A single magnetic transition in a-FegScg
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The magnetic ordering behavior of Feg,Scy has been studied by Mdssbauer spectroscopy and
magnetization measurements. Mdssbauer spectra in an external field parallel to the ¥ beam
clearly shows that the noncollinearity develops as soon as magnetic order appears, indicating a
single transition to an asperomagnetic state, in contrast to the mean-field theory and Monte
Carlo simulations which predict a transition from paramagnet to spin glass for strongly
frustrated alloys. A possible origin for this discrepancy is discussed.

I. INTRODUCTION

Iron-rich amorphous alloys are magnetically frustrated
materials and have been studied extensively. For Fe-Zr
and Fe~Hf alloys, two distinct magnetic transitions are
observed on cooling.l"" The first, at T, marks the onset of
long range collinear ferromagnetic order, however, sub-
stantial spin components persist transverse to the collinear
order and precess rapidly so that their time average is zero.
At the second transition (7,,), these transverse spin com-
ponents freeze randomly without affecting the collinear or-
der of the longitudinal components and the system enters
an asperomagnetic state. It is also found that as the frus-
tration level is raised by increasing the iron content, the
two transitions approach each other and the degree of
noncollinearity increases.’ All of these observations have
been reproduced by Monte Carlo simulations®’ where the
only mechanism used is exchange frustration modeled by
randomly replacing a fraction of ferromagunetic interac-
tions with antiferromagnetic interactions. For systems with
an intermediate level of frustration, the simulations predict
two magnetic transitions exactly as described above. When
the frustration level is high enough, the two transitions
merge to form a single transition from paramagnet to spin
glass. These features have also been predicted by mean-
field theory.®

The magnetic behavior of Fe-Sc alloys seems very sim-
ilar to that described by Monte Carlo simulations and
mean-field theory for highly frustrated materials. Melt-
spun amorphous Feg;Sc;, was first prepared and studied by
Day et al.® A sharp cusp at 99 K in ac susceptibility ( Yac)
was observed, suggesting spin-glass-like behavior at low
temperatures. Ryan ez al.'® have shown that all of the sam-
ples they studied (Fe,Scg...» x=189, 90, and 91) exhibited
nonzero hyperfine fields in their Mossbauer spectra at al-
most the same temperature that the irreversibility in ther-
momagnetic measurements appeared, suggesting a single
sharp transition to an asperomagnetic state characterized
by noncollinearity and nonzero magnetization. In recent
studies of FeySc,y using Mdssbauer spectroscopy in exter-
nal fields, Ghafari et al.'"'? found evidence for superpara-
magnetic clusters above 7', and attributed the onset of
noncollinear order at 7T, to a blocking of these clusters in
random orientations.

We have performed Mossbauer spectroscopy and mag-
netization measurements in order to obtain a clearer un-
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derstanding of the magnetic ordering in Fey;Scy. Our ex-
perimental observations are compared to the mean-field
theory and Monte Carlo simulations.

. EXPERIMENTAL METHODS

Amorphous ribbons of nominal composition Feq;Scy
were melt spun under helium from ingots prepared from
the pure metals by arc melting under argon. The absence of
crystallinity was confirmed by x-ray diffraction and room
temperature Mdssbauer spectroscopy. The sample compo-
sition was checked by electron microprobe analysis and
found to be within 0.2 at. 9 of the nominal value.

Mdossbauer spectra were obtained over a temperature
range from 5 to 140 X on a conventional constant accel-
eration spectrometer with a 25 mCi *’CoRA source at room
temperature. High field spectra were recorded with a 6-T
field applied parallel to the ¢ beam using a superconduct-
ing solenoid with the source located at the null point of the
magnet, inside the cryostat at the same temperature as the
sample. The field was applied above T, and the specira
were obtained on field cooling. All spectra were fitted using
Window’s method.!® Magnetization was measured with a
vibrating-sample magnetometer in fields of up to 19 T.

ill. RESULTS AND DISCUSSION

Madssbauer spectra were measured in zero field and the
temperature dependence of average hyperfine field is plot-
ted in Fig. 1. The transition temperature 7', is determined
to be 102£5 K, in good agreement with previous re-
sults.*!? From the average hyperfine fields, the correspond-
ing average iron moments can be obtained by using a con-
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FIG. 1. Average hyperfine fields ({B,;)) for FeySc, derived from Mdss-
bauer spectra with and without an external field.
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FIG. 2. Magnetization curve for FeySco measured at 4.2 K,

version factor of 15 T/u as found in «-Fe and crystalline
Fe-Y a“ﬂxk 14 Thig mqu an averaege iron moment 1z of

This an average iron moment p,, of
1.47 ;L‘B/’Fe at 5

Magnetization measured at 4.2 K does not saturate in
fields up to 19 T (Fig. 2), remaining below the average
moment deduced from the average hyperfine field. A mea-
sure of the longitudinal component M, may be obtained by
extrapolating the segment of the magnetization curve be-
tween 2 and 6 T to uyH =0 T. M, is 0.71 up/Fe, much
smaller than the moment derived from the average hyper-
fine field. This indicates that the system has a noncollinear
ground state. However, since the alloy also shows a non-
zero magnetization below the transition temperature, the
ground state is not a pure spin glass, rather it is an asper-
omagnet. A measure of the degree of noncollinearity may
be obtained by considering the iron moments to be oriented
randomly within a cone of half-angle 1, the ratio of y,, and
M, given above, yield a half angle of 925",

Direct evidence for the noncollinear state comes from
Mdssbauer spectra measured in a 6-T field applied parallel
to the y beam (Fig. 3). The six lines observed in a mag-
netically split spectrum have intensities 3:R:1:1:R:3, where
R=4sin* 0/(1+cos* 9), and 8 is the angle between the
magnetic moment and the direction of ¢ beam. For a col-
linear system, 0 is zero and lines 2 and 5 are absent. The
measured spectra clearly show the presence of the two lines
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FIG. 3. Missbauer spectra measured with a 6-T field applied parallei to
the ¥ beam. The growth of lines 2 and 5 is clearly observed as the tem-
perature is decreased.
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FIG. 4. Relative intensity of lines 2 and 5 (R} with By =6 T. The onset
of R at 9747 K (determined from the linear fit to the data shown by the
solid line) coincides with 7', (1025 K), the onset of { By} in zero field.

at low temperatures. A plot of R as a function of temper-
ature (Fig. 4) shows that while lines 2 and 5 are present at
all temperatures, R increases strongly below T'.. The non-
zero values above 7, are noi related to the long range
ordering of the system and may be attributed to the pres-
ence of clusters which relax slowly in the applied field'"!?
and lead to the large enhancement of ( By) seen in Fig. 1.
Fitting the low temperature behavior to a straight line in-
dicates that the onset of noncollinearity occurs at 977
K,Pie., at T. This is consistent with y,, work®!® which
also indicates a single magnetic ordering event in this sys-
tem.

Thus, unlike the Fe~Zr and Fe-Hf alloys, which first
enter a collinear state at 7', and develop noncollinearity
only below the second transition, Feg Scy undergoes a sin-
gle transition and enters the noncollinear state directly.

Compared to Fe-Zr and Fe-Hf alloys with the same
Fe content, Fey;Scy has a lower 7', a larger #, and its
magnetization curve exhibits a greater slope, indicating
that the system is more frustrated. While the reason for the
higher level of frustration is not clear, we can rule out the
possibility of size effect. First, the radii of Sc (1.62 A) and
Zr (1.60 /‘i) are almost same, so the average Fe—Fe sepa-
ration in Feq Scy and Feg Zrg, which determines the frus-
tration level due to direct exchange, should also be quite
close. Second, hydrogenation (which expands the lattice,
increasing the Fe-Fe distance and reducing the incidence
of direct antiferromagnetic couphngs) does not convert
Fe-Sc alloys into ferromagnets.'® Hydriding Fe-Zr and
Fe-Hf alloys lifts the exchange frustration and converts
them into collinear ferromagnets with greatly increased T',.
By contrast, hydriding Fe-Sc alloys does reduce the degree
of noncollinearity and raise the ordering temperature, but
it does not restore the ferromagnetic character of the tran-
sition at 7',.'® There must therefore be a further source of
exchange frustration in the Fe-Sc system. One possible
origin of this extra frustration could be indirect exchange
via conduction band polarization. Since the direct ex-
change is already partially frustrated, this indirect ex-
change would further enhance the exchange frustration
and would not be affected by hydrogenation.

It is instructive to compare our observations with
mean-field theory® and Monte Carlo simulations.®” Al-
though the expected high degree of frustration and ob-
served single transition in Fey Scy are broadly consistent
with the theory and simulations, the asperomagnetic state
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in Fe-Sc is reached via a single transition with no inter-
vening ferromagnetic phase. It has been suggested that the
presence of magnetic clusters near T', may be related to the
discrepancy. However, the observed transition at 7', can-
not simply reflect the blocking of superparamagnetic clus-
ters, as measurements on very different time scales give
almost identical values of T',. For Fe, Scg,_, (89<x<91),
the transition temperatures (102+5 K) measured by
Maossbauer spectroscopy, which is sensitive on a time scale
of 1077~1077 s, are almost the same as those obtained
from y,. measurements where a driving field of several
kHz was used [99 K (Ref. 9) and 95 K (Ref. 16) for
Fey,Sc,,]. The relaxation rate for magnetization reversal in
zero field (the field is really zero in Mdssbauer spectros-
copy and only 5 uT in the y,. measurements) may be
written

r =7y ! exp(—AE/k5T), W

where 7, is the attempt frequency (assumed constant) and
AE is an energy barrier. y,. measurements give 7.~ 100 K
at 7~ ' ~1 kHz from these we estimate AE to be ~ 1800 K
(assuming a “reasonable” value of 10" Hz for To l).l7 For
Méssbauer measurements where 7' ~ 10 MHz, the block-
ing temperature is then predicted to be ~200 K, far above
the experimentally observed value of ~100 K. This result
is relatively insensitive to the actual choice of AE or 75"
and thus we can rule out a simple blocking transition as the
origin of the ordering at 7',

It is not yet clear what really happens at the transition.
One possibility is that clusters form well above 7', and
expand to include more weakly coupled moments as the
temperature is lowered toward T',.. The transition temper-
ature then corresponds to a percolation threshold where
the clusters form a continuous path throughout the sample.
Below T, the ordered fraction continues to grow as the
more weakly interacting moments couple to the percolat-
ing cluster. An external field applied above T, slows the
relaxation of the clusters and leads to a large hyperfine
field. We note that the presence of slowly relaxing clusters
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does not necessarily lead to anomalous behavior at T, as
similar relaxation behavior has been observed near 7. in
the a-Fe—Zr system which has a ferromagnetic phase tran-
sition at T}

IV. CONCLUSIONS

A single transition to an asperomagnetic state is ob-
served for FeqScy with a transition temperature of 102+35
K. This transition is distinct from that predicted by mean-
field theory and Monte Carlo simulations for highly frus-
trated systems. The difference may be attributed to the
presence of magnetic clusters near T. but the observed
transition cannot simply reflect the blocking of these clus-
ters.

'D. H. Ryan, Recent Progress in Random Magnets, edited D. H. Ryan
(World Scientific, Singapore, 1992).

ID. H. Ryan, J. M. D. Coey, E. Batalla, Z. Altounian, and J. O. Strém-
Olsen, Phys. Rev, B 35, 8630 (1987).

*D. H. Ryan, J. O. Strém-Olsen, R. Provencher, and M. Townsend, J.
Appl. Phys. 64, 5787 (1988).

*D, H. Ryan and Hong Ren, J. Appl. Phys. 69, 5057 (1991).

5Hong Ren and D. H. Ryan (unpublished).

®J. R. Thomson, G. Hong, D. H. Ryan, M. J. Zuckermann, and G.
Martin, Phys. Rev. B 45, 3129 (1992).

’J. R. Thomson, G. Hong, D. H. Ryan, M. J. Zuckermann, and G.
Marfin, J. Appl. Phys. 69, 5231 (1991).

M. Gabay and G. Toulouse, Phys. Rev. Lett. 47, 201 (1981).

“R. K. Day, I. B. Dunlop, C. P. Foley, M. Ghafari, and H. Pask, Solid
State Commun. 56, 843 (1985).

Py, H. Ryan, J. O, Strom-Olsen, W. B. Muir, J. M. Cadogan, and J. M.
D. Coey, Phys. Rev. B 40, 11208 (1989).

''M, Ghafari, R. K. Day, J. B. Dunlop, W. Keune, and A. C. Mcgrath,
Hyperfine Interactions 54, 533 (1990).

M. Ghafari, R. K. Day, J. B. Dunlop, and A. C. McGrath, J. Magn.
Magn. Mater. 104-107, 1668 (1992).

*B. Window, J. Phys. E 4, 401 (1971).

P, C. M. Gubbens, J. H. F. van Apeldoorn, A. M. van der Kraan, and
K. H. J. Buschow, J. Phys. F 4, 921 (1974).

15 Eliminating the point at 90 K, as also possibly distorted by relaxation
effects, does not change this result.

1SH. Ma, Z. Wang, H. P. Kunkel, G. Williams, D. H. Ryan, and J. O.
Strom-Olsen, J. Magn. Magn. Mater. 104~107, 89 (1992).

7D, H. Jones, Hyperfine Interactions 47, 289 (1989).

H. Ren and D. H. Ryan 5496



