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AcC susceptibility of the dilute PdFe system

Z Wang, H P Kunkel and Gwyn Williams
Depariment of Physics, University of Manitoba, Winnipeg, R3T 2N2, Canada

Received 9 June 1992 in final form 5 October 1992

Abstracl. We present a detailed study of the field- and temperature-dependent AC
susceptibility of Pd containing between 0.35 and 2.4 at.% Fe which reveals a number
of unusual features of this previousty well studied system. While all of the samples
examined become ferromagnetic at low temperature, there are marked differences in the
critical behaviour at different compositions. Near 1.4 at.% Fe this system displays near-
Heisenberg-model exponents (v = 1.39, 8 = 0.365, § = 4.8) with little exchange-bond
disorder. By contrast, at both higher and lower compaosition, effective exponent values
that vary with both temperature and field are found, a result which is consistent with
significant exchange-bond disorder. At lower composition, fluctuations in the exchange-
coupling strength can arise due to oscillations that occer in the conduction-electron
polarization at large distances, but at higher composition an alternative mechanism for
exchange competition must exist. We suggest that direct Fe-Fe near-neighbour exchange
is the source of this competition, and discuss other properties of the PdFe system that
support this suggestion,

1. Introduction

PdFe is probably the most intensively studied giant-moment system, having been
investigated by a wide range of transport, magnetic, specific-heat, Mossbauer and
resonance methods [1-11]. Its composition—critical temperature diagram—summarized
in figure 1—is consequently well established, covering some five decades in composition
from 2 ppm to 25 at.% Fe (Pd,Fe; both spatially ordered and disordered). At low Fe
concentration (¢ € 100 ppm) the system is a spin glass, with a critical temperature
T,, scaling approximately linearly with composition at a rate T,,/c ~ 75 pK/ppm
Fe [2,3). The ferromagnetic percolation threshold between exchange-enhanced giant
Fe moments occurs in the vicinity of 0.01 to 0.1 at.% Fe, although even above this
composition a significant number of these moments are not coupled by direct overlap to
the percolation ‘backbone’, they still reside in regions where the net conduction-electron
spin polarization is oscillatory. Such a picture is confirmed by the presence of a strong
negative component in the magnetoresistance at temperatures well below the Curie
temperature T in this composition range [12]. Despite such complications, the ordering
temperature increases as c? throughout the region between 0.01 and ~ 0.4 at.% Fe.
Somewhat surprisingly, in view of both the concentration range and the temperature
interval into which T, falls, data acquired beyond 0.4 at.% Fe appear to exhibit perhaps
the greatest scatter; nevertheless the phase diagram indicates a linear increase in 7
with composition (for ¢ > 0.4 at.%), but at two different rates; between approximately
0.4 and 2 at.% Fe the line drawn corresponds to T /c = 39 K/at.%, while at higher
concentration (3 € ¢ < 25 at.%) T/c ~ 23 K/at.%. A possible origin for this
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shift will be discussed later in terms of a change in the dominant coupling mechanism.
At this point it is worthwhile recalling that this shift has been noted previously [13),
and its presence correlates with changes in other properties of this system in the
vicinity of 2 at.% Fe. Specifically, the concentration dependence of the acoustic spin-
wave stiffness D [14] changes abruptly near this composition, and the mean impurity
moment—although scattered in value principally between 9 and 12u5 per impurity
below 1 at.% Fe—falls to significantly lower values at higher concentration (inset in
figure 1). Furthermore, not only does the net magnetic component in the resistivity
Apy(= pu(T) ~ pu(0); Pu(T) = pany(T) — ppy(T)) vary anomalously near this
composition [13], but its limiting low-temperature variation changes from p (T <«
Tc) « T3? to « 77 [13,15] (these temperature dependences being characteristic
of conduction-electron—acoustic-magnon scattering without [15, 16) and with [17,18]
wavevector conservation, respectively). Many of these effects also appear to correlate

with the onset of a nearly homogeneous Pd d band polarization beyond 2-3 at.% Fe
(13,19].
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Figure 1. A summary of various estimates for the ordering temperature (in K) of PdFe
alloys plotted against composition ¢ (in atomic %) on a double logarithmic scale. Data
are from: (O [2), (®)[1), (O)[4], (x)[6], (MO[8], (*)(], (W)[10), ($)(5) (A)[7],
(+)present data, Inset: the average moment per Fe atom (in pg) as a function
of composition.
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Below we present a detailed study of the temperature and biasing-ficld dependent
AC susceptibility of several samples, with composition between 0.35 and 2.4 at.% Fe
(ie. near the onset of a homogeneous d band polarization), in the vicinity of their
critical temperatures. Attempts are made to relate differences in both the measured
critical behaviour and various other properties indicated above, with modification
introduced into the exchange-bond distribution by varying the composition.

2. Experimental details

Seven PdFe samples containing between 0.35 and 2.4 at.% Fe were prepared by arc
melting using 99.999% pure Pd wire and 99.99% pure Fe rod (both supplied by Johnson
Matthey, London). Initially a master alloy containing 2.4 at.% Fe was prepared and
homogenized by inverting and remelting several times; melting losses were negligibly
small. Following cold rolling (between protective Melinex sheets) this specimen was
briefly etched to remove any surface contamination; subsequently samples containing
22, 2.0, 1.8, 1.6, 1.4 and 0.35 at.% Fe were made by successive dilution from the
master alloy following the above procedure. Susceptibility specimens of approximate
dimensions 1.7 x 0.2 x 0.01 cm® (with rounded corners) were cut from cold-rolled
sheets; following surface etching they were annealed for 24 h at 1000°C in 10~® Torr and
quenched in ice-water immediately prior to measuring. The in-phase component of the
susceptibility of these samples was recorded continuously using a previously described
phase-locked susceptometer [20], with an Ac driving field of 5 4T RMs at 2.4 kHz applied
along the largest specimen dimension. A collinearly mounted solenoid was used to null
the vertical component in the earth’s field (~ 53 uT) during cooling and to apply static
biasing fields (y+, f,) between Oand 0.1 T. The specimen temperature was measured with
a Au 40.03 at.% Fe versus Chromel P thermocouple.
The true susceptibility x,( /;, T) was calculated in the usual way [21]

x(H;, T) = 8M/8B; = xu(H,, T)[(1- Nxn(H,, T)) 1)

from the measured response x, = M/ B,, with the internal field B, = p,H,
being found from the applied magnetic excitation H, using H; = H, — NM.
The demagnetizing factor N was estimated by approximating each sample by an
ellipsoid with principal axes ¢qual to the corresponding dimension and evaluating
the appropriate elliptic integral [22). Such a procedure sets an upper limit on N
[23,24] which, for the samples studied here, lies in the range 7 x 10-5-8 x 10~3 (when
xm{ H,, T) is the susceptibility per unit mass), leading to a demagnetizing factor
correction through equation (1) in the range 10-20%.

3. Results and discussion

3.1. General features

In all samples studied, the zero-field AC susceptibility x,(0, 7) increases rapidly with
decreasing temperature as the Curie temperature T is approached from above.
x(0, T) reaches a maximum just below T—the Hopkinson or principal maximum-—-at
a temperature designated Ty; on further cooling below Ty, x,(0, T') decreases slowly.
The correction for demagnetizing effects, equation (1), is consequently a maximum
at Ty, lying in the range 10-20%, so that the true susceptibility does not diverge at
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T, for the sample geometry and driving fields utilized here (the former having been
specifically chosen to minimize such corrections). The application of static biasing
fields of increasing magnitude progressively reduces both the temperature Ty; and the
susceptibility x,( H, T;;) at the Hopkinson maximum, and this facilitates the observation
of secondary/critical peaks as discussed below. The behaviour of these critical peaks is
qualitatively similar in all samples studied—they increase in temperature above T, and
decrease in amplitude as the static biasing field increases. However, quantitative analysis
of this behaviour reveals marked differences as the Fe composition is changed. These
differences are discussed below.

3.2, Pd + 1.4 at.% Fe; a nearly ideal system

Figure 2, in which the true susceptibility x( H;, T') is plotted against temperature for
various (estimated) internal fields, shows the behaviour of the secondary/critical peak
structure discussed above. As reported previously for a number of other systems
[22], and in agreement with the predictions of the static scaling law [22,25], the
temperature T, of the critical peaks increases with increasing fiéld according to

tn =Ty —Te)/Te x (Hi/Tc)ll(ﬁﬂ) (2

while the magnitude of the susceptibility at these (secondary) maxima decreases with
increasing ficld A {(x H,/T) as:

x(h,1,) o K131, (3)

Equations (2) and (3), along with the usual dependence of the zero-field susceptibility
on (reduced) temperature above T,

x,(0,t) x 177 t=(T-Tc)/T¢ 1G]

form the basis for the analysis of the critical behaviour carried out below.

An initial estimate for the Curie temperature T is made by plotting the peak
temperature T}, (evident in figure 2) against \/H; (for Heisenberg-model HM exponents
[26], (v+ 3)~! = 0.5). Using this initial estimate, double logarithmic plots of t,, against
H: (a test of equation (2)) and x.(0, t) against ¢ (a test of equation (4)) are made, and
then small adjustments, AT, in T (AT./Te € 2-3 x 1073) are introduced until a
consistent set of plots, similar to those shown in figures 3 and 4, are obtained. Not only
do the straight-line portions of such plots confirm the power-law dependences predicted
by equations (2) and (4) (over the appropriate reduced temperature regime) but their
slopes enable exponent values to be estimated. Figure 4 yields v = 1.36+0.03 (1072 <
t € 2 x 1071) and from figure 3 the cross-over exponentt is estimated at (v + g =
0.57+0.01 from which 3 = 0.39(5)+0.01(5). Figure 5, in which the peak susceptibility
X(h, ty) is plotted against the internal fieldt H;, tests the remaining power-law of
equation (3). Close inspection of this figure reveals slight curvature (the slope decreases

t The maxima evident in figure 2 mark the boundary, in the (&, t) plane, below which the response is field-
dominated, and above which it is temperature-dominated [27]. This boundary is referred to consequently
as the cross-over line (shown schematically by the dashed curve), and the associated exponent (v-+ gy
is termed the cross-over exponent.

1 The internal field is obtained from the applied field using the calculated demagnetization factor, in
conjunction with the magnetization found from numerical integration of the measured susceptibility, as
discussed previously [21].
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Figure 3. The reduced temperature tm of the cross-
over line plotted against the internal field poH;
(in mT) on a double logarithmic scale for the
1.4 at.% Fe sample. The line drawn has a slope of
(v + B8)~! = 0.57. The error bars correspond to
+25 mK.

the cross-over line.

marginally in magnitude as the ficld increases), indicating that this power-law prediction
with a unique exponent § is not strictly obeyed in this sample. Similar, though more
marked, behaviour in which the effective exponent §*( ') decreases with increasing field
has been reported previously in a number of systems [22], and can be attributed to the
presence of an exchange-bond distribution of finite width {28,29]. Here the slope of the
low-field data yield an exponent value of § = 4.5+ 0.15(107% < o H, < 3 x 1073 T)
with the effective exponent §* ( H) falling to slightly lower value of 4.0 + 0.1 near 0.1 T.
The low-field value of 6, when combined with the estimate of v from figure 4 and the
Widom equality [30]

v=pB(6-1) ®)

yields a value for 3 of 3 = (.39 £ (.02 in good agreement with that found from the
cross-over exponent. These exponent values are quite close to those predicted by the
isotropic, 3-dimensional M (v = 1.386, 3 = 0.365, § = 4.80) [26].

The relatively small decline in the effective exponent 6*( H') with increasing field
is consistent with an exchange-bond distribution for which the ratio of width (AJ)
to mean value J, satisfies AJ/J, « 1. This conclusion is also consistent with the
behaviour of the effective Kouvel-Fisher susceptibility exponent [31]

7(T) = dIn{x,(0,1))/d In(¢) (6)

shown in the insert in figure 4, In systems with marked exchange-bond disorder
this latter effective exponent exhibits a non-monotonic variation with temperature,
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Figure 4. The true zero-field susceptibility Figure 5. The critical peak susceptibility

x:(0,T) in (T T2 kg=1) plotied against reduced  x((Hj, Tm) (in J T~2 kg—1) (i.e. the susceptibility

temperature t on a double logarithmic scale for the
1.4 at.% Fe specimen; the line drawn corresponds
to v = 1.36. The insert shows the effective
susceptibility exponent ~*(7T} plotted against ¢t on

along the cross-over line) plotted against the inter-
nal field uoH; (in mT) on a double logarithmic
scale for the 1.4 at.% Fe sample. The lines drawn
yield the &-values shown in table 1.

a linear scale.

displaying a characteristic maximum above T, [32,33]. This contrasts with the
behaviour evident here and in “pure’ systems in which +*(T) falls monotonically
from near HM values close to T towards a mean-field value of v*(7T) =~ 1 at high
temperature.

Both the rapid fall in v*(7") below t =~ 10~2 and the departure of x,(0,t)
from a powerlaw dependence near the same reduced temperature, evident in
figure 4 for this PdFe sample, have been reported previously and discussed for a
number of other systems [21,34]. They are a direct consequence of the behaviour
discussed in section 3.1, ie. the failure of the measured response to approach
the demagnetization-limited value close to 7. This result is a manifestation of
anisotropy effects usually associated with spin-orbit coupling (which, however weak,
will eventually prevent the true susceptibility from increasing without limit sufficiently
close to T.). These effects become cvident here due to the use of samples with
very small demagnetizing factors. (As discussed previously [22,38], if the measured
susceptibility reaches the demagnetization-limited value, it is inferred that the true
susceptibility diverges; correspondingly the internal field (H; = H, — N M) is zero.
In an experiment measuring the AC susceptibility, since the driving field oscillates, so
will the induced magnetization if the above condition is to be met. Smaller V-values
thus demand larger oscillations in M to maintain H; = 0. Consequently a greater
magnetization reversal is required in small- N specimens if the above condition is to be
satisfied. This reversal is opposed by anisotropy effects which are therefore more likely
to be observed in samples with small demagnetization factors.) An extrapolation of
the variation of v*(t) with temperature from the region ¢ > 10~2 suggests, however,
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from the power-law behaviour evident, for 10~2 g ¢ < 2 x 1071, in the main body of
figure 4.
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Figure 6. The scaling behaviour of the field Figure 7. Butterfly loops—x( Ha, T) (in

and temperature dependent susceptibility of the
1.4 at.% sample (—the susceptibility normalized
to its peak value, plotted against the (inverse)

T T-2 kg~1) plotted against applied field poHa
(in mT) at various fixed temperatures—for three
selected samples.

argument of the scaling function).

A final, conclusive demonstration of scaling behaviour in this sample is provided
by figure 6. Here it is shown that the entire ficld- and temperature-dependent
respomse x(h,t) can be collapsed onto a single curve. This is achieved by plotting
x(h,t)/x(h,,) (thesusceptibility measured in any fixed ficld h, normalized to its peak
value) against the (inverse) of the usual argument of the scaling function, ¢/h1/(7+8)
[22].

Next we return to the question of anisotropy in this system. The expectation that
spin—orbit mediated magnetocrystalline anisotropy should be small in PdFe is based on
the results of measurements of the spontaneous resistive anisotropy (SRA) [35]. The
SRA, essentially the difference in resistance (extrapolated to zero induction) of a single-
domain ferromagnetic conductor when the magnetization lies parallel or perpendicular
to the current direction, vanishes when there is no spin—orbit coupling present {36, 37].
The observation of a vanishing SRA in the limit of low Fe concentration has been
interpreted as indicating the absence of an orbital moment on Fe impurities in Pd (in
contrast 1o the case of Ni or Co impuritics). As a corollary, the appearance of a finite
SRA as the Fe concentration is increased presumably reflects the presence of spin—orbit
coupling in the impurity-induced exchange-split Pd d bands. Furthermore, in giant-
moment systems where the d band polarization makes a significant contribution to the
total moment/magnetization, it might therefore be expected that the host spin-orbit
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coupling would be instrumental in producing an anisotropy (albeit indirect for impurities
lacking an orbital moment, and thus possibly weakened).

This suggestion of a rather weak anisotropy in PdFe is also supported by the data
shown in figures 3 and 5. Specifically the ability of internal fields as Jow as 10-4 T
to resolve critical peak structure indicates that the critical component in the response
dominates the regular/technical component in very low field. In ‘hard’ magnetic material
the regular/ftechnical response (usually attributed to coherent rotation and/or domain-
wall motion) is not driven to (technical) saturation in low fields, so that much higher
fields are required before the critical response dominates [34]. The converse appears to
be true here. The data presented in figure 7 indicate directly the ‘soft” magnetic character
of this system; here ‘butterfly loops’ (x( H, T) versus H, at various fixed temperatures)
enable the coercive field to be estimated from the splitting between the susceptibility
maxima. These fields are listed in table 2 for various fixed temperatures; they are
clearly small (though non-zero) for Pd+1.4 at.% Fe. One further comment on these
butterfly loops is necessitated by their slightly unusual character; only those acquired for
the 0.35 at.% Fe sample are conventional in the sense that the susceptibility maxima
occur in reverse fields [23]. Those measured on samples with 1.4 at% Fe or more
exhibit susceptibility maxima in forward fields, resembling Perminvars and 68 Permalloy
[23], where such effects are attributed to the presence of a domain structure with a
sensitivity to heat treatment and strain, resulting from a small anisotropy constant. This
behaviour is not expected to influence the critical response (and the differences between
the 1.4 at.% Fe and more concentrated samples appear to confirm this), specifically
because the coercive field is expected to vanish near T (as can be seen from the data in
table 2); nevertheless, it does mean that the H_ estimates are somewhat indirect in all
cases except the 0.35 at.% Fe sample.

To summarize the behaviour of the 1.4 at.% sample, it exhibits well defined
critical behaviour with near HM exponents (shown in table 1), a narrow exchange-bond
distribution and weak anisotropy effects. There is only one previous measurement of
exponent values for samples in the composition range investigated here; Kouvel and
Comly [4] report v = 1.40, 8 = 0.46, § = 4.06 for a sample of the same nominal
composition (1.4 at.% Fe), although probably of lower actual composition (7 was
reported as 50.25 K, compared with 55.75 K in the present sample). In view of the effects
of composition on the effective/apparent exponent values (discussed below), these small
differences in the v and 3 values appear reasonable; the rather lower vaiue reported for
6 is likely attributable (judging from the behaviour shown in figure 5) to the use of fields
{1y H,) in excess of SO0 mT [4].

3.3. Effects of compositional variations

331 Pd + 035 ar.% Fe. A detailed analysis of the critical peak behaviour in this
sample is summarized in figures 8 to 10. Figure 8 reproduces the field and temperature
dependence of the cross-over line (¢,, versus k); the solid line drawn in this figure (which
can be extended to fit all data points, including those below ¢, ~ 5 x 10-%) demonstrates
that within experimental uncertainty it is possible to fit these data to a single power
law (equation (2)) with unique exponent values over the entire ficld range examined
(4x 1075 € pyH, < 0.1'T). This line, however, corresponds to non-HM exponent values
as its slope yields ( -+ @)1 = 0.54(3) £ 0.01 from which v + 3 = 1.84(2) £ 0.03(4).
We have chosen not to extend this solid line to low field and temperature values, but
(for reasons discussed below) to indicate, via the dashed line in this figure, that data
below t, ~ 5 x 10~2 do not preclude (within experimental uncertainty) asymplotic
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exponent values consistent with model predictions [22]. If this interpretation is accepted,
then the resulting curvature in this plot would indicate effective exponent values (v*(t)
and (3*(t)) which increase with increasing temperature immediately above T,.. Such
behaviour has been reported previously in a number of disordered systems [32, 33], and
direct confirmation of this for the susceptibility exponent v*(t) in the present system is
provided in figure 9. The curvature evident in figures 8 and 9 is qualitatively consistent
with that suggested by models incorporating exchange-bond disorder [28, 29].
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Figure 8. The reduced temperature g, of the cross-over line Figure 9. The Kouvel-Fisher effeciive
plotted against the internal field poH; (in mT) on a double susceptibility exponent «*(T) plotied
logarithmic scale for the (.35 at.% Fe sample. The solid line  against reduced temperature t for the
represents the overall behaviour of this line while the dashed 0.35 at.% Fe specimen.

line corresponds to HM-value exponents.

These results present obvious difficulties in extracting a reliable value for G from
the slope of the cross-over line, as the data in figure 8 are not sufficiently precise to
enable a point value for v*(¢) + 3*(t) to be estimated and compared with the data in
figure 9. Using an ‘average’ (v*(1)) =~ 1.45 over the above temperature range would
vield 3 ~ 0.39. in agreement with the 1.4 at.% sample, but such a choice of an average
+ is not easily justified. Combining a 30 HM value of v = 1.386, valid experimentally
only in the vicinity of t ~ 2 x 10~ 2, with the overall characteristics of the cross-over line,
yields 3 = 0.46; the latter is well above its corresponding model prediction and the value
found in the 1.4 at.% sample. We reiterate therefore that the data in figures 8 and 9 do
not preclude asymptotic values for both v and 3 that agree with model predictions [26],
provided the behaviour of v*(¢) near ¢ = 2 x 102 is taken as indicating its asymptotic
value (notwithstanding the fall in v* () at lower reduced temperature, discussed above
for the 1.4 at.% sample). Thus while there is some doubt about precise asymptotic
exponent values, the influence of bond disorder in invalidating the power-law predictions
of equations (2) and (4) (with unique exponents) is clear.

Further evidence for the presence of bond disorder can be found in figure 10, which
yields an effective exponent 6*( H) = 3.1+ 0.1 above o H; = 5 x 107> T, increasing
with decreasing field to 6*( H) = 3.4 + 0.1 near p,H, = 10~* T. This trend is again
consistent with that suggested by models incorporating exchange bond disorder [28,29].
Fven with marked bond disorder, however, one might nevertheless expect §*(H) to
increase to near-HM values (6 = 4.80) at low fields (cf PdMn [22,39]). However, it must
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yield the 6-values shown in table 1.

be remembered that, in spite of the use of a sample geometry which results in low values
for the demagnetization factor N, estimates for the internal field—when this field falls
below 10-¢ T—become increasingly uncertain due to the Jack of an exactly calculable
value for N. Support for the suggestion that such uncertainties might mask further
increases in 6*( H) as H; falls comes from the use of the Widom relationship, which
indicates § values in the range 4.0 to 4.8; here the lowest §-estimate, obtained using the
largest G-value (0.46), is still considerably above that obtained from the low-field region
of figure 10.

3.3.2. Samples containing between 1.6 and 2.4 at.% Fe. While the zero-ficld response
of all the specimens studied is basically similar, significant differences in the field- and
temperature-dependent behaviour of the critical peaks are observed, typified by the
data summarized in figures 11 to 13 for the 1.8 and 2.4 at.% samples. Two principal
conclusions can be drawn from these latter figures. First, considerably larger ficlds are
required to initially resolve critical peak structure in specimens containing 1.6 at.% Fe
or more (these fields, u, Hy, are listed in table 2, and can be compared with the various
coercive-field estimates also summarized there; a large H; indicates a ‘technically’ hard
sample since non-critical (i.e. technical) components in the response are not driven to
saturation in low field, thus allowing the critical component to dominate). Second,
various double-logarithmic plots display marked curvature, indicative of effective
exponents with strong ficld- and temperature-dependence frequently attributed to
extensive exchange-bond disorder.

For the data sets shown, at 1.8 at.% Fe the internal field needed to first resolve
critical-peak structure is near 2.5 mT (some twenty-five times larger than at 1.4 at.%);
$*(H) ~ 2.6 for uyH; > 5 mT, increasing sharply with decreasing field to 6*( H) =
4.0 below p,fI; = 4 mT. Whether §*( /) continues to increase toward a HM value
with further decreases in field is uncertain, as the marked increase in H;, noted above
prohibits such observations. Similar comments apply to the cross-over line; (+* +
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2.4 at.% specimens. The 6-values found from the

lines drawn are summarized in table 1.

B*)~1 =0.50for t, > 1.5x 10~2 (uyH; > 3mT), and with only a single point at lower
t,, it would be very speculative to attribute the fall in ¢ at low field to an increase in
(~*+8*)~! toward HM results. Data for the 2.4 at.% Fe sample, also shown in figures 11
to 13, display similar systematics, as do those from all specimens with 1.6 at.% Fe or more
(see table 1).

4, Summary and conclusions

The data presented above are consistent with the 1.4 at.% sample being regarded as a
neariy ideai system, the asymptotic exponent vaiues being close to those predicted by the
isotropic, three-dimensional HM. Within such a picture this sample would be described
as one with interacting localized giant moments centred at the Fe sites; the interactions
between such moments can be described by an exchange-coupling distribution in which
the ratio of the first (J;) to second moment (A J) is large (i.e. a narrow distribution).
Such a description agrees with the physical picture emerging from neutron-scattering
experiments [19,40], i.c. considerable homogeneity in the polarization of the exchange-
enhanced d bands is established between 1 and 2 at.% Fe, presumably leading to a well
defined J, with little fluctuation (A J small)t. By contrast, in the 0.35 at.% sample there
is clear evidence for substantial exchange-bond disorder; this is an expected result as
the d band polarization is quite inhomogeneous, leading to considerable fluctuations

t Proponents of an itinerant-model description of this system might argue that the homogeneity of the d
band polarization at this composition is the reason for the near-ideal behaviour of the 1.4 at.% specimen.
A detailed comparison of neutron-scattering data from dilute PdFe and amorphous Fe;Zr;_ . (z = 0.9)
(which, while exhibiting localized HM exponents, appears as a more likely example of an itinerant d band
system) might therefore prove interesting.
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about the mean coupling strength. Despite these fluctuations, the data are consistent
with asymptotic values for both « and 3 being close to model predictions (in agreement
with the Harris criterion, as & = 2 — 28 — v = —0.12 < 0); however, the low-field
estimate for 6*( H) = 3.4+0.1 (uoH; < 1.5mT) is well below model values (6 = 4.80).
While estimates for the internal field become increasingly uncertain when this field falls
below 0.1 mT, the ratio J,/AJ characterizing the exchange-bond distribution would
need to be close to unity to produce significant increases in 6*( H) below 0.1 mT. At
first consideration this may not appear unreasonable, since the ratio J,/A J has been
estimated at ~ 1.1 for (Pd40.35 at.% Fe)+5 at.% Mn [41,42]; however, in this latter
sample §*( H) = 4.1+ 0.1 for py H, < 10? mT [22,42].

For samples containing 1.6 at.% Fe or more, neutron data indicate an increasingly
homogeneous d band polarization. The corresponding exchange coupling would then
be expected to exhibit progressively smaller fluctuations AJ. This latter expectation
conflicts with the present data, which indicate, via figures 11 to 13, substantial exchange-
bond disorder. We infer therefore that there should be some additional coupling
mechanism which induces this disorder, and suggest that the most likely mechanism
is near-neighbour direct exchange. While direct exchange is also expected to produce
ferromagnetic coupling [43], if the characteristic strength of this coupling J,(NN)
is different from that for indirect coupling via the d band Jy(d), then a bimodal
exchange distribution will develop with spectral-weight shifting from Jy(d) to J,(NN)
with increasing Fe concentration. Whether such a distribution would eventually evolve
at higher Fe composition into one centred around J;,(NN) with little width (giving a well
defined critical behaviour, as in the 1.4 at.% alloy) is uncertain, as are the exponents
characterizing the associated transition. Existing data at much higher Fe concentration
(PdsFe) are contradictory [4,6], with more recent measurements favouring mean-field
exponent values (still accompanied by clear manifestations of exchange-bond disorder
[6]). The data reproduced in figure 11 for the 2.4 at.% sample might be taken as
supporting the more recent results, as §*(H) = 3.0+ 0.1forl € pyH; € 3.5mT
however, this ignores the presence of anisotropy which prevents observations at lower
field (thus possibly masking further increase in &*( H)).

Nevertheless the introduction of near-neighbour direct exchange could qualitatively
explain the occurrence of exchange disorder in samples with 1.6 at.% Fe or more, and
it is also consistent with the behaviour in figure 1. The change in the linear increase
of Tz with ¢ near 2 at.% noted in the introduction would correspond to a change in
the dominant contribution to the exchange distribution from J,(d) to J,(NN); indeed
figure 1 suggests that the strength of the latter is less than that of the former. That this
change initially appears above 1.4 at.% Fe (at least as far as the detailed behaviour of
the critical peaks is concerned; these appear to be somewhat more sensitive than bulk
properties such as the moment/impurity and 7.) would require direct exchange to be
effective out to possibly third-nearest neighbour (42 sites in an FCC lattice). While this
might appear, at first sight, to be rather long-ranged, it is in agreement with the spatial
extent deduced for Mn—Mn direct/near-neighbour exchange in PdMn [44].
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