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Eff'ect of Ordering on Monovacancy and Divacancy Formation in p-Brass Observed
by Positron Annihilation
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Measurements of the trapping of positrons in P-brass have shown that the vacancy for-
mation energy dramatically increases with the ordering of the alloy below the order-dis-
order transition temperature. Based on predictions from our trapping-model analysis of
the monovacancy behavior, we have searched for, and found above 430'C, direct evidence
for the cusp-shaped rise in the trapping of positrons by divacancies that is characteristic
of the rapid growth in the thermal divacancy population as the order parameter goes to
zero.

PACS numbers: 78.70.Bj, 61.70.Bv

The ordering of atoms in alloys causes impor-
tant changes in mechanical and physical proper-
ties. Thus it is of considerable interest to know
how the point-defect properties, such as forma-
tion and migration of vacancies, are affected by
the ordering of atoms. We have chosen the bcc
order-disorder alloy P-brass for a detailed study
by the positron-annihilation-peak coincidence
technique. Because positrons can be trapped at
a very low concentration of vacancies, the tech-
nique is a sensitive probe of monovacancy forma-
tion energies in metals, ' and has been used to
determine the change in the vacancy concentration
across magnetic and structural phase transitions. '

The applicability of the technique to the obser-
vation of divacancies has not yet been clearly
demonstrated. Doppler line-shape measurements
in P-brass' showed that positron trapping at mono-
vacancies saturates at about 350'C, which is well
below the ordering temperature (T, =462'C) or
the melting temperature (T =870'C). Thus by
extending positron measurements to higher tem-
peratures, divacancies are likely to be detected.
Although high-temperature equilibrium measure-
ments of vacancy concentration in pure metals
have often been interpreted by assuming the pres-
ence of divacancies, '" there has been no sharp
feature in the data itself that could be attributed
to divacancies. Other positron measurements on
P-brass near T, have been made, but these were
of a survey nature, and some have subsequently
been found to be nonreproducible. "

In this Letter we report the first observation by
positron trapping of a vacancy formation energy
that grows rapidly with the growth of long-range
order in an alloy. We also report what we believe
to be the most clearcut example of trapping at di-
vacancies. The P-brass specimen (Cu, 48 wt.%

Zn) was from the same ingot used by Schultz et
al. ' and was prepared from 99.999% Cu and Zn.
Quantitative energy-dispersive x-ray spectros-
copy confirmed the Cu/Zn ratio of the P' phase.
The specimen was examined for possible a-phase
peaks by means of neutron diffraction and x-ray
diffraction. None was found and all peaks could
be indexed as P' phase. To minimize dezincifica-
tion, the measurements were made in a 27-kpa
argon atmosphere for T - 560'C. A disk-shaped
specimen (1 cmx0. 64 cm) was attached to an
Ohmically heated iron strip described previous-
ly. ' With Chromel-Alumel thermocouples on the
sample, the temperature was controlled to +1 C
for measurements between 100 and 320'C and
+ 2'C for other temperatures. The specimen sur-
face facing the external "Cu positron source was
positioned to within 0.05 mm at all temperatures.
About (4-5)x 10' peak counts were accumulated
at each temperature in five to seven scans with a
resolution of 1 mrad& 93 mrad. Precise angular
correlation measurements at 8'C before and
after these scans showed no evidence of dezincifi-
cation.

The results (Fig. 1) show an S-shaped rise and
complete saturation of positron trapping at mono-
vacancies between 8 and 430 C. In the Doppler
measurements of Schulz et al. ,

' however, the
wing parameter (the wing normally varies inverse-
ly to the peak rate) first increases and then de-
creases as the temperature is raised above 100'C.
This anomaly does not appear in our peak rate,
except for the preliminary scans between 5 and
240 C. These scans showed a similar anomaly
that annealed out on subsequent temperature cy-
cles. We believe, therefore, that the behavior
observed by Schultz et a/. was not an equilibrium
property of P-brass. As the temperature is
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FIG. 1. The peak coincidence counts (solid circles)
in P-brass between 8 and 560'C. The broken curve
is the normal-trapping-model Qt with A„= 3&& 105,
and the full curve takes into account the effect of or-
dering on vacancy formation. These fits were made
for peak rates below 430 C.

where I & and E„are the free and trapped peak
rate, a and P are thermal expansion parameters,
andA„=p„a&exp(S„/k), where p„ is the trapping
rate, 7& the free-positron lifetime, and S„ the
nonconfigurational entropy of vacancy formation.
A least-squares analysis of the data (y =0.82)
with use of Eq. (1) gave E„=0.80+ 0.04 eV but
with an unacceptably high trapping parameter,
A.,=1.9x10'. This value is two to three orders

raised further the peak rate shows a rapid rise
just below T„ the order-disorder transition tem-
perature, and then rises slowly up to 560'C. We
attribute this rise to positron trapping at equilib-
rium divacancies. The rise cannot be due to mo-
novacancies from a minority phase of n-brass
because (1) the monovacancy rise in n-brass is
much too slow near 450'C, ' and (2) a rise of the
magnitude observed would require at least 20'%%uo

of n-brass whereas neutron diffraction has set
an upper limit of 1% on any a-brass contamina-
tion.

The peak-rate data between 8 and 430'C were
first analyzed according to the trapping model,
which has been widely used in previous positron
studies and in which the monovacancy concentra-
tion is assumed to be controlled by a constant
formation energy E„~. In this model the tempera-
ture dependence of the peak rate is given by'

Fq(1 +nr) +F„(1+PT)A„exp(-E„~/kr)
1+A„exp(-E„ /kT)

of magnitude larger than almost all the previous
measurements of A„." Qn the other hand, when
the parameter A„was constrained to lie within a
reasonable range, 0.5x10' to 1.5x10',""a good
fit could not be obtained. As an example we show
in Fig. 1 by a broken curve the poor fit obtained
with A„=3x10' and o. =P =0 (because the model is
poor, both n and P become negative if allowed to
vary). This fit gave E„=0.53 eV with y =1.92.
Clearly the peak rate in P-brass cannot be de-
scribed with a constant E„~ and reasonable val-
ues for the trapping parameter A.„. When allow-
ance is made, however, for an increase in va-
cancy formation energy as the alloy orders, a
good fit is obtained with a reasonable value for
A„. Physically this is to be expected because the
mean vacancy-formation energy, E„, exceeds
that in disordered P-brass when atoms of one
type begin to be surrounded by atoms of the other
type, since the strength of a Cu-Zn atomic bond
is stronger than the average strength of a Cu-Cu
bond and Zn-Zn bond. Indeed it is this same dif-

1ference, v =v( z 2(vc„c„+vz -z ) that drives
the order-disorder phase transition.

Qirifalco' calculated the dependence on order
parameter of the vacancy formation energy within
a localized bonding model based on the Bragg-Wil-
liams (mean field) approximation and obtained for
P-brass E„~(T)= E„~(0)+2vR'(T), where E„~(0) is
the vacancy formation energy in the disordered
phase and R(T) is the order parameter. With use
of this equation and with the x-ray" or neutron
data" on R(T), a good fit to our peak rate could
not be obtained for any value of v, but a good fit
can be obtained if we assume, for T ~ 300 K, that

where U is a constant (U =0 for T &T,). Since or-
dering is complete below 300 K,""we set E„~(T
& 300 K) = E„~(300 K). It is known that for a pure
metal, which has a constant configurational en-
tropy per vacancy, if E„~varies with tempera-
ture S„also varies with temperature, but the ef-
fect is small. "" In an ordered alloy, however,
the configurational entropy varies with tempera-
ture (or order parameter) via the random proba-
bilities of occurrence of local configurations, and
this we expect to give rise to the dominant varia-
tion of E„~ with temperature. In the presence of
this large entropy variation, the variation of non-
configurational or phonon entropy is relatively
small, as in a pure metal, and is assumed here
to be temperature independent.

We have fitted our peak-rate data using Eqs. (1)
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and (2) for various values of U, the order-induced
part of E„, assuming that A„ lies within a rea-
sonable range. Good fits to the data Q =0.80-
0.81) were obtained with U in the range of 0.36-
0.61 eV, which gave a range for E„~(0) of 0.10-
0.38 eV with 0.71 eV~E„~(0)+ U ~ 0.75 eV. In
Fig. 1 we show with a full curve the fit (g =0.80)
obtained with U fixed at 0.4 eV. Other parame-
ters are E„(0)=0.35+ 0.04 eV, A„=(9.4+ 8.6)
xl0' o. =(2.8+1.2)x10 '/'C, and p =(1.5+1.0)
x10 '/'C. Both ct and p are much smaller than
the volume-thermal-expansion coefficients in P-
brass of 8.7x10 '/ C. The low value of E„~(0)
can be attributed partly to the dependence of E„~
on the electron-per-atom ratio' and partly to the
crystallographic structure (bcc) of P-brass, since
it has been found from work on Fe and stainless
steels that E„~ is appreciably lower in low-coor-
dination bcc phases than in fcc phases. "

Kuper et al."measured the activation energy,
Q, for diffusion of Zn in P-brass and found that
Q increases from 0.81 eV in the disordered phase
to ™1.5 eV in the nearly ordered phase. We have
analyzed their data assuming that Q depends on
temperature as Q(T) =Q(0) +W(1-T/T, )'", simi-
lar to Eti. (2), where Q(0) is the activation energy
in the disordered phase and W is a constant (W
=0 for T & T,). We obtained a good fit with Q(0)
=0.81 eV and 8'=0.49+ 0.06 eV. This suggests
that -65% or more of the order-induced change

!

in Q(T) in P-brass is due to the order-induced

change inE„~(T) since Q(T) =E„~(T)+E„(T),
where E„"(T)is the vacancy migration energy.

These results point up inadequacies in the exist-
ing theories for the phase transition and vacancy
formation in order-disorder alloys. For exam-
ple, the models of Girifalco"" predict that T, is
within 16/o of the mean-field result, kT, =2zv,
where z is the coordination number, and that
0.77U-zv/4. From the observed transition tem-
perature of 735 K, he then deduces U-0.04 eV,
an order of magnitude smaller than that deter-
mined from the present positron studies. Our re-
sults show that current theories of alloys need to
be extended so as to be consistent with both alloy
ordering temperatures and measured vacancy-
formation energies.

The strong temperature dependence of the
monovacancy formation energy necessarily en-
tails that the divacancy formation energy, E„,
also decreases strongly with temperature since
E,„=2E„-E,„,where E,„ is the divacancy
binding energy. Indeed, we find that the steep
rise of peak rate just below T„shown in Fig. 1,
can be understood from. the trapping model if and
only if E,„decreases rapidly as the temperature
is raised to T,. We now show that the same de-
scription already developed for the monovacancy
formation energy does in fact predict a sharp
rise due to divacancies in agreement with our ob-
servations. When positron trapping at divacan-
cies is included in the trapping model, it is easy
to show that'

Eq(l +aT) +E„(l+ PT)A„exp(-E„~/kT) +E,„(l +yT)A, „exp[- (2E„~-E,„)/kT)
1+A„exp(-E„~/kT)+A»exp[- (2E„~-E» )/kTI

where E,„and y are the peak rate and its temper-
ature dependence for positrons trapped at divacan-
cies, andA2„=2zp»T&exp[(2S„+AS, „)/k], where
&S» and p» are the association entropy and trap-
ping rate for divancies. Since calcu1ations" show
that p„& p2„& 3p„, the parameter A,„can be esti-
mated to be in the range (15-200)A„ if we take S„
= (0.4-0.8)k and bS,„= (1-2)k, the values suggest-
ed by Seeger and Mehrer' for Al, Cu, and Au.
With these parameters the rise in peak rate due
to positron trapping at divacancies mould be very
gradual if E„~ is constant. Our knowledge of how
E„~ falls with temperature, however, predicts a
consequent exponential enhancement of the diva-
cancy contribution that is quite sufficient to ex-
plain the cusp-shaped rise in peak rate between
430 C and T,.

To assess the consistency of our monovacancy

! and divacancy descriptions, the entire peak-rate
data shown in Fig. 1 were fitted with Eqs. (2) and
(3) for various values of U and A,„under the as-
sumption that E,„&0, 5&10'~A.„&1.5&10', and
P = y ~ 0. Good fits (y =1.03-1.05) could only be
obtained with U in the range 0.36-0.44 eV, which
gave E„~(0) in the range 0.30-0.39 eV. In Fig. 2,
we show with a fu11 curve the fit obtained with U
=0.4 eV. The other parameters are E„~(0)=0.34
+ 0.03 eV, E,„=0.07+ 0.08 eV, A„= (7.7+ 6.1)
x10', A,„=2.2xl0', p =y =0, andE, „/E„=l.045
+ 0.012. The fact that the entire peak-rate data
can be described well with values of important
parameters [E„~(0),U, A„] very close to those
that describe the monovacancy trapping region
onl. y, confirms our hypothesis that the rise below
T, is caused by thermally activated divacancies.
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FIG. 2. The peak coincidence counts (solid circles)
inP-brass between 8 and 560 C. The full curve is a
trapping-model fit which takes into account the effect
of ordering on monovacancy and divacancy formation.
The broken curve is the square of the order parameter
of Ref. 10.

We conclude that the vacancy formation energy
in P-brass increases strongly with the degree of
order. As a result, it has been possible to ob-
serve in a clearcut manner by the positron tech-
nique, the rapid formation of equilibrium diva-
cancies below T, driven by the falling order pa-
rameter.

We wish to thank I. K. MgcKenzie for provid-
ing us the P-brass specimen, and D. C. Tennant
for expert technical assistance.
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A surface-plasmon-mediated absorption mechanism is proposed to explain the meas-
ured frequency dependences of both the optical conductivity and infrared mass of smooth
sodium surfaces.

PACS numbers: 78.30.Er, 73.20.Cw, 78.20.Dj

In this Letter, it is proposed that the observed
optical conductivity feature in Na which has been
identified with interband transitions is instead the
signature of a surface-plasmon-mediated absorp-
tion process, i.e. , a Holstein-like process' where
within an electromagnetic skin depth the electron
simultaneously absorbs an incident photon and
emits a surface plasmon. A phenomenological
model based on this idea is shown to be consis-
tent with the optical data and the calculated band

mass.
The optical properties of the alkali metals have

been measured many times over the last two de-
cades. ' Much of the early stimulus was provid-
ed by the work of Mayer and co-workers, ~ who
found in bulk samples an additional absorption
anomaly at frequencies smaller than the optical
feature associated with interband transitions. Al-
though recent measurements' seem to indicate
that this extra absorption feature is activated by
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