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Transverse spin freezing ina-„Fe1ÀxMn x…78Si8B14: A site-frustrated metallic glass
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Muon spin relaxation, Mo¨ssbauer spectroscopy, magnetization, and ac-susceptibility have been used to
investigate transverse spin freezing in a site-frustrated alloy system. All static and dynamic signatures coincide
to yield a well-defined transition temperature (Txy). These results are in full agreement with numerical simu-
lations and earlier work on bond-frustrated alloys. No evidence is found for a third transition belowTc and
Txy . A complete magnetic phase diagram fora-(Fe12xMnx)78Si8B14 is presented.
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I. INTRODUCTION

The random addition of antiferromagnetic~AF! exchange
interactions to an otherwise ferromagnetic~FM! Heisenberg
spin system leads to a loss of FM order through the effect
exchange frustration. In extreme cases, a spin glass~SG! is
formed with random isotropic spin freezing and neither
magnetization nor long range order. At lower levels of fru
tration the system exhibits characteristics of both extrem
as long-ranged FM order coexists with SG order in the pl
perpendicular to the FM order.1 On warming such a system
from T50 K, the SG order first melts atTxy followed by the
loss of FM order atTc . This picture has emerged from ex
perimental measurements,2 numerical simulations,3 and
mean-field calculations.4 The infinite-ranged interactions im
plicit in mean-field spin glass models make all forms of e
change frustration equivalent. However, real systems
generally dominated by shorter-ranged interactions, and
the case of first-neighbor-only exchange coupling two d
tinct situations can be identified:~i! bond frustration3 and~ii !
site frustration.5

Bond frustration arises when each exchange bond t
moment’s nearest neighbors may be either positive~i.e., fer-
romagnetic! or negative~i.e., antiferromagnetic!. Perhaps the
best experimental example of this case is provided by ir
rich a-FexZr1002x .2,6 Here the competing exchange intera
tions arise from the distance dependence of the direct F
exchange coupling combined with the distribution of neare
neighbor distances inherent to the glass structure. Zero-
muon spin relaxation (ZF-mSR) has been used to establi
the magnetic phase diagrams of two bond frustrated syst
in great detail,7,8 and has shown that the static and dynam
signatures of bothTc and Txy coincide within experimenta
error: the fluctuation rate diverges at the same temperatu
which static order develops. These results are in per
agreement with the predictions of numerical simulation3

and a cross-check using selective excitation double Mo¨ss-
bauer spectroscopy has confirmed that the fluctuat
sampled by interstitial muons and those seen at the nucle
0163-1829/2003/67~10!/104404~6!/$20.00 67 1044
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the moment-carrying iron atoms are identical.9

Site frustration is achieved by introducing a dopant w
AF coupling to all of its nearest neighbors, so that the fru
tration is introduced sitewise rather than bondwise. While
gross magnetic behavior is expected to be the same as
bond frustrated case~the system exhibits noncollinear orde
at low temperatures, there are two magnetic transitions
intermediate dopings and a spin glass at higher dopin!,
numerical simulations show that there are two striki
differences.5 First, low levels of doping do not cause frustr
tion. Isolated AF-coupled sites simply order antiparallel
the majority FM order, reducing the total magnetization, b
not causing any noncollinearity. Frustration only appe
when the dopant density is high enough for AF-AF pairs
occur. Second, the transverse correlations belowTxy exhibit
short-range AF character rather than forming thexy spin
glass observed in the bond frustrated case. The first of th
distinctions has been verified experimentally in mangane
doped metallic glasses of the forma-(Fe,Mn)-G, whereG is
a mixture of two or more glass-forming metalloids that ma
up about 20 at. % of the material. The strong similarities
the phase diagrams ofa-(Fe12xMnx)75P16B6Al3,10–14

a-(Fe12xMnx)75P15C10,15 a-(Fe12xMnx)77Si10B13,16 and
a-(Fe12xMnx)78Sn2Si6B14 ~Ref. 17! serve to emphasize
that it is the frustration introduced by the Mn that dom
nates the magnetic response and that the properties o
glass-former mix are largely unimportant. In all case
the second transition does not appear untilx reaches
;0.2. More significantly, Mössbauer spectroscopy i
a-(Fe12xMnx)78Sn2Si6B14,17 and polarized neutron diffrac
tion from a single crystal of Fe2MnSi,18 showed that the
transverse spin components that order atTxy do so orthogo-
nally to the FM order established atTc , and that they exhibit
AF correlations, in full agreement with the numeric
simulations.5,19

While the consistency between experiment and simula
for the two types of frustration appears excellent, one sha
conflicting result exists. A recent ZF-mSR study of
©2003 The American Physical Society04-1
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a-(Fe0.74Mn0.26)75P16B6Al3 ~Ref. 20! suggested that the
static and dynamic signatures of transverse spin freezin
Txy did notcoincide. Drawing on additional data from Mo¨ss-
bauer spectroscopy,21 small-angle neutron scattering,22 in-
elastic neutron scattering,23 and neutron depolarization,24

Mirebeauet al. argued that their data provided evidence
two distinct transitions belowTc : a canting transition atTK
that leads to the development of noncollinearity but involv
no dynamical anomaly, followed by a freezing transition
TF which is associated with strong energy losses and a p
in the fluctuation rate, but no specific change in the magn
correlations.

This three-transition interpretation of the magnetic ord
ing in this single sample is inconsistent with numerical sim
lations of site frustrated Heisenberg spin systems,5,19 and the
reported disagreement between the static and dynamic s
tures of transverse spin freezing in the ZF-mSR data stands
in stark contrast to the almost perfect agreement observe
Txy in bond frustrated systems.7,8,25,26We have therefore re
visited the system in order to clarify the situation. Here
report an extensive study of the entire magnetic phase
gram ofa-(Fe12xMnx)78Si8B14 for 0<x<0.5, covering the
full range of magnetic behavior from ferromagnetic to sp
glass, withfive compositions in the two-transition region
These materials have been studied using both bulk te
niques ~magnetization and susceptibility! and microscopic
probes~Mössbauer spectroscopy and ZF-mSR). We find per-
fect agreement between the static and dynamic signature
Txy obtained from all techniques. There is no evidence
separate static and dynamic transitions belowTc . The phase
diagram derived from our measurements is fully consist
with numerical simulations and the observed signatures
Txy in this site frustrated material are identical to those o
served previously in bond frustrated alloys.

II. EXPERIMENTAL METHODS

Ingots of (Fe12xMnx)78Si8B14 were prepared by arc melt
ing appropriate amounts of the pure elements~Fe 99.97%,
Mn 99.99%, Si 99.9999% and B 99.5%! under Ti-gettered
argon. These were then melt spun in 40-kPa helium usin
wheel speed of 55 m/s to obtain the metallic glass samp
For x<0.20, meter-length ribbons;1 mm wide were ob-
tained, however as the Mn content increased, the mat
became increasingly fragile and the ribbons were formed
shorter pieces. Byx50.35, millimeter flakes dominated pro
duction. Cu-Ka x-ray diffraction on an automated powde
diffractometer was used to confirm the absence of crystal
contamination from all materials used in the measureme
presented below. A bulk magnetic characterization~magneti-
zation and ac susceptibility! was carried out on a commercia
extraction magnetometer~Quantum Design PPMS!. Data at
5 K in fields of up to 9 T~Fig. 1! show the rapid destruction
of the magnetization as the Mn content is increased. Sus
tibility measurements in a drive field of 1 mT at 377 Hz we
used to follow the rapid decline inTc that is also caused b
the Mn doping. The divergence of the in-phase signal (x8)
was used to identifyTc , while a clear peak in the out-of
phase~loss! response (x9) provided an initial marker for
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Txy . Some typical data are shown in Fig. 2. Ordering te
peratures for those alloys withTc above 290 K (x<0.2)
were measured using a Perkin-Elmer thermogravimetric a
lyzer ~TGA–7!.

Mössbauer measurements were made on a constant a
eration spectrometer with a 1GBq57CoRh source, calibrated
using ana-Fe foil. Samples were mounted in a vibratio
isolated closed-cycle refrigerator for spectra at temperatu
down to 8 K. The spectra were fitted using Window
method27 to obtain average hyperfine fields (^Bhf&) as a func-
tion of temperature. A linear correlation betweenBhf and the
isomer shift was included to account for the slight asymm
try in the spectra. Some typical spectra obtained at 8 K are
shown in Fig. 3.

Zero-field mSR (ZF-mSR) measurements were made
the M20 beamline at TRIUMF. Sample temperature was c
trolled between 5 and 300 K in a conventional He-flow cr
ostat. Field zero was set to better than 1mT using a three-
axis flux-gate magnetometer. Forx<0.15, themSR samples
consisted of;15 layers of ribbons clamped between copp
rings to give thicknesses of 170–200 mg cm22 over a 16-
mm-diameter active area. Forx>0.20, the material was
crushed and approximately 1 g was mounted between
99.99% pure silver foil and a 10-mm Kapton sheet within a

FIG. 1. Magnetization curves for several representative sam
of a-(Fe12xMnx)78Si8B14 measured at 5 K.

FIG. 2. ac susceptibility curves fora-(Fe0.70Mn0.30)78Si8B14

showing both the in-phase response (x8) used to obtainTc and the
peak in the out-of-phase signal (x9) used to determineTxy .
4-2
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TRANSVERSE SPIN FREEZING INa- . . . PHYSICAL REVIEW B 67, 104404 ~2003!
copper ring. A pure silver~99.99%! mask prevented stra
muons from striking any of the mounting hardware. Ess
tially 100% spin polarizedm1 were implanted with their
moments directed in the backward direction~i.e., along
2z). The subsequent decaye1 is emitted preferentially
along the moment direction. The time dependence of them1

polarization is conventionally followed by plotting the asym
metry ~A! between scintillation detectors placed in the fo
ward ~F! and backward~B! directions relative to the initia
m1 flight direction @A5(B2F)/(B1F)# as a function of
time. Histograms containing;43107 events were acquired
with a timing resolution of 0.781 ns. The relative efficien
of the forward and backward detectors was determined f
late-time data nearTc , where the dynamic relaxation rate
the fastest, and the muons are fully depolarized quite ear
the measuring window of;10 ms. Under these conditions
any observed asymmetry between the forward and backw
counters reflects unavoidable differences in the detector
ciencies~sensitivity, gain, energy thresholds, and geometri
factors are all significant contributors!, which can therefore
be measured and corrected for. The time dependence of
corrected asymmetry was then fitted using a conventio
non-linear least-squares minimization routine.

Above Tc , fluctuations lead to an exponential dephas
of the muon polarization,

Ad5Aoexp~2lt !, ~1!

wherel is an effective relaxation rate. A typical exponent
decay aboveTc is shown in Fig. 4 forx50.275 at T
5190 K. BelowTc , a static magnetic field will be present
the muon sites. However, the materials studied here are
structurally disordered~i.e., glassy! and magnetically disor-
dered as a result of both random Mn substitution and a

FIG. 3. 57Fe Mössbauer spectra of sever
a-(Fe12xMnx)78Si8B14 samples measured at 8 K. Solid lines are fi
described in the text.
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exchange frustration, therefore we expect a distribution
local fields to be present. In this case, the asymmetry
decay according to the Kubo-Toyabe~KT! form28

Gz~D,t !5
1

3
1

2

3
@12~Dt !a#expS 2

~Dt !a

a D , ~2!

with a52, so thatD/gm is the rms field. KT relaxation
behavior is shown in the inset to the 35 K data in Fig. 4. T
presence of a static component also accounts for the app
loss of initial asymmetry on cooling throughTc ~compare the
main curves at 190 and 70 K in Fig. 4! as two-thirds of the
muon polarization is lost in the first 30 ns. In cases wh
both static order and fluctuations are present~close to, but
below,Tc , and also aroundTxy), the asymmetry decays ac
cording to the product

A5Ad3Gz , ~3!

and both a KT contribution at early times, and a slower e
ponential decay, are seen.

III. RESULTS AND DISCUSSION

Numerical simulations5,19 indicate that the initial decline
in the magnetization with Mn doping is due to the orderi
of the moments antiparallel to the ferromagnetic iron matr
Following the procedure used earlier,17 the decline in the
saturation magnetization in Fig. 5 can be analyzed to yield
average Mn moment of 3.160.1mB , consistent with earlier
work on this system.17 Furthermore, the magnetization ob
served following field cooling to 5 K in 10 mT~Fig. 5! also
shows a rapid decline with increasingx, going to zero just

FIG. 4. ZF-mSR data fora-(Fe0.725Mn0.275)78Si8B14 measured
aboveTc ~190 K! showing only exponential relaxation, in the o
dered region aboveTxy ~70 K! showing both exponential and KT
contributions, and just belowTxy ~35 K! showing both contributions
but a faster exponential relaxation due to the fluctuations assoc
with transverse spin freezing. Insets at each temperature show
early-time behavior. Solid lines are fits described in the text.
4-3
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above x5 0.30. A power law fits the observed dependen
quite well, suggesting that the magnetization tracks an o
parameter and that ferromagnetic order is lost entirely a
critical doping level (xc) of 0.30660.006. Beyond this com
position, the system is a spin glass.

The temperature dependence of the average hype
field @^Bhf&(T)# shown in Fig. 6 exhibits a clear break i
slope atTxy for x50.25, 0.275, and 0.30, outside this ran
Txy is either absent (x.xc or x,0.20) or the contribution to
^Bhf& from the transverse spin components is too small to
reliably distinguished by this technique (x50.20 and 0.225!.
This same behavior will be seen later in analyzing the st
contribution to themSR data. The observation of two cle
transitions atx50.30, and only one atx50.325, placesxc
between these two concentrations, in full agreement with
estimate derived from analysis of the field-cooled magn
zation data. Fittinĝ Bhf&(T) to a sum of two power-law
functions allows us to extract estimates ofTc andTxy . The

FIG. 5. Saturation magnetization derived from data in fields o
T (s) and field-cooled magnetization (h) obtained by cooling
from aboveTc to 5 K in a field of 10 mT. The collapse ofs f c

suggests that the critical composition for the loss of ferromagn
order lies atx50.31. Lines are guides to the eye.

FIG. 6. Temperature dependence of the average hyperfine
@^Bhf&(T)# for severala-(Fe12xMnx)78Si8B14 samples aroundxc

50.31. The break in slope is a clear marker of the increased s
order atTxy . Dotted lines show continuation of fits from abov
Txy .
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density of points used aroundTxy , and the high statistica
quality of the spectra~see Fig. 3! are both essential for this
latter estimate to be stable. Remarkably, the values forTxy

derived from Mössbauer are in perfect agreement with tho
derived from x9 above, suggesting that the dynamic lo
feature seen in susceptibility is indeed closely associa
with the onset of static transverse order. This agreemen
three compositions does not support the earlier claim of
tinct static (TK) and dynamic (TF) events belowTc .20

Fitting themSR data using the functions described earl
yields the temperature dependences of the static relaxa
rate (D), a measure of the static field seen by the muons,
the dynamic fluctuation rate (l) which tracks the fluctua-
tions in the field at the muon sites. These fits are summar
in Fig. 7 for four samples. The changeover from two tran
tions to one clearly occurs betweenx50.30 and 0.325, again
placingxc in this range. Only a single transition is seen f
thex50.350 sample as it is beyondxc and is therefore a spin
glass. The four samples 0.225<x<0.30 each exhibit two
distinct peaks inl(T). The higher temperature peak is ass
ciated with the onset of a non-zero static contribution a
thus clearly corresponds toTc , while the lower peak is
aligned with the break in the slope ofD(T) and therefore
marks the freezing of the transverse spin components atTxy .
As the Mn content is reduced, the contribution of the tra
verse spin components to the total ordered moment decli
so that the increase inD below Txy becomes difficult to
localize reliably. Even with the high density of points appa
ent in Fig. 7, the error onTxy at x50.225 is about 16 K,
however, the derived value is fully consistent with the tw

9
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ld

tic

FIG. 7. Temperature dependence of the static (D) and dynamic
(l) signals from ZF-mSR for severala-(Fe12xMnx)78Si8B14 alloys.
In every case, the increase in static order~at Tc , Txy , or Tsg) is
associated with a peak in the fluctuation rate.
4-4
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dynamic determinations. Atx50.20, only the fluctuation
peak atTxy was detected.

Figure 8 shows a direct comparison between^Bhf&(T) and
D(T) for a-(Fe0.725Mn0.275)78Si8B14, normalized to agree
aboveTxy . Both show a clear increase atTxy confirming that
they are each sensitive to the increased static order as
ated with the freezing of the transverse spin compone
While there is a significant rise in̂Bhf&(T) at Txy , the
change in the ZF-mSR data is much larger. This is to b
expected as the Mo¨ssbauer measurement is dominated by
effects of the iron moment, while the muons will be affect
equally by Mn and Fe moments. Indeed, in t
a-Fe902xRuxZr10 system,8 where only iron moments are in
volved in the ordering,̂ Bhf&(T) and D(T) track together
over the whole temperature range. However, the greater
sitivity of the ZF-mSR data comes with increased noise. A
time-domain technique,mSR is at its best in small fields
Large static fields drive the signal into very early tim
where resolution and timing issues eventually dominate
analysis. These effects are clearly illustrated by the sca
apparent belowTxy . By contrast, an energy-domain tec
nique like Mössbauer spectroscopy works better in hi
fields and yields a more stable, albeit less marked, incre
below Txy .

The transition temperatures deduced from the
susceptibility data (x8 for Tc , x9 for Txy), ^Bhf&(T) from
Mössbauer spectroscopy, and bothD and l from the
ZF-mSR data are summarized in the phase diagram show
Fig. 9. Manganese doping has a severe effect on the m
netic ordering of this system, drivingTc down from 695 K at
x50 ~inset to Fig. 9!, to ;40 K at xc50.31. A power law
does not fit the composition dependence ofTc particularly
well, and extrapolatingTc to zero yields a rather poor est
mate for the critical composition ofxc50.3360.02. This
failure is not unexpected, as the FM-SG boundary isnot
marked byTc→0, but rather byTc→Txy . Indeed, a power-
law fit to 1-Txy /Tc is far superior, and yieldsxc50.309
60.004, in perfect agreement withxc50.30660.006 de-
rived earlier from field-cooled magnetization data.

The excellent agreement betweenTc values derived from

FIG. 8. Comparison of static order signals from Mo¨ssbauer
spectroscopy (̂Bhf&) and ZF-mSR (D) for
a-(Fe0.725Mn0.275)78Si8B14. The data have been normalized to agr
aboveTxy in order to compare the change and signal stability be
Txy .
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x8, Mössbauer spectroscopy, and ZF-mSR, coupled with
consistentTsg values obtained abovexc , provides strong
evidence that the analysis and transition assignments are
rect and self-consistent. However, it is the behavior atTxy

that is the primary focus of this work. Only forx>0.2 do we
see a second transition belowTc , a result that is in full
accord with numerical simulations.5,19 There is excellent
agreement betweenTxy values derived from the various tech
niques. Forx50.275 and 0.300, we have four independe
determinations ofTxy that agree to better than 5 K. Th
static, dynamic, and loss signatures ofTxy are in perfect
agreement, with no systematic bias apparent in any of
measurements. While atx50.250, static data from Mo¨ss-
bauer, and dynamics from bothl(T) andx9 are in complete
agreement. Byx50.225, the change in the static order atTxy
is too small for its onset to be reliably determined fro
^Bhf&(T) and the estimate fromD(T) exhibits a substantia
(;50%) uncertainty. However the ZF-mSR fluctuation
peak, and the maximum in thex9 loss signal are still clear
and coincident. As was found in our earlier work on bon
frustrated alloys,7,8,25,26all observed signatures ofTxy line up
perfectly.

It is important to emphasize that the techniques that h
been used to determineTxy with such good agreement prob
a very wide range of frequencies: ZF-mSR–D (;108 Hz),
^Bhf&-Mössbauer (;107 Hz), ZF-mSR-l (;106 Hz), and
x9 (;102 Hz), yet they yieldTxy values that agree within a
few K for five samples that exhibit transverse spin freez
transitions at temperatures that change by more than a fa
of three. Furthermore, there is no systematic frequency
lated trend in theTxy values for a given sample. The scatt
is random. A separation ofTxy into distinct static (TK) and
dynamic (TF) events can therefore be ruled out. There is

FIG. 9. Magnetic phase diagram fora-(Fe12xMnx)78Si8B14 de-
rived from ac-susceptibility data (x8 for Tc , x9 for Txy), ^Bhf&
3(T) from Mössbauer spectroscopy, and bothD and l from the
ZF-mSR. Three transitions can be identified: ferromagnetic ord
ing at Tc , transverse spin freezing atTxy , and spin glass ordering
only for x.xc at Tsg . Note the perfect agreement between ind
pendent determinations ofTxy . The inset shows data for the whol
composition range studied.
4-5
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evidence in our data to support the existence of a third tr
sition belowTxy .

IV. CONCLUSIONS

Zero-field mSR, Mössbauer spectroscopy and a
susceptibility provide clear evidence of a single transve
spin freezing transition in the site-frustrate
a-(Fe12xMnx)78Si8B14 alloy system. This behavior matche
that seen earlier in bond-frustrated alloys,7,8,25,26 and our
phase diagram fora-(Fe12xMnx)78Si8B14 is fully consistent
with the results of numerical simulations on site-frustra
Heisenberg spin systems.5,19 We find no evidence of the pre
viously reported mismatch in transition temperatures deri
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from dynamic and static signatures,20 nor do we see any
indication of a third transition belowTc andTxy .
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