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Exceptionally large increases in the magnetic susceptibility (indicating nearly magnetic
ordering) of thin films of Pd sandwiched between thicker Au films have been observed at
low temperatures- presumably due to the expansion of the Pd average lattice constant by
the Au. The large resultant Stoner factors and the modified paramagnon model of Levin
and Valls indicate the possibility of observing p-wave superconductivity in Pd structures
with reduced proximity effects.

PACS n.umbers: 73.60.Dt, 75.70.Dp

Magnetism has been sought in Pd metal since
the first recognition of its "incipient ferromag-
netic" nature and the large effects of spin fluctua-
tions. "With its high density of states at the
Fermi energy and large Stoner exchange enhance-
ment (S= 10), it is easily polarized by dilute mag-
netic impurities leading to giant magnetic mo-
ments, and often to ferromagnetism at relatively
high temperatures. More recently, interest in
p-wave superconductivity has focused on Pd as
a most likely candidate'4 because it has the
largest value of S for pure metals; however, ex-

perimental studies' with very pure samples yield
no superconductivity down to 1.7 mK. The ob-
servation of superconductivity' in irradiated Pd
at T, ~3.2 K demonstrates that drastic changes
in the electronic and magnetic properties of a
metal with large S may be expected with changes
in its structure, presumably in this case be-
cause the disorder suppresses the spin fluctua-
tions.

It is well known that changes in the properties
of materials are often caused by application of
high pressures which decrease the lattice pa-
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rameter, ao, but do not otherwise affect their
basic structure. Obviously, the common use of
alloying methods to increase ao is not satisfac-
tory for studying intrinsic magnetism/supercon-
ductivity in Pd. Instead, we have prepared thin
films of Pd, presumably with expanded lattice
parameters, sandwiched between thicker Au

films. We hoped to obtain large increases in the
Stoner factor and hence to increase the possibil-
ity of producing either ferromagnetism or p-wave
superconductivity in pure Pd. ' This Letter re-
ports the first successful observation of excep-
tionally large increases in the magnetic suscep-
tibility, y, of pure Pd in these sandwiches at low

T. The films do not show magnetic order (T
~ 2.2 K) or superconductivity (T ~0.05 K). From
the results of band calculations on Pd at negative
pressure' and our measured g values at low T
we derive very large values of 8 (-350—25000)
for the sandwiches. Since large 8 values in the
modified paramagnon model of Levin and Valls'
for superfluid 'He yield sizable values of T,
from p-wave pairing superconductivity in the
absence of magnetic ordering, we suggest the
possibility of superconductivity in similar ex-
panded Pd systems.

During deposition of metal A on a single crystal
of an isostructural metal B, the initial layers of
A form with an a, between those of A and B."
As the A layer thickens, its a, relaxes towards
the normal value; thus there is a limit to the
thickness of the modified a,. The results report-
ed here are for Pd (a, =0.3890 nm) deposited on
the (001) face of Au films (ao=0.4078 nm). The

large misfit, 4.72o/o, leads to an expanded ao(Pd),
calculated to be &2.5%, and to relaxation within
several layers. ' In order to stretch as many Pd
layers as possible, the samples were prepared
as Au-Pd-Au sandwiches to lock the expanded Pd
lattice from both sides. Of course, since each
layer of Pd atoms has a different ao and tetragon-
al distortion, the experimental data result from
an averaging process. Transmission electron
microscopy of a single Au-Pd-Au sandwich shows
the layers to be epitaxial. Moirai' fringe patterns
from (200), (220), and (311) give ha, /a, of (0.4-
2.5)%, with an average of 1.8%%uo, for Pd on Au.

Au-Pd-Au films were vaporized onto cleaved
NaCl(001) crystals at rates of 0.1—0.3 nm/sec.
Although pressure rises up to 5 X10 ' Torr (-5
&&10 ' Pa) were observed during some evapora-
tions, oxygen partial pressures were always be-
low 1 @10 ' Torr. Typically, samples consisted
of up to twelve sandwiches of 1-1.5-nm-thick Pd
(3-4 atom layers) and 10-nm layers of Au. The
total Pd mass in a sample ranged from 3 to 193
JL(g. Sample thicknesses were followed with quartz
monitors, and verified by weighing standard area
targets. Standard Faraday measurements of y
were made between 2.2 and 300 K, usually only at
1.45 T, with a sensitivity of 0.001 (and 0.03) emu/
(g-atom) for multiple (and single) Pd sandwiches.
The results, summarized in Table I, are to be
compared to )t (Pd) = 0.0007 emu/(g-atom) at 2 K.
For seven out of nine Pd-Au samples, y is well
in excess of the value for normal Pd. The larg-
est g's were obtained with samples IV and XIII,
for which the first Au layer was deposited epi-

TABLE I. Properties of Pd sandwich films.

Sample
No. of

Pd layers
Largest g

[emu/(g-atom) ]
Peff

QB/Pd)

II-1
II-2
III
IV~

V
VIII
XIII
VI
VII
IX-Al-Al
X-Pt- Pd-Pt
XIV-Au-Au

5

5
1

12
1
1
5
1
0
1
0

0.029
0.10
0.020
0.36
0.006
0.07
0.20
0
0
0
0
0

b
—3.4
—46
—7.6

b
b

—0.1

b
2.2
1.0
5.4

b
b

1.8

'Grown epitaxially.
Temperature dependence not obtained.
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taxially. " Samples IX (Al-Al) and XIV (Au-Au),
both made without pd, showed no magnetic effect.
Also, sample X, made with Pt-Pd-Pt, whose
mismatch in ao is only 0.9'/I& yielded no observa-
ble magnetism. Apparently this small expansion
of the Pd lattice is not sufficient to yield a meas-
urable effect. Over the limited T range of useful
measurements, the data fit a Curie-Weiss law, "
)t=C j(T—0) (see Fig. 1). The least-squares re-
sults are given in Table I. The small negative
8's and large X's are indicative of the samples
becoming nearly ferromagnetic. Within a spin
fluctuation model, ' T, f (=-8) has decreased to
= 1—8 K from =320 K for normal Pd.

The fragility of the expanded Pd films was seen
when sample VII was crumpled during mounting

and there was no observable paramagnetism.
Presumably, the dislocation motion relieved the
strain, i.e., expansion, in the Pd film and/or en-
hanced interdiffusion. A further example of the
effect of wrinkling on the stability of expanded
Pd is seen for sample II-1 vs II-2. Both were
taken from the same deposition but II-1 was
wrinkled during mounting, and a larger effect
(-a factor of 4) is seen for II-2. Since the data
for II-2 were taken one day later than for II-1,
the decay with time (see below) may have masked
an even larger difference. All samples showed a
decrease of X with storage time, presumably due

to the effect of mutual Pd-Au solid solution forma-
tion. In some cases, Pd color could be seen after
deposition because the Au and Pd beams were not
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FIG. 1. g vs T for samples II-2 (diamonds, g &&2),

III (closed circles), IV (squares, g &10) and XIII (open
circles). Inset shows magnetization vs applied field for
sample IV at 2.60 K.

perfectly aligned. In all such cases, only the
gold color was seen after two weeks, indicating
alloying due to diffusion. The decrease in g was
a factor of 2 after one day for II-2, and total dis-
appearance of the enhancement occurred after
two weeks. Storage at ~100 K was an effective
retardant of the decay. The use of multiple lay-
ers did not yield a larger measurable effect. It
is likely that the very low energy needed to con-
vert a 3-4 atom layer of expanded Pd to normal
Pd could be easily obtained from the subsequent
atom beams. An additional advantage of the sand-
wich technique used here is shown with VII, pre-
pared as Au(115 nm)-Pd(1 nm) with an epitaxial
Au film, but with no covering Au layer. The
sample curled severely when floated off the NaCl
because of the marked difference in surface ten-
sion of the two surfaces and it was impossible to
mount VII without wrinkling the films. Thus, the
measured g=0 is not surprising.

Sources of enhanced magnetism other than ex-
panded Pd that must be considered are the follow-
ing:

(2) Accidental impurities (e.g. , Fe) Beca.—use
the paramagnetism disappears with time or with
mechanical working, the large measured X cannot
be caused by magnetic impurities in the Au-Pd-
Au sandwiches. The process of mounting the
films for study does entrap some NaCl, which is
diamagnetic.

(2) Entrapped Oz.—The strongest argument
against 0, being the source of the effect observed
here is seen for samples XIII (Au-Pd-Au) and
XIV (Au-Au). These were prepared one after the
other and studied immediately. The oxygen par-
tial pressure during the evaporation of XIII was
never above 1.4&10 ' Torr, and during the evap-
oration of XIV was &2.4 &10 "Torr. No meas-
urable effect is seen for XIV (no Pd) while the
data for XIII behave similarly to those for II,
III, and IV. For sample III, the susceptibility
system was evacuated at 325 K and recooled to
2.4 K, again yielding the enhanced paramagnet-
ism. Furthermore, no correlation was observed
between the magnitude of y with oxygen pressure
during the various evaporations, with the number
of separate films deposited, or with the total
amount of Au and Pd deposited. In addition, the
lack of an observable effect for samples IX (Al-
Al) and X (Pt-Pd-Pt) is also a strong argument
against 0, as the source of the enhanced mag-
netism.

Enhanced magnetism for expanded Pd is not sur-
prising since it is known experimentally that pd
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becomes less magnetic when compressed. Ener-
gy band calculations' on expanded Pd yield an
8.4% increase in N(E ~) for a 2.3% increase in
lattice parameter. Since the Pd in the Au-Pd-Au
sandwich undergoes a tetragonal strain it may not
have the same increase in N(EF) as normal Pd.
With y = SX, = X,[1—VN(E F) ] ', where g, is the
noninteracting or band susceptibility and V the
electron-electron interaction, changes in N(EF)
and/or V will produce large changes in g. The
extreme sensitivity of S to changes in N(E F) is
well known. For pure Pd, with VN(EF)=0. 9, S
= 10, and V constant, a 10% (or 11%) increase in

y, yields VN(E F) = 0.99 (or 0.999) and S= 100 (or
1000). The sensitivity of S to changes in V is
seen if one uses the calculated increased' N(E, ),
now held constant. For b.V/V= 2.5%, S becomes
enormous (10'). Thus, very slight changes in the
weighted average of Qp $p or V for the expanded
Pd films lead to dramatic variations in the ob-
served values of S.

Two methods may be used to give crude esti-
mates of the magnitude of S from the present da-
ta. Since hg/~ is small, ' b, g/y~AS/S. The
value of b, y/y at 0 K obtained from the least-
squares fits in Fig. 1 yields a range of S values
from 350 to 25 000. Alternatively, ' the definition
of S is S= T,/T, f,. T, is the degeneracy tempera-
ture, taken here as the difference between the
top of the d band and E F. A value of Tp= 2800 K
for the present case, 2.3% expansion, seems rea-
sonable. ' As before, we take T, q

=- 0, which
yields S values ranging from 370 to 28000. Since
neither of these estimates is rigorous and be-
cause the inhomogeneity of the Pd films may pro-
ject differently in the two calculations, the two
sets of S values may not agree. However, as
shown in Fig. 2, there is a general correspon-
dence between the two sets of S values.

In all estimates of p-wave pairing induced
superconductivity, a large (but not too large)
value of S is favorable for superconductivity. For
example, Fay and Appel' calculate a maximum

T,=0.5 K at 8= 70 for Pd within the paramagnon
model. Using a modified paramagnon model in
conventional strong coupling theory for super-
fluid 'He, Levin and Valls' showed that T, reach-
es a maximum (=8x10 '

To) for S= 200, and is
reduced to -(+0.5) &10 4 T, for S= 10~. While not
quantitatively applicable to our Au-Pd-Au sand-
wiches because of large solid-state effects not
found in 'He, these theoretical estimates and our
large calculated 8 values indicate the possibility
of observing p-wave pairing superconductivity in
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FIG. 2. Stoner factor calculated by the two methods
described in the text.
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these systems at finite temperatures. However,
since the proximity effect (if not possible micro-
scale magnetic ordering at temperatures below
those obtained in the present work) will reduce
T, to zero in our thick layer Au sandwiches,
measurable superconductivity may occur only for
thin sandwiches.

The possibility of expanding the Pd still further,
e.g. , with' Ag-Pd-Ag (ba, /a, =0.0491 vs ba, /a,
= 0.0472 for Au-Pd-Au) is being explored. More
stable films may be obtained by depositing Pd on
bcc substrates, where there is no mutual solubil-
ity. " In the latter case, it would also be possible
to examine the effects of the Pd films on super-
conducting bcc films via the proximity effect.
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A two-parameter model based on three-spin exchange and planar four-spin exch~~&e
gives at low field a first-order transition to the ordered phase suggested by Osheroff,
Cross, and Fisher and at high field gives a second-order phase agreeing with the ex-
periments of Godfrin et aE. and Adams & &. It also fits we11 the high-temperature expan-
sion coefficients and the susceptibility of the low-field phase.

PACS numbers: 75.30.Et, 67.80.Jd, 75.40, Fa

Four experiments' ~ have recently been report-
ed which clarify the nature and location of the
magnetic phases of solid 'He. Figure 1 summa-
rizes their contributions. The work of Adams et
al. ' has confirmed that the high-field braDch of
the phase diagram is a second-order phase tran-
sition and has given information about possible
phase structures below the transition tempera-
tures. Godfrin et al. have followed a feature
which seems to correspond to this phase line to
the region of 7 T and 3 mK. The work of Prewitt
and Goodkind' has confirmed the first-order na-
ture of the transition below 0.41 T and discovered
another phase transition line below the second-
order transition at about 0.42 T.

Finally and most remarkably the experiment of
Osheroff, Cross, and Fisher' on single crystals
of 'He below the phase transition and at low field
indicates that the magnetic structure of that phase
is probably of the 100 up-up-down-down (uudd)

form, and in any case the sublattice structure is
not cubic and is characterized by a vector along

the 100 direction.
Of the theories put forward to explain the mag-

netic properties of solid 'He magnetism' only the
idea that four-particle ring exchanges are large
enough to induce first-order transitions' ' still
seems viable. We show that this theory can ex-
plain all the measured high-temperature coeffi-
cients and give an approximate phase diagram.

The kinds of exchanges which we might have
considered include (i) nearest-neighbor exchange
Z(nn), (ii) three-particle ring exchange J'„
(iii) four-particle planar ring exchange K~,
(iv) four-particle folded ring exchange Ks. K~
and K~ lead to four-spin terms in the Hamilto-
nian. ' Other exchanges such as two-particle sec-
ond-neighbor exchange or five-particle ring ex-
change are expected to be smaller. ""Early cal-
culations" indicated that the four-spin exchange
terms were very small but those calculations
were based on variational wave functions which
couM not be correct on the tunneling path. Esti-
mates of the wave function inside the tunnel indi-
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