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We have ameasured the diffusion of positrons ia Nb(110) ia the temperature
raage from 300K to 2450K utiliziag a variable energy positroa beam. The
purpose was to study the vacancy formation. However, a0 significant sign

of vacancy trapping was observed.

This could be due to & high detrapping

rate caused by a low_positron bindiag energy or due to a high vacancy
formation eathalpy HEV. The last possibility is consistent with recent
studies of the vacancy migration and with calculation of the positroa

binding energy. Ia this case we

The positron aanihilation techaique has
beea a very successful tool ia determining
the basic kinetic_properties of moaovacaa-
cies i3 megals.!™* The vacancy migratioa
eathalpy H_ can be extracted from aoca-
equilibriud experime ts>™" and the vacaacy
formation eathalpy HI fgom thermal
equilibrivo experimedts.” These measure-
ments are based on the difference in posi-
tron anaihilation characteristics betweea
positrons trapped ia dufects and free
positroas.

The development of variatle energy posi-
tron beams has given an alteranative possi~
bility. The measurements preseanted here
are based oa detectiag the reduction in
positron diffusion length caused by trap-
ping. This wethod has many advantages and
is ia several respects complementary to
the conventional positron aanihilation
techaiques. The met has beea success-
fully applied to Al.”~° It should be
aoted that the beam still enables coavea~
tional~type measurements with the advan-
tage of avoiding the "source™ and other
problems.

We preseat here the first high temperature
measuremeats oa a refractory metal Nb us-
ing this method. Measurements of the
lineshape parauweter as a function of tem-
perature in Nb has shown a weak shape
chaage, 1a:etgreted as the oaset of vacaa-
cy formation. The absence of a stroager
change was attributed to detrapping.

Ia extracting the diffusion lengths posi-
trons are first implaanted at aa average
depth z related to the iacideat pesitroa
energy E though a power law,

z = ag” M

find the Hfy > 3 ev.

where A is a material coastant aad o has
experimeatally ang gheoreucally been
found to be =l1.6. ° The fractioa of pos~-
itrons F that after implantarion diffuses
back to the surface is measured. F de-
peads on the positroa implaatatioa profile
P(z) and the positroa diffusion leagth L4

F = [ dz(P(z) - exp(- 12—.:”' (2)

The diffusion length is given by the dif-
fusion coastaat D4 and effective lifetrime
teff of the positroa

u-/ﬁ;. (&)}

1a the case of an exponeatial profile the
solution is very simple:

F = 1/(1+(E/EQ)™) (6)

where Eg is the energy at which half of
the positroans return to the surface.

Recent ﬁxperimental and theoretical
work >~ 3" has shown that a Makhov~-type pro-
file gives a better description aad re-
sults ia an approximately 402 higher value
of the derived value of Dy. It has beea
shown, however, that relative chaages are
the same using either profile. Due to the
much simpler fittiag usiag Eq. (4) aad to
the fact that one of the shape parameters
in the Makhov profile is still under de-
bate, we have chosea to fit all data to
Eq. 4.

Measurements of the fractioa F is based on
the fact that positroas iaside a metal

predominantly decay by 2~y emission where-
as positrons that reach the surface have a
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chance of escaping and formiang positronium
in vacuum, where =752 will decay by I~y
euission, It 1s therefore a simple matter
of calibration to derive F if the ratio
betweea 2y and JY eveats are measured,
This ratio caa be extracted from the
aannihilation gamma spectrum, which is
measured with an laotrinsic Ge detector.

In the perfect lattice Togf 1is the posi-
tron hulk lifetime 1 (=1/)p). Vacan-
cies will reduce Teg¢f due to Crapping:

A oex

-1 . v _bv
T eff xb I E )
v vb

where Ay is the aanihilation rate in
vacancies, xpy is the trapping rate iato
vacaacies:

F F
Sy ™ GIVeXP(SIV/kB) exp( Hlv/ksT) (6)

and kyp 1s the detrapping rate from
vacaacies:

L Vg exp(-EpvlkBT) (7)
where o1y is.the specific vacancy trap-
plag rate, S is the formation eatropy,
vg i a frequeacy factor and Ejy is the
positren binding energy to the vacancy.

In determini?g Khy we gse the value5
UIV'1b°exp(SIvlk) = 107,

A Nb(110) single crystal was studied. The
crystal was heated with an electroa beam
iaside a high cemperature furaace mouated
iaside rthe UHV .:hambes. The pressure,
which was ia the 107% range at room tem—
perature, would initially rise above 107
duriag heatiags above 2300K. During this
period strong hysteresis was found.
Bysteresig was observed unril it was pos-—
sible to keep the sample for hours at tem-
peratures aboge 2300K at a pressure not
exceeding 107" torr, after which the data
presearted here were recorded. The purpose
of the furaace is to minimize the energy
required to achieve the high temperatures
and to give a8 uniform sample temperature.
The furnace has a hole for the positroa
beam and an aperture for temperature read-
ings with a pyrometer., The teumperature
was also recorded with a W32 Re, W25Z Re
thermocouple.

Ia Fig. 1 the values of the parameter Egp
are shown as a functions of tewoerature.
We have chosen to display Ep rarher thaa
the more direct physically related
diffusion length L; since Ep is actually

rr. Neiud -
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Fig. 1. Experimeatally determined values

of the diffusion related parameter E; for
various temperatures. The two curves show
Ep as a tunctioo of temperature when we
assume D+=T" respectively, D+-T'1/‘.

the parameter directly determianed in the
measurement aad it is related to L+
through the simple relartion Ly=AE¢%. As
seea ia rhe figure there is very litzle 1if
any sign of vacancy traoplag observed.

The figure also demonstrates the stroag
temperature depeandeance of the diffusion
coefficieat, which 1s well represeated by
T-!. This is iodeed surprising siace it
has beea a generally accepted model that
the diffusion is maialy limited by
acoustical yhonons lepdiog to a T"Iz.
depeadence. ' The temperature~depeadence
of D5 turas out to be much stroager than
T2 for all metals studied as first
reported bg Schultz et al.'? It has been
Buggestedl that at high temperatures
there is a traasition to a regime with
much lower diffusivity where the positron
moves via & self-trapped state., The posi-
tron diffusion coefficient will ia this
regime increase with temperature. Neither
this, the traasition, nor the correspond-
ing low diffusivity is observed here.

As meationed, in a previocus study of Kb
the liveshape parameter as a fuacrioo of
temperature showed a weak slope change at
1760K° iaterpreted as the oaset of vacaacy
formation incorporating detrappiag. The
data fit yielded a vacauncy formatioa ener-
gy of 2 eV, 1Ia Fig. 2 we show curves for
which we assume (a) no trappiag, (b) , -
2.6 &V and detrappiag eaergy Epv - I.F

eV (fraqueacy factor 104% s%), (e) H_, =
2.6 eV and 20 detrapping. As seed, ddae
of the curves compare well to the data,

1o order to describe the data we have to
assume a positron blading eaergy less thaa
1.4 eV, This is 1o stroag coatradiction
to calculated binding energles of 4.6 eV
asd 3.2 eV!’ respectively.
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Fig. 2. The curves show Ep versus temper-
ature assuming D4=T™" and a: no trappiag,
c: B = 2.6 eV and b: B = 2.6 eV with
detrapping (Epv - 1.6 eV],

A very likely explanation for the uaob-
served trapping is that the vacancy forma-
tion energy 1s higher. This 1s in agree-
meat wit) receat positroa anaihilation
studies aad queaching experiments
shewing that the migration eaergy is very
low, .6 eV. Using the self-dlf!uséon en-
ergy reported 3.5 ev!/ ana 3.6 eVi

which will thea give a value of H‘v of
3-3.3eV, 1t shoild also be mentioned that
a strongly reduced vacaacy Erapping rate
could explain the reaults.l.
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Fig. 3. The curves show Eg versus temper-
ature assumiag D+¢T”‘ and a: ao trappiag,

b: BIS - 3.3 eV, e Ly = 3.0 eV and

F
d: EIV = 2.6 eV,

Ia Fig. 3 we show curves for Eg versus
temperatue assuming a0 detrapping and
formatioa epergies 3.3, 3.0, and 2.6 eV

for curves b, ¢, and d, respectively. We
can certafaly conclude that in this case
we have a formation energy larger than 3
eV ia agreecent with vacancy migratioz
results.

1a conclusion our measurements ian Nb a:
temperatures up to 2450K shows no
sigaificaat sign of trapplag.
laterpretation in terms of detrapping
requires a very low positron biadiag
energy ia contradiction to theoretical
estimated values. Assuming no detrapping
resules ia a vacancy formation energy
higher thas 3 eV.
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