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Measurement of the positron work functions of polycrystalline Fe, Mo, Ni, Pt, Ti, and V
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We report measurements of the positron work functions ¢* of polycrystalline samples of Fe, Mo, Ni,
Pt, Ti, and V. The positron work functions were obtained by measuring the energy spectrum of slow
positrons reemitted by the metal surfaces when bombarded with keV-energy positrons. Two methods
were used to extract the work functions. The first method provides an absolute measurement. The
second method infers the positron work function from measurements of 2=u* +u~ (where u* and p~
are the positron and electron chemical potentials, respectively) relative to the value of = for Cu and to
the values of the electron work function for the surface. The second method (which circumvents many
of the systematic problems of the first method since the values of = are independent of crystal face and
surface contamination) gives ¢, = —1.2(2) eV, ¢io=—2.2(2) eV, ¢i=—1.2(2) eV, ¢fi=—1.8(2) eV,
¢y =—0.6(2) eV, and ¢7; >0. Our results are compared to theoretical predictions and to previous mea-

surements.

I. INTRODUCTION

The positron work function is an intrinsic property of
positron interactions with matter.! It is important for
checking the validity of theoretical assumptions, for
choosing particular materials for surface experiments
such as reemitted-positron spectroscopy (RPS)? and
positron-annihilation-induced Auger-electron spectrosco-
py (PAES),’> and for developing improved positron
moderators for use in low-energy positron beams.

In analogy with the electron work function ¢, the
positron work function ¢ is defined as the minimum en-
ergy required to remove a thermalized positron from the
bulk to a position, at rest, far from the sample. Follow-
ing the Lang and Kohn* formulation of the electron work
function,

¢ =Ad—p ", (1)

the positron work function ¢ can be expressed as’
¢t =—A¢—u*, 2)

where A¢ is the mean electrostatic potential across the
surface dipole layer (arising from electron spill out at the
surface), and u* (u ™) is the positron (electron) chemical
potential of the material. Note that although the dipole
term has the same magnitude for electrons and positrons,
its contribution to ¢ differs in sign because of the oppo-
site charge of the positron. The chemical potential is
strictly a bulk property; Hodges and Stott> pointed out
that 4™ can be separated into two parts:

:u‘+=E0+Ecorr ’ 3)

where E, is the zero-point energy arising from the
positron-ion interaction and E ., is the positron-electron

ﬁ

correlation energy.

In some metals the sum of the terms indicated in Egs.
(2) and (3) yields a negative positron work function, that
is, a negative affinity for positrons. A positron that is in-
jected into such a solid at kilovolt energies has a high
probability of reaching thermal equilibrium and diffusing
to the surface, where it may be spontaneously emitted
with a minimum kinetic energy that is equal to the mag-
nitude of the (negative) positron work function, ¢+, of
the material. This permits the measurement of negative
positron work functions through the analysis of the ener-
gy of the reemitted positrons.®

A discussion of earlier theoretical and experimental
work on positron work functions can be found in the re-
views by Mills® and by Schultz and Lynn.! We report
here measurements of the positron work functions of
well-analyzed polycrystalline samples of six metals: Fe,
Mo, Ni, Pt, Ti, and V. Measurements were also done on
polycrystalline Cu which was used as a reference for all
other metals. A comparison is made between our results
and other measurements and related theoretical predic-
tions.

II. EXPERIMENTAL

The apparatus used in this experiment has been de-
scribed elsewhere,’ and is similar to that used previously
by Mills.® A magnetically guided monoenergetic positron
beam is derived from a 35-mCi *?Na positron source and
a slow-positron (tungsten-foil) converter. An electrostat-
ic accelerator makes it possible to vary the beam energy
from ~10 ev to ~ 10 keV. Crossed electric and magnetic
(E X B) fields act as velocity selectors for the beam, both
in the source and target chambers. The positron beam
travels about 3 m from source to target, through an in-
creasing axial magnetic field that serves to focus the beam
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to a 2-mm diameter at the sample.

The target chamber includes an Auger spectrometer
for characterizing the surface content of the sample, Nal
crystals to detect annihilation y rays and monitor the
incident-beam intensity, a sputter ion gun, and a sample
manipulator with a resistance heater for sample anneal-
ing. The base pressure in the target chamber was in the
high 107 !%torr range. A quadrupole mass spectrometer
indicated that the residual gas consisted primarily of hy-
drogen, helium, and inert gases (argon and neon).

The physical characteristics of the polycrystalline foil
samples were (nominally): 0.127-mm-thick copper,
99.99% free of metallic contaminants; 0.1-mm-thick iron,
99.9975% free of metallic contaminants; 0.127-mm-thick
molybdenum, 99.97% free of metallic contaminants;
0.125-mm-thick nickel, 99% free of metallic contam-
inants; 0.025-mm-thick platinum, 99.95% free of metallic
contaminants; 0.127-mm-thick titanium, 99% free of me-
tallic contaminants; and 0.05-mm-thick vanadium, 99%
free of metallic contaminants.

All samples were cleaned with ethanol prior to inser-
tion into the UHV chamber, and then sputter cleaned in
situ using argon or neon ions. The samples were first
sputtered with high-energy ions (2 to 3 keV), and then
with lower energy ions (0.5 keV) in an attempt to reduce
the sputter damage to the surface. The copper, molybde-
num, titanium, and vanadium foils were annealed in situ
at 900°C for 2 h, and later at about 600 C for 4 h, and
then sputtered. The iron foil was annealed at 500 °C for 1
h, and then sputtered. (The copper, iron, molybdenum,
titanium, and vanadium samples were annealed prior to
sputtering, but not after, due to a failure of the sample
heater.) The nickel and platinum foils were annealed be-
fore and after sputtering for an average of one hour each
time in the 750—800°C. An Auger spectrum was taken
immediately before and shortly after each experimental
run to give an indication of surface contamination.

The energy spectrometer shown in Fig. 1 consists of a
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FIG. 1. A schematic diagram of the energy spectrometer.
The retarding voltage is applied to the fourth of the seven
stainless-steel disks which constitute the retarding field analyzer
(RFA). The large and small rectangles represent the electrodes
of a trochoidal analyzer which makes use of crossed electric and
magnetic fields to deflect the reemitted positrons into the micro-
channel plate (MCP) assembly. Nal(Tl) scintillators for the
detection of annihilation y rays are mounted on either side of
the sample.
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retarding field analyzer (RFA), along with a trochoidal
analyzer’ making use of crossed electric and magnetic
fields, and a microchannel plate (MCP) assembly for the
detection of charged particles. Work-function data was
obtained by fixing the sample at a voltage V (typically
+5 V to +20 V with respect to ground), and varying the

T

(@) Cu

o
>

TTTTTTTTT

o o
oo O

o ¢
»
TTTTTTT 1T

o ©
o O

S
»

TTTTTTTTT

o o
0o o
TTTTTTTTTT

°

° o
EN @ o

TTTTTTTTTT

o
o

o
)

o
>

FTTTTTTT I

NORMALIZED INTEGRAL (DOTS) AND DIFFERENTIAL (SOLID) MCP COUNTS
o
-+

0.0 A T T l.-l-'.l-
S S o (g) v
0.8 - 17
C |
0.4 — |
o [

L1 Lhooy 1
0940 =20 006 20 %0

RETARDING BIAS

FIG. 2. Normalized integral counts (dotted curves) as a func-
tion of the retarding bias Vrgy for (a) Cu, (b) Fe, (c) Mo, (d) Ni,
(e) Pt, (f) Ti, and (g) V. The derivative of N(Vyggr) is also shown
(solid curves). An average of the points on the high shoulder of
the integral data is represented by the solid horizontal line. A
least-squares fit through the first point that lies at least 3 stan-
dard deviations below the average (and includes two points on
either side of this point) is indicated by the solid sloped line.
The intersection of the sloped and horizontal lines is taken as
the zero energy point, V,.,. The location of V., and steepest
descent (Vpk) are indicated by the left and right vertical dashed
lines, respectively, in each graph (except Ti). The Cu spectrum
correspond to the Cu sample which was mounted together with
the Mo, Ti, and V. Cu spectra (not provided) corresponding to
the other three samples are similar but differ slightly in their
reference points from the one provided here.
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TABLE I. Compilation of sample and beam characteristics.

Surface contamination

Incident et

Target bias

Positron yield

S

Sample (at. %) energy (keV) V) (%)
Cu 4% C, 2% O 1.14 +10 1.3
Fe 12% C, 8% O 1.14 +10 2.1
Mo 15% C, 5% O 1.145 +5 1.3
Ni 12% C, 1% O 1 +12 1.1
Pt 24% C, 6% O 4 +12 0.4
Ti 14% C, 15% O 1.14 +5 0.2
\4 15% C, 2% O 1 +5 0.7

RFA voltage from a few volts below Vg to a few volts
above Vg, resulting in a retarding voltage Vyggr which
varied from a few volts below zero to a few volts above
zero. Our measurement of the width of the energy-
resolution function of the RFA, based on measurements
of the Cu work function, provided an upper limit of 0.2
eV.
We define the pass energy of the positrons as

Epass =eVger —¢; +és (4)

where ¢, —¢g is the electron contact potential difference
between the RFA grid and the sample.!® The energy as-
sociated with the motion of the positron in the z direction
(normal to the surface) is defined as E;=1mv?. Posi-
trons with E; =2 E, will be able to reach the detector.
Positrons with E; <E |, will return to annihilate at the
sample. Neglecting the finite resolution of the RFA, the
number of positrons that reach the MCP corresponds to

the integral

I(Epass )= fEc;ssN(Ez )dEz ’ (5)
where N(E,) is the number of positrons per unit energy
leaving the sample with energy E,. The distribution
N(E,) is equal to zero for E; <0 and is finite for E, > 0.
Therefore I(E ) is constant for E,, <0 eV and starts
to decrease at E ;=0 eV. The quantity measured in our
experiment, N (Vggr), is the number of detected posi-
trons as a function of Vygr (see Fig. 2). It is related to

TABLE II.

I(E,,) by a constant factor corresponding to the detec-
tor efficiency and by a shift in the energy zero determined
from Eq. (4). This shift is determined experimentally
from the data by determining the value V., at which
N (Vygr) just begins to decrease (i.e., where E, ;=0 eV).

Thermalized positrons can leave the surface with ener-
gies up to —¢* in the z direction. Since most of the posi-
trons are emitted normal to the surface,!! the point of
steepest descent in N (Vygr) (the peak of the negative
derivative) occurs at Vpx=—¢1/e+V,, . The curve
does not drop completely to zero at that point because of
“nonthermal” positrons, i.e., positrons that escape from
the surface before reaching thermal equilibrium.!?

The positron yield (the ratio of the number of positrons
reemitted by the sample—for negative bias—to the in-
cident flux) for each sample is included in Table I, along
with surface contamination, incident positron energy,
and voltage applied to the sample.

III. RESULTS AND DISCUSSION

Two methods were used to extract positron work func-
tions from the data. In the first method, the work func-
tion, ¢ 7 (1), is obtained by subtracting the value of the re-
tarding voltage at the zero-energy point, V,,, from the
value at the point of steepest descent, Vpg.'* The point
of steepest descent is determined by differentiating
N (Vggr), which yields a well-defined peak. The value of
V,ero is Obtained by averaging points on the high shoul-
der (E >0) of the curve, and then determining the first

Positron work function results via two methods. ¢* (1): from the difference

(Ve — VRET(zer0)- ¢7(2): from the bulk chemical potential sums = as obtained from the peak positions

Vpx referenced to Cu. All numbers are in eV.

#t(1) A b $7(2)
Sample eVpx =e(Vpg — Viero) =e(Vpx— V) =3, +AZ ¢ =—3—¢
Cu —0.2 —0.6 0 —4.3° 4.65 —0.4
Fe 0.8 —1.3 1.0 —3.3 45 —-1.2
Mo 1.7 —2.4 1.9 —2.45 4.6 —22
Ni 0.1 —0.9 0.3 —4.0 5.15 —12
Pt 0.3 —-1.5 0.5 —3.8 5.6 —1.8
Ti — >0 — — 4.3 >0
\% 0.4 —0.9 0.6 —3.7 4.3 —0.6

*Values taken from Ref. 24.
"The references values used here is given by Gidley and Frieze in Ref. 2, and it is in good agreement
with earlier values in Refs. 8 and 19.
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point lying at least 3 standard deviations below the aver-
age. A least-squares fit line is then drawn through this
point and the two points on either side of it. The value of
Vet at the point of intersection of this line with the line
representing the average of the high shoulder points is
then taken as V,., (see Fig. 2). There is a problem in
determining work functions in this way. The analyzer’s
energy-resolution function shifts the determination of
V,ero downward (to the left in Fig. 2), and the amount of
shift depends on the functional form of the tails of the
resolution function, which is not well known. To avoid
problems with the measurement of V,., a second
method to determine the work function, ¢*(2), (which
will be discussed below) was used in which the energy
spectrum for each sample was compared to that for Cu
mounted in the spectrometer at the same time. The re-
sults of both methods of determining the work functions
are given in Table II.

The energy spectra of reemitted positrons for the mea-
sured samples are shown in Figs. 2(a)-2(g). For each
measurement, a plot was made of N(Vggy) as well as a
curve representing the negative of a smoothed deriva-
tive!> of N(Vggr). Both curves were normalized to uni-

ty. Note that the data for titanium [Fig. 2(f)] differs sub-
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stantially in form from the data obtained from the other
samples. Even though there is a point where N (Vggr)
starts to go down, the data does not show a definite peak
when differentiated. The integral curve, N (Vggr), seems
to decrease exponentially to the right. Following Gullik-
son and Mills!® [who had similar data for Al(111)], it is
assumed that the observed spectrum is due to non-
thermalized positrons. This leads to the conclusion that
titanium has a positive positron work function.

As mentioned previously, different crystalline facets of
the same material will have, in general, different work
functions. Therefore, a polycrystalline sample would be
expected to exhibit positron-work-function values which
are characteristic of each crystal face present on the sam-
ple surface.® The area of the surface under the incident
positron beam may consist of macroscopic patches of
different faces, and each patch contributes to the local
electric field. However, given sufficiently good statistics
and ignoring resolution effects, measurements of ¢*(1)
would yield the most negative value of ¢t represented on
the polycrystalline surface. The reason for this is as fol-
lows. The shoulder of N (Vggyr) occurs at Vgt (4er0), the
point at which E_, . equals zero. Setting E_, =0 in Eq.
(4) yields

pass pass

TABLE III. Comparison of the positron work function values obtained in this experiment with
theoretical and experimental values obtained elsewhere.

Sample Surface ¢:;(periment (eV) ¢t-|teory (eV)
Cu poly —0.4(2)" 0.9%, 0.8,° —1.0°
(100) >0¢ +0.22¢
(100)+S —1.2f
(110 —0.13(8)® +0.33¢
(1100+S —0.48
(111) —0.4(1)8,—0.33f —0.13¢
(11D)+S —0.87,—0.78(5)!
Fe poly —1.22)° —12,2 —0.8°
Mo poly —2.2(2)°, <0 —1.6,2 —2.0°
(100) —1.7 —2.65¢
(100)+0 —2.7
(110 —3.03¢
(111) <—3d —2.67¢
Ni poly —1.2(2)," <0k —0.1,2 —0.4®
(100 —1.0(1),% —1.3(1)! —0.77°
(100)+0O —0.95™
(100)+CO(c2X2) —1.6™
(100)+S(c2X2) —1.6™
(110) —1.4(1)f —0.59¢
(111) —0.90¢, —0.4*
Pt poly —1.8(2)° —0.2°
(100) —1.9(1)k
(100)+CO —2.2(1)k
Ti poly >0° —0.7,> +0.1°
\4 poly —0.6(2)" —0.4,> —1.7°
*This work. 8Reference 8.

*Reference 16.
"Reference 17.
°Reference 5.
dReference 6.
‘Reference 18.
fReference 19.

hReference 10.
IReference 20.
iReference 21.
kReference 1.
'Reference 12.
mReference 22.
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eVzero =¢g - “¢s T, (6)

where, as before, the subscripts s and g refer to the sam-
ple and grid respectively. The point of steepest descent
occurs at E pass=¢+. Substitution of this value into Eq.
(4) gives, along with Egs. (1) and (2) and some rearrange-
ment:

eVpk—dy, =—¢s —ds =pn"tp" . (7)

Since the chemical potential u is a bulk property, so is
the quantity,”® p~+u*=3. This implies that if ¢,
remains constant, then the position of the point of
steepest descent is independent of the crystal face as well
as surface contamination. Rather, the face dependence of
the work function is reflected in the value of Vggt (zer0)-
Using the definition of = given above to rewrite Eq. (6)
yields

Vo =0 +Z+ds" . (8)

If more than one face is present then the integral spectra
will consist of a superposition of spectra from each face.
Each component spectrum will show a decrease at the
value of V,,, corresponding to that face. The first de-
crease in the superimposed spectra will occur at the value
of V,.., for the crystal face with the most negative posi-
tron work function. In practice, counting statistics
would make it difficult to determine V., for a crystal
face which is not well represented on the sample surface.
Surface contamination will also effect the position of
eVzero'

The second method used to determine the work func-
tion, ¢+(2), circumvents the problems associated with
determining V., —surface contamination and the poly-
crystalline nature of the sample—by inferring the work
function from a relative measurement of = that relied
only on the values of Vpg. Since copper was mounted
with the other samples for all of the measurements, the

peak positions are referenced to copper. We define
AZ=3—-3,,=e(Vpg—V5e), 9)

where the superscript Cu refers to the value for the Cu
sample. Using the definition of X, Eq. (9) can be rear-
ranged to give

pT=e(VER —Vp)—Zcu—¢~ - (10)

The values of ¢1(2) given in Table II were computed
from our measurements using Eq. (10) along with a value
of 2, obtained from Ref. 2 and values of ¢~ for poly-
crystalline surfaces obtained from the compilation in Ref.
24. Values of ¢ for specific single-crystal faces could
also be inferred from our data by using Eq. (10) along
with the value of ¢~ corresponding to that crystallo-
graphic face.
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TABLE IV. Comparison between experimental and theoreti-
cal values of 2=pu*+u~. (The experimental values were deter-
mined from our data unless otherwise specified.)

Sample 2:expt:riment (eV) 2theory (CV)
Cu —4.3¢ —5.55,* —4.81°
Fe —3.3 —3.3%

Mo —2.4,—2.45°¢ —3.0,* —1.92°
Ni —4.0,—3.8° —5.05,* —4.46°
Pt —3.8 —

Ti — —3.6*

\4 —3.7 —3.9%

2Reference 16.
"Reference 18.
‘Reference 12.

IV. CONCLUSIONS

We have obtained the positron work function values of
polycrystalline Fe, Mo, Ni, Pt, and V, and have shown
that polycrystalline Ti has a positive positron work func-
tion. The work functions of Fe, V, and Ti have not, to
our knowledge, been previously published. Two methods
were used to extract the work function. The first method
provides an absolute measurement of the work function
but suffers from systematic effects due to the spectrome-
ter resolution function, the polycrystalline nature of the
foil samples and surface contamination. The second
method infers the positron work function from measure-
ments of S=p* +u~ relative to the value of = for Cu
and values of the electron work function for the surface.
The maximum difference between the two methods is 0.3
eV. While not giving an absolute measure of ¢*, the
second method circumvents many of the systematic prob-
lems affecting the first method since the values of = are
independent of crystal face and surface contamination. It
should therefore be expected to give the relative values of
¢" more accurately. Our results are in reasonable agree-
ment with theoretical predictions for all samples studied
except for Cu (Table III).

Our values for = (Table IV) are in reasonable agree-
ment with theoretical predictions, and our Mo and Ni
values agree very well with Gidley and Frieze’s.
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