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Spin Polarization of Electrons Field Emitted from Single-Crystal Iron Surfaces
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The spin polarization of electrons field emitted from single-crystal iron surfaces was
observed to be (+ 25+ 5)% for emission along [100], (+20+ 5)% along [111],and (- 5+ 10)%
along [110] (the polarization is positive for majority-spin electrons). These results cor-
relate qualitatively with expectations from the bulk band model. However, quantitative
calculations with bulk wave functions gave strongly parameter-dependent results. For
meaningful calculations the effect of the surface on the wave functions must be included.

Measuring the electron-spin polarization (ESP)
in emission from a solid in addition to energy
and angular distribution is becoming a powerful
tool in investigating the spin dependence of bulk
and surface electronic structures. ' The study
of ferromagnetic 3d metals is especially of great
interest since information can be gained on the
range of validity of the one-electron band model
and on the possible role of various many-body
effects. To obtain such information it is crucial
to work on single crystals since otherwise the
directional dependence arising from the band
structure will be averaged out, and even worse,
this averaging will be affected in some unknown

way because the work function varies along a
polycrystalline surface. Among the Sd metals
single-crystal ESP studies have so far been done
only on Ni, using photoemission, ' field emission, '
and deuteron neutralization. 4 In this Letter we
report on the first ESP data from well-defined
single-crystal surfaces of iron. This iron study
complements, in an important way, the Ni work
because iron, unlike Ni, has both minority- and
majority-spin d electrons at the Fermi level.
The contribution of the latter is expected to in-
fluence the ESP and the comparison of the Ni and
Fe results should provide additional information
concerning the d states in ferromagnetic transi-
tion metals.

The electrons are extracted from the sample
by field emission, which probes (in some approx-
imation) the surface density of states directional-
ly weighted perpendicular to the surface at the
Fermi energy. "The technique we are using' is
based on the field-emission microscope and al-
lows us to select electrons for ESP measure-
ments which have been emitted a1ong well-defined
crystallographic directions. The ESP is deter-
mined by means of a Mott detector.

Single-crystal iron emitters were obtained in
the following manner: High-purity iron wire

(99.99/g) was drawn to 0.008 in. diameter and
then electrolytically etched to form a tip. During
the drawing sufficiently large crystallites are
formed preferentially with the [110j direction
parallel to the wire axis. As a consequence all
the tips with small enough radii (&1000 A) were
[110]-oriented single-crystal emitters. Iron is
chemically very reactive and therefore very dif-
ficult to clean. Brucker and Rhodin' found in
their very careful studies of chemisorption on
Fe(100) surfaces that iron cannot be cleaned by
sputtering-annealing cycles since carbon is not
removed in the process. Similarly we were un-
successful in cleaning iron tips by means of dc
UHV field desorption at low temperature (-80'K).
This always results in a characteristic final pat-
tern observed in field emission which clearly in-
dicates the presence of adsorbate(s). We con-
clude that in a positive electric field iron is de-
sorbed whereas some adsorbate (which we guess
to be carbon) stays at the iron surface and accu-
mulates there during field desorption. This can
be avoided by using H, promotion' in field desorp-
tion. Starting with a base pressure of 1 ~10 "
Torr we admitted 3 &&10 "-Torr H, (5.51V assayed
grade) to the UHV system for field desorption.
The desorption was monitored by observing the
field-ion image on the fluorescent screen. It
was possible to detect reproducible field-ion pat-
terns after sufficiently long desorbing, even
though the intensity was too low to obtain photo-
graphs. After desorption the H, was pumped to
1 & 10 ' Torr within 2 h and subsequently the
chemisorbed hydrogen was removed from the tip
with a short UHV field desorption. We note that
only about one out of ten tips could be cleaned
successfully because the tip radius in most cases
became too large during desorption, and the re-
sults reported below have been obtained from
four clean samples. The tips were kept at -80 K
during cleaning and measuring. Figure 1 shows
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FIG. 1. Field-emission pattern of a [110]-oriented
iron emitter, observed at an angle of -40 from the
screen. A portion of the (11~) face is shaded out by
the mirror support.

a field em-ission pattern of a clean [110]-orient-
ed iron tip. In the bcc symmetry the (100) and
(111)planes are bright, and ESP data along these
directions could be obtained within 10 min after
the cleaning. The close-packed (110) face, on
the other hand, is dark, the current density is
extremely low, and therefore we can report only
preliminary ESP data along [110].

The measurements were carried out in a mag-
netic field of 2.2 kOe parallel to the tip axis after
saturating the sample in 12 kOe. No change of
polarization could be observed when varying the
magnetic field between 1.4 and 3.5 kOe.

For the ESP of field-emitted electrons from
ferromagnetic iron we found (+ 25 + 5)/q along
[100], (+ 20 + 5)% along [110], and (- 5 +10)/z

along [110]. For not clean emitters the ESP was
always found to be zero, and the given uncertain-
ties represent estimated systematic errors. The
positive sign means that majority-spin electrons
are predominant in the current. These novel re-
sults yield direct information on the spin-depen-
dent surface electronic structure in the vicinity
of E F. As a first step in the interpretation of
these data, however, we start from the bulk band
structure. There is no justification for this
aside from the fact that bulk bands are available
and that we wanted to see how close to experi-
ment this simplest approach would take us. Self-
consistent calculations of surface electronic
structures of transition metals" are only now

appearing in the literature and for the surface of
ferromagnetic iron" in particular only one pa-
rametrized calculation is available at present.

The most recent and thorough ab initio calcula-
tion of the bulk band structure of iron is by Cal-

laway and Wang. " We derive from it that the
ESP is + 100% for field emission along [100].

—This is because for the field strengths commonly
used only 6, states contribute to the field-emis-
sion current, and only the majority-spin 6, band
cuts EF. We note that the surface calculation of
Dempsey, Kleinman, and Caruthers" exhibits
both majority- and minority-spin 6, states at E F

in the center of the surface Brillouin zone at
(100). This would reduce the expected ESP value
and indicates that the discrepancy between experi-
ment and band-structure value is in part a sur-
face effect. Along [111]and [110], on the other
hand, both majority- and minority-spin (bulk)
bands which are strongly hybridized s-P (or plane
wave) and d states contribute to the current. The
tunneling probability for plane waves is believed
to be 10-100 times larger than for d orbitals. ""
If we assume this to be true and therefore include
only the plane-wave contribution to the current,
we find an ESP of +99o/calong [111]and+3. 5/z

along [110]." The trend in these values concurs
with the experimental fact that the ESP is posi-
tive and substantial along [111]but small along
[110]. However, the d-state current must be in-
cluded in the calculation, especially for the [111]
direction whose states are over 80/p d.

It is straightforward to generalize the wave-
matching calculation of Politzer and Cutler" to
the case of hybridized bands: The plane-wave
component in the wave function simply adds to
the uniform component of the d wave over the
matching plane (m.p. ) and equations very similar
to those following Eq. (32) in Ref. 14c are ob-
tained. We then follow established practice and
take the distance d of the m. p. from the last atom-
ic layer to be about 2 of the interlayer separation
for that particular surface. For the (ill) surface
of bcc iron which has a lattice constant a = 2.86 A,
one-half of the interlayer separation is D =a& 3/
12=0.413 A =0.78 a.u. The iron 3d orbitals cal-
culated by Herman and Skillman reach their max-
imum at -0.4 a.u. Thus the value of the d orbital
is not small at the m. p. As a result, the normal
derivative at the m. p. (G, in the notation of Ref.
14c) for the F» orbital (which is of interest here)
is large, rapidly varying with d, and of such a
sign that the sign of the logarithmic derivative
of the d wave at the m. p. is opposite to that of the
plane-wave part in the wave function. This sign
difference is a general feature of the A„A„or
Z, states at the Fermi surface of the transition
metals because they are "antibonding"; the bond-
ing s-d states are at the bottom of the d band.
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Now, the value of the wave function at the m. p.
must reflect the total normal derivative on the
metal side of the m. p. because the logarithmic
derivative on the vacuum side is fixed by the val-
ue of the work function. Because of the large val-
ue of G, and of the opposing signs, the calculated
value of the field-emitted current turns out to be
so sensitive to the position of the m. p. that it can-
not provide a theoretical check on the experi-
ment. The situation for the [110]direction is
not so critical because the interlayer distance is
large (3.8 a.u. ), the d orbital is small at the m. p. ,
and it does not change the order of magnitude of
the field-emitted current from what we calculat-
ed for the plane wave alone.

In summary, we find that the method of the
m. p. does not provide a means of calculating the
dependence of the ESP on crystallographic direc-
tion, except in cases where the interlayer dis-
tance is large and the hybridization small, as is
the case for Ni(100)." We conclude that, for a
proper calculation, it is necessary to include ex-
plicitly the effect of the surface potential on the
wave function and to calculate the latter far
enough into the vacuum region such that they have
reached their asymptotic decay rate. At this
point the field-emitted current can be calculated
by the standard method of the transfer Hamil-
tonian. '

To conclude, the present measurements on
iron have shown striking differences in ESP for
different high-symmetry crystallographic faces.
Although the values of the ESP correlate qualita-
tively with what one expects from the bulk band
structure, attempts to calculate the ESP more
quantitatively using the matching-plane method
are found to fail. The transfer Hamiltonian meth-
od, ultimately in conjunction with a full ferro-
magnetic surface calculation, is capable of giving
accurate results for the ESP and will permit us
to assess the importance of many-body effects.
Such a test was, in fact, the chief motivation of
the present measurements, and we hope that our
results will stimulate Such calculations for tran-
sition metals.

The authors wish to thank B. Wilkins for his
expert assistance. One of us (M.L.) acknowl-
edges a fellowship from the Schweizerischer Na-

tionalfonds.

'H. C. Siegmann, Phys. Rep. 1?C, 87 (19?5); M. Cam-
pagna, D. T. Pierce, F. Meier, K. Sattler, and H. C.
Siegmann, Adv. Electron. Electron Phys. 41, 113 (1976).

2W. Eib and S. F. Alvarado, Phys. Rev. Lett. 87, 444
(1976).

M. Landolt and M. Campagna, Phys. Rev. Lett. 88,
66' (1977).

S. Eichner and C. Rau, J. Magn. Magn. Mater. 6, 204
(1977).

D. R. Penn and K. W. Plummer, Phys. Rev. B 9,
1216 (1974); D. R. Penn, Phys. Rev. B 11, 8208 (1975).

6A critical examination and comparison of recent
field-emission theories is given by T. E. Feuchtwang
and P. H. Cutler, Phys. Rev. B 14, 5237 (1976).

M. Landolt and M. Campagna, Surf. Sci. 70, 197
(1978).

C. F. Brucker and T. N. Rhodin, Surf. Sci. 57, 528
(1976), and J. Catal. 47, 214 (1977).

~We would like to thank A. J. Melmed, National Bu-
reau of Standards, for his help with the interpretation
of the field-emission patterns, for checking the quality
of the used iron wire with his field-ion microscope,
and for suggesting the use of H& promotion in field de-
sorption.
' S. G. Louie, K.-M. Ho, J. H. Chelikowsky, and M. L.

Cohen, Phys. Rev. B 15, 5627 (1977); J. G. Gay, J.R.
Smith, and F. J. Arlinghaus, Phys. Rev. Lett. BS, 561
(1977).

ifD. G. Dempsey, L. Kleinman, and E. Caruthers,
Phys. Rev. B 12, 2932 (19?5), and 14, 279 (1976).

J. Callaway and C. S. Wang, Phys. Rev. B 16, 1095
(1977).

~ J. W. Gadzuk, Phys. Rev. 182, 416 (1969).
~B. A. Politzer and P. H. Cutler, Phys. Rev. Lett.

28, 1830 (1972).
~4"B. A. Politzer and P. H. Cutler, Surf. Sci. 22, 277

(1970).
'B. A. Politzer and P. H. Cutler, Mater. Res. Bull.

5, 708 (1970).
5J.-N. Chazalviel, N. V. Smith, and Y. Yafet, in

"Transition Metals, " Institute of Physics Conference
Series No. 89, edited by M. J. G. Lee (American Insti-
tute of Physics, New York, to be published); J.-¹
Chazalviel and Y. Yafet, Phys. Rev. B 15, 1062 (1977).

$6The use of a transfer Hamiltonian formalism to cal-
culate ESP in field emission was first discussed by
D. Nagy and P. H. Cutler, in Proceedings of the Twenty-
Third International Field Emission Symposium, Penn-
sylvania State University, 1976 (unpublished); and very
recently by T. E. Feuchtwang, P. H. Cutler, D. Nagy,
and R. H. Good, Jr. , to be published.

1403




