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Magnetic order and local spin correlations in a-„Fe12xMn x…78Sn2Si6B14

A. Kuprin, D. Wiarda,* and D. H. Ryan
Department of Physics and Centre for the Physics of Materials, McGill University, 3600 University Street, Montreal,

Quebec, Canada H3A 2T8
~Received 2 March 1999!

57Fe and 119Sn Mössbauer spectroscopy has been used to study local spin correlations in site-frustrated
a-(Fe12xMnx)78Sn2Si6B14 alloys. Comparison of total magnetization, hyperfine fields at the magnetic Fe, and
nonmagnetic Sn sites shows that the Mn moments order antiparallel to the majority Fe moments and that the
order established at the transverse spin freezing transition,Txy , exhibits strong antiferromagnetic correlations
in the plane perpendicular to the ferromagnetic axis. This result stands in strong contrast with the bond-
frustrated case ofa-Fe1002xZrx , but is fully consistent with recent numerical simulations of short-ranged
models. The clear difference between site- and bond-frustrated systems belowTxy demonstrates the importance
of short-range interactions in real spin-glass systems.
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INTRODUCTION

The infinite-ranged interactions implicit in mean-fie
spin-glass models1 make all forms of exchange frustratio
equivalent. However, real systems are generally domina
by shorter-ranged interactions, and for the case of fi
neighbor-only exchange coupling, two distinct situations c
be identified:~i! bond frustration and~ii ! site frustration.

Bond frustration arises when each exchange bond t
moment’s nearest neighbors may be either positive@i.e., fer-
romagnetic~FM!# or negative@i.e., antiferromagnetic~AF!#.
Perhaps the best experimental example of this case is
vided by iron-richa-Fe1002xZrx

2,3. Here the competing ex
change interactions arise from the distance dependence o
direct Fe-Fe exchange coupling@J(r )# combined with the
distribution of nearest-neighbor distances inherent to
glass structure. With no frustration, the material is a fer
magnet, with infinite-ranged correlations and collinear ord
As frustration is introduced, the order atT50 becomes in-
creasingly noncollinear and the magnetization is reduc
The ground state appears to be anxy spin glass coexisting
with perpendicular ferromagnetic order~i.e., along thez
axis!. On heating from zero temperature, thexy spin glass
melts atTxy to form a collinear ferromagnet with substanti
transverse degrees of freedom that fluctuate rapidly and
average to zero. Further heating takes the system toTc where
the ferromagnet undergoes a conventional three-dimensi
~3D! Heisenberg phase transition to a paramagnetic state
the degree of frustration increases, the features characte
of ferromagnetic order decline~both Tc and magnetization
fall! while spin-glass character becomes more pronoun
(Txy rises and irreversibilities at low temperatures beco
stronger!. Eventually,Tc andTxy meet, and further increas
in frustration lead to a pure 3D spin glass~SG! with a tran-
sition temperature (Tsg) that is largely independent of th
frustration level. The experimental observations3 are in quan-
titative agreement with Monte Carlo simulations of a bon
frustrated Heisenberg spin system.4

Site frustration is achieved by introducing a dopant w
AF coupling to all of its nearest neighbors so that the fr
tration is introduced site wise rather than bond wise. Wh
PRB 610163-1829/2000/61~2!/1267~11!/$15.00
d
t-
n

a

ro-

the

e
-
r.

d.

e

al
As
tic

d
e

-

-
e

the gross magnetic behavior is essentially 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.

Manganese-doped systems provide the most obvious
perimental examples of site-frustration, and behavior con
tent with the numerical simulations is clearly seen. T
amorphous~Fe,Mn!-G alloy series represent a highly studie
example of site frustration. Typically they contain 75–8
at. % metals with the balance being made up from a mixt
of glass-former elements~B, Al, C, Si, Sn, and P!. Two
magnetic transitions are observed beyond the threshold
the appearance of frustration, and these transitions m
at high Mn doping to yield a spin glass. Indeed, t
strong similarities in the phase diagrams
a-(FexMn12x)75P16B6Al3,6–10 a-(FexMn12x)75P15C10,11

a-(FexMn12x)77Si10B13,12 and a-(Fe12xMnx)78Sn2Si6B14
~present work! serves to emphasize that it is the frustrati
introduced by the Mn that dominates the magnetic respo
and that the properties of the glass-former mix are larg
unimportant. Crystalline Fe32xMnxSi yields a very similar
phase diagram13, but also provides a direct confirmation o
AF ordering perpendicular to the dominant FM order
Txy .14 Polarized neutron scattering in an applied field on
single crystal of Fe2MnSi showed that the transverse sp
components that order atTxy are indeed orthogonal to th
FM order established atTc and they exhibit AF correlations
in full agreement with the predictions of the numeric
simulations.5

We present here a study of magnetization and transfe
hyperfine field data for a series ofa-(Fe12xMnx)78Sn2Si6B14
samples doped with119Sn in order to determine the nature
1267 ©2000 The American Physical Society
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1268 PRB 61A. KUPRIN, D. WIARDA, AND D. H. RYAN
the local spin correlations that develop atTxy . The results
show that the Mn moments order antiparallel to the FM or
of the Fe moments, and that in the composition range wh
two transitions occur, the transverse correlations are ind
AF over the first two neighboring shells.

EXPERIMENTAL METHODS

The alloys were prepared by arc melting the appropr
ratio of pure elements~Fe: 99.95%, Mn: 99.9%, B 99.99%
and Si 99.999% pure! with isotopically separated119Sn un-
der Ti-gettered argon to yield;3 g ingots. Melt spinning
was carried out under a partial pressure of helium ont
copper wheel at 55 m/s. Absence of crystallinity was co
firmed using Cu-Ka powder x-ray diffraction, thermogravi
metric analysis~TGA! in a small field gradient, and room
temperature Mo¨ssbauer spectroscopy.

Magnetization~shown in Fig. 1! and susceptibility data
were obtained on a commercial system in fields of up to
over the temperature range 5–300 K. Curie temperatu
were obtained fromxac, bulk magnetization, and Mo¨ssbauer
spectroscopy for those samples that ordered below 300
and by TGA in the cases whereTc was above 300 K.

Mössbauer measurements were made on a constant a
eration spectrometer with a 1 GBq 57CoRh source for57Fe
and a 0.1 GBq Ba119mSnO3 source for 119Sn. All spectra
were calibrated using ana-Fe foil. Samples were mounted i
a vibration-isolated closed-cycle fridge for spectra at te
peratures down to 12 K. Representative57Fe and 119Sn
Mössbauer spectra for the alloys studied here are show
Figs. 2 and 3, respectively. The spectra were fitted using
asymmetric Gaussian distribution of hyperfine fields with
dependent widths above and below the most probable fi
This was found to be the simplest, stable, form that wo
reproduce the observed spectra. A linear correlation betw
Bhf and the isomer shift was included to account for t
slight asymmetry in the spectra. A Gaussian distribution
quadrupole splittings was used to fit those spectra obta
aboveTc . All isomer shifts quoted here are relative toa-Fe
at RT.

BASIC CHARACTERIZATION

Magnetization at 5 K~Fig. 1! shows the evolution from
square, readily saturated ferromagnetic behavior to hig

FIG. 1. Magnetization ofa-(Fe12xMnx)78Sn2Si6B14 at 5 K as a
function of applied magnetic induction.
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curved with reduced saturation as the Mn content is
creased and the system evolves from ferromagnet to
glass. Magnetic transition temperatures~derived from both
bulk magnetic,57Fe Mössbauer measurements and TGA, a
shown in Fig. 4! show the expected rapid decline inTc and
the appearance ofTxy . The results shown in Figs. 1 and
are in good agreement with the results of studies on o
a-~Fe,Mn!-G systems.6,9,11,12

The average isomer shift^d& reflects the total density ofs
electrons at the site of a probe nucleus and thus prov
information about electronic configuration and chemic
bonding. On warming from 12 K to RT̂d&Fe dropped from
0.2460.03 mm/s to 0.1060.04 mm/s (57Fe) and ^d&Sn
dropped from 1.7860.02 mm/s to 1.7060.04 mm/s (119Sn).
This is consistent with the contribution from the secon
order Doppler shift and in accordance with data for57Fe in

FIG. 2. 57Fe Mössbauer spectra, with fits, o
a-(Fe12xMnx)78Sn2Si6B14 measured at 12 K~left column! and vari-
ous temperatures~right column! illustrate the magnetic state fo
different compositions:x50.000, x50.107 at RT~only a slight
reduction of average hyperfine magnetic field!, x50.235, x
50.320 at 68 and 60 K, respectively~just aboveTxy), x50.450 at
50 K ~complete collapse of magnetic hyperfine splitting aboveTc).
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PRB 61 1269MAGNETIC ORDER AND LOCAL SPIN CORRELATIONS . . .
a-(FexMn12x)75P15C10 ~Ref. 11! and 119Sn in iron.15 ^d&Fe
also dropped slightly with increasing manganese contex
with a fitted slope of 0.0015(2) mm s21 (at. %)21 . This is
consistent with a transfer of Fe-3d electrons to the Mnd
band16,17 leading to a reduced shielding of 3s and 4s
electrons.18 By contrast,^d&Sn is essentially constant~data
are presented in Table I!, implying that the bonding of the tin
atoms is not significantly affected by addition of mangane
The average quadrupole splitting^D&, which reflects depar-
tures from spherical symmetry in the local chemical enviro
ment, is not affected by Mn additions for either57Fe or
119Sn. This observation, coupled with the weak effects
^d& points to the essentially unchanged electronic configu
tion of both tin and iron atoms with addition of manganese
the range of interest.

The average hyperfine fields (^Bhf&) at the57Fe and119Sn
sites provide complementary information on the microsco
ordering of moments in these alloys. For the purpose of

FIG. 3. 119Sn Mössbauer spectra, with fits, o
a-(Fe12xMnx)78Sn2Si6B14 measured at 12 K~left column! and tem-
peratures shown in Fig. 2~right column! illustrate the transfer of
hyperfine fields from magnetic moments of surrounding Fe atom
the nonmagnetic Sn probe.
e.

-

n
-

c
e

present study it is natural to distinguish~see one of the first
reviews on hyperfine interactions in iron-based alloys19! be-
tween the local contribution to the hyperfine field on57Fe
which arises from the total magnetic momentm loc of the
probe iron atom, and nonlocal contributions, from surroun
ing magnetic atoms via conduction electron polarization. F
119Sn, which is nonmagnetic, the hyperfine field is tran
ferred from moments associated with the magnetic ato
both nearest neighbor and in more distant coordinat
spheres.20–23 Mössbauer probe atoms with zero intrins
magnetic moment~e.g., 197Au) have been used as an indic
tor of local correlations in the directions of moments on
atoms inAuFe spin-glass alloys.24 The approach was ex
tended to the use of119Sn for the same system in Ref. 2
and applied later to amorphous iron-rich metal
glasses.26–30

The temperature dependence of^Bhf& for 57Fe and119Sn ,

to

FIG. 4. Magnetic phase diagram fora-(Fe12xMnx)78Sn2Si6B14

derived from temperature dependences of the average57Fe hyper-
fine field ~triangles and boxes! and by thermogravimetric analysi
~TGA! ~circles!, and from measurements of bulk magnetizati
~diamonds!.

TABLE I. Basic characteristics derived from temperature d
pendences of the average hyperfine fields on57Fe and 119Sn in
a-(Fe12xMnx)78Sn2Si6B14 with different compositions: the Curie
temperature isTc , the temperature of transverse spin freezing
Txy , the average field in the direction of bulk magnetization^Bhf

z &
at 12 K, the total average field̂Bhf

tot& at 12 K, together with the
average isomer shift̂d& at 12 K, and the average quadrupole spl
ting D at RT.

x 0.000 0.107 0.235 0.320 0.4506

Tc ~K! 677 509 284 136 31 2
Txy ~K! 49 52 31 2

^Bhf
z & ~T! 27.9 22.8 14.0 7.4 0.2

57Fe ^Bhf
tot& ~T! 27.9 22.8 15.8 12.5 6.1 0.2

^d& ~mm/s! 0.24 0.23 0.18 0.18 0.16 0.02
^D& ~mm/s! 0.58 0.60 0.57 0.02

^Bhf
z & ~T! 5.7 6.7 5.1 4.0 0.3

119Sn ^Bhf
tot& ~T! 5.7 6.7 7.3 7.5 7.7 0.3

^d& ~mm/s! 1.78 1.75 1.78 1.80 1.82 0.02
^D& ~mm/s! 0.82 0.82 0.81 0.05
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shows a clear break in slope for all but the most Mn-rich a
Mn-poor alloys. This behavior is expected, as it is only
intermediate Mn contents~and hence intermediate frustra
tions! that two magnetic transitions (Tc and Txy) are
predicted.5 The increase in̂Bhf& with no increase in magne
tization on cooling through Txy is characteristic of
transverse-spin freezing and reflects the ordering of s
components in thexy plane perpendicular to the FM orde
established parallel to, and defining, thez axis atTc .31 Start-
ing with the 57Fe data, presented in Fig. 5, those alloys t
exhibit no break in slope were fitted using a modified Br
louin function that includes the effects of exchan
variations.32 These fits yieldTc and the average hyperfin
field due to the ferromagnetic order along thez axis extrapo-
lated toT50 K: ^Bhf

z &. The break in slope was modeled b
including a second modified Brillouin function to obtain fi
ted values for̂ Bhf

tot&, the total hyperfine field extrapolated t
T50 K. However, we found that a linear increase in^Bhf&
gave a better fit nearTxy , and this form was used to dete
mine Txy . The average transverse field arising from thexy
components of the magnetic moments can be calculated

~^Bh f
xy&!25~^Bh f

tot&!22~^Bh f
z &!2.

The behavior of the field at119Sn sites shows similar com
positional behavior, with kinks at approximately the sam
temperature seen for57Fe. However, there is a strong devi
tion from a Brillouin-like course in the form of a muc
steeper decline in comparison with57Fe~Fig. 6!. This is well
known in crystalline magnetic alloys, where the differen
between the reduced hyperfine field and the reduced ma
tization of the host is called the ‘‘temperature anomaly
This anomaly introduces an additional uncertainty into
determination of^Bhf

z & and hence of̂ Bhf
xy& for 119Sn in

samples that exhibit kinks in̂Bhf&(T). In these cases th
value of ^Bhf

z & at T50 K was estimated from the value a

FIG. 5. Average57Fe hyperfine fields derived from Mo¨ssbauer
spectra for different compositions ofa-(Fe12xMnx)78Sn2Si6B14.
Fits of temperature dependences are also shown. Alloys witx
50.000, x50.107, andx50.450 show a smooth temperature d
pendence which was fitted by a modified Brillouin function, wh
those withx50.235 andx50.320 exhibit a pronounced kink at th
transverse-spin freezing temperatureTxy ; fits with a combined
modified Brillouin function and linear term are shown belowTxy

and with a modified Brillouin function only aboveTxy .
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T50.5 Tc where Bhf(T);0.85Bhf(0) according to experi-
mental data on119Sn in iron ferromagnets21,22.

The results of fits to both the57Fe and 119Sn data
are given in Table I. The fitted fields are plotted vsx in
Fig. 7. The phase diagram for this system~Fig. 4! is
consistent with those of similar amorphous FeMn
systems @e.g., a-(FexMn12x)75P16B6Al3 ~Ref. 10! and

FIG. 6. Comparison of the temperature dependence of the a
age 57Fe ~left! and 119Sn ~right! hyperfine fields for
a-(Fe12xMnx)78Sn2Si6B14 with x50.235. The fit of the depen
dence for57Fe at temperatures aboveTxy by a modified Brillouin
function is also shown; it is scaled to the^Bhf

z (Sn)& value atT
50 K on the right. The much steeper decrease in the average119Sn
hyperfine field demonstrates the strong temperature anomaly
119Sn ~see details in the text!.

FIG. 7. Concentration dependence of the averageu^Bhf
tot&u,

u^Bhf
z &u, and u^Bhf

xy&u extrapolated to zero temperature for57Fe ~a!
and 119Sn ~b!. Solid lines are guides to the eye.
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PRB 61 1271MAGNETIC ORDER AND LOCAL SPIN CORRELATIONS . . .
a-(FexMn12x)77Si10B13 ~Ref. 12!#. For x50 and x50.107
the samples are ferromagnetic for all temperatures belowTc ,
while for x50.235 andx50.320 two magnetic transition
are evident. Finally, forx>0.385, the system is a spin glas

The primary purpose of the present study is to use
temperature and composition dependences of the57Fe and
119Sn hyperfine fields to determine the nature of the order
that occurs atTxy . The simplest model involves assumin
that both fields are dominated by short-range contributio
In such a model, the57Fe field is assumed to be proportion
to the local iron moment only, while in the case of119Sn the
field is attributed to a vector average over the moments in
first coordination shell~the absence of a local moment on t
Sn is explicitly assumed here!.28 This model has been ap
plied to measurements of magnetic and nonmagnetic M¨ss-
bauer probes in several bond frustrated systems:119Sn and
197Au in crystalline AuFe19Sn2 ~Refs. 24 and 25! and 119Sn
in amorphous Fe92Zr7Sn1 ~Ref. 26! and Fe902xNixZr7Sn1
with x51 andx53.30 In all cases the ratio:

R~T!5^Bh f
non-mag&/^Bhf

Fe&

was found to be constant, or only weakly temperature dep
dent (,1023 K21). Furthermore, even in theAuFe alloys
where a clear break in the temperature dependence of^Bhf&
was observed for both the magnetic and non magnetic pro
at Txy ,24,25no break in the slope ofR(T) was present.26 The
observed proportionality between intrinsic field on57Fe and
the transferred field on the nonmagnetic probe, leads, wi
this simple model, to the conclusion that the transverse c
ponents are aligned FM over first-neighbor distances. A
sult that is inconsistent with the absence of an increas
magnetization belowTxy , and is in direct conflict with both
mean-field calculations1 and numerical simulations4 which
predict SG ordering of transverse components. However,
clearest indication that this simple model is inadequ
comes from 119Sn-dopeda-Fe90Sc10.29 This material is a
spin glass with no net magnetization,27,33so a zero, or at leas
very small, transferred field is expected at119Sn andR(T)
should also be close to zero. However,R(T) was found to
be the same as it is ina-Fe and the simple model clearl
needs to be improved.

R(T) for the alloys studied here is shown in Fig. 8. Tw
features are immediately apparent:~i! there is a systematic
increase in the ratio with increasing Mn content, which e
tends even to thex50.450 case that is a spin glass. Th
increase inR(T) with x both above and belowTxy occurs
even as the average magnetization clearly falls~see Fig. 1!,
and the57Fe field drops by a factor of 4.5~see Fig. 5!. These
results serve to underline the inadequacy of the simple m
outlined above.~ii ! There is a clear break in the slope
R(T) for x50.235 andx50.320, the two alloys which ex
hibit transverse spin freezing. No such break has been
served in previous studies of bond frustrated alloys and
is strong evidence that the detailed nature of the orderin
Txy in these site-frustrated materials differs from the bon
frustrated case.

ANALYSIS OF TRANSFERRED HYPERFINE FIELDS

For the purpose of the present study of the hyperfine fie
at the Mössbauer probe sites we will use the approach o
e
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magnetic polarization model~see detailed analysis in Re
34! which distinguishes between contributions local to t
magnetic moment of Mo¨ssbauer probe atom and those tran
ferred from magnetic moments on neighboring atoms. B
types of contribution act through the polarization ofs-like
electrons via exchange interactions with unpaired 3d elec-
trons. The net polarization at the probe nucleus then indu
a hyperfine field through the Fermi contact interaction.

Within this model, the average field at the nucleus o
magnetic probe atom (57Fe) in an amorphous magnetic allo
in which different magnetic species are uniformly distribut
over coordination spheres, may be written as a sum of
components. The first is associated with the local magn
moment of the probe, while the second reflects the contri
tion from surrounding magnetic atoms:

^Bhf~Fe!&5A^m loc&1B^m1&, ~1!

whereA andB are constants,̂m loc& is the magnetic momen
of the probe atom~which may be affected by the specie
present on neighboring sites34! and m1

tot is the average mo-
ment of surrounding atoms, with the main contribution to
coming from the first-nearest neighbors (1st NN!.34 Unfortu-
nately, consistent values forA and B are not directly avail-
able from the literature. The theoretical problem is challen
ing, and as yet unsolved. Comparisons are furt
complicated because the decomposition terms used~core, va-
lence, conduction electron polarization, etc.! do not map
uniquely onto Eq.~1!. Also most work is on collinear mag
netic systems, where the only real constraint is provided
the sumA1B, and separating the two contributions is com
plex. Theoretical estimates forA range from 10 T/mB for
Fe-V sandwiches,35 7–10 T/mB for FeCr and FeCo alloys36

to 3.7 T/mB for impurities in nickel.37 Experimental values
include the widely used 15 T/mB ~all local, no transferred
field!, 7.5 T/mB in (Fe,Mn)3Al,38 4 T/mB at 55Mn in the
same alloy,39 to zero, due to a cancellation of two loca
terms, derived for Fe-Al alloys.40

Since there is no consensus, we adopt the following p
cedure to determineA andB. The first term is entirely local
and the prefactorA should not be affected by chemical o
magnetic environments. Its value can be estimated from

FIG. 8. Ratio of the total average transferred hyperfine field
119Sn sites to that at the57Fe sites as a function of temperature f
different compositions ofa-(Fe12xMnx)78Sn2Si6B14. Solid lines
are guides to the eye.
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TABLE II. The average magnetic moments~in mB) used in and derived from the present analysis. Ths
is the moment of the alloy per magnetic atom.^mFe

tot& was obtained from the bulk value atx50.000, and all
other moments were derived from the Mo¨ssbauer data~detailed description is given in the text!. The super-
script z denotes longitudinal components~in the direction of domain magnetizations, or mFe

z ) while xy
denotes transverse components and tot is the total moment. The subscript 1 denotes average mo
atom of the first near-neighbour~NN! shell. The transverse components of the average moment on the 1st NN
shell for the noncollinear alloys exhibiting spin-freezing transition~i.e., those withx50.235 andx
50.320), and of the total average moment of the 1st NN shell for the complete spin glass (x50.450), were
also calculated assuming random orientation of transverse components^mFe

xy& and ^mMn
xy & or total moments

^mFe
tot& and^mMn

tot &, respectively. These values are shown at the bottom of the table. A negative sign mea
alignment with respect to the direction of the corresponding component of the Fe moment.

x 0.000 0.107 0.235 0.320 0.450

sa 2.1960.01 1.6960.01 1.0760.01 0.5960.01 0.00

^mFe
z & 2.1960.01 2.1660.01 1.8460.06 1.4760.07

^mFe
xy& 0.00 0.00 1.0460.11 1.4860.06

^mFe
tot& 2.1960.01 2.1660.01 2.1260.01 2.0960.01 2.0460.01

^mMn
z & 23.4760.50 23.5760.35 23.4360.25

22.8960.10a

^mMn
xy & 0.00 22.3960.37 22.2560.15

^mMn
tot & 3.4760.50 4.2960.57 4.1060.29 3.2860.47

2.8960.10a

^m1
z& 2.1960.01 1.5660.05 0.5760.07 20.1060.07

^m1
xy& 0.00 0.00 0.2460.02 0.2960.02

^m1
tot& 2.1960.01 1.5660.05 0.6260.06 0.3160.03 0.3560.01

^m1random
xy & 2 0.4560.06 0.5260.03

^m1random
tot & 0.8060.08

aObtained from measurements of bulk magnetization at 5 K extrapolated to zero field.
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perimental data on the hyperfine field at the Cu nucleus
dilute FeCu alloys. Since there is no local moment on t
Cu, the observed hyperfine field of221.3 to221.8 T ~Refs.
41–43! represents the effects of nonlocal transferred hyp
fine fields. Dividing by the Fe moment of 2.2mB givesB5
29.9 T/mB . Substituting this value forB and the234.0 T
hyperfine field observed for Fe in bulk iron at 4.2 K into E
~1! yields A55.5 T/mB . It is important to note that the
model used here differs significantly from that us
previously,26,28 as over 60% of the observed57Fe field now
derives from the influence of the first neighbors. The sec
term in Eq.~1! involves transferred fields and is, in principl
affected by the density of conduction electrons, and hen
the value ofB529.9 T/mB derived from bulk Fe may no
always apply. Indeed, when this two-component model w
applied to a variety of ferromagnetic iron-based alloys
value of B528.0 T/mB ~Ref. 44! was reported. Using the
fact that in thex50 alloy, the iron moment is equal to th
value of bulk magnetization per magnetic atom~data on
measured and calculated moments are summarized in T
II ! and that for this casem15mFe we obtain B527.22
60.18 T/mB which is slightly smaller than reported in othe
alloys.44

Since the 119Sn probe has no local moment, the^m loc&
term for 119Sn must be zero, and any observed hyperfi
field must be due entirely to the influence of neighbori
moments. Any hyperfine field must arise from a polarizat
of occupied inner electron shells, and it has been shown
in

r-

d

e,

s
a

ble

e

n
x-

perimentally that the hyperfine field on119Sn can be repre-
sented as a sum of two contributions of opposite sign.20–23

The positive term originates from a direct interaction b
tween polarized conduction band electrons and electron
the filled Sn shells, while the negative term comes from
indirect polarization of the internal shells by polarized ou
shell electrons.20 The two terms are large and close in abs
lute magnitude and are in turn made up of sums of par
contributions from different coordination spheres. The ne
tive, indirect term, is much more local in nature and t
positive, direct term, prevails by the second sphere.21–23This
combination leads to oscillations in the radial dependence
the partial contribution to the total hyperfine field and mak
the net field very sensitive to the distribution of magne
moments over the coordination spheres. It is this sensiti
that we exploit here to determine the nature of the or
below Txy . The radial dependence of the partial contrib
tions to the total hyperfine field at119Sn has been determine
experimentally~Ref. 45 and references therein! by analyzing
data from bcc, fcc, and hcp metallic ferromagnets with d
ferent distributions of magnetic moments over the coordi
tion spheres. Analysis of such data with the explicit assum
tion that the net contribution to the field from moments
spheres with radius larger than 4 Å can be represented by
single term proportional to the average magnetization of
alloy ~s! shows that the resultant transferred hyperfine fi
is negative for r ,2.8 Å , has a sign reversal atr;2.9
23.2 Å , reaches a positive maximum forr;3.5 Å , and
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crosses the axis again around 3.8 Å. The corresponding
pendence for57Fe atoms in bcc alloys is quite similar, exce
that the negative contribution from nearest neighbors alw
dominates.

If we approximate the rather complex form describ
above by using two terms, the first~negative! term being due
to moments in the first coordination shell, and the seco
~positive! term coming from all moments in more dista
coordination shells, then we obtain a two-component mo
similar to that used for57Fe above, except that the first ter
of Eq. ~1! is explicitly zero~no 119Sn moment! and the sec-
ond term is now broken up into the first coordination sph
and beyond. This two-component model has previously b
used to explain the large temperature anomalies in the hy
fine field ~due to a strong radial dependence of the nega
contribution to the field!, the correlation between temper
ture anomalies and thermal expansion of the lattice, and
strong pressure dependence of the field in metallic ferrom
nets ~Ref. 46 and references therein!. Self-consistent calcu
lations of the electronic structure ofsp impurity atoms in
ferromagnetic iron show a similar separation between
negative contribution to the field arising from bonding sta
and the positive one due to antibonding states, and also
the contribution from core polarization is small.47

This two-component model leads to the following expre
sion for the average field at the119Sn nucleus in our amor
phous alloys:

^Bhf~Sn!&52C^m1&1Ds, ~2!

whereC andD are constants.48 In order to proceed, we nee
the sign of the hyperfine field at the119Sn sites, a paramete
that cannot be determined uniquely without applying an
ternal field. However, it is reasonable to assume that
x50 it is negative as it is ina-Fe where Bhf(Sn)5
28.3 T.21,15Furthermore, an inspection of Figs. 1, 7~a!, and
7~b! shows that the119Sn field grows as the average allo
magnetization falls, suggesting that the negative te
(C^m1&) always dominates. Finally, the negative sign of t
temperature anomaly apparent in Fig. 6 forx50.235 requires
that the field also be negative for this alloy.46 Assuming
therefore that the119Sn field is negative, and takingD520
T/mB from ~Ref. 45!, we deriveC522.660.2 T/mB for the
x50 alloy. Taking the number of nearest-metal neighbors
our alloy to be close to 10 with separationr;2.57 Å ~esti-
mated from experimental data ona-Fe12xBx system49!, we
obtain the value of partial contribution equal to 2.360.2 T/
mB/neighbor, which is in rather good agreement with t
value of 2.160.1 T/mB/neighbor for r 52.59 Å derived
from data on Sn-doped FeRh and Fe3Ge.45

The volume expansion caused by introducing Mn50

coupled with the significant radial dependence of the con
bution from the first-neighbor shell@about 14 Tm21

B Å 21)
~Ref. 46!# means thatB and C, in Eqs.~1! and ~2!, respec-
tively, must be composition dependent. A further correct
should be introduced to account for a linear decrease in
total moment on Fe in accordance with the change of m
sured and calculated̂d& ~Ref. 51! @upper estimate of which
is ;10% when half of Fe atoms are replaced by Mn~Ref.
11!#. This decrease in̂mFe& also diminishes the contributio
to A from s-d mixing, but the change is expected to be mu
e-
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less than 10% and will not be considered here. We emp
size that while these corrections are expected from the
gins of the various components and serve to improve
overall consistency of the fits, they do not in any way affe
the final conclusions.

DEDUCED MAGNETIC STRUCTURES

Figure 1 shows that there is a very large reduction in
magnetization on going fromx50 to x50.107. If we as-
sume that the magnetic structure remains collinear, then
deduce an average Mn moment^mMn

z & 5 22.89~10! mB in-
dicating an antiparallel ordering of the Fe and Mn momen
This is fully consistent with the absence of a second m
netic transition and with model calculations for th
composition,5 where the Mn atoms are expected to be s
rounded by Fe atoms and Mn-Mn contacts will be abse
We can also estimate the Mn moment from the57Fe hyper-
fine field. Equation~1! ~written now forz components! gives
^m1

z& 5 1.56~5! mB and assuming additivity in the polariza
tion of conduction electrons by Fe and Mn moments,
longitudinal component of Mn moment can be calculat
from the following equation:

^mMn
z &5@~12x!^mFe

z &2^m1
z&#/x, ~3!

where a positive value for̂mMn
z & corresponds to AF Fe-Mn

alignment. The deduced value of^mMn
z & 53.4760.50 mB is

somewhat larger than, but consistent with the magnetiza
result. This consistency provides an additional check on
selection of values forA andB in Eq. ~1!.

Using ^m1
z& 5 1.56~5! mB in Eq. ~2! ~also written forz

components! and assuming collinear order, givesD516.7
60.9 T/mB , which is about 16% smaller than the value f
the alloy without Mn. This decrease reflects the assump
that the net contribution to the field from magnetic mome
located at distances larger than 4 Å~i.e., from all shells fol-
lowing the 1st NN shell! can be written as a single term
proportional tos. However, the majority of this term come
from the 2nd NN shell, and thez component of its average
moment will be closer tôm1

z& than tos, the former being
about 8% smaller~data are summarized in Table II!. Thus
the apparent drop inD stems from a limitation of the model
however, a complete accounting for further shells would
troduce unwarranted complications.

The alloys with higher Mn contents are expected to ha
noncollinear magnetic structures5 and both thex50.235 and
x50.320 samples exhibit the two magnetic transitions ch
acteristic of partially frustrated systems~see Figs. 4 and 5!.
Equations~1! and~2! will be true for thez components of the
fields and moments, but when applied to^Bhf

tot(Fe)& and
^Bhf

tot(Sn)&, respectively they should be regarded as vec
equations, i.e., they should involve a dependence on
angle~a! between vectorŝmFe

tot& and^m1
tot&, and the angle~u!

between vector̂m1
tot& and thez direction defined by the do

main magnetization. Thus,

@^Bhf
tot~Fe!&#25~A^mFe

tot&!21~B^m1
tot&!212AB^mFe

tot&

3^m1
tot&cosa ~4!

and
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@^Bhf
tot~Sn!&#25~C^m1

tot&!21~Ds!222CD^m1
tot&s cosu.

~5!

To proceed further, we need to assume a form for the co
lations between the transverse-spin components. Two sim
possibilities exist: collinear and random. The former can
further broken down into ferromagnetic and antiferroma
netic. FM alignment of transverse components would lead
a net increase in magnetization and can, in principle,
eliminated from consideration immediately. However,
what follows, we will retain this case in the interests of co
pleteness. We deal first with the case of collinear ordering
the transverse components and then the random, or s
glass case.

If we assume collinear alignment of the transverse co
ponents of the Fe and Mn moments, then the anglesa andu
in Eqs.~4! and~5! are linked via (wFe) the angle between th
average Fe moment^mFe

tot& and thez direction:

a5uu6wFeu. ~6!

In the present model, the transverse field on119Sn arises only
from the transverse component of the moments in the 1st NN
shell, and the net transverse component of the 2nd and fol-
lowing NN shells as well as that of bulk magnetization
assumed to average to zero. In this case, Eq.~2! reduces to

^Bhf
xy~Sn!&5C^m1

xy&, ~7!

and ^m1
xy& can be determined directly from the data. T

transverse field on57Fe will depend on the transverse com
ponents of both the local Fe moment and that of the 1st NN
shell. Allowing for either FM or AF alignment through the6
sign in Eq.~6!, Eq. ~2! becomes

^Bhf
xy~Fe!&5A^mFe

xy&7B^m1
xy& ~8!

and allows us to find̂mFe
xy& using ^m1

xy& obtained from Eq.
~7!. We note that there is no defined direction within thexy
plane and we need only to know the respective orientatio
transverse components of the moments on Fe and Mn,
hence their absolute values, which, in the approximation
the present model, are connected by an equation analo
to Eq. ~3!:

^mMn
xy &5@~12x!u^mFe

xy&u6u^m1
xy&u#/x, ~9!

where again a positive value for^mMn
xy & corresponds to AF

alignment with respect tômFe
xy&.

The two roots of Eq.~8! mean that two possible configu
rations of the moments on Fe and Mn can exist with
same values of̂m1

xy&, and ^mFe
tot&. Configurations with AF

alignment of^mFe
xy& and ^m1

xy& result in unrealistically large
average total moments on Mn of about 6.360.4 mB and thus
will not be considered in the following discussion.

Knowing the values of̂mFe
xy& and^mFe

tot& we can determine
^mFe

z &. Then, using Eq.~1! written for z components~we
assume that̂mFe

z & points in the positivez direction! one can
find the value and orientation of the longitudinal compon
of the 1st NN shell moment:

^m1
z&5@^Bhf

z ~Fe!&2A^mFe
z &#/B, ~10!
e-
le
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where a negative value for̂m1
z& corresponds to AF align-

ment with respect tômFe
z &. Finally, knowing^m1

z&, we can
calculate the average value of the total moment of the fi
near-neighbors shell^m1

tot&.
For the alloy withx50.450 it is impossible to separat

the longitudinal and transverse components of the mome
but the fact that the spontaneous bulk magnetizations is
zero @see Fig. 1 and~Refs. 11 and 52!# allows us to derive
^m1

tot& directly from Eq.~5!. Its use in Eq.~4! then gives the
value of cosa which can then be used to calculate the av
age moment on the Mn atoms using an equation analogou
Eqs.~3! and~9! which links average moments^mFe

tot&, ^mMn
tot &,

and ^m1
tot& and which now becomes a vector equation. W

note that direct determination of the proportionality factorD
is not possible for the complete spin-glass state, howe
apart form this, we are able to determine all of the para
eters for the present model. The results of this analysis
summarized in Table II.

If we repeat the analysis while assuming a random ori
tation of ^mMn

xy & and ^mFe
xy& for the alloys withx50.235 and

x50.320, and random orientation of^mFe
tot& and^mMn

tot & for the
complete spin glass withx50.450 we obtain values of^m1

xy&
and ^m1

tot& that are approximately twice as large as tho
obtained under the assumption of AF alignment. Furth
more, the assumption of random orientation of^mFe

xy& and
^m1

xy& in Eq. ~8! yields very large values for̂mFe
xy& ~1.31

60.04 mB and 1.8160.04 mB for x50.235 andx50.320,
respectively!. The latter value is almost the same as^mFe

tot&
52.0960.01 mB . Statistical averaging of̂mFe

xy& and ^m1
xy&

with weights from Eq.~9! then leads to very large values fo
^mMn

xy & of 4.3560.05mB and 3.9260.05mB for x50.235 and
x50.320, respectively. These in turn result in unrealistica
large values for̂mMn

tot & of 5.6360.35mB and 5.2060.25mB .
Thus we can immediately rule out the possibility of rando
orientations of either the transverse components or the t
moments on Fe and Mn.

IntroducingwMn the angle between the average Mn m
ment and the2z direction ~cf. wFe defined above!, we find
that average total Fe and Mn moments deflect, respectiv
from the1z and2z directions in the opposite half-plane
At x50.235 their canting angles are close:wFe52964° and
wMn53465° and weak frustration causes a rather small
canting of ^m1

tot& ~u52263°!. At higher frustration (x
50.320) the canting of the Fe moment increases (wFe545
65°), but remains the same for Mn (wMn53363°). Nev-
ertheless the frustration is now strong enough to cause^m1

z&
to point in the2z direction,u5109612°.

For the complete spin glass atx50.450, Eq.~4! gives
cosa less than21, due mostly to uncertainties in the dete
mination of ^Bhf

tot(Sn)& and ^m1
tot& discussed previously

However, we know from the two cases of moderate frust
tion discussed above, that the Fe and Mn moments
aligned almost completely AF, therefore it seems reasona
to expect this behavior to continue into the spin-glass
gime, so that̂ m1

tot& is oriented completely AF with respect t
^mFe

tot&. We will take cosa to be 21 in calculations of the
total Mn moment atx50.450.
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The most important conclusion of the present analysi
that in partially frustrated alloys the transverse compone
of the Mn momentŝ mMn

xy & order AF with respect to the
transverse components of the Fe moments^mFe

xy&. This same
result was obtained in recent Monte Carlo simulations o
3D Heisenberg model with nearest-neighbor interactions
a simple cubic lattice,5 in which site disorder was introduce
by randomly replacing a fractionf of FM sites by AF sites. It
was shown that in this case frustration can occur only w
f is high enough to produce AF-AF nearest pairs which
average start to appear whenf 51/NN. Increased frustration
led to an increases in both the noncollinearity, andTxy , and
a decrease inTc . While the longitudinal components of th
spins within each sublattice were ordered FM on average
frozen transverse components exhibited short-range AF
relations. Comparison of the normalized transverse s
freezing temperatures (Txy/Tc! in Fig. 9 shows that our ex
perimental data are in good agreement with the magn
phase diagram of the site-disordered model.5 The exception
is the point atx50.385 which suggests that the syste
reaches the spin-glass regime earlier than the nume
model. In view of the excellent agreement over the rest of
phase diagram, the most likely explanation for the discr
ancy lies with the details of the exchange distribution.

The numerical model assumed a simple6J exchange dis-
tribution, however, this is unlikely to be the case in a re
system. Indeed, the steep decline ofTc with x apparent in
Fig. 4 suggests that the AF Mn-Mn interactions are sign
cantly stronger than the FM Fe-Fe interactions. Fitting
concentration dependence ofTc assuming a simple mixing
model11,53 and temperature-independent exchange consta
gives the following values:JFeFe567969 K, JMnFe5
2227651 K, and JMnMn521175684 K, or approxi-
mately: uJMnMnu55.2uJMnFeu51.7uJFeFeu, which is in agree-
ment with the ratio obtained for crystallineg-FeMn:
uJMnMnu56uJMnFeu52uJFeFeu from measurements of magnet

FIG. 9. Normalized comparison of magnetic phase diagram
a-(Fe12xMnx)78Sn2Si6B14 ~solid symbols! with that derived from
Monte Carlo simulations on a simple cubic site disordered Heis
berg model with nearest-neighbor interactions~open symbols! ~Ref.
5!. Note the excellent agreement with the main predictions of
simulations. Note also that atx50.385 a-(Fe12xMnx)78Sn2Si6B14

has already reached a spin-glass state. This discrepancy is pro
caused by inequality of absolute values of coupling constantsJFeFe,
JMnMn , and JFeMn, which were assumed to be11, 21, and21,
respectively, in the numerical work.
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specific heat.54 This large variation in exchange strengths h
a number of consequences. The existence of distinct Mn
Fe sublattices assumed in our analysis and the overall
Fe-Mn orientations derived from our analysis both requ
uJMnMnu anduJFeFeu to be larger thanuJMnFeu. The greater size
of JMnMn also leads to the frustration-independent cant
angle of the average Mn moment (wMn remains at;33° with
x rising from 0.235 to 0.320!, while the weakerJFeFeleads to
a rapid increase in the canting angle of the Fe moments (wFe
increases from 29° to 45°!. Finally, the greater magnitude o
JMnMn means that misaligned Mn moments will have
greater effect on the surrounding moments and so expl
why long-range order is lost at lower doping levels in t
experimental system than in the numerical model where6J
was used~see Fig. 9!.55

APPLICATION OF THE MODEL
TO OTHER AMORPHOUS ALLOYS

It is interesting to apply the two-component model f
hyperfine fields on57Fe and119Sn used in the present wor
to other iron-rich Fe glasses. The simplest will be to use
for alloys containing only one magnetic species,~e.g., Fe!
where data on botĥBhf(Fe)& and ^Bhf(Sn)& have been ob-
tained on several partially and fully frustrated alloys. Es
mates of the ratioR(T) for the cases of collinear alignmen
of transverse components can be made from formulas
tained after trivial mathematical transformations of the eq
tions for ^Bhf

tot(Fe)& and^Bhf
tot(Sn)& @Eqs.~4! and~5!, respec-

tively# and by introducing thexy component of the Fe
moment as a fractionq of the total moment assuming tha
^mFe

tot&5^m1
tot&5s in the case of FM alignment:

RFM~T!5~D2C!/~A1B!, ~11!

and ^mFe
z &5^m1

tot&5s in the case of AF alignment:

RAF~T!5@~D2C!A12q2#/AA21~B212AB!~12q2!.
~12!

We note thatRFM(T) depends only on the field transfer co
efficients, and not on any alloy parameters, whileRAF(T)
also depends onq, i.e., larger tilting reduces the influence o
the surrounding moments due to cancellation among
transverse components andRAF falls. For the case of spin
glass alignment of transverse components, we assume
^mFe

z &5^m1
z&5s. ^Bhf

tot(Fe)& and ^Bhf
tot(Sn)& can be obtained

by statistical averaging of thexy components of the corre
sponding moments. We find thatRSG(T) also includes a
dependence on̂mFe

tot&.
A study of a-Fe92Zr7Sn showed a temperature indepe

dentR, with no apparent anomaly atTxy .26 This was inter-
preted as indicating locally FM alignment of the transve
spin components. In order to apply our model to this data,
need values for the field transfer coefficientsA–D. A sets the
local contribution tô Bhf(Fe)& from the Fe atom itself, and
D gives the contribution tôBhf(Sn)& from domain magneti-
zation. Both have been found to be independent of the a
system used, so we have taken the values from thea-FeMn
alloys studied here, i.e.,A525.5 T/mB , D520 T/mB . B
was then estimated as29.5 T/mB by applying Eq.~1! to the
collinear a-Fe89Zr11 at 5 K where^Bhf(Fe)&523.460.2 T
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andmFe5^m1&51.5660.04mB .3 Local AF or SG alignment
of xy components withq50.40 @found fora-Fe92Zr7Sn at 5
K ~Ref. 26!# would result in^Bhf

tot(Fe)&522.060.5 T which
is somewhat less than the experimental value of 23.760.2
T,3 and hence both correlation forms would appear to
unlikely. Assuming local FM alignment of thexy compo-
nents and takingRFM50.227 @the average of experimenta
data obtained fora-Fe92Zr7Sn in the temperature range fro
5 K to 90 K ~Ref. 26!#, yields C523.4 T/mB @from Eq.
~11!#. The two-component model combined with the a
sumption of local FM alignment ofxy components then pre
dicts the experimentally observed26 temperature-independen
R. By contrast, local AF alignment ofxy components leads
to a;2% drop ofRAF(T) belowTxy , while local SG align-
ment leads to a;24% increase inRSG(T). Thus, combining
the measured fields with the observed dependence ofR(T)
we find that the experimental data on the bond-frustra
a-Fe1002xZrx alloys are consistent only with local FM align
ment of the transverse-spin components.

Substitution of Fe by Ni ina-Fe902xNixZr9Sn leads to a
10% increase in̂Bhf

tot(Fe)& measured at 12 K on going from
x50 to x53. This change is due to increased collinear
~reflected by a narrowing of the hyperfine field distributi
and increasedTc) and an increase in the Fe moment~re-
flected by increased magnetization!.30 On going fromx51
to x53, R(T) decreases from;0.235 to ;0.223 while
^Bhf

tot(Sn)& does not change. This behavior cannot be app
priately accounted for in the one component model wh
would predict an increase in̂Bhf

tot(Sn)& caused by increase
in collinearity and Fe moment. The two-component mo
however, predicts a greatly reduced effect. For locally F
correlations,m1

tot ands will scale together as the Fe mome
increases, and Eq.~2! shows that̂ Bhf(Sn)& is then propor-
tional to (D2C)s. The coefficients are close in size, grea
reducing the effects of an Fe moment increase. Equation~11!
further shows that changes in collinearity do not affectR.
The net effect of the Fe moment increase on adding Ni
therefore, a larger̂Bhf(Fe)& at constant̂ Bhf(Sn)& and soR
decreases.

Finally, we consider the case of fully frustrate
a-Fe90Sc9Sn1 which exhibits a single transition to an isotro
pic spin-glass state.27 a-FeSc anda-FeZr have many simi-
larities including comparable compositions, and atomic ra
~1.60 Å for Zr and 1.62 Å for Sc and Sn!. The low tempera-
ture value of̂ Bhf

tot(Fe)& for a-Fe90Sc10 ~anda-Fe90Sc9Sn1) is
22.9 T,56,29 very close to the essentially composition-, a
hence frustration-, independent 23.4 T found
a-Fe1002xZrx .3,56 The observation that̂Bhf

tot(Fe)& remains
constant ina-Fe1002xZrx despite a 30% reduction ins3 is
only consistent with locally FM correlated transverse co
ponents. Any other form would lead to some cencellat
and a drop in̂ Bhf

tot(Fe)&. In view of the many similarities
between thea-FeSc anda-FeZr systems, it seems reasonab
to expect that the correlations will continue to be FM as
cross into the spin glass. These expectations can be e
ined in more detail using the two-component hyperfine fi
model fora-Fe90Sc9Sn1 . ^m1

tot&50.2260.02 mB may be di-
rectly obtained from Eq.~5! ~the second term is zero, as th
average magnetizations is zero, and ^Bhf

tot(Sn)&55.1
60.2 T was measured fora-Fe90Sc9Sn1 at 12 K!. This re-
e
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sult is about half the value of^m1
tot&50.4160.05mB obtained

by isotropic statistical averaging of 12 vectors^mFe
tot&51.55

60.05mB @using the moment obtained for the colline
a-Fe89Zr11 ~Ref. 3!#. This assumption of random orientatio
also leads to a simulated value for^Bhf

tot(Fe)&59.160.5 T
~isotropic statistical average of the vector A^mFe

tot& and result-
ing isotropic statistical average of 12 vectorsB^mFe

tot&) which
is again less than half of the value measured experiment
Therefore, we can conclude that the absence of a bulk m
netizations, does not translate into a fully random orient
tion of the moment vectors over the 1st NN shell.

CONCLUSIONS

The magnetic properties of site-frustrate
a-(Fe12xMnx)78Sn2Si6B14 have been studied as functions
temperature and Mn concentration,x. Specifically, the de-
tailed nature of the short-range correlations that develop
low Txy have been investigated using magnetic and nonm
netic Mössbauer probes. At lowx, the Mn moments couple
AF with respect to the majority Fe moments and the al
retains its collinear structure. Oncex is large enough for
Mn-Mn pairs to occur, exchange frustration develops and
magnetic order atT50 becomes noncollinear. On warmin
the transverse components that lead to the noncollinea
melt at a well-defined temperatureTxy and the order is then
collinear until it is lost on reachingTc . The transverse com
ponents in this site-frustrated system were shown to exh
AF correlations belowTxy , in strong contrast to thexy spin-
glass order predicted for bond-frustrated materials. Furth
more, both the longitudinalz, and transversexy components
of the Fe moments are oriented antiparallel to their Mn co
terparts. Indeed, this antiparallel tendency is so strong th
persists even in the fully frustratedx50.450 alloy. The gen-
eral magnetic behavior as well as the AF character of
short-range correlations in thexy components are fully con
sistent with the results of Monte Carlo simulations on
three-dimensional site-disordered Heisenberg model w
nearest-neighbor interactions.

We have shown that it is essential to use a two-compon
model in order to obtain a consistent description of the
perfine fields at both magnetic and nonmagnetic Mo¨ssbauer
probes. Such a model considers the effects of both the l
Fe moment and the average moment on the 1st NN shell on
the hyperfine field at magnetic57Fe sites, and the effects o
both 1st NN and more distant shells on the hyperfine field
nonmagnetic119Sn sites. The coefficientsA, B, C, and D
used here, were derived from a variety of experimental s
tems as consistent theoretical values are not available.
velopment of this model has allowed us to complete a rig
ous analysis of the transferred hyperfine fields
a-(Fe12xMnx)78Sn2Si6B14 and so determine the nature of th
local correlations among transverse components belowTxy .
The conclusions of this analysis are robust, and while s
stantial changes in the field-transfer coefficients in Eqs.~1!
and~2! degrade the fit quality and lead to variation in the
and Mn moments, they do not change the final resul
antiparallel orientation of the Fe and Mn moments.

We have also applied the two-component model to
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and
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range of bond-frustrated alloys, and shown that in this ca
the transverse correlations belowTxy are strongly ferromag-
netic in nature, at least on a first-neighbor length scale.
combination with bulk magnetization data, we can easily d
tinguish between FM, AF, or SG short-range transverse c
relations on a local scale.
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