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®This is in accordance with the results given in Sec.
IV regarding the role of the spin Zeeman effect.

OThis expression is exactly the same as expression
(25) when replacing 8 by (e, /A) cos 20,,.

1A more complete but semiclassical study of this ion
has been given in a previous paper (Ref. 13).

324 factor 1V3 has been inadvertantly introduced in
Ref. 13.

3N. Bloembergen, E. M. Purcell, and R. V. Pound,
Phys. Rev. 73, 679 (1948).

%H. M. McConnell, J. Chem. Phys. 25, 709 (1956).
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The existence of deviation from the photoelectric Schottky line has been investigated for
metals theoretically, and the experimental evidence for this deviation has been obtained for
tungsten and molybdenum. A theoretical equation is derived based on a modified model which
contains a classical image force and exchange and correlation forces. The theoretical solu-
tion indicates that the amplitude is inversely proportional to the frequency of the light source,
whereas the phase or the period is found to be independent of the frequency of the light source.
The experiments involved measuring the photoelectric emission current of tungsten and mo-
lybdenum as a function of electric field. Results were obtained for two different frequencies
of light source for each sample. The periodic deviation from the Schottky line was observed
clearly from a number of runs. A comparison of the experimental results with the theoret-
ical prediction has been made. The agreement in the amplitude and the phase between them

is very good.

I. INTRODUCTION

The periodic deviations from the Schottky line in
thermionic emission were explained!® as due to a
periodic dependency of the transmission coefficient
upon the intensity of the applied field. This pe-
riodic behavior of the transmission coefficient was
interpreted as the result of interference of the
electron waves reflected from the potential barrier
at the surface of the metal. Since the same po-
tential barrier is used in the theory of the surface
photoelectric effect, and since the transmission
coefficient enters the expression for the photo-
current in the same way, a periodic dependence of
the photocurrent on the applied field, similar to
the dependence of the thermionic current, is to be
expected. Guth and Mullin’ and Juenker? derived
the periodic terms for photocurrent based on the
potential barriers used for their thermionic-emis-
sion studies. A comparison between their results
and the experimental data has not been available.
However, since both the expressions for the therm-
ionic periodic deviation from the Schottky line
derived by Guth and Mullin''? and by Juenker* fail
to agree with the thermionic experimental results®-1*
the accuracy of their results on photoelectric
emission presented a great suspicion which initiated
the present work.

A modified potential barrier, which has been
used to derive the periodic deviation from the
Schottky line for thermionic emission, '* and, which
was found to be in excellent agreement with the
experimental data, is used in this paper to derive
the periodic deviation from the Schottky line for
photoelectric emission, In view of the result of the
theoretical derivation, it is found that the effect
should be most easily observable for frequencies
very near the threshold, for then the fraction of
the current due to the periodic term has its largest
value,

An experimental setup for photoelectric emis-
sion was built, since experimental data on photo-
electric periodic deviations are not yet available
in the quantity'®'!” which makes possible analysis
of the counter part thermionic results. The agree-
ment between the present theory and the present
experimental results is very good.

II. PHOTOELECTRIC EMISSION FROM METALS

A periodic dependence of photoelectric emission
on an applied field is expected to be from two
parts: (i) for electrons with energies W and ab-
sorbing a photon 4y such that (for notation, see
Ref. 15)

W+hw =2V |
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where

0r .
yor—yo_ =maximum

%o+ 1/2W,
potential barrier height at field E;

(ii) for electrons with energies W, tunneling through
the top of the barrier after absorbing a quantum
hv, i.e.,

V-6 <W+hv< V",

where 6 is an infinitesimal energy value. For part
(i) [W+hv= V], the photocurrent is
i~ [“N(€)P(e, v)D(E, €)de , (1)
0
where
= ’ - ___L_ 2
e=W=-VY+hv=Ww W"+x0+1/2Wa+hV+4bW" ,

N(e)= Fermi distribution which has been
integrated over the two components
parallel to the surface

= 477;7:;kT In (1+exp {-[e+n(5 - ))/ET}), (2)

v, =threshold frequency = ¢/% ,
1
4 = —— .
Vo @) x0+1/2Wa>/h’

¢ is the work function, D(E, €) is the transmission

coefficient [obtained in Ref. (15)]. The only unknown

quantity in the expression Eq. (1) for this current
is the transition probability P(e,v). Mitchell!® has
shown that near the threshold the transition prob-

ability is independent of the electron energy. Hence

i<(dmmkT /h) f” D(E, €) Inl
0

+exp{-[e +h(vy— V)| /kT} de . (3)

The energy average transmission coefficient is de-
fined as

13(E)=—gli5 D(E,€)
0

xIn(1 +exp{-[e +h(vy— )]/ T} de . (4)
By using D(E, €) of Ref. (15), the integration can

be carried through, leading to a complicated expres-

sion.

Since we are interested in the low-temperature
range, i.e., 1/kT> 0, if we use v=v, (where v, is
the threshold frequency at zero field), the condition

exp| = (hv - Wp)/RT] < 1

is fulfilled for all values of the field above some
relatively small values (since v} decreases as E is
increased). For large values of E, the condition
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may be fulfilled with v chosen even less than v,

So with the field in which we are interested, i.e.,
(xo+1/2W,)" 1«1,

to a very good approximation

D(E) = [n(v =) P { 1- w2 (1-8bW,) 9

2(kT)? 2 (1-4W)% n(v-v})

N cos{A —tan-![(y + 2In2)/7 T}
[+ (r +21n2)%]2[L (%o + 1/2W,) %]/ 2

[rw- )P
T 2(RT)
So the periodic deviation from the Schottky line is

Wiz (1-8bW,)
hy-vh) (1-40W,)%72

% cos(A - 0. 56)
[7%+ (v + 2In2)%] /2 [h(xo+ 1/2W, )T/ 2

(1+23) . (5)

&}=1nD(E) - InD(0) = -

(6)

where 0. 56 in cos (A — 0. 56) is due to
tan~![(y + 2In2)/7]=0.56 .

’
For part (ii) (V¥ = 8<W+hp<V?), the transmis-
sion coefficient can be obtained by replacing the
excess of emission € in D(E , €) by

=V = (Wehy) ,
which gives
__exp{—2n[i(xo+1/2W,)° ]/ %"}
" 1+exp{- 2n[3(xo+1/2W,)°]/ %"}
wi% (1-8vw,)

2 (1-4w,)%2

exp(- 27 {3 [xg+1/2W, P}/ %¢’)

[1+exp(— 27 {3 [xo+1/2w,F}/ 2%") /2

D'(E,€")

xcos[A + (v + 2In2){i[xo+1/2W, F}%'] . (7)
We now follow the same procedure as in part (i):
Since T is very low, i.e.,

h(y-v)/RT>0,

exp[-h(v - vp)/RT]<1

and since xo+1/2W,> 1, D’(E) becomes approxi-
mately
=ty hw=v)) WM (1-8W,)
D'E)=-"Grr 2 O-%W,)"

cos{A +tan"'[(y + 21n2)/27]}
[4r+ (y+21n2)2] 2 [3(N, + 1/2W,)°]' 7% °

(8)

so the periodic deviation from the Schottky line
due to this tunneling contribution is
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&Y = =[W,%/n(v -] [(1 - 8 W,)/(1 - 4 W,)*?

x cos(4+0.302) .
(47 + (v +21n2)? ]2 [(xy+ 1/2W,)° |72 °

where 0. 302 in cos(4 +0. 302) is due to
tan™![(y + 21n2)/27] = 0. 302.

Combining Eqgs. (6) and (9), the total periodic
deviation from the Schottky line is

éaz '2+¢g

WM (1 -syw,)
T Thv-v{) A -ww,) R

x{5[x0+1/2W,]*}*/2[cos(A - 0. 56)
+0. 5623 cos(A +0. 302)] . (10)

[72+(y + 21n2)?] "1/2

Substituting
[x0+1/2W,] /%~ (3. 587x 10Y/E1/2)1/2

into Eq. (10) and with some numerical calculation,
we have

®,=~[0.056x 107w, 2(1 - 8 W,)/n(v - 1)
X(1-4bW,)*’2]E3/* [cos(A - 0. 56)
+0.5623 cos(A +0. 302)] . (11)
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Equation (11) shows that the periodic deviation
from the Schottky line &, is a function of applied
electric field E, potential barrier height W,, the
coefficients of the exchange and correlation ener-
gies b and & (v —v{).

It is clear that A in Eq. (20) of Ref. 15 does not
involve %(v — v§), therefore, the phase of periodic
deviation from the Schottky line is independent of
the frequency of the light source. However, A is
still a function of E, W,, and b.

III. EXPERIMENTAL PROCEDURE

There is no significant experimental result
available for the photoelectric periodic Schottky
deviation at present.'% ' Therefore, an experi-
mental setup has been built to measure the photo-
electric emission from the single crystals of
tungsten and molybdenum.

Samples of § in. diameter, % in. in length were
edged in a (111) direction and then electropolished
by the chemical solution. The samples were
mounted on a copper block which was silver sol-
dered to the Ultek 80335 dual liquid-nitrogen feed-
through so that the temperature of the samples
could be maintained at the low temperature. In
order to insulate the sample from ground (copper

SCREEN

SAMPLE

MYLER

SAPPH IRE

~
E :] \ COPPER BLOCK

FIG. 1. Schematic diagram
of the experimental setup inside
the vacuum system.
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block) and to maintain the smallest temperature
difference between the samples and the copper
block, a mylar piece 5/1000 in. thick was wrapped
outside the sample before it was mounted to the
copper block.

A screen used to collect the emission electrons
from the samples was mounted to the same copper
block but was insulated from it by four pieces of
sapphire. The sample was connected to one end
of the Ultek 80351 dual medium current feed-
through by a copper wire for emitted current; the
other end of this current feedthrough was con-
nected to the screen for applying the high voltage
across the sample. The whole system was put
into the General Electric vacuum system with ab-
sorption pump and 25-L/S triode ion pump, and the
pressure inside the system was maintained at ul-
trahigh vacuum of about 10™° to 10°!° Torr (Fig. 1).

A light source of Oriel Deuterium lamp with
Suprasil window (50 W), lined up with a Bausch
and Lomb monochromator, was focused on the
sample surface. The photocurrent measurements
were made by varying the applied electric field.

A Keithley 640 electrometer was used to measure
the photocurrent, while a Fluke 415 A power sup-
ply was used for the high electric field. The sche-
matic diagram of the experimental setup is shown
in Fig. 2.

The Ultek 80351 dual medium current feed-
through can stand the high voltage up to 12 kV;
since the distance between the sample surface
and the screen was set to be 5/1000 in., the elec-
tric field on the sample was able to be applied to
as high as 945 kV/cm.

In order to eliminate the possible intensity fluc-
tuation of the light source, the time constant was
required to be small, in other words, the shunt
resistance should be decreased; then the current
for a stable reading should be increased; this was

ORIEL DEUTERIUM
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accomplished by removing our entrance slit of the
monochromator. The emission current so ob-
tained was in the order of 10-'2 A. The corre-
sponding shunt resistance used was 10'° Q. With
this higher current and lower resistance, the time
constant required for each run was about 30 to 40
min.

Therefore, with all equipment well calibrated,
the maximum error in emission current determi-
nations was estimated at 0. 1%.

However, the emission current was still very
small and any electrical or mechanical noise could
cause an instability of the reading of current. In
order to reduce the possible noise to the smallest
amount, a large box covered with heavy duty
aluminum foil was built to contain the vacuum sys-
tem, light source, and the shunt resistance of the
640 Keithley electrometer.

IV. RESULTS AND DISCUSSION

A direct comparison between Eq. (11) and
Juenker’s results® is made as follows:

Both results are similar in form and show that
the amplitude of the periodicity is inversely pro-
portional to k(v — vg); they also indicate that the
phase and the period of thermionic and photoelec-
tric deviations are identical. However, because
of the different potential model employed in the
derivation, the two predicted results are different
in amplitude and in phase. Our equation will be
substantiated by the experimental results.

It has been mentioned in Sec. III that in order
to have stable current, the entrance slit is re-
moved and the exit slit chosen to be 3 mm, so
the bandpass of the monochromator is large. On
the other hand, in order to have a high percentage
of the periodic deviation from the Schottky line,

A =2850 and 2900 A are chosen on the monochroma-
tor for tungsten, whereas A=2950 and 3000 A are
used for molybdenum.

FLUKE 415A
POWER SUPPLY

FIG. 2. Schematic di~
agram of the electric cir-
cuit for the experiment.

LAMP POWER
SUPPLY
°“'E"’m " BAUSCH & LOMB VACUUM
DEUTERIU * | moNocHROMATOR |~ | sYsTEm
LAMP

SHUNT

RESISTANCE

KEITHLEY 640

ELECTROMETER
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FIG. 3. Experimental results of the periodic Schottky
deviations for tungsten. Data were obtained by using the
mean wavelength A=2650 A.

A. Tungsten

(i) At A=2850 A, the emission current is of the
order of 10~'2 A, It is clearly found that the ex-
perimental data deviate in a regular manner from
a straight line. In order to show this fluctuation
more clearly than is possible on a curve of ¢
against E!/2, the deviation of the experimental
data from a reference line was plotted against
E2, The reference line was chosen arbitrarily
since the deviation is regular and periodic.

Eight sets of the experimental results for this
frequency are reduced in Fig. 3 for the range of
140 to 350 (V/cm)'/2. Average values of these
eight curves are shown in Fig. 4.

The band-structure calculation has beenreported
by Mattheiss. 19 Among the various bands which
intersect the Fermi surface, the minimum occurs
at 0.73 Ry while the Fermi level is at 0. 85 Ry.
This difference (0. 12 Ry) when added to the work
function of tungsten, which 4.5 eV =0.33 Ry,
gives us 0.45 Ry for W,. The value of b was cho-
sen to be 3/64W, which was obtained by matching

the theoretical expression and the experimental
data for thermionic periodic Schottky deviation.®
With these values of W, and b, the theoretical
periodic Schottky deviation is calculated from Eq.
(11) for a chosen frequency.

Since the threshold frequency of tungsten is
2760 A, it is impossible to obtain the emission
current with wavelength x=2850 A as shown on
the monochromator. However, because of the
removal of the entrance slit and the use of a wide
exit slit, the bandpass of the monochromator is
about 500 A, for instance, with x=2850 A on the
monochromator reading, the light with the wave-
length from 2500 to 3000 A would more or less
pass through the monochromator (Fig. 5). Since
the threshold wavelength is 2760 A, the actual
bandpass which effects the emission of the tung-
sten surface is from 2500 to 2760 10&, i.e., 260 A.
Investigating the spectrum of this bandpass, one
finds that A= 2650 A is about the mean value.
Therefore this wavelength will be chosen for our
theoretical calculations.

Since

&, = InD(E) - InD(0) = In - Ind,,

Ai/iy~ &,, the theoretical calculations for Ai/i,
can be obtained from Eq. (11).

Using W,=0.45 Ry, b=3/64W,, and A=2650A
in Eq. (11), the theoretical prediction for Ai/%,
is obtained and plotted in Fig. 4 for comparison.
The good agreement in amplitude and in phase
between theoretical and experimental results is
indicated clearly in this figure.

(ii) A similar result is obtained also for
=2900 A. Figure 6 shows the set of six curves.
Their average is shown in Fig. 7.

Theoretical calculations for Ai/i, based on Eq.
(11) by using W,=0.45 Ry, b=3/64W,, and 1
= 2660 A is shown in Fig. 7. Again, the agree-
ment is very good.
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FIG. 4. Periodic Schottky deviations for tungsten.
Solid curve is the theoretical prediction at A= 2650 A
and the solid points are the average values of Fig. 3.
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FIG. 5. Measured spectrum for the monochromator
at A=2850 A. Mean value of the wavelength is chosen
to be 2650 A.

The positions of maxima, minima, and zeros
of the periodicities for both theoretical and ex-
perimental results are summarized in Table I.

B. Molybdenum

(i) As we set A=2950 A on the monochromator,
the emission current is of the order of 10-'% A.
The periodicities occur clearly in the range of
140 to 350 (V/cm)'/2. Figure 8 shows the devia-
tion of the experimental data from the reference
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FIG. 6. Experimental results of the periodic Schottky
deviations for tungsten. Data were obtained by using
the mean wavelength A=2660 A.
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FIG. 7. Periodic Schottky deviations for tungsten.
Solid curve is the theoretical prediction at A=2660 A;
solid points are the average values of Fig. 6.

line versus E!/2, The set of eight curves in Fig.
8 is essentially the same in phase and in ampli-

tude. Figure 9 is obtained by taking the average
of these eight curves.

The band structure of molybdenum is not avail-
able at the present time. An alternate way to
determine W, is to match the theoretical and the
experimental results of the thermionic periodic
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FIG. 8. Experimental results of the periodic Schottky
deviations for molybdenum. Data were obtained by using
the mean wavelength A=2780 A.
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FIG. 9. Periodic Schottky deviations for molybdenum. 5 A /”"\
Solid curve is the theoretical prediction at A= 2780 A; & _g i AP v o
solid points are the average values of Fig. 8. :
<
Schottky deviation which has been done by the i ~ \./ :
authors'’; the result is W,=5.44 eV. At the St N /N
same time, b is obtained to be 1/16W,. ' N \/ .
The theoretical calculation for Ai/i, is obtained s /“‘*
from Eq. (11) by employing W,=5.44 eV=0.4Ry, o b « /‘\
b=1/16W,, and A=2780 A (the wavelength X is —sp A A 9
chosen as the mean value from the spectrum). s /._.\ /“'
The calculated result is plotted in Fig. 9 for _g [ 7 \/
comparison. Good agreement is found from this
comparison. | ) ,
(ii) The deviation of the experimental data 100 200 300 400
from the reference line versus E!/Z for A= 3000 A EV2 N (Viem) 2
is shown in Fig. 10. Aﬁ,t this frequency, similar FIG. 10. Experimental results of the periodic Schottky
to the case of A=2950 A, the phase and the am- deviations for molybdenum; data were obtained by using
plitude of these nine curves are almost the same. the mean wavelength A= 2800 A.
The mean value of these curves is shown in Fig.
11. The theoretical prediction for Ai/i, from Eq. the periodicities for both theoretical and experi-
(11) by using W,=0.4 Ry, b=1/16W,, and X =2800 mental results.
A is included in Fig. 11. The degree of agree- It is useful to show the effect of » on the ampli-
ment is excellent, tude and the phase of the periodicities. Equation
Table II summarizes some characteristics of (20) (of Ref. 15) shows that the phase and period

TABLE I. Calculated and observed positions of the maxima, minima, and zeros of the periodic Schottky deviations in
terms of EV/? for tungsten.

Zero 1 Min 1 Zero 2 Max 1 Zero 3 Min 2 Zero 4
Theoretical 141 160 175 200 225 260 300
Experimental I 140 158 175 200 226 264 298
(A=2650 A)
Experimental II 140 158 174 200 227 264 298
(A=2660 A)

TABLE II. Calculated and observed positions of the maxima, minima, and zeros of the periodic Schottky deviations
in terms of E2 for molybdenum.

Zero 1 Min 1 Zero 2 Max 1 Zero 3 Min 2 Zero 4 Max 2
Theoretical 140 155 171 195 222 255 290 340
Experimental I 140 156 170 194 220 254 290
(X=2780 4)
Experimental II 140 154 170 194 221 256 290 336

(X=2800 &)
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FIG. 11. Periodic Schottky deviations for molybdenum;
solid curve is the theoretical prediction at A=2800 A;
solid points are the average values of Fig. 10.
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do not depend too much on 5. On the other hand,
from Eq. (11), it is clear that the amplitude de-
pends sensibly on &. Physically, the amplitude
of the periodicity depends upon the shape of the
potential barrier near the surface of the metal;
in this region, the exchange and correlation
forces play the important role. To illustrate this
we may select 5=0 in Eq. (11) for &,; the result
shows there is about 15% deviation from the ex-
perimental data in amplitude. This deviation can
not be compensated for by adjusting the value of
W, because the phase of the periodicity is largely
determined by the value of W,.*
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