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The magnetic properties of rhenium-dopedFeyZr, have been studied by magnetization,
susceptibility, neutron depolarization, and $4bauer spectroscopy and a magnetic phase diagram is
presented. Rhenium leads to a very rapid loss of magnetic ordex-&egh_,Re Zr;is a spin glass
beyond a critical composition of.~4.5at. %. ©1999 American Institute of Physics.
[S0021-897€09)26808-9

I. INTRODUCTION Il. EXPERIMENTAL METHODS

The amorphous Fe—Zr system spans the full range of Ribbons of a-Fey_,R&Zr, were prepared by arc-
melting appropriate amounts of the pure eleme(ie

_correlated eIec_:tron beha_vior in metals, from sqperconducti_\/gg_w%, Zr 99.5%, and Re 99.997%nder Ti-gettered ar-
ity thr°99h spin fluctuatlgns and ferromagngtlsm, aqd UItI'gon, followed by melt spinning in 40 kPa helium with a
matelly.mto spin gl'assés.. As a result, it prowde§ an ideal wheel speed of 55 m/s. Far<5, good quality meter length
matrix in which to investigate the effects of doping on mag-jnhqns were consistently obtained, and these were sufficient
netic properties. In the binary systeanFeZrioo-x, bothTe  for gl of the intended measurements to be made. Beyond this
and the magnetization fall rapidly for>90. We have pre- point, the yield was much lower, and relatively small
viously demonstrated that this is due to the effects of examounts of useful ribbons were obtained. Absence of crys-
change frustratichand that this behavior is fully consistent tallinity was confirmed by CK, x-ray diffraction on a con-
with the predictions of numerical simulatiofis. ventional automated powder diffractometer, and room tem-
Exchange frustration in thea-Fe-Zr system arises perature®’Fe Massbauer spectréfor x<5) obtained on a
through competing direct exchange interaction$. Positive  constant-acceleration spectrometer gsin 1 GBq®'CoRh
and negatives’s are present as a result of a fortuitous signsource. Low temperature (12KT<290K) spectra were
change in the interaction at a distance corresponding roughlybtained using a vibration-isolated closed-cycle fridge, and
to iron’s metallic diameter. The detailed behavior.@fis  fitted using Window’s method.
quite complex and depends both on bondlength and on the Magnetization and susceptibility measurements were
mean electron density in the alldyDopants can therefore made on a commercial system equippednvat9 T super-
modify the exchange distribution in two ways. Where thereconducting magnet and operating between 2 and 300 K.
is a significant size mismatch or a large volume change as- Neutron depolarization data were obtained using the C5
sociated with the dopatrté.g., with hydrogenthe dopant can beamline of DUALSPEC, a triple-axis spectrometer, at
simply increase the average bondlength and eliminate thAECL, Chalk River. Initial polarizations o+-96% at A
short contacts that contribute to the frustrafidnwvhere the ~ =0.237nm were achieved with GMnAl single crystals as
size difference is smalk.g., most transition metalshanges ~Polarizer and analyzer. Measurements were made between
in the average electron density can move the> — cross- 11and 300K inal m'gwd_e f|gld, on stacks of one or more
over distance, without affecting the actual distribution of 15 MM lengths of 2Qum thick ribbons.
bondlengths, and so modify the distribution of exchange in-
teractions indirectly. In general, both effects will be present”'- RESULTS AND DISCUSSION
to some degree. The x,c data in Fig. 1 show a rapid reduction T and
We report here the effects of Rhenium on the magnetia clear evolution in behavior from the flat topped form char-
properties ofa-Fey,_RgZry, close to the ferromagnet- acteristic of a demag-limited ferromagnetxat 0, to a spin-
spin-glass crossover. This system was identified during glass-like cusp ak=8. These changes are accompanied by
survey of the effects of transition metal dopants on thedeclines in both the magnetisation and average hyperfine
a-Fe—Zr system as leading to one of the most rapid increasdteld ((By;)) measured by Mssbauer spectroscopy at 12 K
in frustration. (Fig. 2). As can be seen from the right-hand side of Fig. 2,
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FIG. 3. Neutron depolarization data for three representative
FIG. 1. x, data fora-Fey, RgZr;o showing the rapid reduction i and  a-Fey,_,ReZr;, samples. Thicknesses= 1, 20 um; x=3, 60 um; andx
the evolution to a spin-glass-like cusp with increasing Re content. =6.5, 120um. Data are normalized for base polarization and sample thick-
ness.

much of the decline i{Byy) is due to a broadening in the
distribution of P({By)) towards smaller fields. The tempera-
ture dependence gBy;) was followed to obtain a second
estimate of the ordering temperatures for these alloys, an
yielded values in agreement with those obtained fro
XadT)- .
While the good agreement between thg. and Mcss-
bauerT_’s allows us to rule out blocking of superparamag-
netic clusters as the origin of the magnetic ordering of any o
the alloys in this systertindeed, the Mesbauer values were
in general slightly lower, despite the higher effective fre-
qguency associated with the measuremerither technique
is unambiguously sensitive to the presence or absence
long-range magnetic order. For this information we turn to . o :
neutron depolarizatiol’. Here, a beam of polarized neutrons sample to magnetize parallel to the neutron polarization di-

passes through the sample and the series of random precéggt'on which is maintainedya 1 mT guide field in the

sions undergone by the neutrons as they pass through s g_gion of the sample. This variation in magnetization direc-
cessive domains depolarizes the beam accordingPto: tion precludes determination of domain sizes. However, it is

_ 2 _1.2/p2 . A clear from the very rapid decline in the depolarization signal
=Poexp(-al’), wherea=zc(B})dd, Py is the initial po- with increasing Rgcogtent, that the domai%s decrease ig size
as Re is added. A second feature this system shares with the
Ofwh, T T T T T Lgrrrrrot Ru series is that fox=5 and 6.5, there is a peak in the
depolarization signal, and at the lowest temperatures the
sample does not depolarize the beam at all. This latter obser-
vation requires that there is no long-ranged magnetic order
(6<10nm) present in these two samples. The weak peak

/\ apparent in Fig. 3 for th&=6.5 sample, corresponds to a
/\ polarization change of less than 1%. The peak position and

larization of the beamd is the sample thicknessj is the
mpean domain size along the neutron flight p&®? ) is the
mean square domain magnetization perpendicular to the
rT\)eam polarization, andc has the value 4.633
X 10"*m~2 T~ 1.1 The onset of depolarization marks the or-
dering temperature, and the degree of depolarizdifotne
ﬁomain magnetization directions are random or at least well
nown) reflects the domain average domain size. The data in
Fig. 3 are very similar to results from ruthenium-doped
a-Fe—27r alloys' in that there is a pronounced recovery in
(t)li;e polarization on cooling well below. (see, e.g., the
curve forx=1). This recovery reflects a tendency for the

P(Bhf)

form correspond to the magnetization trace obtained on
warming a zero field cooleZFC) samplen a 1 mT ddield,
as was the case for the fully frustrated Ru-doped series. We
/\ therefore attribute it not to the formation and loss of a long-
L) range ordered state, but rather to field cooling of the sample
-6 -2 2 60 20 40 in the guide field used here. Furthermore, the internal field
Velocity (mm/s) By (T) deduced for the Re-6.5 at. % is 10 mT, as was also found in

. . o Ru-3 at. %0
FIG. 2. Mossbauer spectrigeft) and corresponding hyperfine field distribu- L .
tions (right) for a-Fey,_ReZr;, at 12 K showing a steady reduction in Combining the results obtained @nFey-xReZr, al-

magnetic splitting and a broadening B{By,) with increasing Re content. lOWS us to present a magnetic phase diagram for this system
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240 ' ' ' - loss of long-range order by a critical composition xf
( © Xae ~4.5at. %. The magnitude of these effects is second only to
o Arrott those caused by Ru- 35+ 2 K/at. % withx.~ 2.4 at. %9.8:1°
200 A n-depol] Both metals are larger than Fe, and Re is actually slightly
| ¢ mossb larger than Ru, so a simple bond dilation argument fails im-
o mossb mediately. However, it is clear that the loss of order is driven
’;2 160 by frustration because a substantial iron moment persists be-
~ yond X, and there is evidence for transverse spin freezing
E‘O below T, for x<x. in both systems. Chemical similarities
120 . within the transition metals are quite strong, and once we

avoid the 3d series, many of which are themselves mag-
. netic, it seems plausible to expect that the electronic effects
"@ of close neighbors should be similar enough that the contri-
N bution of size differences may be resolved. We therefore
40 | L propose that the origin of the large increase in frustration
0 4 8 caused by Re additions lies primarily with modifications in
X the electron density of the alloys. However, the changes are
more moderate than in the case of the neighboring Ru series,

FIG. 4. Magnetic phase diagram farFey-,Re.Zry, showing transition  nerhaps as a result of the slightly greater metallic radius of
temperatures deduced using four different techniques. Regions are labeled;

PM—paramagnetic, FM—ferromagnetic, and SG—spin glass. The absenc%e contributing a competing dilation effect.
of long-range order fox>4 is indicated by labeling the low temperature

state as a spin glas§,, is discussed in the text. ACKNOWLEDGMENTS
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