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UHV ESR AND CREMSEE: TWO NOVEL SURFACE TECHNIQUES ®
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The compiementary surface technigues of ultra-high vacuum (UBV) ESR and CREMSEE (cyclotron resonance from
microwave-induced secondary electron emission) are described. It is shown in a study of a stable paramagnetic molecule on
Cu and Ag surfaces, that it appears to lose its paramagnetism while forming a chemisorbed complex with the metal surface.

Control experiments on air-oxidized Cu are also presented.

Current spectroscopic techniques for the study of
the interaction of adsorbed species on metal surfaces
include electron spectroscopies such as ultraviclet
photoemission [1] (UPS) and high-resolution loss
spectroscopy [2] (EELS) and conventional infrared
[3] and Raman [4] spectroscopies. Recently IR [S]
and Raman [6] spectroscopy have been performed
under ultra-high vacuum (UHV) conditions. ESR, like
IR and Raman, has high resolution, but it is limited
to the detection of unpaired electron spins, and few
studies have been performed under UHV conditions
on insulators [7--10}. Recently we have performed
experiments on metal surfaces prepared under UHV
conditions, and that work focused on chemical reac-
tion of the reactive paramagnetic gas NO, with a
clean Cu surface [11,12]. We wish, in this letter, to
present new experimental results with our UHV ESR
technique, which relate to the nature of the interac-
tion between a paramagnetic species and clean metal
surfaces. Specifically, we address the question whether
a (stable) paramagnetic species can retain its paramag-
netism on a relatively unreactive (e.g. inert) metal sur-
face. ESR is clearly the method of choice to resolve
this hitherto unresolved question. In addition, we
have, in the course of our UHV ESR experiments, ob-
served and characterized a new phenomenon we call

*Supported by Grant No. DE-AC02-80ER04991 from the
Office of Basic Energy Scierices of DOE, by the Cornelt
Materials Science Center (NSF), and PRI” Grant No. 10935-N5.

CREMSEE (cyclotron resonance from mictowave-in-
duced secondary electron emission), which we find is
very sensitive to surface bonding as described below,
This CREMSEE technique has proved invaluable in
our study of the nature of interaction between stable
paramagnetic species and a clean metal surface.

First we summarize our experimental design. We
use mostly conventional stainless steel UHV equip-
ment, except for the microwave cavity. The system is
roughed using a cryosorption pump and is pumped to
UHV with an ion pump and titanium sublimation
pump. It has a base pressure of 3 X 10~10 Torr after
bakeout to 150°C. Pressure measurement may be pez-
formed between 10—11 and 20 Torr using a combina-
tion of ionization, cold cathode, and thermocouple
gauges, while a quadrupole mass analyzer is used for
examining gas purity and desorption species. The
UHV microwave cavity is constructed from thin wall
titanium, and is an integral part of the UHV system.
It is a cylindrical TEQ11 mode cavity with a substan-
tial fraction of its end walls removed, so that pumping
conductance through the large openings is maximized,
yet it has a high O, = 13000 after electroplating a
0.1 mil film of Cu. The thin titanium wall permits
passage of 25 kHz field modulation with only ~1/3
attenuation. While one end of the cavity leads to the
pumping system, the other end admits a tungsten fila-
ment and assembly with electrical feedthroughs,
which are driven into the cavity with a bellows. In
these experiments either 99.999% Cu or Ag wire was
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wrapped around the tungsten filament, so that fresh
Cu or Ag film of 102103 A thickness could be evap-
orated onto the inner cavity surface. The filament
must be removed prior to ESR (or CREMSEE) mess-
urements. We find that the sensitivity of this UHV
ESR system corresponds to a minimum detectable
number of spins of 5 X 101! spins per gauss linewidth
(or 1 X 1010 spinsfcm? of cavity surface), which is
close to theoretical for a filling factor based on wall
loading. Further design details will appear elsewhere
f12]1.

We now wish to briefly describe the CREMSEE
phenomenon. It is an intense electron cyclotron reso-
nance (ECR) signal (g = 2) seen when the UHV ESR
cavity is at a pressure less than 10—2 Torr. The signal
intensity is extremely non-linear in microwave power,
such that there is a threshold power, P, below which
no ECR signal is observed. Below 10~ Torr there is
no pressure dependence of the ECR signal. This fact,
plus the sensitivity of P, to the nature of the metal, as
described below and in ref. [12] shows that the source
of electrons is from the surface and not from residual
gas molecules. We propose that we are seeing the ECR
of secondary electrons emitted from the surface.
When electrons absorb enough successive microwave
quanta before colliding with the cavity walls (=100
eV for Cu and Ag), then there will be a secondary
electron yield greater than unity [13]. This leads to
electron multiplication until a steady-state number of
electrons is achieved due to surface charge effects op-
posing further net emission of electrons. The intense
signal just above threshold corresponds to =103 elec-
troms. In fact, for 7= 298°C and 9.5 GHz frequency
we estimate a ratio of susceptibilities [14] Xgcr /XEsR
= 4mc?kT/(Fiw)? = 3 4 X 1013 (assuming an eiectron
transit time 7 =~ the ESR 75), implying even a single
steady-state eleciron can be detected. We do not
know the source of the initiating electron(s), but the
CREMSEE is always obtained above P,.

The CREMSEE can be very effectively suppressed
by applying a negative voltage on the electrically iso-
lated end rings of the cavity relative to the cavity
walls, according to Py(V)/P(V = 0) ~ eAV such that
for V2> 200 V it cannot be observed at any available
power level. We have measured the rise and decay
times for CREMSEE just above P, with periodic
square wave modulation of the electric field applied
to the end rings, and we find they are ~20 and < 3 us,
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respectively. We have not attempted to determine if
there is any additional incubation time when micro-
wave power is first admitted into the UHV ESR
cavity.

The CREMSEE signal depends upon ihe number
of electrons N (Aw)which is a function of Acw =
@ — w, (w is microwave while <o is cyclotron reso-
nance frequency), and upon the distribution of tran-
sit times [represented by normalized distribution
function f(7)], so that

XCREMSEE = f Ne(Aw)xgcr (Aw, 1) f(7)dT

where Xgcp is the ECR susceptibility per electron.

The well-known and stable paramagnetic molecule
we have used is DTBN (di-z-butylnitroxide,
[(CH3)3C];N<0) [15]. The bulky z-butyl groups
protect the nitroxide group from chemical attack. It
has the further advantage that it does not dimerize in
the condensed phase as do NO and NO;, but rather it
exists as a paramagnetic liguid at room temperature.

It has a vapor pressure of 1.4 Torr at room tempera-
ture permitting it to be leaked into the cavity using a
stainless steel bakeable leak valve.

Initial experiments were performed on a Cu sur-
face that was previously air-oxidized to serve as a
basis for comparison with the clean metal surfaces.
First we note that an air-oxidized Cu surface gives a
CREMSEE P, that is an order of magnitude lower than
the clean Cu surface. DTBN was leaked in till the desir-
ed pressure at room temperature. A single ESR line is
observed (cf. fig. 1a) in which the 14N hyperfine struc-
ture is absent due to exchange narrowing. The deriva-
tive linewidth decreases with pressure to a limiting
value of 11 G at 700 mTorr and above. From spin con-
centration measurements we estimate 3 X 1014 spins/
cm? at 1.4 Torr, which corresponds to about a mono-
layer coverage given an estimated cross section for
DTBN of =70 AZ2. Since the pressure of the UHV sys-
tem must be raised to just below the vapor pressure of
DTBN to see this signal, we conclude that the DTBN is
physisorbed, and the exchange narrowing at fractional
monolayer coverage is probably due in part to surface
diffusion of the weakly adsorbed DTBN. The physisorb-
ed DTBN was removed by pumping out to 10—8 Torr
leaving only the chemisorbed species, which shows no
appreciable exchange narrowing and corresponds to
=20--30% of a monolayer coverage (cf. fig. 1b). At
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Fig. 1. ESR spectra of DTBN adsorbed on Cu (air-oxidized);
{2} physisorbed DTBN at 26°C as a function of pressure;

(b) chemisorbed DTBN at 10~8 Torr as a function of tem-
perature.

CHEMICAL PHYSICS LETTERS

1 September 1981

—101°C a rigid limit spectrum is obtained with ESR
parameters (g; =2.003,g =2.007,4,=33G, 4, =
AH = 6 G) similar to DTBN in various solvents, and
on silica and zeolite surfaces [15,16]. Above —101°C
the lineshapes are quite temperature dependent. Pre-
liminary interpretation based on computer simulation,
is in terms of two components, one of which shows
substantial exchange narrowing with increased 7.
When experiments are performed with DTBN ad-
sorbed on a clean Cu surface at —20°C, no ESR signals
are seen ¥, However, the observation of a dramatic
decrease in CREMSEE P, when DTBN is leaked in at
10~8—-10-7 Torr (cf. fig. 2a) clearly demonstrates

# Conduction ESR is too broad to be observed in our experi-
ment (cf. ref. {17]).
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Fig. 2. CREMSEE threshold: P; versus dosage of DTBN: ()
on clean Cu surface, at —20°C, except for vertical marked
by * corresponding to heating at +150°C; (b) on clean Ag
surface at various temperatures,
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that the DTBN is adsorbing on the Cu and forming a
strong enough chemical bond to affect secondary
electron emission. The P, reaches its asymptotic value
by 100 L {1 L =106 Torr 5). After baking out the
cavity at 150°C for =1 h, P, almost returns to its
initial value for clean Cu. implying that the DTBN has
been effectively desorbed. Further dosage at room
temperature results in only a much smaller drop 1n P,
probably because the surface has become contaminat-
ed (possibly from carbon deposit from DTBN de-
composed by heating).

The drop in £, for DTBN adsorbed on clean copper
pomnts to the formation of a diamagnetic surface spe-
cies. Since silver is less reactive than copper, we re-
peated the experiment with a clean Ag surface. There
1s no observable ESR signal nor any change in
CREMSEE P, at —17°C. Clearly the DTBN 1s not in-
teracting appreciably with the Ag surface compared
1o the Cu surface at the same temperature, nor is
there any ESR evidence for adsorbed DTBN. When
the temperature is lowered to —52°C and further
DTBN is leaked in, a dramatic decrease in £ is ob-
served as shown in fig. 2b. After dosages of a few
hundred langmuirs, P, reaches an asvmptotic value of
12 mW. (A small initial decrease of less than 5% m P,
is observed when the tempetature is first lowered.)
Lowering the temperature further to —100°C and
leaking more DTBN causes a further drop in P,
which reaches a new asymptotic value of 6 mW.
These results show that DTBN is bonding to the Ag
surface at lower temperatures than Cu, but is still not
paramagnetic at —52°C, and that the saturation
coverage of DTBN is temperature dependent. How-
ever, at —100°C an ESR signal (cf. fig. 3) does appear
with a g factor of 2.0039 £ 0.0003. It is a single ex-
change narrowed line of 11 G derivative width and
corresponding to 2 X 1013 spins/cm? or a 10% cover-
age. This signal disappears when the cavity is heated
to —80°C. (A similar signal with g = 2 0038 + 0.0005

Fig. 3. Single exchange-narrowed ESR line observed below
—100°C for DTBN adsorbed on Ag.
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is seen with the Cu surface at —90°C but only for
very large dosages of DTBN.)

Given the steric structure of DTBN as well as the
previous results on its adsorption on insulators {16],
we expect that the DTBN is bonded via its oxygen
atom to a surface (hydroxyl) group on oxidized Cu.
The average g value is the same as for pure DTBN
(2 0058). However, the single exchange-narrowed
ESR line observed for DTBN on clean Ag (and Cu) at
—100°Cisatg=2.0039 (and 2.0038), which is quite low.
indicating that the unpaired spin is interacting with
the metal surface (e.g. a weak bond). We expect that
the apparently diamagnetic DTBN forms a strong
bond and is present up to monolayer coverage on the
clean metals. The paramagnetic DTBN observed be-
low —100°C might be due to adsorption at remaining
binding sites with a lower binding energy. The ex-
change narrowing of this signal for only 10% coverage
might indicate either surface migration of this DTBN
or that 1t is in clusters (or else there may be an indi-
rect spin-exchange mechanism via the metal conduc-
tion band electrons).

We now wish to consider how the CREMSEE re-
sults relate to the surface bonding of DTBN on the
metal surface. But first we must consider the general
matter of how surface bonding affects CREMSEE.

The secondary electron emission yield, § depends
on the work function, ¢ according to [18—211.381n&/
3¢ =—E; ! where E is the average emission energy
and is between 5 and 10 eV. It is found that ¢ de-
pends hinearly on 8, the fractional coverage of adsorb-
ed species, for low coverage, and this is attributed to
the formation of an electrical double layer [22]. The
surface dipole can result from the permanent dipole
of the adsorbed molecule and/or charge transfer be-
tween the adsorbate and surface. Values of A¢g =~ -2
to —3 eV have been observed for organic molecules
adsorbed on Pt [23], and are attributed to partial
electron donation to the metal surface. However, for
Ag(p =45 eV),aAp=—3eV yields a predicted in-
crease in & by a factor of =1.6, or much smaller than
the seven-fold decrease in P, (cf. fig. 2b). If, however,
we relate Py to £, the incident electron energy nec-
essary for § =1 (i.e. just at the threshold of electron
multiplication), then from data on adsorption of Th
and Na on W [18 ,20], one finds that Ep; is approxi-
mately linear in @. This would correspond to a decrease
in Epl by a factor of 3 for Ap=—3 eV on Ag. Thus,
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while we can semi-quantitatively explain the trends in
P, ,we cannot yet produce a fully quantitative theory#
In future work we plan simultaneous measurements
of P, and Ag.

We now return to the metal surface bonding of
DTBN. The absence of an ESR signal but a large re-
duction in P, can easily be explained if DTBN forms a
charge transfer complex in which it donates its un-"
paired electron to the electron deficient metal surface.
However, one typically expects only a weak ionic
character {22]. Thus one might conjecture a diamag-
netic bond with fractional ionic character between
the O atom of the DTBN (nvolving indurectly the orig-
inally unpaired electron) and a surface metal atom(s).
However, an alternative explanation, also consistent
with our results, would be a resonance between a pa-
ramagnetic complex of DTBN chemisorbed on the
surface (as for air oxidized Cu) and the charge transfer
complex with the surface metal. Even with a small re-
sonance admixture of the latter, we can expect strong
enough coupling of the unpaired electron with the
conduction electrons [17] of the metal, thus leading
to its ESR becoming too broad to be seen [26]. In
general then, the greater the overlap of the electrons
on the adsorbate with electrons at the metal surface,
the greater the chance for spin pairing and/or spin
relaxation with the metal conduction electrons.

Although some of our interpretations are as yet
somewhat speculative, it is clear that DTBN does
form a substantial complex to Cu (and Ag at lower T')
in which its paramagnetic resonance signal is lost, and
furthermore that the interplay of UHV ESR and
CREMSEE observations should prove very useful in
such future studies.

Note added in proof: We have been able to use the
“electron amplifier™ property of CREMSEE to make
an in situ measurement of the work function cf the

¥ In this context it is interesting to note, that while air oxida-
tion of Cu and Ag causes Py to decrease by an order of mag-
nitude, pure O on the clean Cu leaves Py unaffected. Pure
O, on Ag causes Py to increase by 20%, but Py continues to
increase with time (after O, dosage), possibly from diffu-
sion of O3 into the bulk. It is known that Q, adsorbed on
Cu {24] and on Ag [25] at room temperature lead to small
positive values of Ag, less than 1 eV. We expect that surface
H5 O (or OH) groups in air oxidized surfaces are critical in
lowering P; drastically for that case,
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surface by means of the photoelectric effect. Mono-
chromatic light of vanable frequency is passed through
a UHV optical window into the cavity, which is oper-
ated just below P;. When photoemission of electrons
takes place, this additional electron source then in-

duces a CREMSEE signal.
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