancing a soft metal probe to the edges
of the end face until electrical contact was made be-

tween the probe and the specimen. Alignment with this
technique was always within 0.00002 in. at the edge of
the specimen. A 1ing of Inaterial concentric to the
specimen axis was removed from the sides of each
specimen to eliminate the effects of surface diffusion

down the sides of the specimen. Enough material was

removed to ensure that any tracer which could have
been on the sides of the specimen, and subsequently
Mfused Inward, was removed and could not contribute
to the counting rates of the sections.

Chemical sectioning was used at lower temperatures
where penetration of the tracers is too small for lathe
sectioning. After the side cut was made on a lathe, the
side mas masked OR with an acid-resistant epoxy resin.
The face of the specimen was then etched away in a
solution of equal parts of nitric acid, acetic acid, and

wa, ter. The etching solution was then dried and counted.
Section thickness was measured by weighing the speci-
men before and after each section was taken. Sections
about one micron thick were taken by this method,
allowing the measurement of much smaller diftusion

coeKcients than could accurately be measured by lathe
sectioning techniques.

B. C0QxltiIlg

The two iron isotopes used have quite different decay

schemes. The Fe" isotope, with a half-life of 45.5 days,

emits a 0.46-MeV P ray and a number of y rays includ-

ing ones with energies of 1.1 and 1.3 MeV. The other

isotope, Fe", decays with R 2.94-yr half-life by internal

conversion and emits only a 5.9-keV p ray. Selective

counting of the two isotopes is, thus, easy in principle.

Simultaneous counting of the two tracers was per-

formed with scintillation counting equipment using two

TAsI.z I. A summary of the diffusion of Fe69 in V. Specimens used
with Fess present in addition to FeN as noted.

1o4/1'
{C) ('K ') Isotopes

960 8.11 PeN

Geometry

Open end

1009' 7.80 Fe'9, Fess Open end

1065 7.48
1210 6.74
1297 6.37
1345~ 6.18
1415» 5.92
1448b 5,81
1448 5.81
1505' 5.62
1556 5.47
1645' 5,21
1762 4.91
1817~ 4.78

Fe'9, Fess
FeN Fess
Pe59 Pe65
Pe59 Pe55

PeN Pess
PeN
Pess
Pes9 Fess
PeN Pe66
Pe59 Pe55

Pe59
pes9 Fess

Open end
Open end
Open end
End cap
End cap
Sandwich
Sandwich
End cap
Sandwich
End cap
Sandwich
End cap

359
(cd/sec)

1.01X10-»
9.32X 10 '4

2.90X10-»
288X10 "
9.09X10-»
1.24X10 "
4.96X10-»
1,05X10 "
3.20X 10-&0

5.33X10™
5,43X 10-~0

1.29X10 '
248X10 '
8.73X10-9
3.35X10-9
6.06X10 s

& Used for isotope-effect measurements.
b Tracer electroplated on specimen. Tracers applied as FeC12 on all

other specimens.

channels. The Fe~' was easily counted in the presence
of the Fe" by measuring only the high-energy p rays.
Counting the Fe"y ray was not so easy, however, since

some Fe" radiation was always counted in this channel.

It was always necessary, therefore, to count a pure
Fe59 standard, measure the fraction of Fe~' appearing
in the Fe"channel, and correct the Fe"counting rate by
this fraction of the counts in the Fe" channe1.

The factor 1/4D~gf and the diffusion coefficients of
Fe" were determined erst for each specimen. Counting
was performed with a NaI{Tl) crystal as the scintilla-

tion detector.
Counting of the two isotopes for determination of

their relative diffusion coeScients was possible only
after a considexable amount of further preparation of
the sections. This was necessary because vanadium has

a high mass absorption coeffKient (approximately 500
cm'/g) for the 5.9-keV y ray emitted from the I'e".
Dependable and reproducible counting of this low-

energy p ray required the removal of the iron tracers
floIQ the vanadium. This separRtlon was accomplished

by a solvent extraction method. (A number of diffusion

specimens containing both Fess and Fe" were ruined

during initial attempts to achieve separation of the Fe
tracers from the vanadium. These are noted in Table I.)

Measurement of the relative diGusion coeScients re-

quired measurement only of the relative amounts of
the two tracers in each section, not of their absolute
amounts, so removal of a11 the tracer from the vanadium

was not necessary. The two iron isotopes behave the
same chemically and were removed quantitatively and
in equal proportions from the sections with this method.
Evidence of this was seen in the subsequent counting of
the two isotopes: The penetration pro61es of the Fe59

were reproduced within +2% mean deviation.

The measurement itself was made in the fo11owing

way. Each section from the diffusion specimen was first
djssolvqd jn &he nit;ric acid„acetic acid„and wagner mjx-
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ture. The sections were then normalized to the same
vanadium content by removal of portions of the solu-
tiogs. The normalized sections were then dried and re-
dissolved in hydrochloric acid. Isopropyl ether, which is
immiscible with the aqueous solution of the section, was
then added and the mixture shaken vigorously. The
iron tracers are preferentially absorbed in the isopropyl
ether, while only a very small proportion of the vana-
dium is absorbed. The aqueous solution containing most
of the vanadium was then discarded and the isopropyl
ether scrubbed with hydrochloric acid several times to
reduce even further the amount of the vanadium present
with the iron. The isopropyl ether was then evaporated,
leaving the tracers in the residue. Determination of
the factor (1—D»/D») was made by counting the two
tracers simultaneously in a two-channel liquid scintilla-
tion system as described by Dern and Hart. '~ The
residue from the solvent extraction was dissolved in the
liquid scintillator, PPO and POPOP in Brays solu-
tion." This intimate mixing of the tracers with the
scintillator further reduced the absorption effects of the
vanadium on the 5.9-keV y ray.
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III. EXPEMMENTAL RESULTS

Representative penetration profiles of Fe59 in vana-
dium obtained by the lathe sectioning technique are
shown in Fig. 1, and by chemical sectioning in Fig. 2.
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FzG. 2. Penetration profiles of Fe' in V by chemical sectioning.

The profiles for lathe sectioning extend over several
orders of magnitude of the counting rate and are linear
on the loge versus x' plot. The profiles for chemical sec-
tioning are equally linear on this plot but extend over a
smaller range of the counting rate. The data for the
diffusion of Fe" in vanadium are summarized in Table I.
The diGusional behavior of Fe" in vanadium, as seen in
the logD versus 1/T plot, Fig. 3, is similar to that of
self-diffusion in vanadium with two straight lines having
a change of slope near 1350'C. The two straight-line
segments of this plot are described by

D= (274+15) expL( —92 170+105)/RTj

at high temperatures and by

D = (0.373a0.051) exp L (—71 000& 180)/ETj
at low temperatures. These values compare closely with
the values for De of 214 and 0.36 cm'/sec and for Q
of 94 140 and 73 650 cal/mole at high and low tempera-
tures, respectively, measured for self-diGusion in vana-
dium by Peart. 5 Peart also measured the diffusion of
Fe" in vanadium between 842 and 1171'Cand obtained

0
0

l I

8
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I

12 x/0'
CN

.FIG. 2. Representative penetration proales of Fe" in V
by lathe sectioning.

"R. J.Dern and W. L. Hart, J.Lab. Clin. Med. 5?, 322 (2962)."G. A. Bray, Ann. Biochem. 1, 23 (j960).

D= (0.60+0.15) exp[( —70 500&250)/ET),

which yields slightly larger di8usion coefFicients than
those of the present work. The discrepancy can be
attributed primarily to the inclusion of some dislocation
enhanced diGusion in Peart's penetration pro6les for
the diffusion of Fe" in vanadium. A detailed inspection



of Peart's penetration pro61es for Fes' in vanadium
shows a straight-line segment through the initial sec-
tions with a sma11 curvature showing enhanced diffusion
at deeper sections. Values of the diffusion codBcient
reported herc do not include this enhanced diffusion
Rnd Rlc thus 1ower ln magnitude. Dislocation diffusion
was observed to have a much more pronounced CGcct

on the diffusion of Fe" in vanadium than was seen for
SCE-dlGUSlon Hl VRnadlUIll.

Thc 1RI'gest soUI"cc of cll'oI' ls thc inaccuracy of tcnl"
perature measurement (for example, an error of &2 C
at 1500 C; an error in the diffusion coeKclent of &5%).
Other errors, such as weights for the measurement of
distance, and counting errors, were 1% or less. The
total error in any single value of the diGusion coc%cient
of Fc ln vanadium measured Hl this work ls estimated
to be no more than 5%.

The measured data will be the sum of two Arrhcnius

equations if two mechanisms of di6usion are operative
over the entire temycrature range. In order to test this
possibility, the low-temperature data were extrapolated
to high temperatures and subtracted from the measured

values at high temperatures, The diffusion coefFicients

obtained in this manner, designated Dh;gh, were ex-

trapolated to low temperatures and subtracted from the
measured va1ues at low temperatures to give values of

Dy,„.This process was repeated several times. The re-

lOOO C L

lo-8

FIG. 4. Decomposition of data for diGusion of Fe» in V into the
sum of two exponentials. I'I ower abscissa is in 'K .)

solved data Ml on two straight hnes within experi-

11lental errors, Fig. 4, with

Db;sh= (2280+240) exp L(101500+380)/RTj

Fxo. 3. Temperature dependence of the diGusion of Fe» in V
(this vmrk) compared to Peart's data for V48 and Fe» in V. (Lower
abscissa is in 'K '.)

Di,„=(0.0936+0.0165) expL( —67 600+320)/RTj.

It should be noted that the sum of two exponentials is
not two straight lines on a semilogarithmic plot, but
shows curvature. The curvature in the present case is

sma11 except in the region where the two cxponentials

have nearly the same va1ues because of the large diGer-

cnces between both the Do factors and the activation
energies. Thus, to a good approximation, both the values

for the measured values and the component exponen-

tials can be expressed as exponentials.

A large change in the isotope-CGect parameter was

seen Rs thc temperature was varied. The IYlcRsulcd

values of thc isotope-CGect parameter are approximately
constant near 0.7 below 1350'C, but decrease rapidly
above this temperature. Plots of the relative diGusion

rates of diffusion of Fes' and Fe" in vanadium are
shown in Fig. 5. The values of this parameter and the
relative di6usjon coefficients of Fe" and Fc" are given
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Tml.z II. Measurements of the ree re ative diffusion codbcients of
e In and values of the isotope-eG'ect parameter.

IQO9 ~ C
Temperature

( C)

1009
1297
1345
1415
1505
1645
1817

(1—D59jL45}

0.0235
0.0240
0.0243
0.0198
0.0145
0.0129
0.0102

0.681+0.047
0.695~0.061
0.704+0.041
0.574+0.038
0.421+0.074
0.374a0 055
0.296+0 082

o

.08
l8!74 C

00
0 p

n I I

6

FIG. 5. Plots of the rel ative rates of diffusion of Fes' and Fe'9 in 0

in Table II.The tern eraperature dependence of the isotope
e ect is shown in Fig. 6.

IV. DISCUSSION AND CONCLUSIONS

The data measured in this work conclusivel indica

e most signiacant evidence is the lar e
e-e ec parameter at high temperatures. The'

e temperature range measured canata over the entire tern
e analyzed as the summation of two Arrhen'

' '
g urt ersupport toatwomechanismmodel.
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in a o y-centered cubic lattice is
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Fio. 6.. 6. Temperature dependence of the is p-
e in . (Lower abscissa is in K ~.)

'~D Graham Bam, Bull. Am. Phys. Soc. Il, 331 (1966}.

centclcd CUblc iron ivcgive VRlucs of AE very c],osc to
The iron atom is approximately 7%%u' smaller h

tllc vanadluIll RtoIQom, allowing it to move through the
vanadium lattice w'ith smaller displacements of the"-.h-f-h. -- Ed' -

'
0 sc - 1 UsloIi in

e actor, therefore, would be expected to
e very close to unity for the present work.

solely with the hi h-
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y high-temperature mechanism
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g - perature diffusion mechanism to the mea-
sured diffusion coe%cients ls, a vaue or the isotope-



CBcct parameter of approxiIDately 0.2 results. This
%'Quid glvc llIQltlng vRlUcs fQl thc high-tcmperatux'e
DMchanisID of j..0 and 0.2 or 0.2 and I.0 for the correla-
tion fRctor Rnd AE~ I'cspcctlvcly.

Two IncchanlsIQS of dl6uslon) lntcrsfltlalcles and dlva-
CRnclcs, sccID compatible %'ith thc vRbles of thc lsotopc-
effect parameter at high temperatures. Several other
mechanisms of diffusion, however, can be eliminated as
possibilities. Ring IncchRnisms involving four ol DMrc

atoms, using Eqs. (4) and Eq. (2), would yield values
of &c Isotope-effect paraIDetcr greater than I.0. SUlcc
the InaxlIDUID valUc fox' both thc correlation factor Rnd

AE ls f.0) I'Ulg ITlcchanlsDls Qf foUl Ql Dlolc atoIQS RI'e

not possible. DiGUsion by Rn interstitial DMchanism is
eliminated by the SIDall values of the isotope-cGcct
parameter. The correlation factor for interstitial dif-
fusion 18 j..0; and in cases %There this DMchanisDl 18

cleaxly operative, the value of AE is very near unity.
Correlation fRctol'8 fol intcrstitialcy dNusion Ul thc

body-centered cubic lattice can take on a range of
valUcs: 0.0 ox' i.0 fox' octahedral sltcs RDd froID 0.66 to
'1.0 for tetrahedral sites. Diffusion from either site may
have R vRb1c of AX Qf 0.5 ox' less. This IncchanlsIQ clearly
cannot be ruled out as a possibility for the high-tem-
pcI'RtUx'c dlGuslon ploccss on thc basis of the pI'cscnt
results.

ThcI'e ls llttlc support fox' self-dlGUslon by Rn lntcx'"

stltlalcy Incch~sm ln the body-centered cubic lattice,
although there 18 stI'ong sUppQI't foI' this Incch~sm in
the silver halides. '8 The possibility of intcrstitialcy dif-
fusion has been discussed for alpha iron by Johnson"
and for sodium by Barr and Mundy. '0 The latter RU-

thors point out that both the octahedral and tetrahedral
sltcs Rrc RdjRccnt to 81IMlar sites~ Rnd lt ls Dot clcRx' Why

interstitialcy diBusion shouM be preferred to inter-
stitial d,iGusion. Furthermore„ the tetrahedral site, the
largest interstitial site, has a radius less than 30% of
that Qf thc Solvent atom. FXQID size consldclRtlons alone
lt 18 hax'd to understand how self-d16uslon could occUr

by RDy interstitial pI'ocess unless thc d~sHlg atoro 18

hCRvlly lonlzed.
AIlothcr posslblc IQechanisln 18 divacancy diffusion,

Recently, an approximate calculation of the correlation
factor for this mechanlsID ln the body-centered cubic
lattice yielded a value of close to 0.5."This value is
reasonable %'ith 1cspcct to divacancy correlation fRctoI'8

calculated for other lattice structures: 0.62 for R Nacl
stx'Uctux'e vBth llkc RtoIDS 816usion QD each site and
0.475 for the face-centered cubic lattice. ~ if relaxation
of atoms SUrloundlng thc divacancy QccUI'8, thc vRhlc

& R. J. Friauf, Phys. Rev. NS, 843 (I95'E).
» R. A. Johnson, Phys. Rev. 134, AI329 (1964).
~I.%. Barr and J. ¹ Maundy, in BQfesioN jw Bury-Cagier'

Cga 3A@ls (AIDerican Society for Metals, Cleveland, Ohio, 1965),
p. 17j..

~' R, E. Howard, private commuxacation to R. F. Peart (I967).
~K. Compaan and V. Haven, Trans. Faraday- Soc, 52, 'N6

(j.N6).
~3 R. E. Howard, Phys. Rev. I44, 650 (1966).

of AE mill be less than unity and could be considerably
less.

Johnson" has calculated. that three possible divacancy
con6guratlons exist ln thc body-centered cUblc lattice.
These consist of slnglc vacaIlclcs %which Rx'e located on
6rst-Dearest-neighbor~ second-Dearest-neighbor~ ol thlrd-
Dcarcst-neighbor sltcs. Thc second-Dearest-neighbor dl-

vacancy is the most important for diffusion in this
model. Mlgratlon of this dlvRCRDRDcy 18 accomplished

by motion of cRch of thc colnponcnt vacancies through
either the 6rst-Dearest-neighbor sltc Qx' thc fourth-
Dcarcst-neighbor Site~ x'eturIllng Gl cRch case to R sccond-
ncarest-neighbor site. There are, thus, three configura-
tions of this divacancy seen before (or after) and during
the jump process. These coa6guratlons plus thc rela-
tively large Dumber of Dearest-neighbor atoms to the
vacancies glvc some bjasls for thc hlghL Dg factoI'8 Qb-

scrvcd ln this work Rnd fox' self-dMUslon ln vanadlUID:
both thc cozL6guratlon RIll vlbl'Rtlonal cQIDpoDcnts of
thc entropy shouM bc sign16cantly larger thRD fox' onc
dlvacancy conflguratlon.

Thc actlvatlon cncI'gy fol dlffuslon by dlvacancles~

Q~, in a body-centered cubic lattice has been estimated

by Peart and AskiQ" as

where Q' is the activation energy of diffusion for a
single vacancy mechanism. This expxession results from.

the relation

Q- Q- 4Q,

based on the pleasured valUcs of these quantltlcs ob-

served ln Scvcral bod/-centered cubic metals. Using

thc valUc fox' thc actlvatlon cncrgy foI' lo~ temperatures

measured in this work, Eq. (7) yields an activation

energy of 104000 cal/mole which is very close to the

actlvatlon encl gy IQeasurcd ln this expcrEQcnt fox' D~h
of 101500 caljmole. Peart and Askill also predict a
value of about 2000 cm'jsec for Do for divacancies in

vanadium, @which is again very close to that observed

fox' Do btgI1='2280. This Rglccmcnt betvfccn the Dlca-

sured values and the predicted. values con6rms that the
divacancy Inechanisrn must bc considered as the pos-

sible high-temperature diQ'usia mechanism

Thc CQDclUslon rcacI1cd froID thc present Work 18 that,

tv' compctlDg mechanisms of dlGUslon occur ln vaDR-

dium, onc bclng dlGUsion by slnglc vacRDclcs and the
othcx' qultc probably R dlvacancy IDcchanlsID,



DIFFUSION OF Fe IN VANADIUM

Recent data by Murdock and McHargue'4 on the
diffusion of Ti44 in vanadium and a series of vanadium-
titanium alloys, ranging from 10 at.% titanium in
vanadium to 10 at.% vanadium in titanium in steps of
10 at.% titanium, show that the temperature depen-
dence of diffusion varies continuously with composition
from the sharp change of slope in the logD versus 1/T
plot in pure vanadium to a continuously curving plot

n J.F. Murdoch and C. J.McHargue, Acta Met. 16, 493 (1968).

for titanium. Thus, it can be inferred that two mecha-
nisms. of diffusion also operate in titanium and possibly
in all of the anomalous metals.
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Band Structure and Electronic Properties of Silver
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A band-structure calculation for silver has been made using Mueller's interpolation scheme. The first-
principles calculation by Segall has been adjusted to give better agreement with experiment, and a set of
parameters derived to fit these adjusted bands. A density-of-states calculation using these parameters
confirms deductions from experimental work using the photoelectric effect which suggest two main peaks
in the 4-band region. However, we find an additional low-energy peak which has not been observed experi-
mentally and no evidence of structure near the Fermi level. The Fermi surface is computed after a recalcu-
lation of the Fermi energy which agrees with Segall's results. Reasonable correlation with the experimental
dimensions of the Fermi surface is obtained. Finally, various effective masses are calculated. The value
obtained for the electronic specific heat suggests that electron-phonon enhancement is somewhat smaller
in silver than in copper.

1. INTRODUCTION

S EVERAL interpolation schemes have been con-
structed in recent years in an attempt to describe

the energy bands of noble and transition metals. ' '
That by Mueller' seems to be the most plausible
physically and can actually be derived, subject to
various approximations, from the Green's functions
(or KKR ) theory of energy bands. ' '

The important point about an interpolation scheme
is that from a relatively small amount of data —perhaps
a '6rst-principles calculation of eigenvalues at sym-
metry points in the Brillouin zone, or, alternatively,
an experimentally determined Fermi surfac- one can
derive parameters for use in the interpolation scheme
and then use these same parameters to extend the
results to any part of the Brillouin zone. This process
greatly facilitates calculation of such quantities as the
electronic density of states, eGective masses, etc.
General considerations as to the philosophy of using

' M. SaGren, in The Iier~rsi Surface, edited by W. A. Harrison
(John Wiley 8z Sons, Inc. , New York, 1960},p. 341.' L. Hodges, H. Ehrenreich, and N. D. Lang, Phys. Rev. 152,
5O5 (1966).' F. M. Mueller, Phys. Rev. 153, 659 (1967).

4 W. Kohn and N. Rostoker, Phys. Rev. 94, 1111 (1954).' J. M. Ziman, Proc. Phys. Soc. (London) 86, 337 (1965).' V. Heine, Phys. Rev. 153, 673 (1967).' R. Jacobs, Proc. Phys. Soc. (London), Ser. 2, 1, 492 (1968).

such interpolation schemes have been discussed by
Phillips. s

In this paper we describe how a one-electron band
structure for silver has been obtained and show that
this structure will predict various electronic quantities
in reasonable agreement with experiment. The work
described is a preliminary to studies of noble —transition-
metal alloys, in particular those of the silver-palladium
series.

2. CALCULATED SILVER BAND STRUCTURE

A. Previous Band Calculations

The only first-principles calculation for silver appears
to be that due to Segall. ' For reasons explained in his
paper Segall did not claim great accuracy and, indeed,
although the general shape of his bands are in quali-
tative agreement with those of the similar metal copper
(except that in silver the d bands are derived from the
4d, rather than the 3d, atomic levels), some of the more
quantitative features of the bands are plainly incorrect.
In particular, in neither of his calculations, using two
different potentials, was Segall able to predict the
height of the d bands relative to.the conduction bands
so as to agree with the (admittedly tentative) inter-
pretation of optical data. These data would place the

' J..C. Phillips, Advan. Phys. 17, 79 (1968).'B. Segall, G.E. Research Report No, 61-RL-(27836), 1961
(unpublished),


