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Abstract

The magnetic properties of transition metal-doped a-Fey,Zr, , have been studied by magnetisation, susceptibility and
Maossbauer spectroscopy. The results of our survey confirm that Ru is more than twice as effective at destroying the
magnetic order than any other dopant. Comparison of changes in moment and average hyperfine field allow us to deduce
a conversion factor of 14.3 4+ 0.8 T/u, for *"Fe. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The amorphous Fe-Zr system spans the full
range of correlated electron behaviour in metals,
from superconductivity through spin-fluctuations
and ferromagnetism, and ultimately into spin-
glasses [1-3]. As a result, it provides an ideal
matrix in which to investigate the effects of doping
on magnetic properties. In the binary system a-
Fe,Zr oo+, both T, and the magnetisation fall
rapidly for x > 90. We have previously demon-
strated that this is due to the effects of exchange
frustration [4] and that this behaviour is fully con-
sistent with the predictions of numerical simula-
tions [5].
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Exchange frustration in the a-Fe-Zr system
arises through competing direct exchange interac-
tions (#). Positive and negative #’s are present as
a result of a fortuitous sign change in the interac-
tion at a distance corresponding roughly to iron’s
metallic diameter. The detailed behaviour of ¢ is
quite complex and depends both on bond-length
and on the mean electron density in the alloy [6,7].
Dopants can therefore modify the exchange distri-
bution in two ways. Where there is a significant size
mismatch or a large volume change associated with
the dopant (e.g. with hydrogen) the dopant can
simply increase the average bond-length and elim-
inate the short contacts that contribute to the frus-
tration [3,87]. Where the size difference is small (e.g.
most transition metals) changes in the average elec-
tron density can move the + ¢ - — ¢ crossover
distance, without affecting the actual distribution of
bond-lengths, and so modify the distribution of
exchange interactions indirectly. In general, both
effects will be present to some degree.
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While no systematic studies have been described,
the changes in the magnetic properties of iron-rich
a-Fe-Zr caused by various 3-d transition metals
have been widely reported, and some representative
data can be found for: Cr [9], Mn [10], Co [11,12]
and Ni [13,14]. Of the 4-d series, only Ru has
drawn significant attention [15-18]. We report
here a systematic study of the effects of all possible
d-transition metal dopants on the magnetic proper-
ties of a-Fegg_ TM,Zr,, i.e. close to the fer-
romagnet-spin-glass crossover. While some of the
systems studied will accommodate substantial dop-
ing levels (e.g. Co and Ni can be prepared all of the
way to x = 90 [19-21]) the maximum levels used
here were limited to x = 10. In many cases, the
glasses were not stable and even these doping levels
could not be attained.

2. Experimental methods

Ribbons of a-Feqy -, TM,Zr,, were prepared by
arc-melting appropriate amounts of the pure ele-
ments under Ti-gettered argon, followed by melt-
spinning in 40 kPa helium with a tangential wheel
speed of 55 m/s.

The following transition metals were successfully
doped into the system:

3-d V - Cu.

No exceptions.
4-d Zr — Pd.

Zr-Data taken from earlier work [3,4]

Nb-no usable material produced

Tc-not practical

Ag-high vapour pressure and immiscibility

with Fe made samples highly suspect.
5-d W — Au.

No exceptions.

The materials produced ranged from good-qual-
ity metre-length amorphous ribbons to crystalline
dust. The primary contaminant in poorly quenched
iron-rich a-Fe-Zr alloys is a-Fe, which is easily
detected. In most cases, the T of the glassy alloy
was below room temperature and so simple mech-
anical and magnetic tests were sufficient to reject
poor samples (brittle or highly magnetic materials
were generally partially crystalline). The remaining
materials were checked for crystalline contami-

nants (primarily a-Fe) by Cu K, X-ray diffraction
on a conventional automated powder diffrac-
tometer, and room temperature >'Fe MdJssbauer
spectroscopy. The magnetic ordering temperatures
were determined using AC susceptibility (for
T. <320 K) or thermogravimetric analysis (TGA)
in a small field gradient (for T, > 320 K). In both
cases, the presence of a significant background signal
above T, was taken as an indication of a crystalline
contaminant. These samples were also rejected.

Where the yield of quality ribbon was high
enough, room temperature and 12 K Mdssbauer
spectra were obtained on a conventional constant-
acceleration spectrometer using a 1 GBq *>’CoRh
source. Low-temperature spectra were obtained us-
ing a vibration-isolated closed-cycle fridge. The
paramagnetic spectra were fitted assuming a Gaus-
sian distribution of quadrupole splittings (4), with
a linear correlation between 4 and the isomer shift
(0) included to account for the observed asymmetry
in the spectra. The magnetic spectra were fitted
using Window’s method [22]. The room temper-
ature values for § and 4, along with the 12 K values
for (By» were taken directly from fits to the Mos-
sbauer data. When substantial amounts of iron are
replaced, there may, in principle, be changes in the
atomic packing in the glass which can be detected
through the quadrupole splitting [23]. However,
here 4 was found to be essentially constant at
0.34 + 0.01 mm/s and exhibited no systematic vari-
ation with composition. We take this as evidence
for a constant glass structure at the doping levels
used in this study.

Smaller samples were needed for the magnetic
measurements, and even when the yield was poor, it
was often possible to select sufficient material for
susceptibility and magnetisation studies although
Mossbauer measurements were not possible.
T. was defined by the extrapolation of the point of
maximum slope on a plot of y versus T to zero
signal. Since many of the samples are highly frus-
trated and so not collinear ferromagnets, their mag-
netisation did not saturate in 9 T and the curves
exhibited a substantial high-field slope. We there-
fore took the magnetisation at 5 K (o) from a lin-
ear extrapolation of the high-field (typically
By = 5 T) region of the magnetisation curve to zero
field.
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3. Results and discussion

The composition dependence of the isomer shift
(Fig. 1) shows a particularly simple form. Elements
to the left of Fe decrease 6, while those to the right
cause an increase. Essentially similar results have
been reported for dilute impurities in crystalline
iron [24,25]. This trend reflects a tendency for the
early transition metals to transfer electrons to the
Fe, while the later elements have a stronger tend-
ency to remove electrons. Those on the left also
have very similar effects with little variation be-
tween rows of the periodic table, whereas there are
increasingly strong row-dependent effects evident
to the right of Fe. As noted above, we observed no
systematic composition dependence in the quadru-
pole splitting, and interpret this as a reflection of an
essentially constant glass structure. Furthermore,
as the observed changes in 6 are dominated by
s-electron transfer [26] no direct magnetic conse-
quences are anticipated. The isomer shift there-
fore serves here primarily as an independent
indicator that the dopants are indeed alloying into
the glass.

Despite the simple form of the electron transfer
behaviour and the unchanging structure of the
glass, the magnetic ordering temperatures exhibit
a more complex dependence on dopant (Fig. 2).
Most values of dT./dx shown in Fig. 2 are derived
from linear fits to T versus x. In some cases, the
composition dependence was nonlinear (e.g. both
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Fig. 1. The rate of change of the isomer shift, §, at room
temperature for a-Feqo— . TM,Zr, alloys, where TM is a 3d, 4d
or 5d transition metal.
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Fig. 2. The rate of change of the magnetic ordering temperature,
T., for a-Feqo_, TM,Zr;, alloys, where TM is a 3d, 4d or 5d
transition metal.

Cr and Au cause T, to go through a clear max-
imum at x~35 and ~9at% respectively) so
a quadratic term was included and the initial slope
is plotted in Fig. 2. The basic picture is relatively
simple: a broad minimum is located between Mn
and Fe, with elements both to the left and to the
right leading to an increase in T.. This pattern is
quite different from that seen for 6 in Fig. 1 indicat-
ing that electron transfer, as expected, does not
control T. Of the 18 elements surveyed, only seven
lead to a reduction in T'.. Ru causes the most rapid
reduction in T, by far, while Zr, Co, Ni and Au all
lead to quite similar increases. Since both magnetic
and nonmagnetic dopants have comparable effects,
it is clear that dopant moments are not the domi-
nant factor in determining T, shifts. Finally,
dopant size does not correlate well with the ob-
served change in T.. For example, Re and Pt differ
in size by only ~1%, but cause large T shifts of
opposite signs. The magnetic behaviour of
a-Fe,Zr;yo- i1s dominated by the presence of ex-
change frustration [4], and T, is therefore control-
led by the balance between ferromagnetic (FM) and
antiferromagnetic (AF) exchange. This balance will
be affected both by the nearest-neighbour distances
(which will in turn be modified by the dopant size)
and also by the electron density in the alloy which
can influence the FM-AF cross-over distance [6,7].
These complexities make a detailed accounting for
the observed T, shifts beyond the scope of the
current work.
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Fig. 3. The rate of change of the magnetisation, o, at 5 K for
a-Fego_ . TM,Zr, alloys, where TM is a 3d, 4d or 5d transition
metal.

The alloy magnetisation (Fig. 3) generally falls on
doping, in part because the iron is being replaced
by a nonmagnetic element. Most of the dopants are
also heavier than Fe, giving a further contribution
to the decline in mass-normalised magnetisation.
There will also be a contribution from moments
induced on the impurity. Orientational trends are
the same for all three series: elements to the left of
Fe have their moments oriented anti-parallel to the
Fe moments, while for elements to the right, they
tend to be parallel. For the 4d and 5d elements,
these moments are generally small ( ~0.1 pg) [27].
However, the situation for the 3d elements is more
complex, as the moments are generally larger
( ~1 pg), and the reported values exhibit substan-
tial variations [28]. Fortunately, the alloys studied
here are 90% iron and the impurity levels are low,
so that the possible presence or absence of impurity
moments has very little effect on the bulk magnet-
isation. They will be assumed to be absent in the
analysis that follows. As with T, the basic pattern
is simple. Elements to the left of Fe lead to substan-
tial losses, while those to the right have a lesser
effect. Again, Ru stands out as causing a much
larger effect, in this case more than a factor of two
larger than for any other element.

There are two ways in which a dopant can active-
ly reduce the magnetisation (as opposed to passive
effects of dilution and increasing the average
atomic weight) these are (i) to reduce the Fe mo-
ment, and (ii) to introduce exchange frustration and

2 T T T T
o
~ 1 J
N n
2 &
NS .
t OF - o-ieeeiie I;J$ ...... 4
[ ]
€—1— A J
% 0 4 O
Q-2 ]
..é »Sc Ti V Cr Mn Fe Co Ni Cu
0Y Zr Nb Mo Tc Ru Rh Pd Ag
=37 0 La Hf Ta W Re Os Ir Pt Au

Element

Fig. 4. The rate of change of the average hyperfine field, {By; ),
at 12 K for a-Fego_,TM,Zr,, alloys, where TM is a 3d, 4d or
5d transition metal.

drive the magnetic structure non-collinear. We turn
to the average hyperfine field (By;) at the >'Fe
nucleus determined by Md&ssbauer spectroscopy as
a measure of the local Fe moment that is indepen-
dent of the magnetic structure. Fig. 4 shows that the
dopant effects on (B> measured at 12 K follow
much the same pattern as J: elements to the left of
Fe reduce (B, while those to the right, increase
it. This suggests that electron transfer may play
some role in the moment changes. Comparison of
Figs. 3 and 4 shows that the magnetisation and
{ By » are highly correlated, suggesting that in most
cases, the magnetic structure changes little upon
doping. There are some minor differences, in that
Pt and Au show a significant increase in {By » but
no change in g, however this simply reflects the
effect of the large atomic weights of these two
elements on ¢. Perhaps more striking is that Ru
appears to be typical of the column in which it
occurs in Fig. 4, and {B,;)> does not show the
same rapid reduction as o. We have examined
the magnetic effects of Ru [17,18] and Re [29] in
some detail as these two dopants cause the most
rapid reductions in T. and o¢. In both cases
we observed a destruction of long-ranged magnetic
order beyond a critical concentration of 2.5
at% and 4.5 at% for Ru and Re respectively.
The loss of magnetisation caused by Ru, and to
a lesser extent Re, is not the result of moment
reduction, but rather an exchange frustration
driven loss of collinear order.
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Fig. 5. Comparison of d{By»/dx and dug./dx for a-
Feoo_.TM,Zr,, alloys showing the simple correlation between
changes in the moment and the magnetisation for the majority
of the alloys studied here. The one dropped point is due to Ru,
and this plot serves to emphasise the anomalous effects of
Ru-doping on the magnetic behaviour of this system.

The remarkable effects of Ru-doping can be em-
phasised by plotting the change in the iron moment
(to normalise out contributions from dopants of
differing atomic weights) against the change in
{By¢» in Fig. 5. In preparing this figure, the impu-
rity moments were assumed to be zero. Even if an
impurity carried a moment of 1 pg , ignoring its
contribution to ¢, only leads to an error in
d(ug/Fe)/dx of ~ 0.01 pg/at%, less than most of the
error bars in Fig. 5. All of the data from the various
dopants collapse on to a single line, except for Ru.
A linear fit to the rest of the data yields
d{By>/dug. =143 £ 0.8 T/ug. A value that is
consistent with that found in a-Fe (15 T/ug) and
also with the result deduced from a range of crystal-
line Y-Fe alloys (14.7 T/ug ) [30], confirming the
remarkably wide applicability of this simple con-
version factor to amorphous and crystalline Fe-
based alloys. The departure of the Ru-doped alloys
from the fitted line in Fig. 5 allows us to distinguish
two influences on the magnetisation reduction
caused by Ru. The change in (B indicates that
approximately one-third of the loss in o, can be
accounted for through moment reduction, while
the remaining two-thirds must be due to the rapid
development of non-collinearity caused by ex-
change frustration.
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