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Magnetic order and local spin correlations ina-(Fe;_,Mn,)7gSn,SigB14
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5Fe and!'%Sn Massbauer spectroscopy has been used to study local spin correlations in site-frustrated
a-(Fe,_,Mn,),sSn,SigB14 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 transifign, exhibits strong antiferromagnetic correlations
in the plane perpendicular to the ferromagnetic axis. This result stands in strong contrast with the bond-
frustrated case oé-Fe g ,Zr,, but is fully consistent with recent numerical simulations of short-ranged
models. The clear difference between site- and bond-frustrated systemsTggldemonstrates the importance
of short-range interactions in real spin-glass systems.

INTRODUCTION the gross magnetic behavior is essentially the same as the
bond-frustrated casghe system exhibits noncollinear order
The infinite-ranged interactions implicit in mean-field at low temperatures, there are two magnetic transitions at
spin-glass modetsmake all forms of exchange frustration intermediate dopings and a spin glass at higher dopings
equivalent. However, real systems are generally dominatedumerical simulations show that there are two striking
by shorter-ranged interactions, and for the case of firstdifferences. First, low levels of doping do not cause frustra-
neighbor-only exchange coupling, two distinct situations cartion. Isolated AF-coupled sites simply order antiparallel to
be identified:(i) bond frustration andii) site frustration. the majority FM order, reducing the total magnetization, but
Bond frustration arises when each exchange bond to aot causing any noncollinearity. Frustration only appears
moment’s nearest neighbors may be either posfiiee, fer-  when the dopant density is high enough for AF-AF pairs to
romagnetic(FM)] or negativei.e., antiferromagneti€AF)]. occur. Second, the transverse correlations bélgyexhibit
Perhaps the best experimental example of this case is prehort-range AF character rather than forming the spin
vided by iron-richa-Fe oq_Zr,>>. Here the competing ex- glass observed in the bond frustrated case.
change interactions arise from the distance dependence of the Manganese-doped systems provide the most obvious ex-
direct Fe-Fe exchange couplind(r)] combined with the perimental examples of site-frustration, and behavior consis-
distribution of nearest-neighbor distances inherent to théent with the numerical simulations is clearly seen. The
glass structure. With no frustration, the material is a ferro-amorphougFe,Mn-G alloy series represent a highly studied
magnet, with infinite-ranged correlations and collinear orderexample of site frustration. Typically they contain 75-80
As frustration is introduced, the order &t=0 becomes in- at. % metals with the balance being made up from a mixture
creasingly noncollinear and the magnetization is reduceddf glass-former element&B, Al, C, Si, Sn, and P Two
The ground state appears to bexanspin glass coexisting magnetic transitions are observed beyond the threshold for
with perpendicular ferromagnetic ordére., along thez the appearance of frustration, and these transitions merge
axis). On heating from zero temperature, thg spin glass at high Mn doping to yield a spin glass. Indeed, the
melts atT,, to form a collinear ferromagnet with substantial strong  similarities in the phase diagrams  of
transverse degrees of freedom that fluctuate rapidly and time-(FeMn; _,)7sP1eBsAl3, 5% a-(FeMn;_,)7sP15Cao, ™
average to zero. Further heating takes the systef tehere  a-(FeMn; _,)77:SiiB1s,'> and a-(Fe _Mn,)76Sn,SigB14
the ferromagnet undergoes a conventional three-dimensiongpresent work serves to emphasize that it is the frustration
(3D) Heisenberg phase transition to a paramagnetic state. Astroduced by the Mn that dominates the magnetic response
the degree of frustration increases, the features characterisé@d that the properties of the glass-former mix are largely
of ferromagnetic order declinéboth T, and magnetization unimportant. Crystalline ke ,Mn,Si yields a very similar
fall) while spin-glass character becomes more pronounceghase diagraﬂﬁ, but also provides a direct confirmation of
(Tyy rises and irreversibilities at low temperatures becoméAF ordering perpendicular to the dominant FM order at
stronge). Eventually, T, and Ty, meet, and further increase Txy.14 Polarized neutron scattering in an applied field on a
in frustration lead to a pure 3D spin glaé&3G) with a tran- ~ single crystal of FEMnSi showed that the transverse spin
sition temperature Ty that is largely independent of the components that order &, are indeed orthogonal to the
frustration level. The experimental observatidbage in quan- FM order established &at, and they exhibit AF correlations,
titative agreement with Monte Carlo simulations of a bond-in full agreement with the predictions of the numerical
frustrated Heisenberg spin systém. simulations
Site frustration is achieved by introducing a dopant with We present here a study of magnetization and transferred
AF coupling to all of its nearest neighbors so that the frus-hyperfine field data for a series af(Fe, _,Mn,);gSnSicB14
tration is introduced site wise rather than bond wise. Whilesamples doped with'®Sn in order to determine the nature of
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FIG. 1. Magnetization o&-(Fe,_,Mn,),sSnSigB4at 5 K as a x=0.235 12

K
function of applied magnetic induction.
the local spin correlations that develop Bf,. The results ;
show that the Mn moments order antiparallel to the FM order §

K

of the Fe moments, and that in the composition range whereg x=0.320 12

two transitions occur, the transverse correlations are indeel 70
AF over the first two neighboring shells.
EXPERIMENTAL METHODS

The alloys were prepared by arc melting the appropriate x=0.450 12K

ratio of pure elementgFe: 99.95%, Mn: 99.9%, B 99.99% 60} \/
and Si 99.999% pujewith isotopically separated'®Sn un-

ption (%)

50K

der Ti-gettered argon to yield-3 g ingots. Melt spinning
was carried out under a partial pressure of helium onto a
copper wheel at 55 m/s. Absence of crystallinity was con-
firmed using CuK « powder x-ray diffraction, thermogravi-
metric analysiSTGA) in a small field gradient, and room- S0t
temperature Mssbauer spectroscopy.
Magnetization(shown in Fig. 1 and susceptibility data CLL L L Lt
were obtained on a commercial system in fields of upto 9 T —8 —2 1 _8 ) 1
over the temperature range 5-300 K. Curie temperature: v (mm/s) v (mm/s)
were obtained frony,., bulk magnetization, and Msbauer }
spectroscopy for those samples that ordered below 300 K, FIG. 2. °Fe Mtssbaver spectra, with fits, of
and by TGA in the cases wheflg was above 300 K. a-(Fe,-Mn,)76Sn;SigB,, measured at 12 Keft column and vari-
Mossbauer measurements were made on a constant acc2s temperatureg_lght colump illustrate the magnetic staFe for
eration spectrometer wita 1 GBq5'CoRh source forS7Fe  ifferent compositionsx=0.000, x=0.107 at RT(only a slight
and a 0.1 GBq BH9™Sn0, source for 1%n. All spectra reduction of average hyperfln_e magnetic flelk=0.235, x
were calibrated using asFe foil. Samples were mounted in —0.320 at 68 and 60 K, respectiveust aboveT,,), x=0.450 at

. L . 50 K (complete collapse of magnetic hyperfine splitting ab®
a vibration-isolated closed-cycle fridge for spectra at tem- (comp P g P plitting abBye

peratures down to 12 K. Representati¥ée and “*Sn ¢ 1veq with reduced saturation as the Mn content is in-
Mossbauer spectra for the alloys studied here are shown ife5sed and the system evolves from ferromagnet to spin
Figs. 2 and 3, respectively. The spectra were fitted using aPlass. Magnetic transition temperatur@erived from both
asymmetric Gaussian distribution of hyperfine fields with in-p ;| magnetic 'Fe Massbauer measurements and TGA, and
dependent widths above and below the most probable field, . in Fig. 4 show the expected rapid decline Th and
This was found to be the simplest, stable, form that would,, appearance of,,. The results shown in Figs. 1 and 4
reproduce the observed spectra. A linear correlation betweel}, i, good agree;(r){ent with the results of studies on other
By and the isomer shift was included to account for thea-(Fe,MrD-G system&11:12
slight asymmetry in the spectra. A Gaussian distribution of "o average isomer shifs) reflects the total density of
quadrupole splittings was used to fit those spectra obtainegiecirons at the site of a probe nucleus and thus provides
aboveT,. All isomer shifts quoted here are relativedeFe  jnormation about electronic configuration and chemical
at RT. bonding. On warming from 12 K to R{6) g dropped from
0.24+0.03 mm/s to 0.180.04 mm/s t'Fe) and (d)g,
dropped from 1.780.02 mm/s to 1.76:0.04 mm/s {'°Sn).
Magnetization at 5 K(Fig. 1) shows the evolution from This is consistent with the contribution from the second-
square, readily saturated ferromagnetic behavior to highlprder Doppler shift and in accordance with data ¥&Fe in

Fe
6
6
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FIG. 4. Magnetic phase diagram far(Fe,_,Mn,)7gSn,SigB14
x=0.235 12K 68K derived from temperature dependences of the averdge hyper-
fine field (triangles and boxgsand by thermogravimetric analysis
(TGA) (circles, and from measurements of bulk magnetization

a5l (diamond$.
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x=0.320 12K 60K present study it is natural to distinguigkee one of the first
reviews on hyperfine interactions in iron-based alt8ybe-
tween the local contribution to the hyperfine field offFe
which arises from the total magnetic momeumt,. of the
probe iron atom, and nonlocal contributions, from surround-
ing magnetic atoms via conduction electron polarization. For
11%n, which is nonmagnetic, the hyperfine field is trans-
x=0.450 12K 50K ferred from moments associated with the magnetic atoms:
both nearest neighbor and in more distant coordination
sphere$?-23 Mossbauer probe atoms with zero intrinsic
4 magnetic momente.g., 1°’Au) have been used as an indica-
tor of local correlations in the directions of moments on Fe
atoms inAuFe spin-glass alloy& The approach was ex-
tended to the use of'°Sn for the same system in Ref. 25,
~10 0 10 —10 0 10 and applied later to amorphous iron-rich metallic
v (mm/s) v (mm/s) glasse<t-30
The temperature dependence(Bf;) for >Fe and'%sn ,
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FIG. 3. 9%n Mossbauer spectra, with fits, of
a-(Fe,_,Mn,),sSn,SigB1, measured at 12 Keft column and tem-

peratures shown in Fig. @ight column illustrate the transfer of TABLE |. Basic characteristics derived fEr,om tempﬁratur_e de-
hyperfine fields from magnetic moments of surrounding Fe atoms tB€ndences of the average hyperfine fields aﬁe and **%Sn n
the nonmagnetic Sn probe. a-(Fe,_,Mn,),sSn,SigB14 with different compositions: the Curie

temperature isT., the temperature of transverse spin freezing is
a-(FeMn;_,)7sP;sCyo (Ref. 11 and **%n in iron®® (8)ge  Txy, the average field in the direction of bulk magnetizat{@3,)
also dropped slightly with increasing manganese corent at 12 K, the total average fiekByy) at 12 K, together with the
with a fitted slope of 0.0015(2) mm$ (at. %)—l_ Thisis  average isomer shifts) at 12 K, and the average quadrupole split-
consistent with a transfer of Fed3electrons to the Mrd ~ ting A atRT.
band®!’ leading to a reduced shielding ofs3and 4s

electrons® By contrast,{d)g, is essentially constar(data X 0.000 0.107 0.235 0.320 0.450=
are presented in Tablg, implying that the bonding of the tin T, (K) 677 509 284 136 31 2
atoms is not significantly affected by addition of manganese. Ty (K 49 52 31 2
The average quadrupole splittigd), which reflects depar- (BZ) (T) 279 228 140 7.4 0.2
tures from spherical symmetry in the local chemical environ-s7 tot

ment, is not affected by Mn additions for eithéfFe or Fe <?g (m(rTn)/S) 372'3 Szég (1)51': 321'2 (? '116 g '022

1193, This observation, coupled with the weak effects on

. . . . Ay  (mm/9 0.58 0.60 0.57 0.02
() points to the essentially unchanged electronic configura-
tion of both tin and iron atoms with addition of manganese in (Bfy (M 57 67 51 40 0.3
the range of interest. sn (BYY () 57 67 73 75 77 03
The average hyperfine fieldéR,)) at the>’Fe and!'°Sn (» (mm/$ 1.78 175 178 1.80 1.82 0.02
sites provide complementary information on the microscopic A (mm/9 082 0.82 081 0.05

ordering of moments in these alloys. For the purpose of the
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4t i FIG. 6. Comparison of the temperature dependence of the aver-
0.450 age SFe (left) and ''%n (right) hyperfine fields for
0 L L L L L L a-(Fe,_,Mn,),gSn,SigB1, with x=0.235. The fit of the depen-
0 100 200 300 dence for®’Fe at temperatures aboW, by a modified Brillouin
T (K) function is also shown; it is scaled to tH&F(Sn)) value atT

=0 K on the right. The much steeper decrease in the averdga
hyperfine field demonstrates the strong temperature anomaly for
119 (see details in the text

FIG. 5. Average®’Fe hyperfine fields derived from Tdebauer
spectra for different compositions @f-(Fe,_,Mn,)7gSnSigB14.
Fits of temperature dependences are also shown. Alloys xvith
=0.000,x=0.107, andx=0.450 show a smooth temperature de-
pendence which was fitted by a modified Brillouin function, while T=0.5 T, where B(T) ~0.8540) according to experi-
those withx=0.235 andk=0.320 exhibit a pronounced kink at the mental data ont*°Sn in iron ferromagnets?2

transverse-spin freezing temperaturg,; fits with a combined The results of fits to both the’Fe and °Sn data
modified Brillouin function and linear term are shown beldy, are given in Table |. The fitted fields are plotted xsn
and with a modified Brillouin function only abovg,, . Fig. 7. The phase diagram for this systeffig. 4) is

) ) consistent with those of similar amorphous FeMn-G
shows a clear break in slope for all but the most Mn-rich a”dsystems [e.g., a-(FeMn,_,);P1BeAl; (Ref. 10 and

Mn-poor alloys. This behavior is expected, as it is only for
intermediate Mn contentéand hence intermediate frustra-
tions that two magnetic transitionsT( and T,,) are
predicted® The increase ifBps) with no increase in magne-
tization on cooling throughT,, is characteristic of
transverse-spin freezing and reflects the ordering of spin
components in th&y plane perpendicular to the FM order
established parallel to, and defining, thaxis atT. .3 Start-

ing with the °’Fe data, presented in Fig. 5, those alloys that
exhibit no break in slope were fitted using a modified Bril-
louin function that includes the effects of exchange
variations®? These fits yieldT, and the average hyperfine
field due to the ferromagnetic order along thaxis extrapo-
lated toT=0 K: (Bfs). The break in slope was modeled by
including a second modified Brillouin function to obtain fit-
ted values fok B{Y), the total hyperfine field extrapolated to
T=0 K. However, we found that a linear increase{ By,)
gave a better fit neaf,,, and this form was used to deter-
mine T,,. The average transverse field arising from #ye
components of the magnetic moments can be calculated from

((BR?= (B 2= ((Bi)?.

The behavior of the field at'°Sn sites shows similar com-
positional behavior, with kinks at approximately the same
temperature seen fo¥Fe. However, there is a strong devia-
tion from a Brillouin-like course in the form of a much
steeper decline in comparison witfFe (Fig. 6). This is well
known in crystalline magnetic alloys, where the difference
between the reduced hyperfine field and the reduced magne-

<B(Fe)> (T)

<B(Sn)> (T)

o . 0le . I L L
tization of the host is called the “temperature anomaly.” 0.0 0.1 0.2 03 04 0.5
This anomaly introduces an additional uncertainty into the Mn concentration x
. . 11 .
determination of(Bfy) and hence of(Bi) for *°Sn in FIG. 7. Concentration dependence of the aver&@ais)|,

samples that exhibit kinks i§By)(T). In these cases the [(BZ)|, and|(B}Y)| extrapolated to zero temperature fdfFe (a)
value of (Bf;) at T=0 K was estimated from the value at and '%n (b). Solid lines are guides to the eye.
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a-(FgMn; _,)77Si;oB13 (Ref. 12]. For x=0 andx=0.107 1al’ ' ' "]
the samples are ferromagnetic for all temperatures b&low R
while for x=0.235 andx=0.320 two magnetic transitions < L2 : -
are evident. Finally, fox=0.385, the system is a spin glass. s'; Lok v |
The primary purpose of the present study is to use the S - A
temperature and composition dependences of°*fke and R 0.8k LI
11%5n hyperfine fields to determine the nature of the ordering N
that occurs afl,,. The simplest model involves assuming 8 0.6 7]
that both fields are dominated by short-range contributions. -g’ 0.4 F |
In such a model, thé’Fe field is assumed to be proportional - AN r————
to the local iron moment only, while in the case BPSn the v o0.2f -+ F -
field is attributed to a vector average over the moments in the . . . .
first coordination shelithe absence of a local moment on the 0.0 0 100 200 300
Sn is explicitly assumed hexé® This model has been ap- T (X)

plied to measurements of magnetic and nonmagnetissvo
bauer probes in several bond frustrated systethSn and
197Au in crystalline AuFgySn, (Refs. 24 and 26and 11%Sn
in amorphous FgZr,Sn, (Ref. 26 and Fgy_Ni Zr,Sn
with x=1 andx=23.%% In all cases the ratio:

FIG. 8. Ratio of the total average transferred hyperfine field at
1% sites to that at thé’Fe sites as a function of temperature for
different compositions ofa-(Fe,_,Mn,);eSnSigB;4. Solid lines
are guides to the eye.

R(T)=(Bommag/(gFe) magnef[ic pqla'rizat.ion moddkee detaile_d qnalysis in Ref.
34) which distinguishes between contributions local to the

was found to be constant, or only weakly temperature depermagnetic moment of Mesbauer probe atom and those trans-
dent (<10°® K~1). Furthermore, even in thAuFe alloys  ferred from magnetic moments on neighboring atoms. Both
where a clear break in the temperature dependen¢B,gf  types of contribution act through the polarization sslike
was observed for both the magnetic and non magnetic probesiectrons via exchange interactions with unpairet edec-
at Ty, ,****no break in the slope GR(T) was present’ The  trons. The net polarization at the probe nucleus then induces
observed proportionality between intrinsic field 8fFe and  a hyperfine field through the Fermi contact interaction.
the transferred field on the nonmagnetic probe, leads, within Within this model, the average field at the nucleus of a
this simple model, to the conclusion that the transverse commagnetic probe aton?{Fe) in an amorphous magnetic alloy
ponents are aligned FM over first-neighbor distances. A rein which different magnetic species are uniformly distributed
sult that is inconsistent with the absence of an increase iover coordination spheres, may be written as a sum of two
magnetization below,,, and is in direct conflict with both  components. The first is associated with the local magnetic
mean-field calculatiorisand numerical simulatiofiswhich ~ moment of the probe, while the second reflects the contribu-
predict SG ordering of transverse components. However, thigon from surrounding magnetic atoms:
clearest indication that this simple model is inadequate
comes from 11%Sn-dopeda-Fey,Scy.2° This material is a (Bni(F&)) =A{ tioe) + B(u1), (1)
spin glass with no net magnetizatioft>so a zero, or at least
very small, transferred field is expected ‘afSn andR(T)
should also be close to zero. Howev&(T) was found to
be the same as it is ia-Fe and the simple model clearly
needs to be improved.

whereA andB are constantg,uo) is the magnetic moment
of the probe atomwhich may be affected by the species
present on neighboring sit¥s and uPtis the average mo-
ment of surrounding atoms, with the main contribution to it

R(T) for the alloys studied here is shown in Fig. 8. Two coming from the first-nearest neighbors*{iN).3* Unfortu-
. nately, consistent values f@ and B are not directly avail-

{ﬁg:g;iz ?r:etr:emrpa?i?e\l:/(iatlg ii‘é?: ;(;ihr?gﬂlz/(lar:ecfn;r?t),/ S\Lﬂ;ﬁ“gx_gble from the literature. The theoretical pfoblem is challeng-
tends even to th&=0.450 case that is a spin glass. This an?rh I?cna?te dats)ec};itseliﬂzoc:\éi?)}n %ngr?rtlzfrgz are Jgither
increase iNR(T) with x both above and below,, occurs P P (e,

even as the average magnetization clearly faée Fig. 1, Ien_ce, conduction electron polarlzatlpn, Etdo' not map
57 o . uniquely onto Eq(1). Also most work is on collinear mag-
and the®'Fe field drops by a factor of 4&ee Fig. 5. These . S :
etic systems, where the only real constraint is provided by

results serve to underline the inadequacy of the simple mod . N .
outlined aboveJ(ii) There is a clear break in the slope of(%Le SUmA+8, and separating the two contributions is com-
plex. Theoretical estimates f&k range from 10 Tig for

R(T) for x=0.235 andx=0.320, the two alloys which ex- ; 5

hibit transverse spin freezing. No such break has been otg)eé\/?S"fI‘_?dW'f%hei 7_%% T/’;anglr(eﬁg‘g ar(;d'nf:r?tgl al::lﬁi
served in previous studies of bond frustrated alloys and thi | .d t#B '(rj|| purt Idsll5 ! ( ‘" | Xpl f i \; u 3
is strong evidence that the detailed nature of the ordering clude the widely use Mg (all local, no transferre

: 38 55 ;
Tyy in these site-frustrated materials differs from the bond-'eld)’ 75 Té’“B in (Fe,Mn)AI,""4 T/ug at >*Mn in the
frustrated case. same alloy’® to zero, due to a cancellation of two local

terms, derived for Fe-Al alloy®
Since there is no consensus, we adopt the following pro-
cedure to determin@ andB. The first term is entirely local
For the purpose of the present study of the hyperfine fieldand the prefactoA should not be affected by chemical or
at the Mmsbauer probe sites we will use the approach of anagnetic environments. Its value can be estimated from ex-

ANALYSIS OF TRANSFERRED HYPERFINE FIELDS
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TABLE II. The average magnetic momeriis ug) used in and derived from the present analysis. #he
is the moment of the alloy per magnetic atofpy was obtained from the bulk value =t 0.000, and all
other moments were derived from the s4bauer datédetailed description is given in the texThe super-
script z denotes longitudinal componen(® the direction of domain magnetizatian, or uf) while xy
denotes transverse components and tot is the total moment. The subscript 1 denotes average moment per
atom of the first near-neighbo(xN) shell. The transverse components of the average moment off s 1
shell for the noncollinear alloys exhibiting spin-freezing transitiore., those withx=0.235 andx
=0.320), and of the total average moment of tAeNN shell for the complete spin glass=0.450), were
also calculated assuming random orientation of transverse compdpéffisand { u}i,) or total moments
(i and{u\), respectively. These values are shown at the bottom of the table. A negative sign means AF
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
o? 2.19+0.01 1.69-0.01 1.070.01 0.59-0.01 0.00
% 2.19+0.01 2.16-0.01 1.84-0.06 1.47-0.07
F
(i 0.00 0.00 1.040.11 1.48-0.06
(u 2.19+0.01 2.16-:0.01 2.12-0.01 2.09-0.01 2.04-0.01
(k) —3.47+0.50 —3.57+0.35 —3.43+0.25
—-2.89+0.10
(X 0.00 —2.39+0.37 —2.25+0.15
e 3.47+0.50 4.29-0.57 4.10-0.29 3.28:0.47
2.89+0.1¢
wl 2.19+0.01 1.56-0.05 0.57-0.07 -0.10+0.07
1
() 0.00 0.00 0.240.02 0.29-0.02
(ul 2.19+0.01 1.56-0.05 0.62-0.06 0.31-0.03 0.35-0.01
(o - 0.45+0.06 0.52-0.03
(KTando 0.80+0.08

#0btained from measurements of bulk magnetization at 5 K extrapolated to zero field.

perimental data on the hyperfine field at the Cu nucleus iperimentally that the hyperfine field ol°Sn can be repre-
dilute FeCu alloys. Since there is no local moment on thesented as a sum of two contributions of opposite &gA
Cu, the observed hyperfine field 6f21.3 to—21.8 T(Refs.  The positive term originates from a direct interaction be-
41-43 represents the effects of nonlocal transferred hypertween polarized conduction band electrons and electrons of
fine fields. Dividing by the Fe moment of 23 givesB= the filled Sn shells, while the negative term comes from an
—9.9 T/ug. Substituting this value foB and the—34.0 T  indirect polarization of the internal shells by polarized outer
hyperfine field observed for Fe in bulk iron at 4.2 K into Eq. shell electrong® The two terms are large and close in abso-
(1) yields A=5.5 T/ug. It is important to note that the Iute magnitude and are in turn made up of sums of partial
model used here differs significantly from that usedcontributions from different coordination spheres. The nega-
previously?®? as over 60% of the observetFe field now tive, indirect term, is much more local in nature and the
derives from the influence of the first neighbors. The secongositive, direct term, prevails by the second spH&ré This
term in Eq.(1) involves transferred fields and is, in principle, combination leads to oscillations in the radial dependence of
affected by the density of conduction electrons, and hencehe partial contribution to the total hyperfine field and makes
the value ofB=—9.9 T/ug derived from bulk Fe may not the net field very sensitive to the distribution of magnetic
always apply. Indeed, when this two-component model wasnoments over the coordination spheres. It is this sensitivity
applied to a variety of ferromagnetic iron-based alloys athat we exploit here to determine the nature of the order
value of B=—8.0 T/ug (Ref. 44 was reported. Using the below T,,. The radial dependence of the partial contribu-
fact that in thex=0 alloy, the iron moment is equal to the tions to the total hyperfine field &t°Sn has been determined
value of bulk magnetization per magnetic atqolta on  experimentallyRef. 45 and references thergly analyzing
measured and calculated moments are summarized in Tabdiata from bcc, fce, and hep metallic ferromagnets with dif-
II) and that for this caseu;=ug. we obtainB=—7.22 ferent distributions of magnetic moments over the coordina-
+0.18 Tjug which is slightly smaller than reported in other tion spheres. Analysis of such data with the explicit assump-
alloys®* tion that the net contribution to the field from moments in
Since the!!°Sn probe has no local moment, thg o) spheres with radius larger tha A can be represented by a
term for 1'%n must be zero, and any observed hyperfinesingle term proportional to the average magnetization of the
field must be due entirely to the influence of neighboringalloy (o) shows that the resultant transferred hyperfine field
moments. Any hyperfine field must arise from a polarizationis negative forr<2.8 A, has a sign reversal at~2.9
of occupied inner electron shells, and it has been shown ex-3.2 A, reaches a positive maximum for-3.5 A, and
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crosses the axis again around 3.8 A. The corresponding déess than 10% and will not be considered here. We empha-
pendence foP’Fe atoms in bcc alloys is quite similar, except size that while these corrections are expected from the ori-
that the negative contribution from nearest neighbors alwaygins of the various components and serve to improve the
dominates. overall consistency of the fits, they do not in any way affect
If we approximate the rather complex form describedthe final conclusions.
above by using two terms, the firgtegative term being due
to moments in the first coordination shell, and the second DEDUCED MAGNETIC STRUCTURES
(positivel term coming from all moments in more distant ) _ o
coordination shells, then we obtain a two-component model Figure 1 shows that there is a very large reduction in the
similar to that used foP’Fe above, except that the first term Magnetization on going from=0 to x=0.107. If we as-
of Eq. (1) is explicitly zero(no %n momentand the sec- Sume that the magnetic structure remains collinear, then we
ond term is now broken up into the first coordination spherededuce an average Mn momepty,) = —2.8910) pg in-
and beyond. This two-component model has previously beeflicating an antiparallel ordering of the Fe and Mn moments.
used to explain the large temperature anomalies in the hypeihis is fully consistent with the absence of a second mag-
fine field (due to a strong radial dependence of the negativé@etic transition and with model calculations for this
contribution to the fieliy the correlation between tempera- compositior?, where the Mn atoms are expected to be sur-
ture anomalies and thermal expansion of the lattice, and theounded by Fe atoms and Mn-Mn contacts will be absent.
strong pressure dependence of the field in metallic ferromagiVe can also estimate the Mn moment from fHEe hyper-
nets(Ref. 46 and references thergirSelf-consistent calcu- fine field. Equation(1) (written now forz componentsgives
lations of the electronic structure afp impurity atoms in (1) = 1.565) ug and assuming additivity in the polariza-
ferromagnetic iron show a similar separation between thdion of conduction electrons by Fe and Mn moments, the
negative contribution to the field arising from bonding stategongitudinal component of Mn moment can be calculated
and the positive one due to antibonding states, and also th&iom the following equation:
the contribution from core polarization is sm#l.

This two-component model leads to the following expres- (tpan) =[(1=X)(pfe — (DX, 3
sion for the average field at the°Sn nucleus in our amor- where a positive value fofuZ, ) corresponds to AF Fe-Mn
phous alloys: alignment. The deduced value ¢ff,,) =3.47+0.50 ug is
somewhat larger than, but consistent with the magnetization
(Bni(SM)=—C(u1)+ Do, 2

result. This consistency provides an additional check on our

selection of values foA andB in Eq. (1).
whereC andD are constant& In order to proceed, we need Using (u2) = L1.565) ug in Eq. (2) (also written forz

the sign of the hyperfine field at thé°Sn sites, a parameter components and assuming collinear order, gives=16.7

that cannot be determined uniquely without applying an ex- C 0
ternal field. However, it is reasonable to assume that foio'9 Tlug, which is about 16% smaller than the value for

i o e e e o ot U o ders e e st
—8.3 T.2%Furthermore, an inspection of Figs. 1a% and 9

) located at distances larger than 4(ife., from all shells fol-
7(b) shows that the''®Sn field grows as the average alloy lowing the B NN shell)g can be4\(/vritten as a single term

magnetization falls, suggesting that the negative term roportional too. However, the majority of this term comes
(C{u1)) always dominates. Finally, the negative sign of theP"OP N . jorty :

A . from the 2 NN shell, and thez component of its average
temperature anomaly apparent in Fig. 6Xer0.235 requires

that the field also be negative for this allfy Assuming moment will be closer tqu3) than oo, the former being
therefore that thé-1%Sn field is negative, and taking =20 about 8% smallefdata are summarized in Table.lThus

Thig from (Rel. 45, e deriveC 2202 T for he 112 SPDENtdrop 1 stoms fom it of e motel,
x=0 alloy. Taking the number of nearest-metal neighbors i ' P 9

our alloy to be close to 10 with separation 2.57 A (esti- n[roduce unwarranted complications.

mated from experimental data @nFe,_ B, systent9), we The alloys with higher Mn contents are expected to have
—xPx ] H H .
obtain the value of partial contribution equal to 232 T/ noncollinear magnetic structufesnd both thec=0.235 and

Ineighbor, which is in rather good agreement with thex=0.320 samples exhibit the two magnetic transitions char-
CL;Iue of 2 ito 1 Tjug/neighbor forr=2.59 A derived acteristic of partially frustrated systenisee Figs. 4 and)5
f T KB 45 Equationg1) and(2) will be true for thezcomponents of the
rom data on Sn-doped FeRh and;Ge. field d b h lied 4B F d
The volume expansion caused by introducing in, "€CS @n moments, but when applie (Br(Fe)) an
coupled with the significant radial dependence of the contri{Bnf(Sn)), respectively they should be regarded as vector
bution from the first-neighbor shetabout 14 T~ 15 A ~1 equations, i.e., they should involve a dependence on the
(Ref. 46] means thaB and C, in Egs.(1) and (2), respec- angle(@ betweengector@?é) a.nd<lft1m>v and the angle6)
tively, must be composition dependent. A further correctionPetween vectof.") and thez direction defined by the do-
should be introduced to account for a linear decrease in th&ain magnetization. Thus,
total moment on Fe in accordance with the change of mea-

tot 2_ t 2 t 2 tot
sured and calculate@®) (Ref. 51 [upper estimate of which [(Br(Fe)1*=(A{ure)) *+ (B(u1"))*+ 2AB(Fe)
is ~10% when half of Fe atoms are replaced by KRef. X (ot
1 )COSa 4

11)]. This decrease ifury also diminishes the contribution
to A from s-d mixing, but the change is expected to be muchand
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[(BR(SN)]?=(C(1!*Y)2+ (D)2~ 2CD(u) o cosé. where a negative value fqu]) corresponds to AF align-
(5  ment with respect tqur.). Finally, knowing(u?), we can

To proceed further, we need to assume a form for the Corre(;alculate the averagetst/alue of the total moment of the first

lations between the transverse-spin components. Two simplar-neighbors shefley o _
possibilities exist: collinear and random. The former can be For the alloy withx=0.450 it is impossible to separate
further broken down into ferromagnetic and antiferromag-the longitudinal and transverse components of the moments,
netic. FM alignment of transverse components would lead t®ut the fact that the spontaneous bulk magnetizatiois

a net increase in magnetization and can, in principle, b&ero[see Fig. 1 andRefs. 11 and 5§ allows us to derive
eliminated from consideration immediately. However, in(,u‘ft) directly from Eq.(5). Its use in Eq(4) then gives the
what follows, we will retain this case in the interests of com-value of cosx which can then be used to calculate the aver-
pleteness. We deal first with the case of collinear ordering ohge moment on the Mn atoms using an equation analogous to
the transverse components and then the random, or spiE-qs_(3) and(9) which links average momen(&tFoé), <Mm ,
glass case. and () and which now becomes a vector equation. We

If we a?shjmg Co”'gi;lir alignment Orf] thehtransvlersgecomhote that direct determination of the proportionality fadbor
ponents of the Fe and Mn moments, then the anglaa is not possible for the complete spin-glass state, however,

in Egs.(4) and(5) are linked via (pgo) the angle between the apart form this, we are able to determine all of the param-

average Fe momerfjugy) and thez direction: eters for the present model. The results of this analysis are
a=]0% ord. 6) summarized in Table II.
If we repeat the analysis while assuming a random orien-
In the present model, the transverse field'isn arises only tation of (u}Y,) and(u<) for the alloys withx=0.235 and
from the transverse component of the moments in 88 x=0.320, and random orientation Ohsy and(uy) for the
shell, and the net transverse component of tiead fol- complete spin glass witk=0.450 we obtain values @f.*")
lowing NN shells as well as that _of bulk magnetization is and (x'°) that are approximately twice as large as those
assumed to average to zero. In this case,(Bqreduces to obtained under the assumption of AF alignment. Further-
(BXY(Sn)=C(u), 7) moxre, _the assumption of random orientation(gffy) and
(u7) in Eq. (8) yields very large values fotury) (1.31
and (u1’) can be determined directly from the data. The +0.04 ug and 1.81-0.04 ug for x=0.235 andx=0.320,
transverse field ort’Fe will depend on the transverse com- respecti\/ew_ The latter value is almost the same <a§,lget>
ponents of both the local Fe moment and that of tH&\N  _5 9+ 01 wg . Statistical averaging ofu}Y) and (u%)
s.hell.. Allowing for either FM or AF alignment through thie with weights from Eq(9) then leads to very large values for
sign in Eq.(6), Bq. (2) becomes (XY of 4.35+0.05 g and 3.92-0.05 g for x=0.235 and
Xy _ XY\ — Xy x=0.320, respectively. These in turn result in unrealistically
(Bar(Fe)=Alura +B(ur) ®  large values fo %) of 5.63+0.35 ug and 5.26:0.25 ug
and allows us to find ur) using(u;’) obtained from Eq. Thus we can immediately rule out the possibility of random
(7). We note that there is no defined direction within e  orientations of either the transverse components or the total
plane and we need only to know the respective orientation ofnoments on Fe and Mn.
transverse components of the moments on Fe and Mn, and Introducing ¢\, the angle between the average Mn mo-
hence their absolute values, which, in the approximation ofnent and the-z direction (cf. ¢, defined abovie we find
the present model, are connected by an equation analogoyt average total Fe and Mn moments deflect, respectively,

to Eq.(3): from the +z and —z directions in the opposite half-planes.
At x=0.235 their canting angles are clogg,.,=29+4° and
Xy N — _ Xy’ Xy
(nan) =L (L =3) (e = Ku) 1/, ©) emn=34+5° and weak frustration causes a rather small net
where again a positive value fég),) corresponds to AF canting of (ur") (§=22+3°). At higher frustration %
alignment with respect tou)Y). =0.320) the canting of the Fe moment increases€ 45

The two roots of Eq(8) mean that two possible configu- *5°), butremains the same for Mngf,=33=3°). Nev-

rations of the moments on Fe and Mn can exist with theertheless the frustration is now strong enough to cdusé

same values ofufY), and (u%). Configurations with AF  to point in the—z direction, §=109+12°.

alignment of(u) and(u’}Y) result in unrealistically large For the complete spin glass at=0.450, Eq.(4) gives
average total moments on Mn of about 6@4 ug and thus  cosa less than—1, due mostly to uncertainties in the deter-
will not be considered in the following discussion. mination of (B{3(Sn)) and (u'") discussed previously.

Knowing the values ofu ) and({u % we can determine However, we know from the two cases of moderate frustra-

(ute. Then, using Eq(1) written for z componentsiwe  tion discussed above, that the Fe and Mn moments are
assume thatugy) points in the positive direction) one can  aligned almost completely AF, therefore it seems reasonable
find the value and orientation of the longitudinal componentio expect this behavior to continue into the spin-glass re-
of the ' NN shell moment: gime, so thaf u™") is oriented completely AF with respect to
, , , (uey. We will take cosa to be —1 in calculations of the
(uD)=[(Bi(F&) —A{ugo1/B, (10 total Mn moment ak=0.450.
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1.2 ; . - - specific heat? This large variation in exchange strengths has
» — Experiment a number of consequences. The existence of distinct Mn and
1.0r o — Simulation { { \ Fe sublattices assumed in our analysis and the overall AF
Fe-Mn orientations derived from our analysis both require
0.8 . [Imnmnl @nd|Jeerd to be larger thamdyed. The greater size
= of Junvn @lso leads to the frustration-independent canting
3,061 % 1 angle of the average Mn momeng,(,, remains at-33° with
= 4 + x rising from 0.235 to 0.320 while the weakedg.g.leads to
0.4r *- 1 a rapid increase in the canting angle of the Fe momepis (
+ increases from 29° to 4h°Finally, the greater magnitude of
0.2r j’ . Junmn Means that misaligned Mn moments will have a
‘|' + greater effect on the surrounding moments and so explains
0.0% =46 " 02 03 04 05 why Ipng—range order is Iqst at lower QOping levels in the
Mn concentration x experimental system than in the numerical model whede

was usedsee Fig. 9.*°
FIG. 9. Normalized comparison of magnetic phase diagram for

a-(Fe;_,Mn,)7gSn,SigB14 (solid symbol$ with that derived from
Monte Carlo simulations on a simple cubic site disordered Heisen-
berg model with nearest-neighbor interactiéopen symbols(Ref.

5). Note the excellent agreement with the main predictions of the |t s interesting to apply the two-component model for
simulations. Note also that at=0.385a-(Fe,_Mn,)7SSisB1s  hyperfine fields orP’Fe and'*°Sn used in the present work
has already reachgd a spin-glass state. This dls_crepancy is probalﬁy other iron-rich Fe glasses. The simplest will be to use it
caused by inequality Qf absolute values of coupling constifts, for alloys containing only one magnetic speciésg., Fe
Junwn, @Nd Jeeyn, Which were assumed to bel, =1, and—=1,  \\nere data on bothB(Fe)) and(By(Sn)) have been ob-
respectively, in the numerical work. tained on several partially and fully frustrated alloys. Esti-

The most important conclusion of the present analysis ignates of the ratiGk(T) for the cases of collinear alignment
that in partially frustrated alloys the transverse component§f transverse components can be made from formulas ob-
of the Mn moments(x}),) order AF with respect to the tained after trivial mathematical transformations of the equa-

i H tot, tot,
transverse components of the Fe momépt). This same  tions for(By(Fe)) and(By(Sn)) [Egs.(4) and(5), respec-
result was obtained in recent Monte Carlo simulations on &ively] and by introducing thexy component of the Fe
3D Heisenberg model with nearest-neighbor interactions offoment as a fraction of the total moment assuming that
a simple cubic lattic&,in which site disorder was introduced (#re)={(u1)=0 in the case of FM alignment:
by randomly replacing a fractioihof FM sites by AF sites. It
was shown that in this case frustration can occur only when Rem(T)=(D—=C)/(A+B), (11
f is high enough to produce AF-AF nearest pairs whi(;h Onand<,uée)=<utf'>=o in the case of AF alignment:
average start to appear whés 1/NN. Increased frustration
led to an increases in both the noncollinearity, ang, and Rae(T)=[(D—C)V1—q2)/JAZ+ (BZ+2AB)(1—q?).
a decrease iif.. While the longitudinal components of the (12)
spins within each sublattice were ordered FM on average, the _
frozen transverse components exhibited short-range AF col/e note thatRey(T) depends only on the field transfer co-
relations. Comparison of the normalized transverse spiffficients, and not on any alloy parameters, whilgg(T)
freezing temperaturesT(,/T,) in Fig. 9 shows that our ex- also depends' 0q, i.e., larger tilting reduces thg influence of
perimental data are in good agreement with the magnetit’® Surrounding moments due to cancellation among the
phase diagram of the site-disordered mddEhe exception transverse components afithe falls. For the case of spin-
is the point atx=0.385 which suggests that the SyStemglass alignment of transverse components, we assume that
reaches the spin-glass regime earlier than the numerichlre ={u1)=0. (Byi(Fe)) and(Bi;(Sn)) can be obtained
model. In view of the excellent agreement over the rest of thd®y statistical averaging of they components of the corre-
phase diagram, the most likely explanation for the discrepsponding moments. We find thasg(T) also includes a
ancy lies with the details of the exchange distribution. dependence 0@#?&)-

The numerical model assumed a simplé exchange dis- A study of a-Fey,Zr;Sn showed a temperature indepen-
tribution, however, this is unlikely to be the case in a realdent®R, with no apparent anomaly Htxy.zs This was inter-
system. Indeed, the steep declineTof with x apparent in ~ preted as indicating locally FM alignment of the transverse
Fig. 4 suggests that the AF Mn-Mn interactions are signifi-Spin components. In order to apply our model to this data, we
cantly stronger than the FM Fe-Fe interactions. Fitting theneed values for the field transfer coefficieAtsD. A sets the
concentration dependence ©f assuming a simple mixing local contribution to(By«(Fe)) from the Fe atom itself, and
modef!®and temperature-independent exchange constantB), gives the contribution t¢B(Sn)) from domain magneti-
gives the following values:Jeere=679+9 K, Jynpe= zation. Both have been found to be independent of the alloy
—227+51 K, and Jyoun=—1175+84 K, or approxi- system used, so we have taken the values fromatheMn
mately: |Iynvnl =5-2Iuned = 1.71Jrerd, Which is in agree- alloys studied here, i.eA=—5.5 T/ug, D=20 T/ug. B
ment with the ratio obtained for crystalling-FeMn:  was then estimated as9.5 T/ug by applying Eq.(1) to the
[Innmnl = 61Imned = 2| Jrerd from measurements of magnetic collinear a-FeggZr;; at 5 K where(By(Fe))=23.4-0.2 T

APPLICATION OF THE MODEL
TO OTHER AMORPHOUS ALLOYS
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andpupe=(u1)=1.56+0.04 15 .2 Local AF or SG alignment  sult is about half the value @f'®) =0.41*+0.05u5 obtained
of xy components withy=0.40[found fora-Fe;,Zr;Sn at 5 by isotropic statistical averaging of 12 vectdys,) = 1.55

K (Ref. 26] would result '”(Bﬁ?t(FQ)>=22-0i0-5 T which  +0.05ug [using the moment obtained for the collinear
is Ssomewhat less than the experimental value of 28.2  a-Feyzry; (Ref. 3]. This assumption of random orientation
T, I'I?nld Tnce bOthI COTGFI?A“OT' forms W(;Ulﬁ appear 10 bgysg leads to a simulated value #BS(Fe))=9.1+0.5 T
unlikely. Assuming foca alignment of they compo- (isotropic statistical average of the vectof/4% and result-
nents and takingRgy=0.227 [the average of experimental . . . - tot :

. : ing isotropic statistical average of 12 vect@®&ur,)) which
data obtained foa-Fey,Zr,Sn in the temperature range from . il than half of th | q : tall
5 K to 90 K (Ref. 26], yields C=23.4 T/ug [from Eq. E?haga;n ess than ha OI de Vr? uehmea;sure exfperlljmlin aty.
(11)]. The two-component model combined with the as- erelore, we can conclu et qtt € absence of a bulk mag-

netizationo, does not translate into a fully random orienta-

sumption of local FM alignment ofy components then pre- \
dicts the experimentally obsen8demperature-independent tion of the moment vectors over th& NN shell.

R. By contrast, local AF alignment ofy components leads
to a~2% drop ofR 4« T) belowT,,, while local SG align-

ment leads to a-24% increase iR so(T). Thus, combining CONCLUSIONS
the measured fields with the observed dependende(d)

we find that the experimental data on the bond—frustrated_-:;he Mnmagneusci B ;:r)lro\E)eLtlesn t 3‘: d snfe—rl;n:ist:latec:
a-Feygo_«Zry alloys are consistent only with local FM align- a-(Fe,_Mn,) 765, SigB4 have been studied as functions o

ment of the transverse-spin components. te_mperature and Mn concentratiax, Sp_ecifically, the de-
Substitution of Fe by Ni ira-Fey, (Ni,ZreSn leads to a tailed nature of the_shortjrange cqrrelatlons that develop be-

10% increase ifBI%(Fe)) measured at 12 K on going from Iovv_ Txy"have been investigated using magnetic and nonmag-

x=0 to x=3. This change is due to increased collinearitynetIC Mossbauer probes. At low, the Mn moments couple

(reflected by a narrowing of the hyperfine field distribution AF With respect to the majority Fe moments and the alloy

and increased.) and an increase in the Fe momeng- retains its collinear structure. Onceis large enough for
flected by increased magnetizatidh On going fromx=1 Mn-Mn pairs to occur, exchange frustration develops and the

to x=3, R(T) decreases from-0.235 to ~0.223 while magnetic order al =0 becomes noncollinear. On warming,

<B}%t(sn)> does not change. This behavior cannot be approlhe transverse cqmponents that lead to the nonqollinearity
elt at a well-defined temperatuilg, and the order is then

priately accounted for in the one component model WhiCHcﬁ:nollinear until it is lost on reaching,. The transverse com
would predict an increase ¥B[S(Sn)) caused by increases S cr L
P B (Sn)) y ponents in this site-frustrated system were shown to exhibit

in collinearity and Fe moment. The two-component model

: AF correlations belowl,, , in strong contrast to they spin-
however, pre(tjo|tcts a greatly reduced effect. For locally I:Mglass order predicted for bond-frustrated materials. Further-

correlationsu;” ando will scale together as the Fe moment both the lonaituding and
increases, and E@2) shows thatB«(Sn)) is then propor- more, both the longitudina, and transversky components
! hf of the Fe moments are oriented antiparallel to their Mn coun-

tlogal o (Ich_ Cf)f‘f' tTh(]f co?:fnments arte_ close in Séze’ g%aatly terparts. Indeed, this antiparallel tendency is so strong that it
reducing the effects of an Fe moment increase. Equélibn persists even in the fully frustrated=0.450 alloy. The gen-

further shows that changes in collinearity do not afféct eral magnetic behavior as well as the AF character of the

E]Zere?srteef;egr of g'e( E:) mac;ngggét:r?rgas(gr%n aar?gIQgRNl 'Sshort-range correlations in they components are fully con-
’ 9e(Bri(Fe)) (Br(Sn) sistent with the results of Monte Carlo simulations on a

dec';:ri(;:‘laﬁes. W nsider th f fully frustrated three-dimensional site-disordered Heisenberg model with
ally, we conside € case of Iully lrustrate nearest-neighbor interactions.

a.'Fef’OTQ’%Snl which exhibits a single transition to an isptro— We have shown that it is essential to use a two-component
pic spin-glass stat€!. a-FeSc anda-FeZr have many simi- .model in order to obtain a consistent description of the hy-

larities including comparable compositions, and atomic radup e : >
erfine fields at both magnetic and nonmagneticsdb@auer
(1.60 A for Zr and 1.62 A for Sc and $riThe low tempera- probes. Such a model considers the effects of both the local

ture VaL‘éggoKBmt(Fe» for a-FeySo (anda-F&eSeSn) IS Fe moment and the average moment on tH&NN shell on
22.9 T>* very close to the essentially composition-, andyhe hynerfine field at magnetiFe sites, and the effects of

hence frustration-, independent 23{3 T found inyow B NN and more distant shells on the hyperfine field at

a'Feloo—xZ_rx-3'56 The observation tha{By(Fe)) re_m?i_ns nonmagnetic*'%n sites. The coefficients, B, C, and D
constant ina-Fepo_,Zr, despite a 30% reduction in” is  ysed here, were derived from a variety of experimental sys-
only consistent with locally FM correlated transverse comM-emg as consistent theoretical values are not available. De-
ponents. Any other form would lead to some cencellation,ejopment of this model has allowed us to complete a rigor-
and a drop in(Bj(Fe)). In view of the many similarities ous  analysis of the transferred hyperfine fields in
between the-FeSc and-FeZr systems, it seems reasonablea-(Fe, _,Mn,)-sSn,SisB14 and so determine the nature of the
to expect that the correlations will continue to be FM as wejgea| correlations among transverse components balgy
cross into the spin glass. These expectations can be examMhe conclusions of this analysis are robust, and while sub-
ined in more detail using the two-component hyperfine fieldstantial changes in the field-transfer coefficients in Eds.
model fora-FeySeSn;. (u)”)=0.22+0.02 ug may be di-  and(2) degrade the fit quality and lead to variation in the Fe
rectly obtained from Eq(5) (the second term is zero, as the and Mn moments, they do not change the final result—
average magnetizations is zero, and(B[§(Sn)=5.1 antiparallel orientation of the Fe and Mn moments.

+0.2 T was measured f@a-FeySeSn at 12 K). This re- We have also applied the two-component model to a
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range of bond-frustrated alloys, and shown that in this case, ACKNOWLEDGMENTS
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