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viscosity, vary from 463 at j, to 2057 at 20 mW
cm using the hydraulic diameter, ' and from
1620 to 7200 if we use the large dimension of the
channel cross section. Ladner, Childers, and
Tough' have found the breakdown of Poiseuille
flow in small diameter tubes at 8,= 1320 at this
temperature. Since our channel is short, and in
addition, is penetrated by the five cavities, it is
likely that the normal fluid is always turbulent.
It is thus reasonable to compare our value for
5P/P, to measurements on pipe flow of turbulent
classical fluids. Very few data exist; however,
one experiment" on water found 5p/P, =0.043 for
P/R, =1.5, approximately constant up to 8/P. ,
=2.5, and decreasing to 0.038 at R/R, = 5. Though
the magnitudes of 5p/Po are not comparable, the
dependence on R is qualitatively similar. Our
measurements of the temperature dependence of
5p/p„as well as a, more complete discussion of
the experimental details are reported in forth-
coming papers. "
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The spin polarization of field-emitted electrons from the (100) plane of field-evaporat-
ed Ni single-crystal tips is observed to decrease from —(3.0+1)% to (0 + l)% upon hydro-
gen adsorption (full coverage). We interpret these results as evidence for a strong reduc-
tion of the ferromagnetism of the d electrons of the Ni surface atoms upon hydrogen chem-
isorption.

Elastic and inelastic electron tunneling in field-
emission experiments have been very useful in
providing novel information concerning the elec-
tronic interactions of adsorbates on metal sur-
faces. ' Changes in the field-emission energy dis-
tributions (FEED) of the clean surface upon ad-
sorption have been successfully interpreted in
terms of variations of the surface electronic
structure upon adsorption. As examples, we
may mention hydrogen on W, ' hydrogen and oxy-

gen in Ir, ' and Au adsorbed on W. The purpose
of this Letter is to show that additional informa-
tion on chemisorbed systems on magnetic sub-
strates can be obtained in field-emission spec-
troscopy (FES) by measuring changes in the elec-
tron-spin polarization (ESP) of the emitted elec-
trons.

The experiments were performed in the appa-
ratus described previously. ' Suppression of the
CO in the stainless steel system was achieved by
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repeated exposure to hydrogen, baking, and pump-
ing by Ti sublimation at liquid-nitrogen tempera-
ture. Single-crystal Ni[100] tips' were cleaned
by UHV dc field evaporation at low temperature.
Fifty to one hundred monolayers were desorbed
to obtain the first evaporated endform. During
the ESP measurement on the clean tip the total
FE current, which is extremely sensitive to ad-
sorbates, did not change within the first 15 min;
and after a 5% decrease in the total FE current,
occurring within about 50 min, the tip was cleaned
again by field evaporation. After an ESP mea-
surement on the cle'an tip, the surface was re-
cleaned by field evaporation and subsequently ex-
posed to about 60 L [1 L (Langmuir) = 10 ' Torr
sec] hydrogen at about 100 K to ensure full cov-
erage. ' Under these conditions no hydrogen dif-
fusion in the bulk Ni is expected. The field-emis-
sion pattern was observed to vary very little up-
on hydrogen chemisorption as has been reported
earlier. ' The average work function of the tip in-
creased by 0.35+ 0.05 eV. The polarization mea-
surement was carried out with a pressure of 1
& 10 ' Torr hydrogen and with the probe hole se-
lecting emission from the Ni(100) face only. The
total FE current and the FE pattern remained
stable for a few hours. The ESP was observed
to decrease from —(3 +1)%% for the clean surface
to (0 + 1' upon adsorption. '

This simple result allows us to draw direct
conclusions concerning the interaction of hydro-
gen and the ferromagnetic Ni(100) surface. The
H ls-derived bonding orbitals on Ni(100) are ex-
pected to lie several eV below the Fermi level
EF (about 6 eV according to Conrad etal. "), which
is in agreement with what has been observed by
ultraviolet photoemission spectroscopy (UPS) on
other transition metals. " As a consequence res-
onance tunneling through H 1s-derived states is
expected not to be important. In addition, chang-
es in the d-band emission near EF have been ob-
served in UPS experiments from hydrogen-cov-
ered Ni(111),"which, however, have to be inter-
preted cautiously since the significance of differ-
ence spectra in photoemission is not yet clari-
fied. The observed ESP for the clean surface is
due to the small contribution of the minority-
spin d states to the FE current, since s-d hy-
bridization is very small near X in the IX direc-
tion in the Brillouin zone. " Therefore, along
[100], the observed changes of the ESP of the
field-emitted electrons upon hydrogen adsorption
have to be related to changes of the surface den-
sity of the d states.

The chemisorption bond of hydrogen on transi-
tion metals is basically covalent. The d states
on the Ni surface which take part in the covalent
bond will be pulled to lower energies compared
to the clean surface. This will tend to make the
d shell more nearly full. As a consequence, a
considerable reduction of the magnetic moment
of the Ni surface upon hydrogen chemisorption is
expected.

Most of the theories of chemisorption attempt
to correlate the behavior of the chemisorbed sys-
tem with the properties of the free adsorbate and
substrate. Two different concepts have been sug-
gested: the "induced covalent bond" scheme"
which takes account of electron correlation ef-
fects and neglects the band character of the met-
al substrate, and the "molecular orbital" (Har-
tree-Fock) approach" based on the Anderson
model" of impurities. More recently, various
model Hamiltonian theories" "have been pre-
sented which take correlation effects into account
as corrections with various degrees of sophisti-
cation.

Self-consistent calculations of the surface elec-
tronic structure of transition and noble metals"
including chemisorbed layers ' are appearing in
the literature, and it is likely that the system H

on ferromagnetic Ni will soon be a tractable one.
The experimental result we have presented can
serve as a test for the ability of calculations to
treat magnetic effects in chemisorption on tran-
sition metals. FES probes solely the surface of
the metal. An interesting question arises: How

large is the magnetism of second, third, and oth-
er Ni layers when the first one has been "demag-
nitized" 7 The range of such a perturbation can
be experimentally investigated via photon-energy-
dependent, energy-resolved, spin-polarized pho-
toemission.

Additional information on the role of s-d hy-
bridization in the Ni band structure and related
influence of chemisorption on the surface mag-
netism will be gained by investigating H on Ni(100)
and H on Fe. These studies are in progress in
our laboratory.

Finally, we note that as early as 1961"absorp-
tion of H in Ni has been found to reduce the mag-
netic moment of Ni by about O.Vp, ~ per average
atom of hydrogen adsorbed. This is consistent
with our results although the H-Ni bond in bulk
Ni is presumably different from the one at the
surface.

We thank B. Wilkens for the excellent technical
assistance, D. R. Hamann and G. K. Wertheim



VOI.UME 39, NUMBER 9 P H YSI CAL RKVI K%' L jETTKR8 29 AUGUsT 1977

for enlightening discussions, and W. F. Brinkman
for his continued interest in this project. One of
us (M. L.) acknowledges a Fellowship from the
Schweizerischer Nationalfonds.

&'~Permanent address: Institut fBr Festkorperfor-
schung der Kernforschungsanlage, Postfach 1918, D-
5170 JGlich, Germany.

The application of field-emission spectroscopy to
the study of clean and adsorbate-covered surfaces has
been reviewed by E. W. Plummer, in Interactions on
Metal Su+aces, edited by B. Gomer (Springer, Berlin,
1975), p. 148; and by R. Gomer, in Solid State Physics,
edited by H. Ehrenreich, F. Seitz, and D. Turnbull
(Academic, New York, 1975), Vol. 80, p. 98.

E. W. Plummer and A. E. Bell, J. Vac. Sci. Technol.
9, 58' (19V2).

~N. J. Dionne and T. N. Bhodin, Phys. Bev. Lett. 82,
1311 (1974).

L. Richter and R. Gomer, Phys. Rev. Lett. 87, 768
(1976).

M. Landolt and M. Campagna, Phys. Rev. Lett. 88,
668 (1977), and to be published.

[100]-oriented simple crystal Ni wire (99.999+%
pure) was provided by FEI Co. , McMinnville, Qregon.

'Systematic studies of hydrogen chemisorption on
various Ni faces have been reported by K. Christmann,
Q. Schober, G. Ertl, and M. Neumann, J. Chem. Phys.
60, 4528 (1974); and J. E. Demuth and T. N. Rhodin,
Surf. Sci. 45, 249 (1974).

R. Wortmann, R. Gomer, and R. Lundy, J. Chem.

Phys. 27, 1099 (1957).
Measurements of the spin polarization in field emis-

sion from Ni with hydrogen adsorption have been re-
ported previously: N. Muller, Phys. Lett. 54A, 415
(1975); G. Chrobok et al. , Phys. Rev. B 15, 429 (1977).
In both studies, however, the adsorbate substrate sys-
tem was not defined. Instabilities of the spin polariza-
tion observed on nearly clean tips were reported and in-
terpreted as being caused by hydrogen adsorption.

' H. Conrad, G. Ertl, J. KGppers, and E. E. Latta,
Surf. Sci. 58, 578 (1976).

B. Feuerbacher and R. F. Willis, Phys. Rev. Lett.
36, 1889 (1976), and references cited therein.
"J.-N. Chazalviel and Y. Yafet, Phys. Rev. B 15, 1062

(19vv).
~J. R. Schrieffer and B. Gomer, Surf. Sci. 25, 315

(19V1}.
D. M. Newns, Phys. Bev. 178, 1128 (1969).
P. W. Anderson, Phys. Rev. 124, 41 (1961).

' W. Brenig and K. Schonhammer, Z. Phys. 267, 201
(19V4).

' W. Brenig, Z. Phys. B20, 55 (1975).
K. Schonhammer, Solid State Commun. 22, 51 (1977).
A. Madhukar and B. Bell, Phys. Rev. Lett. 84, 1681

(1975); B. Bell and A. Madhukar, Phys. Rev. B 10,
4281 (1976).

See, for example, S. G. Louie et a/. , Phys. Bev. Lett.
BV, 1289 (1976); J. G. Gay et al. , Phys. Bev. Lett. 88,
561 (1977).

2~N. V. Smith and L. F. Mattheiss, Phys. Bev. Lett.
3V, 1494 (19V6).

B. E. Dietz and P. A. Selwood, J. Chem. Phys. 35,
270 (1961).

Critical Nuclear Magnetic Relaxation in a Strong Itinerant-Electron Ferromagnet: Ni

M. Shaham, ~'~ J. Barak, and U. El-Hanany
Soreq ¹clearResearch Center, Yavne, Israel

W. W, Warren, Jr.
Bell Laboratories, Murray Hil/', New Jersey 07974

(Received 6 July 1977)

Nuclear magnetic resonance has been observed in ferromagnetic Ni near the critical
temperature. The nuclear spin-spin and spin-lattice relaxation rates are found to be-
come equal in the critical region below Tc and diverge with a critical exponent n =0.67
+ 0.08. Spi'n-lattice relaxation rates in the paramagnetic state exhibit only incipient spin-
fluctuation enhancement within the experimental range. Measurements of the ferromag-
netic NMR frequency near Tc and of the Knight shift above Z'c are described,

The three-dimensional (3D) transition metals
Fe, Co, and Ni are among the most familiar mag-
netic materials, yet experimental data on critical
spin-fluctuation phenomena in these systems are
few and contradictory. Ni has the lowest Curie
temperature of the three (Tc= 631 I) and fluctua-

tions in ¹ihave been investigated by inelastic neu-
tron scattering' and by the method of time-differ-
ential perturbed angular correlations (PAC) in the
paramagnetic state. ' However, the temperature
dependences of the spin correlation times ob-
tained in these experiments differ from each oth-
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