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I. INTRODUCTION

This paper will review our present understandirlg
of two classes of dilute alloys: (i) dilute ferromagnetic
alloys with iron, nickel or cobalt as host metal; (ii)
dilute alloys of transition metals with hosts such as
copper, gold, silver, zinc. The emphasis will be-upon
the use of the Mossbauer effect to help understand
the properties of these alloys. Because only a few
Mossbauer experiments have been performed on
these alloys to date, the discussion will, of necessity,
be mainly theoretical and mainly a statement of pos-
sible experiments.

II. DILUTE FERROMAGNETIC ALLOYS

This topic has been reviewed in a paper by Friedel. '
Friedel begins his discussion by reference to the
famous Slater —Pauling curve which we reproduce
here as Fig. 1. From this figure we recognize three
classes of alloys:

(a) Alloys based on Co or Ni giving the right-hand
branch of the curve (CuNi, NiCo, CoFe);

(b) Alloys based on Fe giving the left-hand branch;
(c) Alloys based on Co or Ni giving a sharp drop

in p as the impurity concentration (of Cr, Mn, or V)
is increased.

* Presented by %. Marshall.
i J. Friedel, Nuovo Cimento Suppl. 7, 287 (1958).

The alloys of type (a) are the simplest to under-
stand. Consider NiCo as an example. The band
structure of Ni is shown symbolically in Fig. 2. This
figure shows the d band as entirely below the Fermi
surface: the ds band is displayed to higher energy by
the exchange interactions, and the Fermi surface
intersects it so as to give 0.6 holes per atom in the d p

band, as deduced from the saturation magnetization
of 0.6 ps.

When- a Co atom is introduced into Ni, the elec-
trons see it as a repulsive potential of one unit: they
are scattered from this potential, and therefore the
wavefunctions are no longer plane waves; the elec-
tron charge density is therefore changed in such a
way as to reduce the electron density on the Co atom
where the repulsive potential exists. This in turn
changes the scattering potential seen by the elec-
trons by providing a screening effect. The effective
scattering potential must therefore be determined

by some self-consistent calculation. We can, how-

ever, foresee the results of such a calculation by a
very general argument: because the host is a metal,
the effect of the Co impurity must vanish at suf-
ficiently large distances. Thus, at large distances, the
electron density must be that of pure Ni. This means
that on the Co atom itself and in its immediate
vicinity there must be room over™a11for one less elec-
tron with energy below the Fermi surface. This then
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exactly compensates for the fact that Co brings with
it one electron less than Ni. We can go beyond this
exact result by observing that Co and Ni have the
same electronegativity and, therefore, to a zero-order
approximation, each unit cell will be neutral. Hence,
to a zero-order approximation we can describe the
alloy as having one less M electron in the Co unit
cell with the Ni atoms left undisturbed.

2.0-

Mn Fe Co
I

Cu

Fra. 1. A simplified
Slater-Pauling curve giv-
ing the saturation magnet-
ization p in units of the
Bohr magneton as a func-
tion of electron number.

How do we arrive at this solution starting from the
band picture of Fig. 2? The effective scattering po-
tential may or may not be strong enough to pull
bound states above the top of the d and dp bonds:
to zero order this point is of no consequence, pro-
vided all the d states remain below Er. Because the
d band is entirely below the Fermi surface, no per-
turbation of it can produce any change in charge
density (on the tight binding model every atomic
3d state is occupied and any arbitrary set of one-
electron wavefunctions gives the same many-electron
wavefunction and the same charge density). The per-
turbation and screening therefore involves the dp

band exclusively. (We ignore the conduction band to
zero order because it has a much smaller density of
states than the dp band. ). The dp band is therefore
displaced upwards so that it has exactly one electron
less below the Fermi surface, and the detailed wave-
functions below this Fermi surface are charged so
that they have less amplitude on the Co atom and
slightly more on the Ni atoms. As a result, summing
over all states below Ef, the last electron is entirely
on the Co, and the Ni atoms are undisturbed. This
model predicts the moments

pN;
——constant 0.6, p,c. = 1.6,

p = 0.6 + 1.0c.(1)

The observed p is in excellent agreement with this.
More generally if the impurity has nuclear charge Z
relative to the host, we expect the results

phost constant
p @impurity IJhost

p = p,s.„—Zc. (2)

This last law is well obeyed by the alloys of type (a).
It should be emphasized that the discussion given

above is correct only to a zero-order approximation.
One important addition to the discussion is the fact
that, because the electrons form a degenerate gas
with a sharply defined Fermi surface, it is impossible
to achieve the simple charge distributions described
above. In particular, the host atoms cannot be left
undisturbed because charge and moment oscillations,
with a period related to the Fermi vector, and with
an amplitude steadily decreasing with distance are
set up. For a discussion of these effects see Yosida'
and Blandin and Friedel. '

From the above discussion it is clear that we would
expect observations on the hyperfine fields of the
host nuclei [most conveniently performed by NMR
techniques for type (a) alloysj to show only small
deviations from the hyperfine field of the pure metal.
These deviations would mostly come from the
damped oscillations of the magnetic moment in both
the conduction electron gas and the d electron gas.
The NMR pattern would be a superposition of
spectra arising from the hyperfine field at nearest
neighbors, next-nearest neighbors, . . . distant
neighbors. The lines from the Grst few neighbors
should be resolvable from the main peak. A proper
interpretation of the measurements would be hard
because the hyperfine field does not have a simple re-
lation to the moment density in the unit cell, and
our understanding of these ferromagnetic alloys ex-
tends little further than the elementary discussion

IEf
I

I

I

conduction band

F

FIG. 2. A schematic diagram of the density-of-states Z(E)
curve for Ni.

s K. Yosida, Phys. Rev. 106, 898 (1957).
s A. Blandin and J. Friedel, J. Phys. Rad. 20, 160 (1959).
4 C. Shull and Y. Yamada, J. Phys. Soc. Japan 17, Suppl.

B III, 1 (1962).
s P. W. Anderson, Phys. Rev. 126, 41 (1961).

sketched above; we do not even know if, in the pure
metal, the conduction electron moment is parallel or
antiparallel to the mean magnetic moment. Although
for some years we have assulned parallel alignment,
recent but unconclusive work by Shull and Yamada, 4

and a theoretical discussion by Anderson' suggest the
antiparallel alignment may be correct.



MARsHALL et aL. Magnetism of Dilute Alloys 401

Although several NMR experiments on Co-based
alloys have been performed, they have not, so far as
we are aware, produced meaningful results. There are
several reasons for this: suppose, for example, the
Co" resonance is examined in an alloy containing 1%
Fe. The Co atoms which are nearest neighbors to the
Fe impurity do not all have the same resonance fre-

quency because the excess magnetic moment in the
Fe unit cell produces a dipolar field at the Co nuclei
in the neighborhood; and for the nearest neighbors
this field is substantial ( 1000 G) and, in general,
different for the different neighbors because a dipolar
field depends upon the angle between the magnetiza-
tion and the vector joining the Fe atom to the nucleus
concerned. I"urthermore, Portis and Kanamorie have
drawn attention to the fact that the introduction of
an impurity ion could distort the charge and spin
distributions around the neighboring Co atoms in

such a way that in some cases this effect could be
enhanced. Also, the near-neighbor resonances are
affected by the quadrupole interaction with the elec-
tric Geld gradient set up by the impurity, and finally,
all these effects have to be averaged over the mag-
netization directions taken up in a domain wall. In
view of all these complications, it is not clear if the
nearest-neighbor shell should give several distinct
resonances or if the signal from them should be so
blurred that it should not be seen at all. Similar re-

marks apply, with less force, to the resonances from
more distant atoms. In view of these diKculties of
interpretation associated with the NMR alloys, the
Mossbauer effect will probably remain the most ef-
fective way of studying the hyperfine field distribu-
tions in ferromagnetic alloys containing Fe".

At this point it should be remarked that, although
the ability of NMR or Mossbauer experiments to
measure the hyperfine fields at successive neighbors
to an impurity can be of potential value, this poten-
tial will only be realized fully if it can be shown

empirically that there is some simple interpretation
of the hyperfine Geld in terms of local magnetic mo-

ments. This question has been examined for Fe" in

the more concentrated alloys by the authors, "who

found no simple relation between hyperfine field and
the iron moment or the mean alloy moment. It is
therefore specially valuable to compare the hyper-
fine field measurements in dilute alloys with the
magnetic moments measured by diffuse magnetic
scattering of slow neutrons. Some neutron experi-

e A. Portis and J. Kanamore, J. Phys. Soc. (Japan) 17, 587
(1962).

r W. Marshall and C. Johnson, J. Phys. Rad. 23, 733 (1962).
8 C. E. Johnson, M. 8. Ridout, and T. E. Cranshaw, Proc.

Phys. Soc. (London) 81, 705 (1963).

ments of this type have been performed by G. Low
and M. Collins on NiFe, NiMn, and NiV, and Ni—Cr
alloys: experiments on the Fe-based alloys are now
in hand. "These neutron experiments give the mag-
netic moment on the impurity atom, on the nearest-
neighbor shell, on the next-nearest-neighbor shell,
and so on. They therefore give information of much
more basic interest than the hyperfine field, but these
neutron experiments are hard to perform, and it is
worthwhile to supplement them with the easier
NMR or Mossbauer experiments. The neutron re-
sults on NiFe confirm the simple discussion given
above; they show that pF, is 2.7 and pN; remains 0.6.
The Ni neighbors of each Fe are very little perturbed.

The alloys of type (b) are hard to understand. If
the d band of iron were entirely below the Fermi
surface, there would be 2.2 holes in the ds band and
only 0.2 conduction electrons per atom. This latter
figure is too low to be reasonable, and therefore we
deduce that the d band cannot be entirely below EI.
Hence, there are holes in both the d and dp band,
and consequently the discussion of these alloys be-
comes complicated. There exists no theory of their
behavior which commands general acceptance. It is
particularly surprising that so many impurities (Al,
Au, V, Si) merely appear to dilute the Fe so far as
the magnetic properties are concerned.

The Mossbauer absorption. spectra of these alloys
are, in general, complex, showing a six-line spectrum
similar to that of natural iron; but superimposed on
it are spectra corresponding to Fe atoms in which the
hyperfine Geld is substantially different. It is natural
to interpret this spectrum as being due to Fe atoms
having no, one, two, etc. , neighbors of the alloying
element. In general, it is found that up to three
neighbors the effects are additive and that the re-
duction in hyperfine field by each neighbor is about
7%. In some cases (FeA1, I"eSi) the field for the Fe
atoms with no impurity neighbors is the same as in
natural iron, whereas in others (FeV, I"eCr) the field

is increased. The fact that this increase occurs with-
out appreciable line broadening indicates that many
more atoms than are contained in the next-nearest-
neighbor shell must contribute. Alloys of Fe with

V, Cr, and Mn have been investigated using the
neutron technique by Collins and Low, " who find

that their observations on FeV and FeCr alloys can
be described by supposing that the moment on
nearest neighbors of V and Cr is reduced by 8% and
that the moment on about 50 neighbors more distant
than the nearest neighbors is increased by about

s G. Low and M. Collins, J. Appl. Phys. 34, 1195(1963).
M. Collins and G. Low (private communication).
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1.5%. If we assume that the hyperfine field at the
Fe nucleus is proportional to the moment on the Fe
atom, this is at least in qualitative agreement with
the Mossbauer investigations. However, I ow and
Collins find that Mn atoms have no inhuence on the
moment of neighboring Fe atoms, whereas the Moss-
bauer investigaitons show that the Fe.hyperfine field
is reduced by the usual 7%.This casts serious doubt
on the assumption of proportionality between hyper-
fine field and magnetic moment.

The Mossbauer investigations can provide two
other pieces of information. The erst concerns the
intensity of the lines which we have attributed to Fe
atoms that have impurity atoms among their near-
est neighbors. These intensities give a measure of the
relative probabilities of each Fe atom having no, one,
Or two neighbors. In some alloys the probabilities
differ markedly from those calculated on the as-
sumption of a random distribution. Some alloys
(FeV FeCr) show a tendency for Fe atoms to have
one impurity neighbor. In others (FeMo, FeW,
FeRe), Fe atoms tend to have zero or two impurity
neighbors. Thus short-range order can be investi-
gated.

The second concerns the isomer shift produced in
Fe atoms by an impurity neighbor. In general, we

may expect that an impurity atom will disturb the
s electron density at neighboring Fe nuclei. Si
(Stearns"), Ge, and Sn all produce positive isomer
shifts on neighboring Fe atoms of the order of
0.05 mm/sec, corresponding to a reduction in s elec-
tron density. It is not clear whether the effect is a
direct reduction of 4s electron density or an increase
in 3d electrons causing a shielding of 3s electrons.

The alloys of type (c) are partially understood.
The magnetic moment behavior is explained by
Friedel' as follows. The effective repulsive potential
is very much stronger for these alloys than for those
of type (a), and therefore bound states can certainly
be pushed out of the top of the d and dp bands, for
example, NiV has Z = —5. %e suppose the potential
is strong enough to push the d bound states above
the Fermi surface and that the full fivefold degen-
eracy of the d band is retained so that five d elec-
trons empty mainly into the ds band (a small frac-
tion empty into the conduction band). Hence the
third equation of (2) is modified to read

tT = ghost(10 +, +)& g

and this law holds approximately for the alloys con-
cerned. It is easy to see that the bound states pushed

ii M. B. Stearns, Phys. Rev. 129, 1186 (1968).

out of the band cannot be compact in space. If, for
example, they were dominantly the 3d atomic states
of the impurity, say V, then because both the d and
dp bound states are empty, the V atom would have
no 3d electrons at all. This strongly violates the
rough rule that every unit cell is electrically neutral,
and therefore we deduce that the self-consistent ef-
fective potential must be such that the bound states
are not compact in space but must have appreciable
amplitude on the nearest-neighbor and next-nearest-
neighbor atoms. For the case of NiV the charge dif-
ference Z is —5, so we deduce that the bound states
must have about half their weight on the V atom
and half on the Ni atoms in the immediate vicinity.
In these circumstances we expect appreciable dis-
turbance of the magnetic moments on the near-
neighbor Ni atoms. This argument is confirmed by
the neutron experiments of Low and Collins' on
NiV and NiCr, which show a large reduction in the
magnetic moment of the nearest neighbors to each
V or Cr atom. In the Co-based alloys (CoV, CoCr),
the NMR signal from the nearest neighbors has been
searched for but not found. ""

III. DILUTE ALLOYS OF TRANSITION METALS
VGTH CU, AG, AU, AND ZN

As an example of these alloys, we consider CuFe,
but we should emphasize that there appear to be at
least two types of alloys of this kind: one typified by
CuMn and the other by CuFe."In detail, therefore,
the discussion of these alloys varies from case to
case. All of them show remarkable specific-heat
values at low temperatures. For CuMn Hoare and
Zimmerman15 find a specific heat above that of pure
Cu, which is linear in temperature and independent
of concentration at low enough temperatures and
over an appreciable range of concentrations. For
CuFe Franck, Manchester and Martin" find quali-
tatively similar results but with some important dif-
ferences in detail (an alloy of 0.2%%uz Fe gave the
specific heat linear in T, but alloys of O. l%%u~ and
0.05%%uo give specific heats with some considerable
curvature in their dependence on T).

The first explanation of these results was given by
Overhauser" in terms of static spin-density waves.

is R. C. LaForce (private communication).
» M. Rubinstein (private communication).
I4D. L. Martin, in Proceedings of the Eighth International

Conference on Lour Temperature Physics (Butterworths Scien-
tific Publications, Ltd. , London, to be published).

~ F. .E Hoare and J.K. Zimmerman, J.Phys. Chem. Solids
17, 52 (1960).

M J. P. Franck, F. D. Manchester, and D. L. Martin, Proc.
Roy. Soc. (London) 263, 494 (1961).

ir A. W. Overhauser, J. Phys. Chem. Solids 13, 71 (1960).
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He applied his theory to the CuMn alloys and found
excellent agreement with experiment. An alternative
theory was also advanced by one of the authors" who
used the well-known Huderman —Kittel —Yosida spin
interaction as the basis for an explanation. The latter
theory has recently been made quantitative by Klein
and Brout" and by Klein."The feature common to
all these theories and essential to explain the results
is that there is some degree of randomness in the
alloy. Because of this randomness the exchange
field acting on any particular impurity spin has a
probability distribution which is a continuous func-
tion instead of a sharp 8 function as it would be for a
concentrated and pure ferromagnetic. In the Over-
hauser theory the randomness comes from the phase
of the static spin-density wave as it passes over the
impurity; because the wave has a wave vector in-
commensurate with the lattice, all phases are pos-
sible. In the alternative theory the randomness
comes from the variation in distance apart and spin
orientation of every possible pair of impurity atoms.

The probability distribution function is easy to
construct in the Overhauser theory. The field acting
on a spin j is supposed to be

H; = Acosk R; = d cosy, , (4)

where k is the wave vector of the spin-density waves
and 6 is proportional to its amplitude. If k is in-

commensurate with the lattice, all phases q; are
equally likely and it follows immediately that, if
p(H)dH is the probability the field lies between H
andH+ dH,

p(H) = (1/~)(1/(~' —H')'I (5)

for values of H between —6 and +6, and is zero
otherwise. Overhauser also shows that, to a good ap-
proximation, 6 is given as a function of temperature
-by the relation

given only as a rough sketch. For heuristic purposes
only we can represent the p(H) by the sum of two
Lorentzians: thus,

pH) = —, , +=1
e p

7s' -6 + (3I —8) dP+ (H+ b)—

where 6 and 5 both have a slow dependence on T,
and 6 ) hat low T. Thus at low T, p(H) hasa local
minimum at H = 0 and two maxima, one on each
side. At low T, 6 and 8 should be proportional to c.
It should be strongly emphasized that the theory
did not deduce (7) or any other expression as a pre-
cise form; we introduce (7) merely to give a con-
venient qualitative representation of the result.

It can be shown that the low-temperature specific-
heat results are sensitive only to the value of p(0)
and, therefore, cannot by themselves distinguish be-
tween these theories. However, in principle, the
Mossbauer effect, can measure the complete p(H)
curve as a function of temperature and concentra-
tion. To see how this can be done, consider CuFe as
an example. From the specific-heat results the mag-
netic entropy can be calculated, and Franck, Man-
chester, and Martin" show that it approaches 8 log 2
at high T. They therefore deduce that the Fe has
spin —,

' in this alloy. It follows that the mean z com-
ponent of spin of a particular atom is

lt = 2a(8), (9)

where h is the hyperfine field and c is a constant of
the order of 10' G. From (8) and (9),

(8) = -', tanh pH//kT,

where H is the exchange field on that particular Fe
atom. But in this alloy, because it is so dilute

(c & 1%), we can take the hyperfine field to be pro-
portional to (8) to an excellent approximation; hence

~(T) = ~(0)l1 —(TIT.)'l'
lt = tt tanh AH/kT . (10)

where T, is the ordering temperature of the alloy. It
is important to note at this point that CuFe does not
show a sharp ordering temperature proportional to
concentration as is the case for the CuMn alloys.
Thus it is not clear if it is possible to extend the
Overhauser theory to CuFe: certainly if it is found
that spin-density waves are absent in CuFe, it im-

plies nothing about their existence in CuMn.
The alternative theory is very much more quali-

tative in nature; in fact the p(H) curve could be

's W. Marshall, Phys. Rev. 118, 1519 (1960).
'9 M. W. Elein and R. Brout (to be published).
2s M. W. Klein (priVate communication).

This equation shows that there is a one-to-one rela-
tionship between the exchange field H acting on the
Fe electron spins, and the hyperfine field h acting on
the Fe nuclear spin. Hence, if there is a distribution
function for the first, there must be a distribution
function for the second. In principle, the distribution
of hyperfine fields P(h) can be measured by a Moss-
bauer experiment, and therefore, using (10), the dis-
tribution for the exchange field can be deduced. The
experiment is difFicult because the Fe concentration
is low and the Mossbauer spectrum from each h value
is the sum of six lines, each with a natural width.
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l't = alJ,H/kT

A=a
for H ( kT/p,
for H ) kT/ii,

The interpretation can be simpli6ed by approxi-
mating (10) by the result

functions appear in (12). In the higher temperature
region the alternative theory gives b functions be-
cause p(H) is nonzero even for large H. But the
Overhauser theory gives no b functions until T is be-
low a limiting value T& given by

P(h) = IkT/aII, I p(kTA/ap) + I g(h —a)

+ il(h+ s)}f de(H), (12)
arly

and it is understood that in the first term of (12), h

is restricted to be less than a. The distribution of
hyperfine fields indicated by (12) is complex. The
second term gives sharp hyperfine fields and gives
rise to the familiar six-line Mossbauer spectrum of
Fe". The first term of (12) gives a continuous dis-
tribution of hyperfine fields and therefore a very
broad absorption signal. A detailed comparison of
experiment to the results predicted by (5) and (7),
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ABSORPTION SPECTRUM 2.6% Fe IN Cu

FIG. 4. The data for a CuFe alloy of concentration 2.6/&.
The curve is the least-squares Gt using Kq. (7) for p(H).

Substituting from Overhauser's equations this be-
comes

ABSORPTION SPECTRUM I.3 /o Fc IN Cu

FIG. 8. The data for a CuFe alloy of concentration 1.3'p().
The curve is the least-squares fit using Eq. (7) for p(H).

respectively, should provide important information
on the mechanism of the magnetic ordering in these
materials.

The main qualitative difference between the re-
sults predicted by the theories is in the way the 5

Below this temperature the amplitude of the b func-
tion rises very rapidly. The alternative theory gives
a more gradual increase in the amplitude of the 8

function.
Some preliminary results have been obtained on

the CuFe system and are shown in Figs. 3 and 4, and
the parameters obtained by a least-squares fit using
computer programs based upon (7) are shown in
Table I. The solid curves shown in the diagram are
these least-square Gts. %'e were unable to obtain any
good fit based on (5) and therefore do not give any
details; also, as we have emphasized, there is no
reason to expect (5) to be appropriate for these par-
ticular alloys. For these first experiments we used
Fe concentrations of 2.6%, 1.8%, and 0.5%. These
concentrations are far too high to expect agreement
with either of the two theories described above (the
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highest concentration used by Martin was 0.2%),
but to establish the technique it was advisable to use
high enough concentrations for a Mossbauer ab-
sorption spectrum to be observed easily.

The results clearly show that the samples contain
both fully aligned and partially aligned spins at the
temperatures of 1.3 and 1.2'K. The displayed pat-
tern was divided into 100 channels of such a width
that a room-temperature linewidth equalled only 4
channels. In view of this fact and in view of the
statistical error, we believe the fit to the data using
(7) to be reasonable. At 77'K the spectrum was a
single line, only slightly broader than that observed
at room temperature.

The concentrations used in our experiments are
beyond the solubility limit for Fe in Cu; they were
therefore prepared by a fast quench from 900'C.
Some samples were annealed at 500'C, and they then
showed a different Mossbauer pattern (a broad rec-
tangular absorption) which we ascribed to fcc ag-
gregates of Fe. Subsequent cold working produced

TABLE I. Values of the parameters found in the least-squares
fits shown in Figs. 8 and 4. The parameters 6 and 8 are defined

in the text.

Temp 'I
Concentra-

tion /q
6 kg
bkg

Data fitted to Eq. 7

1.3 2.6 1.3 2.6
16 + 1.0 25 + 1.5 8.5 + 0.4 9.0 + 0.6
19 + 0.7 28 + 1.6 9.8 + 0.5 10.2 + 0.7

bcc Fe which was detected by its characteristic
Mossbauer absorption spectrum. In view of their re-
sults we are confident that the main samples used
have the iron in solid solution, but we have no way
of testing for homogeneity.

The MOssbauer patterns shown in the figures have
several characteristic features. The over-all shape is
triangular and this qualitatively is to be expected
from any broad hyperfine field distribution; for ex-
ample, a rectangular distribution of hyperfine fields
would produce an absorption spectrum which would
be a superposition of three rectangles of different
widths with the inner narrow rectangle the deepest
and the outer rectangle the shallowest. Making al-
lowance for the natural width of the absorption line,
this becomes modified into a rough triangle with
shoulders appearing at the points corresponding to
the extreme limits of each rectangle. Superimposed
on this "triangular" absorption spectrum is a weak
six-finger spectrum which, at the temperatures used,
is visible to the eye only for the 2.6 alloy. The spectra

observed at 1.3'K clearly show the shoulders ex-
pected from this description. One important addi-
tional feature displayed in all the spectra is the split
pattern of two lines in the center. These lines are too
strong to be the central two lines of a six-finger
spectrum (if they were, the other four lines of the
spectrum would be exceedingly strong) and there-
fore must reflect some feature of the p(H) curve.
Because this part of the spectrum reflects p(H) at
small H, we deduce that the p(H) curve has a local
minimum at H = 0, and the minimum is reasonably
sharp. The asymmetry in the computed curve arises
from the fact that the computer program allowed for
a possible isomer shift correlated with the local mag-
netic field.

A glance at Table I shows that the theory de-
scribed above does not account for the experimental
results. A major feature of the results is that the
width of the p(H) curve increases with increasing
temperature, whereas the Overhauser theory gives a
width decreasing with increasing T, and the alterna-
tive theory gives a roughly temperature-independent
width. It is therefore clear that alloys of these con-
centrations in this temperature range are displaying
phenomena quite different from that which the
theories were attempting to describe. This in itself is
not surprising because the concentrations used in
our experiments are an order of magnitude larger
than those where the specific-heat measurements
were performed.

Nevertheless, it is worthwhile to speculate on the
cause of this increasing width of p(H) with increas-
ing temperatures. One possibility we believe can be
dismissed is that it is due to increased spin disorder,
and to understand this point it is necessary to con-
sider carefully what p(H) represents. At low tem-
peratures we assume that each spin is locked parallel
to the local exchange field (without real justification
we ignore zero-point motion). The exchange field
then has a distribution solely because of the geomet-
rical disorder associated with an alloy; each site has
a different exchange field because each site has a dif-
ferent environment. As the temperature is raised
two things happen: the spins acquire a smaller align-
ment along their local exchange field and this changes
the geometrical effect; also the Quctuations in the
spins from one orientation to another introduce a
time-varying field at each site. This time-varying
field at a site occurs at frequencies such that the spin
at the site can respond to the field, and so when dis-
cussing the energy in the electron spin system, it is
reasonable to include the effects of both geometrical
disorder and spin disorder in the p(H) curve. The
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spin disorder acts qualitatively very much as though
it were at zero frequency. But the fluctuating fields
due to spin disorder occur at frequencies comparable
to j/It, where J is a characteristic exchange coupling,
and for this system we can take J to be of the order
of 6'E (the specific-heat results of Franck, Man-
chester, and Martin show a maximum at this tem-
perature for the three alloys they studied). The
fluctuation time is therefore of the order of 10 "sec,
and this is too short for the nucleus to respond ef-
fectively. Therefore, if this rough estimate is correct,
the Mossbauer experiment should see only the dis-
tribution of fields due to the geometrical effect.

We are unable to give any plausible explanation
of why the width of our p(H) curves increases with
increasing temperature. However, it is worth noting
that in our alloys the nearest-neighbor exchange in-
teraction is playing a more important role than in

the alloys where the specific-heat anomalies have
been observed. For example, in the 2.6% alloy there
is a 30%%uo chance that an Fe atom has a nearest
neighbor which is also Fe. Assuming this nearest-
neighbor interaction is antiferromagnetic and
stronger than the more distant interactions, it seems
likely that our samples must contain a good deal of
zero-point motion in the spin system. This quali-
tative idea is supported by the observation that the
entropy deduced from the specific-heat results on an
0.2%%uo alloy showed that the spins at 1.3'K were al-
most completely aligned, whereas our Mossbauer
measurements on higher concentrations show that,
at the same temperature, the majority of the spins
are only partially aligned. We believe the present re-
sults indicate that the experiments could be profit-
ably pursued at lower concentrations and lower
temperatures.

CONTRIBUTED PAPERS FOR SESSION V

Magnetic Shielding and Local Moments of Fe» Im-
purities*
R. D. Taylor, W. A. Steyert, and D. E. Nagle, Los
A/amos Scienttftc Laboratory

The hyperfine field of Fe57 has been studied as a function of
temperature and external magnetic field for sources com-
posed of Co57 diRused into such host metals as Cu, Ti, Nb,
Au, Pd, and Pt. In zero external field all of the sources,
except Ti, showed a single narrow Mossbauer line at all
temperatures from 300 to 4 K. Titanium, not being cubic,
gave a broader line. At room temperature these sources
showed little, if any, shielding of the Fe57 from the ex-
ternal field, i.e., the observed partially resolved Mossbauer
hyperfine spectrum directly corresponded to the applied
field. At 4'K a remarkable magnetic shielding is apparent
for Cu, Ti, and Au, while little shielding was found for
Nb, Pd, and Pt.

We define the shielding constant a = (H —H, ff +
H,)/H, where H is the applied field, H, it is the field at the
Fe57 impurity deduced from the Mossbauer spectrum, and,
where present, H, is the internal field. We find o (4 K) is
0.45 + 0.04 for Cu, 0.23 + 0.05 for Ti, and 1.0 + 0.1 for
Au. The value of a for a given source at 4 K is nearly con-
stant, independent of H, up to 60 kOe, the maximum field
used. For Cu, a was studied in detail as a function of tem-
perature with H = 60 kOe. A reasonable fit to the data is
given by a = 8.1/(T + 13).Circular polarization measure-
ments showed H, ff for Cu to be positive with respect to H.

Previous studies of the localized moment of Fe57 in Pd
and Pt' assumed zero shielding of the impurity from the
external field. A somewhat improved fit of the data is pos-
sible if one allows a to be 0.05 and 0.11, respectively. A
similar treatment of new data on Fe in Au requires a to
be 1.0 + 0.1. The local moment observed is 2.0 + 0.2
Bohr magnetons if I = 1 is assumed and the saturation
internal field is —120 + 2 kOe.

~ Work performed under the auspices of the U. S. Atomic Energy
Commission.

P. P. Craig, D. E. Nagle, W. A. Steyert, and R. D. Taylor. Phys.
Rev. Letters 9, 12 (1962).

High Field Studies of Localized Moments in Metals

N. Blum and A. J.Freeman, National Magnet Laboratory*
L. Grodzins, Physics Department, Laboratory for Nuclear
Science t MIT

In this paper we report on a series of Mossbauer experi-
ments in high external magnetic fields. Such measurements
have been shown to give new information concerning
localized magnetic moment distributions in metals and
alloys. ' '

The hyperfine field at the Fe57 nucleus in a number of
alloys of the 3d and 4d transition metals was measured as a
function to temperature and applied magnetic field over
the range 1.5 to 300 K and up to 110000 Oe in both
longitudinal and transverse field geometries using high cur-
rent Bitter solenoids. The spectrometer, which is similar to
those described elsewhere, 4 uses a constant acceleration drive
system to produce a linear velocity spectrum, and a multi-
channel analyzer for handling and storing the data. Results
for 1% Fess in Ti and Sc are given; these show no addi-
tional contributions to the hyperfine field at any tempera-
ture studied. Alloys with 1% Fes7 in Mo and Rh exhibit
large negative temperature-dependent contributions to the
hyperfine field at low temperatures. These results contrast
with recent experiments using Co in Mo and Rh as
sources, 2 where no anomalous contributions to the hyper-
fine field were observed. Experiments using Co57 in Cu as
a source also exhibit large temperature-dependent negative
contributions to the hyperfine field at low temperatures.
Details of the results are given, and the data are analyzed
and discussed in terms of current theoretical views on
localized magnetic distributions in metals.

*Supported by the U. S. Air Force Office of Scientific Research.
t Supported by the U. S. Atomic Energy Commission.
t N. Blum and L. Grodzins, Bull. Am. Phys. Soc. 7, 39 (1962).


