A spherical electrostatic spectrometer for surface Mossbauer studies
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The construction and operation of an ultrahigh-vacuum spherical electrostatic spectrometer for
surface Mossbauer studies is reported. Data are presented which suggest that the recoil-free
fraction at room temperature of very thin oxide layers on the surface of an iron foil is low.

INTRODUCTION

The purpose of this paper is to present details of a high-
transmission spectrometer for Mossbauer spectroscopy with
energy resolution of the conversion electrons. We also dis-
cuss the potential of such devices for depth-selective surface
analysis.

The recoil-free resonant absorption of gamma rays by
Missbauer nuclei is followed by their de-excitation, which
takes place by either the reemission of gamma rays, or x rays,
or internal conversion electrons accompanied by Auger elec-
trons. Most of the Mossbauer experiments involve the detec-
tion of gamrma rays transmitted through an absorber, which
has provided a wealth of information relating to the bulk
properties of solids.! However, a second mode exists involv-
ing the detection of electrons. This method has the advan-
tage of smaller backgrounds, and since the escape depth of
the emitted electrons is much smaller than that of gamma
rays and x rays, the method is much more surface sensitive.?
For the most widely used *’Fe Missbauer isotope, the sur-
face layer probed is about 250 nm thick if all the elecirons are
detected with no attempt at energy resolution, and use of this
mode has also yielded a wealth of information.? However,
the inelastic mean free path of electrons in the solid state is

small,’ being of the order of 15 VKE A if the electron kinetic
energy (KE) is measured in keV, and the amount of energy
lost in the average inelastic collision is typically 15-20 eV.
Thus, if the conversion or Auger electrons are energy select-
ed to restrict detection to the “no-loss” electrons, the surface
sensitivity can be greatly enhanced.’

This apparently simple experiment has only been ex-
ploited to a limited extent untii now because of the enormous
loss in integrated signal intensity as a result of the energy
selection. Restriction of the conversion electrons to a 1%
bandpass is likely to reduce the total signal by a factor of
about 100, even if the electron-energy analyzer transmits
100% of the electrons entitted in a 47 solid angle. Indeed, a
typical analyzer for x-ray photoelectron speciroscopy, with
an energy resolution of about 80.01% and a transmission of
about 0.1% of 47, would reduce the signal by a factor of
nearly 10°. Because the average electron-energy loss per col-
lision is so high, the crucial factor in choice of an electron
analyzer for Mossbauer spectroscopy is in fact the transmis-
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sion, and not the energy resclution. This is especially true for
studies of the first monolayer(s) of a surface without the
influence of contamination.

Various types of electrostatic analyzers have been used
{a list is given in Ref. 4; the latest electrostatic Mossbauer
system is described in Ref. 5), and the highest transmission
(139% of 47) is probably that of a spherical spectrometer
constructed by Yang et al.® The energy resolution of all con-
structed electrostatic spectrometers is comparable, although
their transmission differs significantly. There are, however,
few reports in the literature which allow one to assess the
rate of data acquisition and the feasibility of, for instance,
true depth profiling experiments using energy-selective con-
version electron Mossbauer spectroscopy. It is this need
which we attempt to treat here. The Mossbauer system con-
structed is an ultrahigh-vacuum system with a spherical
electrostatic analyzer similar to that of Yang e a/.® and with
the possibility of performing measurements between liquid-
nitrogen and room temperatures. We will illustrate its use
with spectra from °’Fe-enriched Fe samples and discuss the
limitations of such measurements.

I. SYSTEM DESCRIPTION

The operating principles of an electrostatic spherical
analyzer have been demonstrated a long time ago.”® The
main result is the calibration equation E,=eAV/(Ry/
R, — R/R,}, where E, is the pass energy and AV is the
potential difference between the inner and outer spheres,
whose radii are, respectively, R, and R,. When these radii
are chosen properly, i.e., not too small and sufficiently sepa-
rated, the resolution R and the transmission 7 depend only
on the exit angle x of the analyzer. An angle y = 0 would
correspond to electron orbits traversing the full 180°. For a
point source these relations are R=AE /E = (»,7(/4)2 and
T = y/4 (fraction of 47). The maximum escape angle « of
the electrons relative to the surface plane is given by
sin o = y/2.

The main limitation on the choice of construction pa-
rameters is the overall size of the spectrometer, which has to
fit into an ultrahigh-vacoum (UHV) system. We chose,
therefore, R, = 150.5 mm and R, = 116.0 mm. The opti-
mum exit angle then is y = 30° = 0.52 rad. This means that
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F1G. 1. Schematic view of the electrostatic spherical analyzer. {1} Inner
sphere, {2) outer sphere, (3) sample holder, (4) cold finger, (5) sample
access port, (6) Al window, (7) Be window, (8) adjustable slit, (9) chan-
neltron, and (10) Mdossbauer source position.

the analyzer constant eA¥V /E, is 0.527. The theoretical lim-
its on R and ¥ (for a point source) are R = 1.7% and
¥'=13% of 4. The maximum escape angle for the elec-
trons to be detected is a == 15° = (.26 rad. This means at the
same time that the effective probing depth relative to perpen-
dicular escape angles is smaller by a factor of 0.26, which is
important for surface analysis. For a disk source with a radi-
us of 5 mm, the actual resolution reduces to R = 2.19,.°

A schematic view of the spherical analyzer is presented
in Fig. 1. Photographs of the actual surface Mdssbauer
spectrometer are presented in Fig, 2. As can be seen, both the
inner and outer spheres are almost completely closed to as-
sure high uniformity of the dispersive electric field. The
spheres were preformed of nonmagnetic austenitic stainless-
steel RVS3167T1 (Technische Handelsonderneming “Muy-
sert B.V.”, Postbus 35, 286C AA Berg Ambacht, The Neth-
erlands) and then further worked to reduce weight and
increase sphericity. The inner sphere is made of two halves
that were first welded together with a rather deep weld and
only then turned on a lathe to the required sphericity. This
procedure, although not common practice in UHVY work,
resulted in a connection without any detectable leaks. Also,
this weld was tested to be noumagnetic. The sphere can be
filled with liquid nitrogen. The sample to be investigated is
placed at the pole of this sphere on a copper sample holder to
prevent radiation from the Mossbauer source hitting any

F16. 2. Photograph of the actual surface Missbauer spectrometer: (a) fully mounted; (b) top of cuter sphere removed.
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stainless-steel parts, with consequent emission of electrons
from Fe in the steel. By means of a massive copper “cold
finger” extending into the liquid-nitrogen reservoir, the sam-
ple can be cooled to 77 K.

The outer sphere, whose top is demountable, has a “win-
dow” at the top to let the radiation from the Mossbauer
source reach the sample. To minimize field inhomogeneities,
this window is covered with a thin aluminum foil, The same
holds for the sample access port in this sphere. Normally this
port is closed with a lid. To change samples and for in sifu
sample preparation, this lid can be retracted and the sampile
can be picked up from: its measurement position.

The slit at the exit of the analyzer is movable and can be
adjusted to obtain the optimum resolution versus transmis-
sion or to increase the transmission {at the cost of resclu-
tion}. The inner sphere has a small lip at this point. Thisis to
prevent entrance into the electron counter of low-energy
(secondary) electrons that might skim over the surface of
the sphere. The slit can be set at a variable potential to im-
prove the field pattern at the exit stage of the analyzer. Be-
hind the slit a single-channel electron multiplier with a very
wide (50-mm-diam) entrance cone’ is mounted to detect the
electrons.

The Mdssbauer source is mounted on a transducer out-
side the UHV system for ease and safety of operation. A
vacuum-tight beryllium window welded to a UHV flange
(by Electrofusion Corporation, 25 Constitition Drive,
Menlo Park, CA 940425) allows the radiation to pass. The
source-to-sample distance is chosen to be 7 cm. A shorter
distance, even with the source penetrating the outer sphere
of the analyzer, would have been possible and would have
increased the radiation intensity at the sample. Apart from
field inhomogeneities, a shorter distance would cause distor-
tion of the usual Lorentzian line shape in the Mossbauer
spectra due to geometric effects,'’ which, however, one
might find acceptable in view of the intensity problems de-
scribed later.

The spherical analyzer is mounted in a custom-built ba-
kable UHV system (Varian) pumped with 120-¢/sion getter
pumps and a 1000-¢/s liquid-nitrogen-cooled Ti sublimation
pump to a base pressure of about 10~ '° Forr. The high vol-
tages applied to the outer sphere, the slit, and the sample can
be controlled by a microprocessor system that is also used as
a multichannel analyzer and controller for the Mdssbauer
spectrometer. Velocity calibration is achieved using a
Michelson interferometer. '

. SYSTEM OPERATION

The ion pumps used introduced unacceptable noise at
the channeltron due to charged-particle emission, which
could only slightly be reduced by inserting a mesh or a baffle
on a small potential between the pumps and the analyzer.
With the ion pumps on, the noise was typically 500 c/s at
1077 Torr and 50 ¢/s at 10 ° Torr. Therefore, during mea-
surements, the ion pumps were switched off and only the Ti
sublimation pump was used. Occasional pumping with the
ion pumps, with the measurement interrupted, was suffi-
cient to keep low the level of light residual inert gases that are
not pumped by the sublimation pump.
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In order to measure the energy spectrum of internal con-
version and Auger electrons emitted in the decay of the 14.4-
keV state of >’Fe, a 60-Ci source, prepared by electrodepo-
sition of *’CoCl, on an aluminum plate, was placed at the
sample position. The spectrum is shown in Fig. 3. All expect-
ed conversion and Auger peaks are visible down to the small-
est energies. The energy resolution of the 7.3-keV K-conver-
sion peak is 3.5%, which is slightly larger than the expected
value. This might be due to contamination of the surface of
the sample. The experimental analyzer constant is 0.51 and
is close to the expected value 0f 0.527. Note the high inelastic
background level just above the LYY Auger peak.

To test the performance of the system, >’Fe Mossbauer
spectra of two samples were recorded at room temperature.
The first was a 100-nm Fe film (enriched to 95% in >’Fe) on
an Al substrate prepared in an ultrahigh vacuum (during
evaporation of ’Fe onto Al, the pressure rose to 107® Torr).
This sample had been exposed to air for many weeks, so that
one would expect it to be covered with an oxide layer. The
Mossbauer spectrum of this sample [Fig. 4(a)] measured
with a 18-mCi *’Co (Rh} source and with the spectrometer
set at the K-conversion electron energy shows only the six-
line Zeeman pattern due to alpha-iron, which is surprising in
view of the sample history. The fitted parameters [isomer
shift (relative to the source) § = — 0.104(2) mm/s and hy-
perfine magnetic field H = 329.5(0.9) kOe] correspond in-
deed to a-Fe."” It should be stressed that the base line corre-
sponds to only 3890 counts and the effect is high.

The second sample was in the form of 12.7 um Fe foil
(enriched in *'Fe to 95%). It was cleaned in UHV by Ar
sputtering and then transferred, via air, to the Mdssbauer
spectrometer. Control x-ray photoelectron (XPS) measure-
ments of this sample indicated that it was covered with about
10-15 A of Fe oxides during the Mdssbauer experiment. The
foil Mdssbauer spectrum measured with a 60-mCi *"Co(Rh)
source and with the spectrometer set at the K-conversion
electron energy [ Fig. 4(b)] clearly shows the presence at the
surface not only of Fe metal, but also of Fe oxide contamin-
ants. To determine these contaminants, the Mdssbauer spec-
trum was fitted to three subspectra: two Zeeman patterns
[patterns S and yin Fig. 4(b) | characterized by parameters
8, and H, (i = 1,2) and one doublet [pattern « in Fig. 4(b) ]
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FiG. 3. Energy spectrum of electrons emitted from *’Co B source (¥CoCl,
electrodeposited on Al), showing the K, L, and M conversion electrons, as
well as the XKLL and other Auger electrons.
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FiG. 4. "Fe Mésshauer spectra of a 100-nm Fe film enriched in *'Fe t0 95%
on an Al substrate [ (a} ], and of a 12.7-zzm Fe foil enriched in “Fe to 95%
[{b) and (c)]. The spectra (a) and (b) were measured using Fe K-conver-
sion electrons, and for spectrum {¢) the LXY Auger electrons were used.
The solid line is a least-squares computer fit, as described in the text. The
vertical bars indicate statistical error. The pattern designated B is that of a-
Fe. The  and y patterns are due to @-Fe, 0, and Fe,0,, respectively.

characterized by parameters 5, and quadrupole splitting A.
Their values are &, = — 0.106(3) mm/s, H, = 330.4(0.8)
kQe, §6,=0.621(35) mm/s, H,=470.6(5.5) kOe,
85, = 0.265(33) mm/s, and A = 3.913(102) mm/s. The first
set of parameters corresponds to a-Fe.'? The second set of
parameters is compatible with that of Fe,0,."> The param-
eters of the doublet correspond to ferric iron ions and are
most probably due to the presence of smalt Fe, O, particles at
the surface.' We thus conclude that the surface of the sec-
ond sample is covered with iron oxides, most probably Fe, O,
and Fe,(,. However, the signal due to oxides is only a few
percent of the total.

The spectrum of the second sample measured with an
electron energy set at 550 eV (LXY Auger peakin Fig. 3} is
shown in Fig. 4{c). In spite of its relatively low signal-to-
noise ratio, there is clearly no contribution from the oxides,
and the parameters of the observed Zeeman pattern
[ = —0.102(6) mm/s, H = 331.0(1.3) kOe] are due toa
a-Fe. This is a very surprising result, since by using LXY
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Auger electrons cne would expect an enhancement of the
oxide contribution to the spectrum (see also Sec. {1I).

iti. DISCUSSION

We have constructed and operated an instrument for
Mdassbauer spectroscopy based on the principle of energy
selection of the conversion electrons in order to assess the
potential of this technique. We find, as expected, that the low
intensity of the spectrum is a severe problem. Count rates at
the peak KLL Avuger or K-conversion energies were typicai-
1y 0.08 counts per second with (a) 95% enriched *"Fe sam-
ples, (b) a 50-mCi source, and (¢) a 70-mm source-sample
distance.

The count rates might realistically be improved by a
factor of 3-4, by increasing the activity of the Mossbauer
souree, and by a further factor of about 4 if the source-sam-
ple distance were reduced to 35 mm. The latter is, of course,
at the cost of broadening of the Mssbauer spectrum due to
the finite sample size and geometric factors. Such increases
would not be sufficient to compensate for the decrease by a
factor of about 50 in the signal from natural Fe in, for in-
stance, steels due to the low abundance of 'Fe (2.14%). We
thus conclude that the applications of a spectrometer such as
ours to commercial steels have limited potential, unless more
effective detection methods can be conceived e.g., use of po-
sition-sensitive detectors.

A surprising feature of the spectra show in Fig. 4 is the
low intensity of features due to oxides. The electrons ana-
tyzed have low take-off angles o with respect to the surface.
At the K-conversion energy the electron inelastic mean free
path is of the order of 50 A and the mean escape depth of the
electrons is 50 sin & A. Even if we assume an unrealistically
high mean take-off angle of about 20°, the mean inelastic
escape depth is less than 20 A. The first sample [Fig. 4(a)]
had been exposed to air for a considerable time and should
have been heavily oxidized (it would not fit into cur XPS
spectrometer for a definitive test). The second sample was
shown by XPS to be covered by an oxide film of about 15 A
thick, so that nearly half of the signal was expected to arise
from oxides, instead of only a few percent, as observed [Fig.
4(b)]. We also observe no enhancement of the surface oxide
contribution when the Mossbauer effect is monitored using
the low-energy LXY Auger electrons [Fig. 4{c}}].

Our failure to observe a Mdssbauer signal commensur-
ate with the amount of oxide layers on Fe samples is in agree-
ment with the results of Belozerskii ez al.'> However, Staniek
et al.'® certainly did observe a spectral contribution from
surface oxides, and variation of the surface oxide signal
strength with chemical history of the sample clearly has to be
further investigated. We see two possible explanations for
the low intensity from the surface oxides. First, the top oxide
layer may be nonresonant, i.e., the recoil-free fraction of this
layer could be ciose to zero at room temperature for some
oxides. This could be a result of, for instance, very small
oxide crystallite size and weak coupling to the mass of the
bulk material. Alternatively, the Mdssbauer signal could be
smeared out due to extreme chemical and morphological
disorder in the surface layer. While the second explanation
may not be so atiractive because Mossbauer spectra of disor-
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dered systems have been measured, little is known about the
degree of disorder in ultrathin surface oxide layers, and it
may be extremely high.

It is clearly of fundamental interest that the Mdssbauer
signal from thin oxide layers and bulk Fe is variable and not
directly related to the concentration of Fe atoms in the envi-
ronments. However, this variability would be disastrous for
any applications in surface analysis and nondestructive
depth profiling.

Finally, we note that one of the potentially most appeal-
ing features of Mdssbauer spectroscopy with conversion
electrons was the possibility to use the different information
depths for Fe KLL and LXY Auger electrons. However, we
find that the LXY Auger peak excited by resonant absorp-
tion of gamma rays has only approximately 15%-20% of
the intensity in the peaks due to the Fe XKLL Auger or the K-
conversion electrons. Furthermore, this LXY peak sitson a
background due to KLL and X electrons which were created
deep in the solid and lost most of their energy during trans-
port to the surface. This background, which will resonate
with the signal due to the bulk, is more inténse than the LXY
signal itself. It reduces the surface contribution of the signal
at the LYY energy by a factor of about 2.5. Clearly, exploita-
tion of the LX Y surface sensitivity requires a difference spec-
trum beween the signal at the LXY energy and at slightly
higher energies, which further exacerbates the problem of
the low signal strength.

In view of the factors discussed above, we perceive the
furture of Mdssbauer spectroscopy based on energy selection
of the conversion electrons to lie in fundamental studies of
surface magnetism and chemical bonding at weil-defined
surfaces, of the sort attempted by Korecki and Gradmann.®
For these studies it wili be necessary to take all possible mea-
sures to maximize the signal. It will also be necessary to
improvise good, in sifu sample-preparation facilities. Final-
1y, great care will be necessary to ensure the best possible
vacuum because of the very long counting times.
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