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CREMSEE {cyclotron resonance from microwave-mduced secondary clectron enussion)}, operated at 3 microwave power
level just below threshold for self-sustamning signals may be used as an efccron-amphifier and detector of photoelectrons
A determmation of the work function of aw-oadized Ag on the intentor surface of o UHV-microwave cavity yiclds 4 06

£005eV

In recent studies [1—-3] we have shown the consid-
erable potential of two novel surface techmques-
UHV ESR and CREMSEE. Both these techniques are
based upon methods we have developed whereby in
sifu studies of adsorption on metal (and oxide) sur-
faces can be performed in 2 microwave cavity, the 1n-
terior of which is under ultra-lngh vacuum (UHV) and
15, mn fact, part of the UHV system. We have prowided
details of our techniques elsewhere [2]. CREMSEE,
or cyclotron resonance from microwave-induced sec-
ondary electron emission, was shown to complement
ESR studies on metal surfaces, because 1t 1s a very sen-
siuve indicator of cherusorpuon of molecules on met-
al surfaces, and 1t does not require the existence of
any paramagnetic species Thus, in a study of NO; on
clean Cu surfaces {1,2}], 1t was shown by CREMSEE
that pure NO, oxidizes the Cu surface even though
no ESR signal 1s obtained from surface Cull species,
while the presence of H;O in the NO, pernuts the
formation of Cull—aquo complexes with distinct ex-
change-narrowed microcrystalline types of ESR spec-
tra. In another study of a stable nitroxide di-tertiary
butyl nitroxide (DTBN), it was shown that this radical
appears to lose its paramagnetism when adsorbed on a
clean Cu or Ag surface (except perhaps below —100°C),

1 Supported by Grant # DE-ACO2-80 ERQ4991 from the
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while this 1s not the case 1f the surface 1s first air our-
dized {3]. CREMSEE was used to demonsirate the
exastence of a (presumably diamagneuc) chemsorbed
bond between the DTBN and the Cu or the Ag (below
~—30°C) surface {3] The expeniment of monuonng
of the CREMSEE microwave power threshold Py, as

a surface 1s dosed with a molecular species, 1s simalar
1 some respects to performing work function measure-
ments [4] with surface dosage The latter s also senst-
uve to the formation of chemisorbed bonds wath some
polanty (or charge separation) The advantage of
CREMSEE 15 the almost order-of-magmitude changes
in P, that are observed [1—-3], compared to relatively
smaller changes typically observed in work function
(usually up to 25—-506z changes) [4].

As yet we do not have a ngorous formal theory for
CREMSEE It 1s basically a self-sustamming, steady-state
electron cyclotron {ECR) signal (g = 2) seen when the
UHV ESR cavity 1s under vacuum (1 ¢ pressure <10-2
Torr) and is present in the empty cawity (1 e. at 1010
Torr). One must, however, mamtan the microwave
power level above P, the threshold level Our expen-
ments [1—-3] show that the electrons are from the sur-
face, and the steady-state presence of free electrons
(=103 at P,) in the cavity undergoing ECR 1s due to
their coliding with the cavity walls, and, because of
their excited orbits from the ECR, they cause second-
ary electrons to be emmited from the surface. That 1,
when the secondary electron yicld 1s greater than uni-
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ty, there 1s electron multiplication untdl surface charge
effects oppose further net emission of electrons (1 ¢
the secondary electron yield becomes unity)

Clearly, then, any chemisorbed species which causes
a surface dipole, either due to the permanent dipole of
the adsorbed molecule and/or charge transfer with the
surface, should influence CREMSEE leading to a
change in P, Simularly, the work function  1s mods-
fied by an adsorbed species, and this 1s attnbuted to
the formation of an electnical double layer [4,5] Now
the secondary emission yield 8 1s known to depend on
paccording to 3 In 8/ In o =—(E)~! where E1s the
average emussion energy and 1s between 5 and 10 eV
[6~9] However, the predicted increase i & from this
relaton [3] shows 1t 1s much too small (only a factor
of 1 6 at most) to explamn the nearly order-of-magni-
tude increase m ;. Somewhat better agreement 1s ob-
tained when P 1s related to £, , the incident electron
energy necessary for 8 =1 (1e secondary eleciron
ermusston yield of unity) [3], but further analysis 1s re-
quured.

MONOCHROMATOR
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We wish, 1n this letter, to address ourselves to two
matters Furst, 1t will be important for future applica-
uons of UHV ESR and of CREMSEE to surface science
to be able to perform some of the more famihiar sur-
face expeniments [5] to charactenize the surface and to
mterrelate the results with those from the more farul-
1ar techniques It is very difficult to design expeniments
to perform, ¢ g. Auger, work function, or other spec-
troscopic measurements (e g. UV photoemission (UPS)
[10]) m situ 1n the mucrowave cavity. Thus we first
wish to consider how some of these measurements
might be performed 1in conjuncuon with UHV ESR
and CREMSEE studies. Secondly, we wish to study
the “electron-amplifier” and detector properties of
CREMSEE described above In fact, we wish to show
that these very “electron-amphlifier” and detector prop-
erties can be used to perform accurate m situ work
funcuon measurements (and possibly other measure-
ments such as UPS) In particular we examune the pho-
toelectric effect 1n the presence of CREMSEE

Fig 1. Expermmental arrangement for photo-CREMSEE dashed hnes represent light beam. Also A = UV lens, B = UV muror, C=
sapphire UHV window, D = muror in UHV system, E = UHV ESR cawity, F = UHV microwave feedthrough, G = bellows and
tungsten filament arrangement for metal evaporation (cf ref [2]), H = magnet polc face, I = to UHV pumps, etc
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We show our expenmental arrangement in fig. 1.
Light from an XBO 150 W Xe lamp mounted in a PAR
ALH215 housing which 1s placed =13 inches from the
monochromator (a 1/4 m Aminco with a grating blazed
at 300 nm), so as to focus a spot of =1/4 inch diameter
on the entrance slits of the monochromator, after pas-
sing through an IR filter. The output as a function of
wavelength A was calibrated by use of a quantum
counter. This was done by measuring the fluorescence
of a concentrated solution of rhodamine B (in ethyl-
ene glycol) at a direction perpendicular to the beam
incident from the monochromator. To elimunate back-
ground scattered visible radiation when making inten-
sity measurements, two Cornung 9863 (1 mm thick
each) filters were used. Absorpuon curves for these
filters were obtained by running an absorption spec-
trum on a Cary 14. Light exiting from the mono-
chromator 1s directed through two quartz convex
lenses as shown 1n fig. 1 [t 1s necessary to adjust the
position of the monochromator so that the hight beam
Just passes by both the magnet yoke and the micro-
wave coaxial cable (cf fig. 1) These lenses focus a
beam onto the UHV sapphire window (with effective
diameter of 5/8 inch) This beam was then directed 1n-
to the UHV ESR cavity with a muror inside the vacu-
um system but 1s directed unevenly over 1ts cylindrical
surface, a matter requinng future improvements Only
the electrons emutted from the cylindrical cavity sur-
face, whuch have linear momentum in the direction pa-
rallel to the magnetic field contribute to CREMSEE,
and furthermore they form a narrow beam in the cen-
ter of the cawvity (cf. ref. [2]) Therefore only photo-
electrons from the prepared surface can contribute to
our cbservation Data were collected wath the mono-
chromator shis left wide open (=8 nm resolution).

The basic i1dea of the experiment 1s to sweep the
wavelength of the hght tll Av > ¢, at which pomt pho-
to-induced electrons lead to a CREMSEE signal We
have found that the CREMSEE 2P, 1s very slightly low-
ered by the photoelectric effect (<0 01 mW), so this
lowenng cannot be used as a sensiuve indicator of
thus effect. Instead we found that by keeping the
microwave power just below Py,1.e. P,—001 > P
> P,—0.1 mW, a photo-induced or *“photo-CREMSEE”
signal may be observed due to the photoelectric effect

We now wish to summanze the observed properties
of this photo-CREMSEE signal.

(1) At a given frequency the signal height S is pro-
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portional to the UV light intensity expressed as num-
ber of photons I, 1.e S « It’. (In the following It will
be on a relative, and not absolute scale).

(2) § = P/(P — P,) to a rough approximation (cf.
fig 2a).

(3) Two sharp signals are observed corresponding
tog =1.9997 and g = 1 9970, each with dervative
peak-to-peak widths of shightly less than 0 2 G (=170
mG). The positions of the two peaks correspond to
the two maxima 1n the CREMSEE absorption [2]. The
peaks appear to be symmetric, and show no disconti-

(@l

178 mw

175 mw

I'ig 2 Photo-CREMSEE signals for an au-onidized Ag surface
at room temperature (A) versus microwave power usug hight
at A = 270 nm. The microwave power incident on the UHV
ESR cavity 1s shown as 1s the relative recewver gain. Normal
CREMSEE appears just above 1 8 mW microwave power (B)
versus light wavelength using an incident microwave power

of 1.75 mW The values of A and relative recerver gan are 1n-
dicated All signals (A and B) were observed at g =1 9970 (cf
text) and 25 kHz field modulation of =1 § G amplitude was
used
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iz 3 (A)Photo-CREMSLL peak-hoight s(v) 1n relative umts
plotted as 572 () versus Ao i clectron volts, the solid Line
shows {east-squares fit through mmn powmnts {cf. text). (B}
Foswvler plot of log]s(v)] versus iw/AT (cf text), the theoret-
cal values of g = (fiv — )k T and fu), which have been ad-
justed to comncwde with the expenimental data are shown and
the solid curve shows the theoreucal curve

nuties m therr first denvauve (cf fig. 2) (Discontinui-
ties are seen 1 the CREMSEE absorption itself, cf
ref. [2].)

(4) The signal has the appearance of a normal first-
derivauve ESR signal, and its width and shape are 1n-
dependent of light wavelength A (¢f. fig. 2b).

(5) The photo-CREMSEE signal 1s stable,1e. it
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does not add any noise above the recewver level, un-
fike CREMSEE [21, which exhubits large fluctuations
m amphitude. Thus, signals from low Light levels can
be observed even when S 15 on the order of the re-
cever noise.,

(6) When both cavity end-nngs are biased with a
negative voltage [2], the signal becomes weaker and
cannot be seen abave 5 V For positive biasing no
Iarge change in mtensity 1s seen provided P s kept
just below P,. Also, small changes in the resonant field
posittons are induced by the biasing voltage

We may conclude that thus photo-CREMSEE signal
differs from ordinary CREMSEE n that 1t 1s not a self-
sustaning phenomenon. That 1s, the photo-CREMSEE
signal disappears as soon as the hight 15 turned off.
Nevertheless, microwave power levels close to P, are
required to accelerate the photoelectrons to permut
secondary electron emission, but the secondary elec-
tron emission yield § 1s not quite sufficient to gener-
ate the self-sustaming CREMSEE signal. The presence
of both primary and secondary electrons during hght
radiation, which can engage in ECR, is the “electron-
amplification™ effect that we believe makes photo-
CREMSEE a very sensitive techmque.

We now describe the use of photo-CREMSEE to
measure @ for an air-oxidized Ag surface. First P must
be set to withm 0 1 mW of P, preferably closer to 2,
to maxumize S/V. Also £ must be mantained at a con-
stant jevel during the expeniment. Then the light-in-
duced signal 15 1ecorded at 5 or 10 nm ncrements m A
Since the photo-CREMSEE Linewidth is independent
of A, the signal intensity, S () 1s stmply proportional
to the peak-to-peak signal height. It 1s known that as
kTi(w — @)= 0, then F < (w — @) fog — LN
where [ is the photoelectron signal intensity (1.e. the
mnduced photocumrent) per quanfum of light absorbed
[11]. Also gy =+ €*, where to a first approximation
€" 15 constant and equal to the electron energy at the
Fermi level [11]. Thus for A such that iv =y, we ex-
pect i — y to vary much more rapidly with A {or v}
than ¢y — A, Since we have found S(p) < W(), 1t
then 1s reasonable that J(¢) = S@)/W () = s{v). Thus,
a plot of s1/2 () versus v should yield a straight line
(provided hiv — ¢ > kT, and when extrapolated to
s(v) = 0 should give . This is shown to be the case in
fig. 3a for the air-oxidized Ag surface at room temper-
ature, for which we find ¢ = 4.08 eV. For a clean Ag
surface ¢ = 4.6 eV, although non-annealed Ag films
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can yield ¢ as low as 4 3 eV [12,13]. Thus our result
for an air-oxidized Ag surface seems quite reasonable,
especially in view of the fact that P, for CREMSEE 1s
decreased significantly by air oxidation [2,3] (Note
that P, increases for adsorption of pure O, consistent
with the known increase 1n y 1n this case [3,13] )

The tail of the s(v) curve near the threshold 1n »,
which tails out to shorter v values, 1s known to be due
to the thermal population of electrons at the Fernu lev-
el (1.e the inequahity iv — ¢ > kT 15 being violated)
[11]. The points at shorter wavelength (A <260 nm)
suffer from our large tnaccuracies in measuring the low
Light intensity at these wavelengths.

A more general approach, which 1s not inuted by
the condition v — ¢ > kT 15 based on the graphical
method of Fowler [11] Here we use the result that
logf{s(@)/T?] = B + f(u) where p = (Jw — p)/kT and

f@)=¢at+3u? — f(—1), u=0,

= Z) (—e2)n? | H<O0
u=1

B 1s an unknown experimental constant independent
of T and v One then plots the experimental data as
log s(v) versus v/kT (since T 1s constant in our exper-
unents) Theoretical curves are plotted for different
values of u and B until good correspondence with the
experimental data 1s obtained In this way we obtain
(cf. fig 3b) hvy/kT = 158 corresponding to ¢ = 4 06
eV. Again the poor fit for A <260 nm 1s due to the
low light intensities, while the poor fit at long A 1s due
10 1naccuracies 1n measuring the small plioto-CREMSEE
signals when A 1s near Aic/o.

This demonstration of the use of photo-CREMSEE
to measure work function shows that this method
should now enable us to correlate the observed dra-
matic changes in CREMSEE P, [2,3] with ¢, both 10
better understand how CREMSEE 1s affected by sur-
face adsorption and 1o provide a basis for companson
with the results of other surface techniques. In thus re-
gard, we wish to suggest how photo-CREMSEE could
be utilized to perform in situ UPS [10,14] in the
microwave cavity. One would require a far-UV tunable
source, which 1s swept to obtain s(v) versus v. This
approach is usually referred to as photoemussion total
yield spectroscopy [14]. Then by differentiating s(v)
with respect to v one would obtain results related to
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UPS [14]. While such an approach may not be as ac-
curate as electron velocity selection (and the use of a
monochromatic laser source), 1t has the advantage of
expenimental simplicity in combination with UHV
ESR and CREMSEE studies.

Finally, although our primary objective with
photo-CREMSEE s to conveniently perform accurate
in situ work function measurements in the UHV ESR
cavity, 1t would be of interest to address the more gen-
eral question of 1ts ulumate sensitivity as a detector of
photoclectrons An accurate study of tlus matter awaits
improvements 1n our expenmental design (e g. focus-
ing most of the light beam onto the mner surface of
the cavity and accurate measurement of this intensity),
which are currently planned. The potential of the tech-
nique may, however, be indicated by noung that ECR
yields an extremely strong signal such that only a frac-
tion of a steady-state electron (under our conditions)
could be observable [2] The role of the secondary
electron enussion in photo-CREMSEE could, n this
sense, be thought of not only as an electron mulupher
of the photoelectron but also as a means of continuing
to generate electrons over ime penods longer than the
hifetime of the photoelectron In time, we hope to be
able to compare tlus potential of photo-CREMSEE
versus more conventional electron detection tech-
niques such as a vibraung reed clectrometer (with sen-
sitivity of order 10*—103 electrons/s or 10—15—10—14
amp), which would, in any event, not be appropnate
for our UHV ESR cawvity. Also, the potential of photo-
CREMSEE for time-resolved {3] photoelectron detec-
tion remains to be explored.
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