
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 10 15 MAY 2002
A study of spin dynamics in the a-Fe90Sc10 spin glass
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Spin dynamics ina-Fe90Sc10 have been examined with zero-field muon spin relaxation~ZF-mSR!
and selective excitation double Mo¨ssbauer~SEDM! spectroscopy. Analysis of themSR data yields
Tsg;105 K in agreement with bothxac and conventional Mo¨ssbauer data. SEDM shows fluctuation
rates in good agreement withmSR, but reveals an abrupt change in relaxation behavior from
spin-flip to diffusive above 90 K (0.9Tsg). © 2002 American Institute of Physics.
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I. INTRODUCTION

Many iron-rich amorphous alloys exhibit magnetic fru
tration and noncollinear ordering due to the competition
tween majority ferromagnetic exchange and low levels
antiferromagnetic exchange. At high temperatures there
paramagnetic to ferromagnetic phase transition (Tc) where
the z component of moments orders collinearly. At low
temperatures, transverse spin freezing happens wherex andy
components of the moments freeze out (Txy) and the system
enters a noncollinear state with coexisting ferromagnetic
spin-glass order. If the frustration level is high enough,
two transitions merge to form a single transition (Tsg) from
paramagnet to spin glass.

Amorphous iron-rich Fe–Sc alloys1 are unique among
the iron-rich early transition metal–iron glasses as they
not exhibit a strong composition dependence of the magn
ordering temperature, which for the composition range
a-FexSc1002x with 89<x<91 is essentially constant at;100
K.2 Applied-field Mössbauer and susceptibility measur
ments indicate that the material is a borderline spin gla
just sufficiently frustrated to destroy the ferromagne
order.3–5 The observation of aB2/3 dependence to the ave
age hyperfine field~from transmission Mo¨ssbauer results!
has led to the suggestion thata-Fe–Sc undergoes a transitio
from a cluster spin glass at low temperatures to a superp
magnetic and then paramagnetic state with ris
temperature.6,7 However this argument has been questione8

and applied-field transmission Mo¨ssbauer and magnetizatio
results indicate that thea-Fe–Sc system undergoes a tran
tion directly from spin glass to paramagnet.5

The main shortcoming with the the above experiment
the use of large external magnetic fields that can cause
nificant changes in the magnetic structure.5 Indeed, in the
a-Fe–Zr alloys, the effect of large applied fields has be
shown to severely affectTxy .9 To avoid possible difficulties

a!Electronic mail: johan@bnl.gov
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resulting from external applied fields, we have used t
zero-field techniques to examine magnetic ordering
a-Fe90Sc10. Zero-field muon spin relaxation~ZF-mSR! spec-
troscopy provides a complete separation of the static
dynamic magnetic properties so that the magnetic fluct
tions associated with the freezing of spin components10 can
be detected. Additionally, selective excitation double Mo¨ss-
bauer ~SEDM! spectroscopy, another zero-field techniq
that provides distinct spectral signatures from static a
time-dependent magnetism11,12 has been used to determine
the nature of the fluctuations belowTsg.

II. EXPERIMENTAL METHODS

The sample preparation is described in Ref. 5. Ba
magnetic characterization was carried out on a commer
susceptometer/magnetometer.57Fe transmission Mo¨ssbauer
spectra were collected on a constant acceleration spect
eter using a 1 GBq57CoRh source and fitted using an asym
metric Gaussian hyperfine field distribution. SEDM spec
were collected using a 2 GBq57CoRh source over an 8–1
day period~exciting line No. 1! on our improved SEDM
spectrometer12 and fitted using a model that incorporat
both static disorder determined from transmission Mo¨ssbauer
fit results and a two-level relaxation model.13 Temperatures
between 20 and 100 K were achieved using a vibrati
isolated closed-cycle refrigerator. ZF-mSR spectra of the 16
mm-diameter, 200-mg-cm22 thick sample of the same rib
bons were collected at TRIUMF on the M13 beamline in
He-flow cryostat. ZF-mSR spectra were fitted using the fu
dynamic Kubo–Toyabe or spin-glass function.14

III. RESULTS AND DISCUSSION

Typical ZF-mSR spectra fora-Fe90Sc10 are shown in
Fig. 1. Magnetic fluctuations couple to the muon spin a
cause an exponential decay of the observed polarization.
3 © 2002 American Institute of Physics
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inset shows that this exponential decay changes charact
early times. A characteristic Kubo–Toyabe minimum is o
served, indicating the presence of static magnetic orde15

Since the static and dynamicmSR signals overlapped, th
full dynamic Kubo–Toyabe and spin-glass functions16 were
used to fit the data. Results are shown in Fig. 2 whereD/gm

represents the static rms field and the fitted relaxation
describes a 1/T1 -type spin relaxation rate.

FIG. 1. TypicalmSR spectrum fora-Fe90Sc10 at 70 K. Inset shows the early
time region of the data where the static Kubo–Toyabe minimum with
relaxation is observed. Solid lines are fits to functions described in Ref

FIG. 2. Top: Temperature dependence of the static~n! relaxation rates for
a-Fe90Sc10 . Lines are guides to the eye. Bottom: Temperature depend
of the dynamic ZF-mSR relaxation rate~s! and SEDM relaxation rate~n!.
Inset shows the temperature dependence of the fitted line widths~G! of the
SEDM spectra.
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As the temperature approaches the paramagnetic to s
glass transition from above, magnetic fluctuations occur o
a continuum of time and length scales and ultimately dive
at 10565 K. ExaminingD(T) in Fig. 2, as we cool from 200
K there is a gradual, linear increase inD as some of the
magnetic fluctuations slow into the measuring time wind
of the muon.D(T) changes once the transition is reache
On cooling past the transition a steady increase inD occurs
until around 20 K where the static field is constant and
fluctuations have ceased. A more marked signature of
ment behavior is provide by the ZF-mSR relaxation rate~s!
in Fig. 2 that shows the divergence of magnetic fluctuatio
at all time and length scales at;105 K. At temperatures
below this, muon depolarization is dominated by the ma
netic fluctuations slowing and becoming static. The tempe
ture dependences ofD(T) andl(T) are consistent with the
behavior of a highly frustrated magnet that undergoe
single transition from paramagnet to spin glass atTsg. The
sharp cusp inl(T) ~Fig. 2! is especially indicative of a mag
netic transition, consistent with the observedl(T) transition
from paramagnet to transverse spin freezing in
a-Fe–Zr17 anda-Fe–Ru–Zr18 systems. Additional evidence
of a transition occurring around 100 K is provided byxac

data (Tsg510061 K) that measure fluctuation on a muc
slower time scale. The interpretation thata-Fe–Sc is a clus-
ter spin glass is inconsistent with the fitting procedure u
for the mSR data where a continuous distribution of hype
fine fields is assumed.14 A magnetic cluster system will ex
hibit a distribution of relaxation rates as different sized clu
ters relax at different rates. Some of these clusters fluctu
either too fast or too slow to fall into the measuring time
the muon, and a more complex model is required to fit
depolarization of the muons.19 Such behavior is not see
here.

SEDM spectra~Fig. 3! of the samea-Fe90Sc10 sample
were collected to investigate the nature of the fluctuatio
below Tsg. At 20 K, the absence of magnetic fluctuations
confirmed by the observation of a single emission line in
SEDM spectrum, consistent with the ZF-mSR data @i.e.,
D(T) is at its maximum andl is essentially zero#. The
chemical and magnetic disorder leads to broadened abs
tion lines in the transmission spectrum that reflect a con
lution between the source linewidth and hyperfine field d
tribution. The SEDM spectra of a material with stat
disorder also show a broadened re-emission line~compared
to that of a-Fe12! however it is substantially narrower tha
that observed by transmission as only part of the field dis
bution is probed. The 20 K SEDM spectrum of th
a-Fe90Sc10 is correctly described by the asymmetric Gau
ian distribution,P(Bhf), of hyperfine fields determined from
the 20 K transmission spectrum. This demonstrates that
have a complete description of the static magnetic disorde
be convolved with the moment fluctuations which develop
Tsg is approached.11,12

An unambiguous SEDM spectral signature results fr
spin dynamics belowTsg, seen in the spectra up to 90
(0.9Tsg) in Fig. 3. Only line No. 1 is excited, but emissio
from line No. 6 is clearly present as well. This is a dire
indication that the magnetic field at the excited nucleus
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reversed direction during the lifetime~97 ns! of the excited
state.11 No amount of static disorder can lead to this ad
tional line. Most striking is what happens to the SEDM spe
trum at 100 K. The echo line~No. 6! has disappeared~Fig.
3!, however, the fitted line width is much broader then that
the lower temperature SEDM fits~inset to Fig. 2!. This be-
havior is consistent with the fluctuations changing behav
from a spin-flip to a continuous easy-axis relaxation.20

Results of fits to the SEDM data are shown in Fig.
ZF-mSR is, in principle, sensitive to all forms of magnet
relaxation and has a wider frequency window than the Mo¨ss-
bauer effect, however the fitted SEDM and ZF-mSR relax-
ation rates up to 90 K are in perfect agreement. This con
tency between results leads to the conclusion that b
SEDM and mSR are measuring the same time-depend
phenomena. Additional evidence is provided by the fit
line width of the SEDM spectra. With the source and det
tor line widths characterized using standard samples,12 and
the static disorder for thea-Fe90Sc10 determined from trans
mission Mössbauer spectra, we observe a temperat
independent sample line width of 0.1060.01 mm/s until 90
K that is fully consistent with the lifetime of the excited sta
of the Mössbauer nucleus. At 100 K (0.95Tsg) the fluctuation
mechanism seems to change from spin-flips to a continu
easy-axis relaxation. This is suggested by the sudden
crease in the fitted line width of the 100 K SEDM spectru
The P(Bhf) does not completely describe the magnetism
the system, and the fitted line width is too large to refl
only the lifetime of the Mo¨ssbauer nucleus excited state. T

FIG. 3. SEDM spectra ofa-Fe90Sc10 . At each temperature the pump energ
was centered on the line at the left.
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static field determined from themSR results~D! at 100 K is
large enough to guarantee hyperfine field splittings that
be observed with SEDM,12 and a simulated transmissio
spectrum with a;40 MHz ~spin-flip! relaxation rate is not
consistent with the measured transmission spectrum at
K. This is strong evidence that the features observed in
SEDM spectrum at 100 K are due to a real change in
magnetic dynamics and that the clear increase in linew
must be due to dynamic effects.

In conclusion,a-Fe90Sc10 undergoes a paramagnetic
spin-glass transition atTsg;105 K. We find no evidence for
cluster glass behavior in either themSR or the SEDM data.
Additionally, the fluctuations from the moments slowing in
the measuring time window of both the muon and Mo¨ssbauer
effect have been detected atTsg. Moment flips of 180° have
been explicitly identified as the dominant fluctuation mech
nism up until 0.95Tsg, where the fluctuations change beha
ior from spin-flip to continuous easy-axis relaxation. The e
cellent agreement between fluctuation rates from ZF-mSR
and SEDM provides strong evidence that the same magn
relaxation phenomenon is detected with the two differ
probes.
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