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SURFACE-BARRIER ANALYSIS FOR RHENIUM
FROM PERIODIC DEVIATIONS IN THE THERMIONIC SCHOTTKY EFFECT*

I. J. D'Haenens~ and E. A. Coomes
University of Notre Dame, Notre Dame, Indiana

(H,eceived 27 June 1966)

A precise experimental determination of the Herring-Nichols surface-reflection coef-
ficient p, has been made from periodic deviations in the thermionic Schottky effect for
rhenium. The value of p =0.29 exp(i0. 42) is in good agreement with a Sommerfeld box
model in which the valence electrons of the atoms near the metallic surface are as-
sumed to be free.

In the Richardson-Schottky theory of therm-
ionic emission, the logarithm of the current,
log jRS, ' depends linearly on the square root
of the applied, electric field:
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RS R 2.3 kT

where jR is the zero-field Richardson current
and $ is the square root of the electric inten-
sity ()=F."') Actua. lly, logj vs $ oscillates
about a straight line, because of interference
between reflections which occur at the surface
of the metal and at the Schottky motive maxi-
mum of the image-force barrier. ' Herring
and Nichols suggested that inasmuch as the
electron reflections occur from regions that
are well localized and physically separated,
the problem could be formulated in terms of
two complex reflection coefficients p, and X,

depending, respectively, on the shape of the
barrier at the surface of the metal and at the
Schottky motive maximum. ' Subsequent theo-
retical calculations'~' used the image-force'
and applied-field nature of the barrier at the
Schottky motive maximum to evaluate X and
treated p. as a field-independent parameter.
The Miller and Good' computation of the devi-
ation from Schottky linearity can be written
in the form
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thermionic Schottky data taken on specimens
of 5-mil unpolished filament revealed a patch-
free region 100& $ & 500 (V/cm)U2, and the pe-
riodic deviations were separable with sufficient
precision to allow a reliable determination of
the complex surface-reflection coefficient p, .
Figure 1 is an example of the separated Re
data, contrasted with Haas and Coomes' mea-
surements on polycrystalline Mo. The exper-
imental amplitude maximum of I', taken near
$= 200 from deviation curves for various tem-
peratures is plotted against 1/T for both Re
and Mo in Fig. 2; the Haas temperature datav

have been corrected to conform with a more
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where T is in 'K, and $, the square root ot
the applied electric intensity, is in (V/cm)+'.
Thus, the periodic Schottky deviations have
been utilized for surface-barrier analysis by
determining I p, I and argy, from experimental
data through Eq. (2).

This technique of surface-barrier analysis
has been applied to polycrystalline Re. Recent

FIG. 1. Typical periodic deviations in the thermionic
Schottky effect for rhenium; the closed triangles a.re
experimental points for a polycrystalline Re filament
at 1880'K. The closed circles are the data of Haas for
molybdenum at 1690'K (see Ref. 7). In order to make
a valid comparison, the quantity 7.'F2 was plotted as a
function of (. The curves dotted through the experimen-
tal points are the Miller-Good theory for reflections
from a Schottky motive maximum, and arbitrary com-
plex surface-reflection coefficient p, . See Ref. 5.
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accurate scale for molybdenum. ' The I/T lines
in Fig. 2 have been drawn to best fit the exper-
imental points and to have intercept required
by Eq. (1) simultaneously. The experimental
amplitudes of p. recorded in Table I were ob-

Table I. Experimental determination of the complex
surface-reflection coefficient p, obtained by fitting the
data of Figs. 1 and 2 to Eqs. (2) and (3), respectively.
The Wz correspondence was established through

Eq. (42) of the Miller-Good theory, Ref. 5. See also
column (4) of Table II.

Metal I p I exptl (2 7I' argl )exptl
(W,),xptl

(eV)

Re
Moa

0.29
0.26

1~ 1 10 2
1.3-1.5

27-29
22-24

Ref. 7.

FIG. 2. The 1/T dependence of the Ii2 amplitude.
The closed circles are the experimental data for rhe-
nium at the $ = 205 (V/cm) maximum for the tempera-
ture range 1400-2000'K. The solid line drawn through
these points has the correct intercept. The molybde-
num data of Haas, Ref. 7, have been corrected to con-
form with a more recent temperature scale (see Ref. 8),
and the dotted line is the best fit with correct intercept.
The slopes of these lines are used to obtain

~ p~ exptl in

Table I.

tained from the slopes of these lines by mak-
ing use of the following expression derived from
Eq. (2):

~p ~

—525
exptl d(1/T) (= $max

The experimental values of 2m-argy, given in
Table I were obtained by requiring the argu-
ment of the cosine in Eq. (2) to fit the data in
Fig. 1. If the Sommerfeld box model' is assumed,
both I p, I and arg p are determined by the sin-
gle-barrier parameter W~. The (W~)exptl val-
ues recorded in the fourth column of Table I
are consistent with the corresponding i p l expt]
and (zw-argp, ) tl through Eq. (42) of Ref. 5.

The electrons associated with a metallic therm-
ionic emitter are usually described by the Som-
merfeld model, in which

W = (h2/2m)(3m'f/V)"'+eq,

where f is the number of free electrons per
atom, V is the atomic volume, and ey the work
function. When TV~ for Re and Mo, obtained
from Eq. (4) for f= 1 together with measured
ey, are inserted into the Miller and Good' cal-
culation, values of l JLt, I and —,'m-argy obtained
are at variance with experiment: Compare
the second and third columns of Table II with
Table I. Cutler and Gibbons" calculated p for
a modified image barrier using the same val-
ues of tV~ and obtained a better agreement with

(~2 argy-) exptl See. Table II.
Values of W in substantial agreement with

(Wz)expti of Table I are calculated by Eq. (4)
if f is assumed equal to the number of valence
electrons for the metal. A choice of f= 7 for
Re and 6 for Mo gives TV~ = 28 and 24 eV, re-
spectively; note that in both cases f is assumed
equal to the total number of s and d electrons

Table II. Calculations of p for the Miller and Good mirror-image barrier theory and Cutler and Gibbons modi-
0

fied image-barrier theory with p =0.068 A. The W~ values required in the theories were obtained by Eq. (3); ey
was measured. Columns (2) and (3) assume f=1, while in column (4) fwas chosen equal to the total number of s

and d electrons in the unfilled shells.

Miller and Gooda
f=1

lg I calo (2 w-arg P)calo

Cutler and Gibbons
f= 1

~& ~ calc (-'~-arg»c~c

Miller and Gooda
f=7 or 6

Rh
(ey =4.9 eV)

Mo

(eq =4.3 eV)

0.20

0.19

2.1 0.61

0 ~ 61

1.5

1.5

0.29

0.26 14

Ref. 5. bRef. 10.
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in unfilled atomic shells. On this assumption,
the computed values for p (column 4, Table II),
and the experimental values (Table I), are in

good agreement.
The bandwidth TV~-ey obtained through band-

theory calculations "~"and positron-annihila-
tion experiments" lead to a lower R'~ than found
in this experiment, but it is substantially high-
er than the one-free-electron values used in
obtaining Table II. The calculation of Mattheiss"
yields 8'~=—16 eV for Re, and that of Loucks"
gives R'z =—13 eV for Mo. The energy-level
sytem of a metal determined for regions deep
in the crystal will probably undergo modifica-
tion at the surface. ' What the present exper-
iment would indicate is that the electrons at
the surface, unlike those in the bulk material,
are well represented by the Sommerfeld mod-
el, if the Fermi band is chosen wide enough
to accommodate all the valence electrons.
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OSCILLATING-FIELD-INDUCED MAGNETIZATION IN SOLIDS*

H. M. Einbinderg a.nd S. R. Hartmann f.

Columbia Radiation Laboratory, Columbia University, New York, New York
{Received 29 July 1966)

Recent experiments' have been performed
to study the behavior of a, spin system on be-
ing irradiated by a near resonant rf magnetic
field, and they have been successfully analyzed
by using the concept of spin temperature in
the rotating frame. '" We report here an ex-
periment' describing the. behavior of a spin
system as it evolves into this thermal equilib-
rium state, before it is a.menable to such an
a,na.lysis.

It was found that the nonadiabatic application
of an off-resonant field to an ordered but de-
magnetized spin system induced a transient
magnetization at a large angle to the effective
applied field in the rotating frame, followed
by a quasiequilibrium state quite different from
full thermal equilibrium in the rotating frame.

Calculations of the dipolar energy of the quasi-
equilibrium state, based on the assumption
that in the rotating frame there is either a com-
plete thermal equilibrium or a complete trans-
fer of nonsecular dipolar energy into Zeeman
energy, lead to smaller dipolar energies than
were observed experimentally. This was a,i-
so true for a similar experiment performed
on resonance.

All measurements were made on the F' nu-
clei in a CaF, crystal with its 100 axis orient-
ed along a 3375-6 constant field (Hconst). The
off-resonance experiment was performed with
an irradiating magnetic field (Hose) which was
linearly polarized perpendicular to Hconst and
had a peak effective amplitude of 5.2 G in the
rotating frame and a frequency 12 kc/sec (=3
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