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Exchange frustration and transverse spin freezing in iron-rich metallic glasses
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The magnetic properties of several iron-rich amorphous alloys of the form a-Fe„T&00 „(T =Zr, Hf, Sc;
x -90) have been studied down to 5 K using magnetization measurements and Mossbauer spectroscopy,
both with and without an external magnetic field. Two magnetic transitions are observed: first to a col-
linear magnetic state at T„ then noncollinearity develops at T ~. Analysis of the composition and tem-
perature dependences of the magnetic ordering allows us to rule out cluster-based models of the
behavior. All of our results can be explained in terms of a homogeneous freezing of transverse spin com-
ponents at T, leading to a state in which ferromagnetic and spin-glass order coexist Qu. antitative
agreement with Monte Carlo simulations of a bond-frustrated Heisenberg system is observed.

I. INTRQDUCTIQN

One approach to the study of spin glasses is to view
ferromagnets and spin glasses as two extremes of a con-
tinuum. One may begin with a system having only fer-
romagnetic exchange, FM, (at T =0 for simplicity) and
add antiferromagnetic exchange randomly to form
(FM), „(AF),. It is unlikely that an infinitesimal con-
centration would immediately destroy the long-ranged
order, as all real materials contain some impurities and
such a loss would preclude the experimental observation
of ferromagnets. However, with equal amounts of FM
and AF exchange present (x =0.5) the disorder and ex-
change frustration lead to a spin glass. ' Thus at some
concentration, 0 (x (0.5, the long-ranged order must
disappear. The phase transition between the paramagnet-
ic (PM) and ordered states may also be lost. The evolu-
tion from FM to spin glass (SG) with increasing x allows
one to study how the spin glass evolves out of the fer-
romagnet as a function of concentration (or equivalently,
frustration). This approach complements the more con-
ventional studies of fixed composition evolution from
paramagnet to spin glass with temperature.

Partially frustrated systems are readily constructed,
both experimentally and theoretically, and studies have
revealed a rich pattern of ordering behavior. ' Two
magnetic ordering events are observed: the first (at T, )

marks the onset of long-range ferromagnetic order, while
at the second, lower, transition (T„) transverse degrees
of freedom freeze randomly without aff'ecting the col-
linear (z) component of the order and thus the system re-
tains a net ferromagnetic moment. At T=0 ferromag-
netic and spin-glass order coexist. The freezing of trans-
verse components causes the system to enter a noncol-
linear state and, although the xy components contribute
to the total moment, they do not affect the magnetiza-
tion; thus while the two parameters match above T„,
below it, the total ordered moment is larger than the
magnetization. Below T„ the systems exhibit many of
the characteristics of spin glasses —e.g. , noncollinear or-
der, strong magnetic irreversibility, and time-dependent

magnetization —this has resulted in such materials being
called "reentrant spin glasses" (RSG) by imperfect analo-

gy with reentrant superconductors. However, they do
not reenter the normal (in this case paramagnetic) state at
T ~, as there is no loss of collinear order down to T =0,
even after the transverse spin components freeze.

Iron-rich amorphous alloys of the form Fe T,oo
where T is an early transition metal, e.g., Sc, ' Y, Zr, '

or Hf, " are ideal systems for studying the effects of par-
tial exchange frustration. They contain a single magnetic
species, Fe, which avoids the problems of nonrandom
substitution, a complication which has colored much of
the discussion of ordering in RSG and led to descriptions
in terms of isolated, finite clusters of spins somewhat
reminiscent of the "mictomagnet" picture originally sug-
gested as a description of spin glasses. ' Iron is present at
high concentrations (typically —90%), eliminating the
possibility of percolation effects, and leading to relatively
high transition temperatures. Exchange frustration arises
through the distance dependence of the Fe-Fe direct ex-
change interaction, which changes sign at about 2.55 A
[closer contacts being AF, more distant ones being FM
(Refs. 13 and 14)]. The large moments and strong ex-
change rejected in the high transition temperatures mean
that exchange effects dominate the ordering. The alloys
are prepared by melt spinnning, and the rapid quenching
from the liquid state leads to extreme compositional uni-
formity, eliminating the possibility of chemical segrega-
tion. Finally, their magnetic properties span the full
range of possibilities from ferromagnet, for T=Zr at
x =88, to spin glass, for T=Sc at x -90. '

The a-Fe Zr&00 system with x ) 85 is the most wide-

ly studied of the a-FeT glasses, and all of the features of
RSCi behavior have been observed. These include the
drop of magnetic ordering temperature, T„with increas-
ing Fe concentration without a corresponding decrease in
the Fe moment, ' irreversible dc susceptibility yd„' and
two peaks in y„ in the presence of a small dc field. '

Mossbauer spectra of a-Fe93Zr7 measured in a field ap-
plied parallel to the y beam indicate that the system be-
comes noncollinear at a temperature T „well below
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T, . ' ' It was also found that below T„„, the average
iron moment obtained from Mossbauer spectra is larger
than that derived from magnetization. ' These observa-
tions were explained in terms of transverse spin freez-
ing, 4'&o, &8, 20 which is similar to the mean-field model for
Heisenberg spins developed by Gabay and Toulouse.
Furthermore, numerical simulations accurately repro-
duce the experimental observations.

Experimental data on a-Fe-Hf is more limited. '

However, applied field Mossbauer spectroscopy and
high-field magnetization data" confirm that these alloys
are not collinear ferromagnets, and it appears that a-Fe-
Hf alloys exhibit similar behavior to a-Fe-Zr alloys, con-
sistent with the strong chemical and physical similarities
between Zr and Hf. By contrast, the magnetic behavior
of a-Fe-Sc alloys seems quite different. Melt-spun a-
Fe9oSc&0 was first prepared and studied by Day et al. A
sharp cusp at 99 K in ac susceptibility (y„) was ob-
served, suggesting a spin-glass state at low temperatures.
Ryan et al. have shown that all of the samples they
studied (a-Fe„Sc,oo „, x = 89 —91) exhibited nonzero
hyperfine fields in their Mossbauer spectra at almost the
same temperature that the irreversibility in thermomag-
netic measurements appeared, suggesting a single sharp
transition to an asperomagnetic state.

In spite of the evidence for homogeneous transverse
spin freezing in a-Fe-T alloys, two inhomogeneous mod-
els have been proposed. ' Both assume a FM matrix
phase, with either AF (Ref. 24) or FM (Ref. 25) clusters
embedded in it. In both cases T, marks the ordering of
the matrix phase, while the second transition corresponds
to the ordering of the clusters. Frustration at the cluster
surfaces destroys the long-range FM order established at
T, and leads to spin-glass behavior.

We present here Mossbauer and magnetization data on
iron-rich glasses containing Sc, Zr, and Hf. The em-
phasis is on the consistent evolution of the complete a-
Fe-T system as a function of composition. We can adjust
the degree of frustration present by changing the compo-
sition and thus study how a group of systems evolves
from ferromagnet to spin glass as we increase frustration.
Three models for the behavior are examined in detail,
and two invoking magnetic clusters are found to be in-
consistent with the data. Finally, a quantitative compar-
ison is made with numerical simulations.

II. EXPERIMENTAL METHODS

Ribbons of a-Fe-Zr, a-Fe-Hf, and a-Fe-Sc alloys were
melt spun under helium from ingots prepared from the
pure metals (99.95%, or better) by arc melting under Ti-
gettered argon. The absence of crystallinity was
confirmed by x-ray diffraction and room-temperature
Mossbauer spectroscopy. Compositions were checked by
electron microprobe analysis, and were found to be
within 0.3% of nominal in all cases.

Mossbauer spectra were obtained over a temperature
range from 5 K to room temperature on a conventional
constant acceleration spectrometer with a 1 GBq CoRh
source normally at room temperature. High-field spectra
were recorded with an external field applied parallel to

the y beam using a superconducting solenoid. For these
measurements, the source was located inside the cryostat
at the null point of the megnet and the spectrometer was
operated in sinusoidal mode. The field was applied above
T, and the spectra were obtained following field cooling.

Most spectra were fitted using Window's method,
where no assumptions about the shape of hyperfine field
distribution, P(Bhr), are made. We also used a simple
fixed-shape distribution constructed from two half-
Gaussians with a common peak, and different widths to
high and low fields. This form cannot oscillate, requires
only three parameters to describe P(B &h), and yields
average parameters that are indistinguishable from those
derived from Window's method. The spectra of a-
Fe»Zr&& and a-Fe90Zrlo, measured in a large applied field,
were fitted using the P(B„&) obtained by a subtraction
procedure. Polarizing the sample with a 100 mT field
applied perpendicular to the direction of the y beam
leads to an increase in the intensity ratio (R) of lines 2
and 5 relative to lines 3 and 4, often to as much as 3.7
(compared with the powder average value of 2, and the
maximum possible of 4). Subtracting the zero-field spec-
trum from the one obtained in 100 mT yields a two-line
spectrum with essentially no line overlap that can be
fitted easily. P(Bhr) derived from the difference spectrum
at a given temperature was checked by using it to fit the
original polarized and unpolarized spectra. This pro-
cedure is described in more detail elsewhere.

The total iron moment and hyperfine field are assumed
to be directly proportional to each other. The conven-
tional conversion factor of 15T/@I', found in a-Fe and
many interrnetallic compounds, has been used here. The
agreement obtained for the collinear a-Fe»Zr» alloy and
above T„ for the other alloys studied here supports this
choice of conversion factor. For Mossbauer spectra mea-
sured in an external field, the additional contribution,
corrected for the demagnetizing field, was included when
calculating (Bhr).

Mossbauer ordering temperatures were determined
both from the point at which the average hyperfine field
first became nonzero, and from the change in absorption
at zero velocity as a function of temperature (the thermal
scan technique). T„~, which marks the onset of noncol-
linearity, was identified as the temperature at which the
intensity of lines 2 and 5 (R ) first becomes nonzero in the
applied field Mossbauer spectra. In the absence of a
better model, the intercept of a linear fit to R vs T was
used. We note that our values for T are obtained in an
internal field of -2 T; however, the field dependence of
this transition is either zero ' or at worst &0.8 K/T,
and thus any possible field induced shift in T„ is negligi-
ble in comparison with the measurement uncertainties.

Magnetization measurements were made between 5
and 300 K on a Quantum Design superconducting quan-
tum interference device (SQUID) magnetometer in fields
of up to 5.5 T, and calibrated using a Pd standard. Mag-
netization ordering temperatures were determined from
modified Arrott plots: M'~~ vs (B/M)' ~, by identifying
the isotherm that passed through the origin. Values for
the critical exponents P and y obtained from magnetiza-
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tion measurements on a-Fe-Zr (Refs. 30 and 31) have
been shown to agree well with theoretical predictions for
the homogeneous three-dimensional Heisenberg model
where P=0.365 and @=1.387. We have therefore used
these values here, and found them to yield reasonable iso-
therms.

III. RESULTS

We present here the results of Mossbauer and magneti-
zation measurements used to probe local and large-scale
magnetic ordering, respectively. Each sample has been
studied from above its ordering temperature down to 5
K. The agreement between ordering temperatures de-
rived from modified Arrott plots and Mossbauer data
shows that magnetic order develops simultaneously on
long and short length and time scales. Comparison of
Mossbauer and magnetization derived moments along
with applied field Mossbauer data allows us to determine
T„„,the temperature below T, at which noncollinearity
develops, and to show that long-range ferromagnetic or-
der is not lost at any lower temperature. The a-Fe-Zr
samples studied here span the full range of behavior ac-
cessible to melt-spinning in this system. One a-Fe-Hf
sample is included for comparison with the zirconium al-
loy series, while the a-Fe-Sc sample serves as an example
of complete exchange frustration, and provides a severe
test of the various ordering models proposed for these al-
loys.

a-Fe„Zr100

a-Fe89Zr&& shows magnetization behavior typical of
conventional ferromagnets (top of Fig. 1), reaching 92%
of saturation (extrapolation of M vs 1/8 plot to 1/8 =0)
in a field of 0.1 T. Modified Arrott plots (bottom of Fig.
1) yield straight isotherms, and indicate an ordering tem-
perature of 255+5 K, in good agreement with the onset
of magnetic splitting in the Mossbauer spectra at 252+5
K. M„a measure of the component of the iron moment
parallel to the field direction, is obtained by extrapolating
the high-field part (2 T 8 ~ 5.5 T) of the magnetization
curves to 8 =0 T. The average total iron moment (p,,„)
can be obtained from the average hyperfine field, (Bhf),
derived from Mossbauer spectra, using the conversion
factor of 15T/pz. A comparison of these two parame-
ters in Fig. 2 shows that p» and Mz are indistinguishable
at all temperatures, indicating collinear ordering down to
5 K, and confirming the choice of conversion factor.
Mossbauer spectra measured in a 3.5 T field parallel to
the y beam are shown in Fig. 2. The six lines observed in
a magnetically split spectrum have intensities
3:R:1:1:R:3,where 8 =4sin 8/(1+cos 8), and 0 is the
angle between the magnetic moment and the direction of
y beam. There is no evidence of the presence of lines 2
and 5 at any temperature, indicating that the magnetic
order remains collinear down to 5 K. Since a-Fe89Zr» is
the least frustrated sample among the a-Fe-Zr group
studied here, it is possible that it does not have two mag-
netic transitions. In order to check this, we need to ob-
tain accurate values for R at di6'erent temperatures using
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FIG. 1. Top: magnetization curves for a-Fe»Zr» at various
temperatures. Dotted line shows definition of M, at 5 K. Bot-
tom: modified Arrott plots from which a T, of 255+5 K is de-
duced.

the subtraction procedure described earlier. P(Bh&) ob-
tained by this method at 5 K has been used to fit the
spectrum recorded in 3.5 T at the same temperature.
Since the shape of P (Bh&) is fixed, only R and a field shift
remain as adjustable parameters. The latter takes ac-
count of the applied field, which reduces the hyperfine
field at the iron nucleus. R =0.04+0.01 was obtained
from this procedure at 5 K. However, there was no sta-
tistically significant di6'erence in the fit quality with
R =0.04 compared to that with R constrained to be zero
(both lines are shown in Fig. 2).

Mossbauer and magnetization measurements indicate
that a-Fe89Zr

& i exhibits conventional ferromagnetic
behavior down to 5 K. The evidence includes the agree-
ment between the magnetization and the average
hyperfine field (which indirectly confirms the choice of
conversion factor), and absence of intensity in lines 2 and
5 at any temperature. The ordering is indistinguishable
from collinear down to 5 K in this alloy, and no evidence
of a second transition is observed.

As the Zr content of the alloys is reduced, this simple
behavior changes. First, while modified Arrott plots and
Mossbauer thermal scans continue to yield T, values in
agreement with each other, the actual values obtained
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netic splitting, and average hyperfine fields of more than
10 T are obtained, providing evidence of significant mag-
netic cluster relaxation. From Fig. 6, it can also be seen
that the intensities of lines 2 and 5 increase at low tem-
peratures. The applied field spectra were fitted using
Window's model since the subtraction procedure does
not work for this system. The fitted values of R are plot-
ted against temperature in Fig. 6. The temperature at
which R begins to increase from zero has been estimated
by fitting the temperature dependence of R with a linear
function to yield 97+10 K, implying that the noncol-
linearity starts to develop as soon as magnetic order ap-
pears. Therefore, unlike the a-Fe-Zr and a-Fe-Hf alloys,
which first enter a collinear state at T, and develop non-
collinearity only below the second transition at T, a-
Fe»Sc9 undergoes a single magnetic transition and enters
a noncollinear state directly. Despite the fact that
Mossbauer and susceptibility measurements clearly
show that magnetic order appears at around 105 K, the
modified Arrott plots shown in Fig. 5 show no evidence
of a spontaneous magnetization at any temperature above
5 K. We therefore conclude that a-Fe»Sc9 undergoes a
transition to a spin glass rather than to an asperomagnet-
ic state at 105 K, and label the transition temperature T,
rather than T, in Fig. 6.

IV. DISCUSSION

We gather our major results on the a-Fe-Zr system to-
gether in Fig. 7. There are three specific effects clearly
visible. (i) With increasing iron concentration T, falls by
a factor of 2. Since there is no reduction in the average
iron moment, the exchange distribution in the system
must be changing substantially. (ii) A second magnetic
transition appears, and rises to meet the descending T,
line. In the same composition range that T, falls by 130
K, T„rises by 80 K. (iii) The materials become increas-
ingly noncollinear, with g rising from 0' to nearly 60'.
Our evidence of noncollinearity comes primarily from the
direct observation of intensity in lines 2 and 5 of
Mossbauer spectra recorded in magnetic fields applied
parallel to the y beam. It is backed up by a less direct
measure of the spin structure, namely a comparison of
the longitudinal component of the magnetization M, with
the average iron moment derived from (Bhr). Not only
does M, separate from p,,„at the same temperature ( T„)
at which R ceases to be zero, but the degree of noncol-
linearity derived from M, /p, „agrees with the direct ob-
servation using R.

posed.
One model, due to Read et al. ' assumes that anti-

ferromagnetic y-iron —like precipitates are dispersed
throughout the sample, these order at a lower tempera-
ture, and random-field effects at their surfaces destroy the
previously established FM order. Proponents of this
FM-AF model point to the fact that the probability that
an iron atom, in a close-packed alloy that is 90%%uo iron,
will have only iron neighbors is of order 30&o, implying
that a large fraction of the iron could be in y-Fe —like en-
vironments. The fortuitous agreement between the Neel
temperature of y-Fe precipitates in Cu [-70 K (Ref.
14,38,39)] and T ~ in a-Fe9&Zr7 (78 K, this work and Ref.
18) is seen as supporting the FM-AF model; however, as
is clear from Fig. 7, this agreement occurs only for a sin-
gle composition.

Another model (FM-FM), due to Kaul et al. ,
identifies the clusters with density fluctuations. Lower
density regions are more strongly FM coupled than the
matrix, but isolated from the matrix by a boundary layer
of frustrated spins. The boundary frustration arises both
from magnetostrictive effects due to lattice mismatch be-
tween the cluster and matrix phases, and also from short-
er Fe-Fe contacts, i.e., the boundary layer is assumed to
be denser than either the matrix or the cluster phases.
The FM clusters account for both the relaxation behavior
seen at T„and the short correlation lengths seen in
small-angle neutron-diffraction measurements. ' The ma-
trix orders ferromagnetically at T„but thermal Auctua-
tions overcome the weak cluster-matrix coupling and
prevent the clusters from affecting the matrix order. At
T, the clusters finally couple to the matrix, and the ran-
dom inAuences of the frustrated surface bonds destroy
the FM order in the matrix.

There are two key features common to both models. (i)
two distinct spin populations with different ordering
behaviors, and (ii) the destruction of the FM order at the
second transition (T„). As we will now show, cluster-
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There are two competing inhomogeneous models
which invoke magnetically distinct clusters to explain the
magnetic ordering in iron-rich amorphous Fe TJQQ al-
loys. Both assume the presence of a ferromagnetically
coupled matrix phase which orders at T„and forms the
bulk of the material. The large, possibly divergent, sus-
ceptibility at T, and the substantial magnetization below
T, make any other matrix phase unlikely. The models
differ, however, in the nature of the cluster phase pro-
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FICx. 7. Summary of the magnetic behavior of a-Fe Zrloo
as a function of composition. Top: magnetic transition temper-
atures T, and T„~. Center: average magnetic moment. Bottom:
the cone half-angle g showing the increasing noncollinearity of
the order.
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based explanations suffer from several basic problems.
First, and perhaps most serious, there is no direct obser-
vational evidence for the existence of isolated, or distin-
guishable, magnetic clusters. Second, neither model is
consistent with the composition dependence visible in the
phase diagram shown in Fig. 7. Third, they cannot ex-
plain the extreme behavior of a-Fe-Sc. Finally, it is
difficult to reconcile the effects of hydrogen with either
model.

Direct searches by small-angle scattering of neutrons
(SANS) or x-rays (SAXS) do not yield support for the
cluster models. In general, SAXS has shown metallic
glasses to be extremely uniform, and in particular,
SANS measurements on a-Fe-Zr alloys found no evidence
of inhomogeneities. Indeed, the only parameter con-
sistently cited as showing evidence for clusters in these
materials is the distribution of hyperfine fields, P(Bhf),
obtained by deconvoluting Mossbauer spectra, a process
that frequently yields bimodal forms —the main peak is
then attributed to the matrix, while the smaller, lower-
field feature is due to the clusters. However, both we
and others have noted that the form of the hyperfine
field distribution is essentially temperature independent,

' if sufficient care is taken in the analysis, an observation
that is totally inconsistent with the separate ordering of
two distinct magnetic components. Furthermore, a
direct test for the presence of magnetically isolated clus-
ters is possible. The subtraction method used to fit some
of the spectra presented here, relies on being able to po-
larize the whole sample. The difference spectrum ob-
tained by subtracting an unpolarized spectrum from one
obtained in —100 mT only contains contributions from
moments that changed direction when the field was ap-
plied, and thus changed their contribution to lines 2 and
5. If some of the spins are not affected by the applied
field, because they are part of either AF clusters, or
decoupled FM clusters, they will not be represented in
the two-line difference spectrum. A fit to the two-line
spectrum should then lack the low-field feature in P (Bhf),
if it were genuinely associated with cluster moments, and
the hyperfine field distribution obtained in this manner
should not fit one or both of the original spectra. The
cluster component is predicted to be substantial, ranging
from -20% (Ref. 24) to —30% (Ref. 25) in a-Fe9OZrio
for example, and therefore the misfit due to omitting so
large a cluster contribution should be severe. However,
unpolarized spectra obtained above and below T, for
this composition are shown in Fig. 8 with subtraction-
derived fits and residuals. It is apparent first that there is
no change in the misfit observed above and below T
and second, that any misfit is small, and certainly
represents far less than 20%%uo of the total area. Therefore,
the magnetic system responds homogeneously to small
applied fields both above and below T and no evidence
for clusters is found.

Since P(B„r) is so widely quoted in support of clusters,
it is essential that the limitations of the deconvolution
procedures used be emphasized. The most obvious prob-
lem is line overlap. It is readily apparent from an ex-
amination of any of the spectra shown in this work that
lines 2 and 5 overlap significantly with lines 1 and 6
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FIG. 8. Zero-field Mossbauer spectra for a-Fe90ZR&0 mea-
sured above and below T„~. The solid lines through the data are
fits derived from the subtraction technique described in the text.
The residuals from these fits are shown below each spectrum.
Note the absence of any misfit that could be associated with iso-
lated magnetic clusters.
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which lie outside them. Since all of the distributions of
Bhf for the magnetically ordered alloys considered here
exhibit some form of tail to low fields, all of the lines ex-
hibit some asymmetric broadening to low velocities (i.e.,
towards the center of the spectrum). Thus some of the
area in the region of line 2 (for example) is due to the low
velocity tail of line 1 and the rest is due to line 2. In or-
der to determine the actual form of the low-field part of
P(Bhr) it is necessary to know the correct intensity of
lines 2 and 5. The Aml =0 transitions that yield lines 2
and 5 have intensities (R) which depend on the orienta-
tion of the moments with respect to the y beam (a feature
used here to show that the order is noncollinear). The
moment directions are rarely known with any certainty
as they are affected by stray fields and stresses introduced
during preparation, they can also change with tempera-
ture as differential contractions of the sample and mount
cause further stresses. For simplicity, a random distribu-
tion of moment directions is often assumed, with R being
taken as 2. However, the subtraction method described
above has been used to show that such assumptions can
be seriously wrong: analysis of the difference spectra for
a-Fe9oZr&o showed that R was close to 1 in unpolarized
spectra. It is not possible to determine the shape of the
low-field part of the hyperfine field distribution without
knowing the exact intensities of the Amr=0 transitions
(or vice versa). This consideration alone makes the de-
tailed form of the low-field tail in P(BM) essentially im-
possible to determine from a single spectrum at a given
temperature.

Even without the ambiguity due to line intensity prob-
lems, the deconvolution procedures commonly used are
unstable, and will naturally tend to oscillate. This prob-
lem is certainly exacerbated by poor counting statistics
(i.e., noise on the data); however, the extent of the ten-
dency to oscillate is not fully appreciated. In order to
demonstrate, we show some synthetic spectra in Fig. 9.
The spectra were generated using the distributions at the
left, which are asymmetric Gaussians as discussed earlier.
The degree of asymmetry increases from top to bottom,
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FIG. 9. Synthetic Mossbauer spectra showing the instability
of deconvolution procedures. In each case, the hyperfine field
distribution at the left gives the spectrum in the center, which
when fitted with a six-term Window expansion yields the distri-
bution at the right. Note how as the low-field tail of the original
distribution becomes more pronounced, an artificial bimodal
structure develops in the fitted distribution.

and spans typical values encountered in a-Fe-Zr. At the
right are the distributions obtained by fitting six-term
Window expansion to the spectra. The "bimodal"
structure is clearly visible, despite its absence from the
original data. The bimodality could not have been
caused by noise, as none was added to the synthetic spec-
tra. It is entirely mathematical in origin.

The fitting procedures are fundamentally unstable,
even when used on perfect, noise-free data, and yield bi-
modal distributions that are absent from the original
data. Thus any discussion of such features extracted
from real spectra with noise present is invalid. Direct
searches for chemical or magnetic inhomogeneities yield
negative results. There is therefore no experimental evi-
dence for the existence of magnetically distinct clusters in
any of the alloys considered here.

The second problem with cluster models is the ob-
served phase diagram. Both the composition dependence
of the transition temperatures and the magnetic structure
below T~ are inconsistent with cluster-based models.
The FM-matrix —AF-cluster model works only for a-
Fe93Zr7, in that it predicts the correct value for Tzy.
However, as the second transition is assumed to be due to
y-Fe —like regions, the model can only yield a single value
for T y, namely T& of y-Fe: -70 K. There is no obvi-
ous reason for T& to vary with the composition of the
matrix, and certainly none that would cause the transi-
tion to move from 0 K to nearly 80 K as the Zr content
changes by 4 at. %. Furthermore, the model provides no
mechanism by which T, of the matrix phase may be
changed.

Similar problems exist with the FM-FM model. If the
density Auctuations were significant, they would presum-
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FIG. 10. Comparison of T~~ values derived from various
sources. , this work; 0, g„data (Ref. 67}; +, y„measured
with superposed dc field (Ref. 17}; 0, y„data (Ref. 68}. The
dotted line is a linear fit to our data. Note that although our
values were obtained in fields of order 2 T, they are not sys-
tematically shifted from the zero-field results also shown here.
Any field-induced shift in T„~ is therefore small.

ably exist on all length scales and with varying ampli-
tudes, making the distinction between "cluster" and "ma-
trix" problematic. There is no direct structural evidence
for either density or compositional fluctuations in these
glasses; indeed careful x-ray-diffraction measurements of
a-Ni-Zr show no difference between the structure factors
of melt-spun and sputtered alloys, despite extreme
differences in preparation conditions. While it is known
that as-cast glasses contain quenched-in stresses and free
volume that can be released on annealing, " the slight
densification on thermal relaxation has been shown to re-
sult from highly dispersed motions, rather than local
elimination of poor packing, an observation that does not
support the existence of well-defined low-density regions.
Furthermore, the degree of densification observed on an-
nealing is critically dependent on the preparation condi-
tions, which would mean that the density Auctuations
present in a sample would depend on its detailed thermal
history or preparation conditions. However, the magnet-
ic phase diagram of a-Fe-Zr is remarkably consistent.
T, which would be extremely sensitive to variations in
the cluster density and/or amplitude if they caused the
second magnetic transition, shows little variation from
group to group, even when radically different methods
are used to determine it. Figure 10 shows a comparison
of T values from different sources, showing that despite
varying sample preparation conditions, differing measur-
ing techniques and views on the origin of the feature, its
location is remarkably stable; indeed, most of the scatter
visible in Fig. 10 could be accounted for by -0.3 at. %
variations in sample composition. As with the FM-AF
model, there is no mechanism for changing either T, or
T„ in the FM-FM model. It is not clear why density
fluctuations should become so much more significant
over a narrow composition range, why the ordering tem-
perature of the matrix phase should drop with increasing
iron content, or why the clusters should order at progres-
sively higher temperatures as the ordering temperature of
the matrix falls.

Both the FM-AF and FM-FM cluster models predict
that, as a result of frustrated interactions on the cluster
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surfaces, the ferromagnetic order established at T, is lost
when the clusters freeze. This prediction is inconsistent
with the experimental observation that domains persist
down to 14 K (well below T,» ) in a-Fe Zr, oo
(89~x ~92), and that the only effect of the trans-
verse spin freezing at T on the domain structure is to
reduce domain-wall mobility. Furthermore, neutron
depolarization measurements confirm that ferromagnetic
order is not lost at, or below T . ' Not only do the clus-
ter models lack a mechanism to account for the observed
composition dependence of the transition temperatures,
but they also predict a loss of ferromagnetic order at T
contrary to direct experimental observations.

a-Fe-Sc provides a third problem for the cluster mod-
els. The magnetic ordering behavior of a-Fe9&Sc9 appears
quite different from that of the a-FeZr and a-Fe-Hf alloys
also studied here. Our results indicate that it exhibits a
single transition to a noncollinear ordered state with no
spontaneous magnetization. Within cluster models of the
ordering, M, =0 implies that the ferromagnetic matrix is
essentially absent. Leaving aside the fact that both mod-
els require a matrix phase to define the clusters, and that
there is no obvious reason for the arguments leading to a
cluster-matrix separation to change when Sc is substitut-
ed for Zr, we will examine the model predictions for this
situation.

In the FM-AF model, the system would have to consist
entirely of y-Fe, unlikely in view of the 9 at. %%uoScpresent
in the alloy. A Tz of -70 K might be expected, and as
the matrix phase is absent, P (BM ) should only show the
low-field y-Fe component at 10 T, " rather than the much
larger value of 22. 1 T actually observed. ' Indeed, Table
I shows that the average hyperfine field in a-Fe-Sc is only
slightly smaller than that in the corresponding a-Fe-Zr
alloy. If we try to include a FM matrix phase, then the
ordering temperatures of the matrix phase and the y-Fe
clusters are required to match within a few degrees, so
that the clusters can destroy the order in the FM matrix
as soon as it develops. There is no natural way for this
remarkable coincidence to arise.

Eliminating the matrix phase from the FM-FM model
leads to two possible results: (i) the cluster component
accounts for all of the sample volume, in which case the
system is entirely ferromagnetic with a T, given by the
(assumed stronger) coupling within the now infinite clus-
ter phase; (ii) the boundary frustration remains and the
system consists almost entirely of clusters, isolated from
each other by thin layers of frustrated spins. In either
case, P(Bi,&) must be dominated by the low-field com-
ponent at 15 T, a prediction that is again inconsistent
with observations. ' Possibility (i) can be discounted im-
mediately as it predicts an enhanced T, and FM order-
ing. The isolated cluster case (ii) could, in principle, ac-
count for the noncollinear ordering if the behavior at T,
is identified with the blocking of isolated superparamag-
netic clusters; however, this does not stand up to closer
examination, with measurements on very different time
scales giving almost identical values for the transition
temperature. Fe Mossbauer spectroscopy, which is sen-
sitive on a time scale of —10 s, gives T, =105+3 K

compared with 99 K (Ref. 6) and 95 K (Ref. 15) derived
from g„measurements, where a driving field of several
kHz was used, while we have obtained a value of 102+3
K at 137 Hz. If the ordering were due to blocking of iso-
lated clusters, measurements over such a frequency range
should yield transition temperatures that change by a fac-
tor of 2.

While a-Fe-Sc exhibits quite strong superparamagnet-
like effects, and might be expected to represent the limit-
ing case for the cluster models, neither model is con-
sistent with the observed magnetic ordering behavior. In
particular, P(8„f), which is often cited as showing the
existence of clusters in a-Fe-Zr, does not indicate that the
supposed cluster component of the distribution dom-
inates in a-Fe-Sc.

The effect of hydrogen provides a final problem for the
cluster models. It is well known that adding hydrogen to
a-Fe-T alloys raises T, and converts them into collinear
ferromagnets, ' ""' however, this is not consistent
with cluster based descriptions of the magnetic ordering
behavior. The hydrogen effects are reversible in the sense
that driving the hydrogen out of the samples by anneal-
ing in vacuum restores the original magnetic behavior.
Thus no permanent structural or chemical changes are
associated with the hydrogen-induced changes to the
magnetic ordering —if distinguishable clusters are
present before the hydrogen is added and after it has been
removed, then they must also be present in the hydrided
state, but no longer able to reduce T, or cause noncol-
linearity when they order.

There is no way for hydrogen to affect the y-Fe clus-
ters proposed in the FM-AF model. First, they are
chemically distinct so they cannot disappear when hydro-
gen is introduced into the matrix, and second, as hydro-
gen has no affinity for iron and the dense-packed fcc form
has no voids large enough to accommodate a hydrogen
atom, no hydrogen will enter the AF clusters. If they
were the origin of noncollinearity in the original alloy
then they must also cause the hydride to be noncollinear,
unless for some reason they are completely decoupled
from the hydride matrix, in which case they would con-
tribute a substantial (20—30%) paramagnetic component
to the spectra above 70 K (Tz for the y-Fe clusters).
This component is never observed.

While both the FM matrix and the FM clusters may be
expected to absorb hydrogen as they are supposed to be
chemically similar, it is not clear that this should a6'ect
the cluster-matrix isolation required by the FM-FM mod-
el to cause the noncollinearity. Both the fluctuations in
interatomic spacing and the stresses due to the cluster-
matrix mismatch must still be present in the hydride, and
as these form the basis for the FM-matrix plus isolated
FM-cluster model, the predicted magnetic behavior
should be largely unchanged. It is possible to imagine
that the expansion could allow ferromagnetic coupling to
develop between the clusters and matrix, but this must be
a reversible process and demands that the inhuence of the
clusters depends on a very delicate balance between com-
peting effects. This balance, and relatively easy suppres-
sion of the clusters, implies that the magnetic properties
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are extremely sensitive to internal stresses and they
should therefore also be strongly affected by preparation
conditions, a requirement that is not consistent with the
reproducibility clear in Fig. 10.

In conclusion, both of the cluster models are unable to
account for the observed magnetic phase diagram of a-
Fe-Zr; they predict a loss of ferromagnetic order at low
temperatures in direct contradiction of the experimental
evidence. Despite the profound inAuence the clusters are
supposed to exert on the magnetic ordering, and the large
volume fraction they supposedly occupy, there is no
direct experimental evidence for their existence.

Homogeneous exchange frustration model

All of the changes seen in Fig. 7 can be explained in
terms of homogeneous exchange frustration, arising
through the distance dependence of the direct Fe-Fe ex-
change interaction. Furthermore, the behavior of a-
Fe»Sc9 is fully consistent with this model.

Earlier work has shown that T, actually starts to drop
when the Fe content exceeds —85 at. %, while the aver-
age iron moment continues to increase slightly. " T, is
determined by the product of the average moment and
the average exchange strength, with large moments cou-
pled by strong exchange leading to a high T, . Since the
average iron moment does not decrease when the Fe con-
centration is raised from 85 to 93 at. %%uo, th edecreas eof
T, must be due to a decrease in the average exchange
strength. Monte Carlo simulations of a Heisenberg spin
system with exchange frustration ' indicate that as soon
as antiferromagnetic interactions are present, two mag-
netic transitions are observed. Since there is no evidence
of a second transition in alloys with Fe concentrations
below 89 at. %, we conclude that the exchange interac-
tions in these alloys remain ferromagnetic, and that the
decrease of T, in this range is due mainly to a reduction
in the FM interaction strength. For alloys showing two
magnetic transitions (x ~ 90), the drop of T, and there-
fore the reduction of exchange strength includes a contri-
bution from the presence of AF interactions.

Anomalous x-ray scattering indicates that the Fe-Fe
separation in a-Fe Zrloo „alloys with x around 90%%uo is
about 2.6 A, ' which is close to the critical separation
of 2.55 A where the exchange interaction changes sign
from FM to AF. The wide distribution of Fe-Fe separa-
tions in these amorphous alloys, coupled with the strong
distance dependence of the exchange interactions in the
region of the typical interatomic spacing, will lead to a
wide distribution of exchange interactions which may in-
clude both FM and AF components. When the iron con-
centration is increased in a-Fe-T alloys, the average Fe-
Fe separation becomes smaller since the radius of the Fe
atoms is less than that of any of the alloying elements (Zr,
Hf, and Sc); consequently the strengths of the FM in-
teractions are first reduced and then contacts short
enough for AF interactions appear. This strong sensitivi-
ty of the magnetic behavior to the Fe-Fe separation can
be checked at fixed iron concentration in two ways: (i)
hydrostatic pressure reduces the interatomic separation

and drives T, down in both a-Fe-Zr (Ref. 57) and a-Fe-Hf
(Ref. 21) at a rate of —7 K/kBar and (ii) adding hydro-
gen increases the interatomic separation and leads to a
substantial increase in T, in all of these systems. ' '

It is important to note that adding hydrogen also elimi-
nates the noncollinearity associated with exchange frus-
tration. ' '"

We therefore conclude that the reduction of T, with
increasing Fe content must be largely due to the decrease
of the nearest-neighbor Fe-Fe separations, which first
reduces the average strength of the FM interactions and
then leads to the presence of AF interactions.

Once the presence of AF exchange interactions is ac-
cepted, the magnetic behavior shown in Fig. 7 follows
naturally. Both Ising' and Heisenberg mean-field
models for partially frustrated systems yield phase dia-
grams identical to that shown above in Fig. 7. Increasing
frustration is predicted to lead to a drop in T, and the ap-
pearance of a second transition, T„, which rises to join
T, . These models are homogeneous, in that below Tzy
any spin can be more or less strongly canted from the
mean direction, and we cannot distinguish regions of FM
and SG spins. Above T„and below T„all of the spins
are ferromagnetically aligned, rather than there being
clusters of "melted spin-glass" spins and a residual fer-
romagnetic matrix. Both models predict that T, remains
a ferromagnetic phase transition and this is consistent
with our experimental observations. Our modified Arrott
plots yield both straight critical isotherms, and transition
temperatures fully consistent with Mossbauer measure-
ments despite the fact that the two measurements
represent radically different time averages over the sys-
tem dynamics. Below the second transition, the spin sys-
tem becomes noncollinear through the ordering of trans-
verse spin components. This ordering must be dis-
tinguished from "canting" which implies a change in the
direction of M with ~M~ constant, since in transverse spin
freezing the direction of M changes through the ordering
of xy components at constant M„and ~M~ increases.
This picture may be somewhat idealized, as the mean-
field model predicts spin-glass ordering in the xy plane,
whereas there is some evidence of correlations in these
components. Another key prediction of the mean-
field model is that the ferromagnetic order established at
T, does not decay below T„. Both neutron depolariza-
tion ' and Lorentz microscopy ' ' confirm that long-
range ferromagnetic order is established at T, and not
lost at or below T„, ruling .out any model predicting a
truly reentrant transition to a disordered state.

All of the experimental observations discussed in this
work have been reproduced by Monte Carlo simula-
tions ' of classical Heisenberg spins placed on a simple
cubic lattice with nearest-neighbor interactions. While
these calculations are restricted to relatively small sys-
tems (16 ), they more closely match the experimental
materials, which are expected to be dominated by
nearest-neighbor exchange, rather than the ao-ranged in-
teractions assumed in mean-field models. Furthermore,
they allow the system dynamics to be examined in detail
and yield important insights into the ordering. Three-
dimensional (3D) Heisenberg Monte Carlo simulations
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our alloys by plotting M/5, , (or M, /p, „ in the case of
the experimental results) vs T„~/T, . The results are
shown for all of the alloys studied here in Fig. 11, and the
agreement between the simulations and measurements is
remarkable. This agreement strongly supports the view
that exchange frustration alone (the only mechanism in
the simulations) is sufficient to account for the observed
magnetic ordering behavior of the iron-rich amorphous
binary alloys studied here.
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FIG. 11. Normalized comparison of our experimental transi-
tion temperatures and noncollinearity data with results of
Monte Carlo simulations of the 3D Heisenberg model with ran-
dom +J exchange bonds. ' ' Note excellent agreement.

have reproduced not only the phase diagram, but also the
experimental signatures associated with homogeneous
transverse spin freezing at T, . ' '

Exchange frustration was modeled by randomly replac-
ing a fraction, f, of the FM interactions by AF bonds.
The exchange distribution was assumed to have a two 6-
function form (+J and —J) for simplicity. Several pa-
rameters corresponding to experimentally accessible
quantities were followed in both temperature and frustra-
tion, including the average spin length, S, , (approxi-
mately equivalent to (Bhf) ) and the magnetization M.
The simulations predict that increasing the fraction of
AF bonds (and thus the degree of frustration) causes T,
to fall, rejecting the decrease of the average exchange in-
teraction, while T„rises due to the increase of frustra-
tion level. For a simple cubic lattice, T, and T„meet at
a critical fraction f, =0.25. After that point, the system
undergoes a single transition from paramagnet to spin
glass with T,s

——0.42 T~ (the ferromagnetic transition
temperature for f =0).

In order to make quantitative comparisons between the
simulations and our experiments, it is necessary to relate
our alloy compositions, x, to the fraction of frustrated
bonds, f, in the model calculations. As we have no direct
way of measuring the exchange distribution, or indeed of
mapping a real distribution onto the two 6-function form
used in the simulations, we have chosen an alternative
method. Taking the ratio of T„ to T, as a measure of
degree of frustration, we can compare the degree of non-
collinearity predicted by the model with that observed in

V. CDNCI, USIQNS

The magnetic properties of iron-rich amorphous alloys
in the form of Fe, T,OO (T=zr, Hf, Sc; 89~x ~93)
have been studied systematically, mainly by Mossbauer
spectroscopy and magnetization measurements. The
presence of both ferromagnetic and antiferromagnetic ex-
change interactions in these alloys leads to exchange frus-
tration and therefore complex magnetic ordering
behavior, which can be understood in terms of a homo-
geneous transverse spin freezing model. Within this
model, the alloys containing Zr and Hf are partially frus-
trated, exhibiting two magnetic transitions (T, and T„),
while a-Fe»Sc9 is fully frustrated: T, has merged with
Tzy to form a singl e transition to a random isotropi ca1ly
frozen state.

Alternative, inhomogeneous models have been shown
to be inconsistent with several key experimental observa-
tions. Furthermore, there is no direct evidence to sup-
port the suggestion that magnetically distinct, isolated
clusters are present in these alloys.

All of our experimental observations have been repro-
duced by Monte Carlo simulations, where the only mech-
anism included is exchange frustration modeled by ran-
domly replacing a fraction of FM interactions with AF
interactions. The quantitative agreement between our re-
sults and the simulations demonstrates that the magnetic
ordering behavior of the alloys studied here is controlled
primarily by exchange frustration.
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