VOLUME 55, NUMBER 19

PHYSICAL REVIEW LETTERS

4 NOVEMBER 1985

Detection of Magnetic Moments of Ni and Fe Atoms on the Surface of Pb
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A new, very sensitive method was used to study the existence of magnetic moments of Fe and Ni
when deposited on a nonmagnetic metal. Evidence is presented that isolated Ni atoms possess a
magnetic moment on the surface of Pb, contrary to previous results. At greater coverage of Ni and
Fe the onset of ferromagnetism was found at the thickness observed in other experiments. The
technique is sensitive to 10~¢ of an atomic layer of Fe and can detect the existence of localized mo-

ments of magnetic materials on any metal substrate.

PACS numbers: 75.20.Hr, 73.60.Ka, 74.50.+r, 75.50.Cc

The question of when an impurity atom in a host
metal has a magnetic moment is a classic problem.! At
present, there is much current interest in the behavior
of magnetic atoms and layers on nonmagnetic metal
surfaces because powerful theoretical? and experimen-
tal® techniques have been developed recently to study
these effects.* Ni, because of its importance in under-
standing itinerant-electron ferromagnetism, has been
the material most extensively studied. Bergmann,’ us-
ing the Hall effect, showed that ferromagnetism was
suppressed for the first three atomic layers when Ni
was deposited on various cryogenically deposited
polyvalent common metals (Pb, Pb-Bi, Sn, In, Mg,
and Al), but not on the noble metals Cu, Ag, and Au.
Spin-polarized tunneling measurements® on Al and Au
agreed with Bergmann’s result and the results have
been explained theoretically by the hybridization of s-p
and d bands.” Bergmann® also concluded that with a
coverage of less than three atomic layers, the Ni atoms
had no moment on Pb-Bi, whereas for Fe a moment
was detectable at a 2% coverage of Pb, In, or Sn films,’
as determined by the temperature and field depen-
dence of the Hall effect. The present Letter describes
experiments which can examine the problem with
greater sensitivity and from which we conclude that a
small moment exists on Ni atoms on the surface of
cryogenically deposited Pb, even though ferromag-
netism only develops at about three atomic layers.® 3

The method, which has been partially described else-
where,!® uses a thin-film superconducting meander
line as the inductive element of an LC oscillator circuit
driven by a tunnel diode. The meander line is located
on a sapphire substrate whose back is pressed against
the copper bottom of a liquid-helium cryostat. The
meander line faces the evaporation source located in
an attached ultrahigh-vacuum system through a port in
the liquid-nitrogen—cooled shroud. In addition to the
room-temperature shutter, a shutter at near 77 K
closes the nitrogen shroud. Another shutter protecting
the substrate is cooled to near 4.2 K. When a thin film
is deposited on an insulating layer in the near rf mag-
netic field of the meander line, it can change the effec-

tive inductance of the meander line and thus the fre-
quency f= (1/27)(LC)Y? of the oscillator circuit.
The resonant frequency ( = 14 MHz) can be measured
with a counter to 1 part in 10”. A particularly sensitive
way of detecting the presence of magnetic moments is
to deposit the magnetic material on a thin-film super-
conductor.

In the present experiments the typicalomethod was
to deposit 100 A of SiO followed by 90 A of Pb onto
the 4.2-K substrate. The thickness was measured with
a quartz-crystal thickness gauge. In order to prevent a
large shunting capacitance between the lines of the
Nb-meander pattern, a fine mesh screen with holes
110 p,mz was used in the evaporation path so that the
films to be measured were deposited in squares of this
size. As the Pb was deposited there was no change in
frequency until some Pb was deposited (13 to 25 A),
after which the frequency increased almost linearly
with thickness until at 90 A the total frequency change
was 60 to 80 kHz (apparently depending on the exact
threshold thickness at which the film became continu-
ous). This increase in frequency corresponds to the
decreased effective inductance of the Nb meander line
caused by the currents induced in the neighboring su-
perconducting Pb film. When the deposition of Pb
was stopped, the frequency remained constant. If then
Fe was deposited on the Pb (see Fig. 1), the supercon-
ductor became increasingly depaired and the frequency
decreased approximately in proportion to the decrease
of the superconducting order parameter A. At a cer-
tain critical thickness, d,, the superconductivity is de-
stroyed (A=0). At this point the frequency has re-
turned to its value before the deposition of Pb. Fur-
ther deposition of Fe does not significantly change the
frequency. In Fig. 1 the value of d. corresponds to a
coverage of about 2.5% at which time we expect the Fe
atoms to be acting as independent magnetic impurities.
In such a case the effect on the superconductivity
can be described by the Abrikosov-Gor’kov (AG)
theory.!"12 In fact, by finding the value of 7, as a
function of the amount of magnetic impurity we have
shown that the depression in 7, followed that predict-
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ed by the AG theory for paramagnetic impurities.!> 14

In Fig. 1 we also plot the frequency observed when Ni
is deposited on a 90- A-thick Pb film. The Ni film was
deposited in the same manner. Since the frequency
change for the Pb film used in the Ni deposition was
about 10% higher than in the case of the one used for
Fe, the frequency in Fig. 1 for the Ni film was de-
creased proportionally to compare the functional forms
of the depairing effect. In addition, the thickness
scales of the Ni and Fe were adjusted until the initial
slopes of the two curves coincided. With these nor-
malizations one sees that the change in frequency with
thickness is very nearly the same for Ni and Fe if the
equivalent amount of Ni is taken to be about 80 times
greater than that of Fe. The curves diverge somewhat
near d.. It is possible that this divergence is caused by
interactions between the Ni atoms at an average thick-
ness of nearly two atomic layers, whereas with Fe at
d., there should be no significant interactions at a 2.5%
coverage. As a nonmagnetic (and nonsuperconduct-
ing) substance, Cu was also deposited to compare with
Ni and Fe. There is a slight change in frequency,
which is observed with any normal metal, caused by
the proximity effect of the normal metal decreasing
slightly the superconducting order parameter. The
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FIG. 1. The change in the osc1llator frequency Af for
depositions of Fe, Ni, and Cu on 90- A Pb films. The zero
on the frequency scale is the frequency before deposition of
the 90-A-Pb films. The thickness scale of the Fe data has
been adjusted to give the same initial slope as that of the Ni
data. The Cu results are plotted on the same thickness scale
as for Ni. The dashed line shows the dependence expected
for Fe from the AG theory.

near coincidence of the functional forms of the Fe and
Ni results suggests that the magnetic depairing process
is the same in the two cases at least for low coverage.
The rapid decrease in frequency for Ni is already ap-
parent at 1% coverage where interaction effects
between Ni atoms should be negligible.

For Fe, the measurements of d, varied by as much
as a factor of 2. The cause of the variation is not cer-
tain, but the very slow evagoratlon rate is a probable
cause. The rate (= 1072 A/sec) leads to a 20% sta-
tistical error in the thickness measurement. In addi-
tion, the accommodation coefficient of the quartz
monitor may be different from that of the low-
temperature substrate. This large variation did not oc-
cur with Ni, for which the absolute values of d, varied
by about 10%. One concern in the measurement of
surface effects is that of contamination. The base
pressure of the vacuum system with an ion pump and
a cryopump was = 107 1% Torr. During evaporation of
transition metals the pressure near the evaporation
source was (2-4) x 1078 Torr. Near the meander line
within the cryogenic enclosure the vacuum was
presumably much better. To test the possible effect of
gases condensed on the Pb substrate, the Ni evapora-
tions were delayed for 20 min instead of the usual 5
min between the end of the Pb evaporation and the
start of the Ni evaporation. No significant change in
the frequency was observed. In addition, no change
was observed in the frequency when the Ni deposition
was stopped for 10 min in the region where dy; < 4_,
showing that significant contamination of the Ni was
not present.

According to the AG theory,!! the order parameter
A is a known function of the depairing parameter (or
the spin-scattering rate I') and the temperature 7.
This dependence has been calculated by Skalski,
Betbeder-Matibet, and Weiss!> and by Ambegaokar
and Griffin.'* Using the rf susceptibility we have mea-
sured 7, as a function of the Ni concentration on 90- A
Pb films and found that the decrease of 7, with impur-
ity concentration fitted the AG theory. The spin-
scattering rate has the form!> 13

I'=(7/2)n,N(0)J2S (S +1).
Here n; is the concentration of impurity atoms (that is,
the ratio of the number of impurity atoms to the total
number of impurity and Pb atoms in the film). N (0)
is the density of states at the impurity site, S the im-
purity spin, and J the exchange integral. In a simple
screening model in which the magnetic field is every-
where parallel to the Pb film, the change of frequency
Af with n; is proportional to A~! (where A\ is the
superconducting penetration depth). For small n;, A ™!
is proportional to A, and using values of A obtained
from Ref. 14, we calculated Af as a function of #;,
which is proportional to the average thickness of the
magnetic material. The calculated values of Af vs dg,
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are shown as the dashed line in Fig. 1. The fit to the
data can be considered satisfactory since fields are ac-
tually at varying angles to the plane of the film. For
this reason it is not useful at present to use the more
general expressions for A given by Maki.!® Additional
support for the essential validity of this model comes
from the calculated absolute value of Af which is 62
kHz for a reasonable value of A=1.5x10"° cm for
cryogenically deposited Pb. Although a more exact
calculation of Af vs n; is impractical, the AG theory
implies that the transport properties of Pb films of the
same dimensions and at the same temperature only
depend on A(T). The fact that the functional depen-
dence of Af with I' is the same for Ni as for Fe at low
coverage is very strong evidence that the depairing
mechanism is the same for Ni as it is for Fe. For Fe
the depairing is known to be from independent mo-
ments of isolated atoms,? but for Ni at a coverage of
1.5 to 2.5 atomic layers, Bergmann® proposed that
enhanced Pauli paramagnetism, but not isolated mo-
ments, could explain his Hall-effect measurements. In
the present experiments at much lower coverage
where interactions between moments are minimal, one
would expect little effect from enhanced Pauli para-
magnetism, in contrast to the observed rapid decrease
of Af with n; at less than 1% coverage. Since the ef-
fect of this Ni moment is between 30 and 80 times less
than the effect of the Fe moment, it is probable that it
was too small to be observed in the Hall-effect mea-
surements.

To investigate the effect of heavier coverage, Ni and
Fe were deposited on a 1000-A-thick Pb film (see Fig.
2). Since the coherence length in these cryogenically
deposited lead films is probably about 100 A, the Pb
films never become completely normal even for very
thick layers of a ferromagnet. In Fig. 2 we again adjust
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FIG 2. Change in frequency with Fe and Ni deposited on
1000-A Pb films. The thickness scale has been adjusted to
show the similarity of the curves.
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the length scales to bring out the similarity of the
curves for Fe and Ni. For Ni the frequency change is
proportional to the Ni thickness as expected for nonin-
teracting moments. At a thickness of 5 A the frequen-
cy starts to change much more rapidly. From previous
experiments with the anomalous Hall effect and spin-
polarized tunneling we identify this change with the
onset of ferromagnetism. The gradual decrease in
slope after a Ni thickness of 11 A presumably reflects
the increasing ineffectiveness of the added magnetic
atoms in depairing the superconductor for thicknesses
greater than the coherence length. For Fe the initial
slope is constant, and at d = 0.15 A the decrease of
frequency with thickness accelerates, an effect which
attribute to the onset of cooperative effects in agree-
ment with other experiments.®!” At d =0.35 A the
change of frequency starts to saturate for the same
reason as for Ni. Again we see that the behavior of Ni
and Fe is very similar both before and after the onset
of ferromagnetism, if thicknesses which produce the
same depairing are compared. In comparing the
results for Fe and Ni, it should be remembered that
for Fe, d, is quite variable. From Figs. 1 and 2 the ra-
tio of Fe thickness for the onset of ferromagnetism to
the thickness d. for the 90- A film is about 2. 4,
whereas for Ni this ratio is only 1.2. However, be-
cause of the large variation of d. for Fe, the Fe ratio
was sometimes as low as 1.2 and we do not regard this
difference as significant.

From these experiments we conclude that an isolat-
ed Ni atom on the surface of Pb has a magnetic mo-
ment. In addition, we conclude that the ferromag-
netism in Ni and Fe takes place in essentially the same
way under these circumstances: The existing localized
moments are coupled by itinerant electrons to give the
ferromagnetic ordering. The fact that the depairing
parameter is still approximately proportional to the
number of Ni atoms at two atomic layers may seem
surprising. However, it apparently shows that the fer-
romagnetic interaction between Ni atoms is suppressed
by the hybridization of the 4 and s-p electrons even
though a small moment is present on the Ni atoms.
Although we cannot determine the magnitude of the
moment, we have shown that the spin-scattering rate
of Fe is of the order of 50 times that of Ni on the Pb
surface. Although the present results appear to con-
flict with the known absence of magnetic moments of
Ni in dilute alloys of polyvalent common metals,® the
much lower coordination number of Ni on the surface
of cryogenically deposited Pb probably explains this
difference.* It should be pointed out that the present
method can be used to investigate a wide range of
problems of surfaces and thin films. In particular, any
metal may be deposited in a 10-20- A-thick layer over
the superconducting film and act as the host to the
magnetic impurity. Because of the superconducting
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proximity effect, the sensitivity is still very great, but
there is no constraint on the choice of metal to be the
impurity or the host.
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