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The analysis of spin-echo spectra of V, Mn, Co, Ru, Rh, Os, and Ir in Fe38i shows
that these impurities unexpectedly enter one of the two available Fe sites in a selective
manner. Those impurities to the left of Fe in the periodic table prefer the Fe site with
eight first-neighbor Fe atoms. Those beneath and to the right of Fe in the periodic table
enter the Fe site with four Fe and four Si first neighbors.

From a pulsed NMR study of dilute transition-
metal impurities in Fe,Si and slightly iron-rich
off-stoichiometric Fe,Si, we report an unexpect-
ed selective site occupation. Fe,Si exhibits long-
range crystallographic order with a bcc structure
and therefore two inequivalent iron sites. In Fig.
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I an element of the Fe,Si structure is shown. Ta-
ble I gives the near-neighbor configurations for
both Fe and Si out to the third neighbor. Fe,Si

TABLE I. The first-, second-, and third-nearest-
neighbor (nn) configurations for both the Fe and Si sites
in Fe3si. We specify whether the Fe neighbors are in
FeI or FeII sites. If the alloy is slightly Fe-rich, the
extra Fe atoms occupy Si sites randomly, producing
FeII sites with not only four but also five, six, and
seven Fe first neighbors.

FIG. 1. An element of the Fe&Si structure showing
th FeI FeI I and R ~ One FeI is n
the cube edge and has eight Fe first neighbors; the
other Fe site, FeII, is at the body center and has four
Fe and four Si first neighbors; Si is on a cube edge
with eight first neighbors.
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alloys have been investigated in a number of
NMR, "Mossbauer, "and neutron-scattering
studies. " Previously, it was believed that dilute
concentrations of transition-metal atoms added
to an Fe,Si matrix would enter the two iron sites
randomly. The NMR experiments reported in
this paper for the 3d impurities V, Mn, and Co,
the 4d impurities Ru and Rh, and the 5d impuri-
ties Qs and Ir and Fe,Si show for the first time
that in each of these cases the impurity atoms
enter only one of the two iron sites.

Small amounts of the desired ternary impurity
were combined with master ingots of Fe,Si and
iron-rich off-stoichiometrie Fe,Si by are melting
to provide alloys of the desired concentrations.
Care was taken to insure that little sample loss
occurred during eomixing. The resulting ingots
were powdered by crushing and subsequently an-
nealed at 600'C for 2 h and then slowly furnace
cooled to produce well-ordered Fe,Si. Homogeni-
zation of several Co samples prior to the order-
ing heat treatment indicated no significant differ-
ence in the results compared to samples not ho-
mogenized.

The spin-echo spectra were taken with a vari-
able-frequency spectrometer at about 1.4'K. A
measurement of the echo amplitude, when suita-
bly corrected, ' provides a measure of the hyper-

fine field distribution in the sample.
In Fig. 2, we show two previously published

spectra important for the understanding of the
new NMR results for the substitutional impuri-
ties. ' Figure 2(a) shows a spectrum of Fe,Si in
which the peaks at 30.05, 31.47, and 46.57 MHz
arise from the Feqq, Si, and FeI sites, respec-
tively. In Fig. 2(b), a spectrum for Fe, »Si, »
is presented. We note particularly that the peaks
at 29.9, 37.0, and 42.7 MHz have been clearly
identified as originating from Fe~~ sites with
four, five, and six Fe first neighbors. "We al-
so note that a satellite on the Fe~ line at 47.2
MHz corresponds to FeI sites with a single Fe
second neighbor. '

In Fig. 3(a), the spectrum arising from Co in
(Fe07~+Cooo, )Sio» is presented. Only a single
sharp line with a center frequency of 195.0 MHz
is observed. An intensive search from 10 to 420
MHz indicated that no other Co line was present.
The spectra for Fe and Si (not shown) are similar
to the spectra shown in Fig. 2(a) and confirmed
that the alloys were well ordered and of approxi-
mately the desired composition. If Co entered
the Fe j site, the spectrum of the stoichiometric
sample would show a clear Co-Co third-neighbor
interaction. Furthermore, the spectrum of Co in
the iron-rich off-stoichiometrie sample would
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FIG. 2. Plots of the normalized echo amplitude ver-
sus frequency: (a) Fe~Si; (b) Fep 77Sip
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FIG. 8. Plots of the normalized echo amplitude ver-
sus frequency: (a) {Fep 74+cop.p&)sip 2~, (b) (Fep 76
+ Cop pg)Slp
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FIG. 4. Plots of the normalized echo amplitude ver-
(a~ (F 0 745+ Mn0, 005)S10,25 (b) (Fe0,76

+ Mn0 0g)Si0

show a line arising from the Co atoms having as
neighbors iron atoms which replace some Si. If
Co entered the Fe» site, the spectrum of Co in
the stoichiometric sample should contain a single
peak. The spectrum of Co in the off-stoichiome-
tric sample should then contain peaks correspond-
ing to first-near-neighbor configurations of four
Fe and four Si atoms, five Fe and three Si atoms,
and six Fe and two Si atoms. Figure 3(b) shows
a spectrum of Co in (Fe, 76+Cooo,)Si,». The Co
spectrum is similar in distribution and relative
intensity to the spectrum of the Feq& sites in this
alloy and in the Fep77Slpp3 spectrum shown in Fig.
2(b). Thus we identify the lines at 192.5, 237.5,
and 270.0 MHz as arising from Co atoms which
have entered the Fe» sites and have four, five,
and six Fe first neighbors in the off-stoichiomet-
ric sample.

Figure 4 shows a spectrum of Mn in (Feov~,
+Mno«, )Si,». The spectrum shows a series of
three almost equally spaced peaks. This spec-
trum can be explained only if Mn entered the Fe~
sites randomly.

For stoichiometric (Fe, , + Mn„) Si, an atom on
an Feq site has eight Fe~l first neighbors, six Si
second neighbors, and some combination of twelve
Feq and Mn third neighbors (see Table I). The

relative intensity of the lines in this spectrum is
that of Mn in sites with zero, one, and two Mn
third neighbors. This is also found in spectra of
other stoichiometric alloys with different Mn con-
centrations. In Fig. 4(b), a spectrum of Mn in
(Fe, 78+ Mn, ») Sio» is presented. The peaks at
273.2, 267.0, and 260.8 MHz are from Mn atoms
with eight Fe~q first neighbors, six Si second
neighbors, and zero, one, and two Mn third
neighbors, respectively. The peak at 276.8 MHz
is from Mn atoms with eight Fe~~ first neighbors,
five Si and one Fe second neighbors, and twelve
Fe third neighbors. This satellite is similar to
that produced by second-neighbor iron atoms at
47.2 MHz in the FeQ77SiQ23 spectrum shown in
Fig. 2(b). Peaks corresponding to Mn atoms with
eight Fe~~ first neighbors, five Si and one Fe sec-
ond neighbors, and eleven Fe and one Mn as well
as ten Fe and two Mn third neighbors exist at
about 270.6 and 264.4 MHz, respectively. How-
ever, these peaks lie underneath the main lines
at 273.2 and 267.0 MHz and therefore are not evi-
dent.

The spectra for V impurities in Fe,Si alloys be-
have in the same way as those for Mn. Thus, for
the 3d impurities we have studied, we conclude
that those to the left of Fe in the periodic table
enter the Fe& site and those beneath and to the
right enter the Fe» site.

This observation can be confirmed by a neutron-
scattering study of the site occupancy in the two
magnetically inequivalent Fe sites. A prelimi-
nary study carried out in cooperation with Dr. S.
Pickart of the U.S. Naval Ordnance Laboratory
at the National Bureau of Standards reactor has
already verified the selective site occupation de-
duced from the NMR spectra for the V, Mn, and
Co substitutions. ' Further neutron studies are
in progress.

To explore further the possible systematics for
the substitutional transition-metal impurities,
we have found NMR signals arising from the 4d
impurities Ru and Rh, and the 5d impurities Os
and Ir. For both Ru and Rh, the spectra clearly
suggest that they enter the Fe~~ site as does Co.
However, from studies of iron-rich off-stoichio-
metric samples, a strong preference is observed
for the Fe» site with four Fe& first neighbors.
We find that both Os and Ir enter the Feq~ site.

At present with the experimental results al-
ready obtained, we can clearly conclude that for
the 3d, 4d, and 5d elements studied, those to the
left of Fe on the periodic table enter the Feq site
exclusively. Those beneath and to the right of
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Fe on the periodic table enter the Fe&~ site ex-
clusively, but different elements show different
near-neighbor preferences in iron- rich off- stoi-
chiometric samples. On the basis of these inves-
tigations, we conclude that an additional param-
eter which specifies the selective site occupation
in Fe,Si when transition-metal impurities are
added could shed some light on the ternary phase
diagrams' of these systems.

The regularity of these results suggest a direct
relationship to the large class of magnetic Heus-
ler alloys. " If one writes Fe,Si as (Fe»),FeqSi
the similarity to the Heusler structure, A,BC, is
clear. " In the known Heusler alloys, the transi-
tion metals most to the left in the periodic table
prefer the & site, while those to the right enter
the A site. Our results that V and Mn enter the
Fe~ site whereas Co, Ru, Rh, Os, and Ir enter
the Fe&q site suggest a basis for the systematics
of the transition-metal site occupancy of the
known Heusler alloys. An interpretation of these
results based on size and valency factors is ac-
tively being pursued.

During the course of this investigation, a simi-
lar conclusion for the (Fe, „+Mn„)Si system was
reached on the basis of a neutron experiment
which concluded that Mn entered the Fe& site. "

We would like to thank Dr. J. H. Werniek for
providing the master ingots used in the initial
phases of this study, Dr. S. Pickart for his help-

ful collaboration, and Dr. S. Skalski for his com-
ments.

*Work supported in part by the National Science Foun-
dation.

)Work supported in part by a Fordham Faculty Re-
search Grant.

fWork supported in part by the University of Connec-
ticut Research Foundation.

J.I. Budnick, S. Skalski, T. J. Burch, and J. H.
Wernick, J. Appl. Phys. 88, 1187 (1967).

M. B.Stearns, Phys. Rev. B 4, 4069 (1971).
M. B. Stearns, J. Appl. Phys. 35, 1095 (1964).

4M. B.Stesrns, Phys. Rev. 129, 1196 (1969}.
A. Paoletti and L. Passari, Nuovo Cimento 82, 25

(1964).
D. Meinhardt and O. Krisement, Z. Phys. 174, 472

(1968).
J.I. Buduick and S. Skslski, Hype+inc Interactions,

edited by A. J. Freeman and R. Frankel (Adademic,
New York, 1967).

S. Pickart, private communication.
9See, for example, S. Setz, H. Nowotny, and F. Bene-

sovsky, Monatsh. Chem. 99, 2014 (1968).
J. H. Westbrook, Inte~etallic ComPounds (Wiley,

New York, 1967).
A. J. Bradley and J. W. Rodgers, Proc. Roy. Soc.,

Ser. A 144, 340 (1934).
J. G. Booth, J. Clark, J.O. Ellis, and P. J. Webster,

in Proceedings of the International Conference on Mag-
netism, Moscow, U.S.S.R. , 22-28 August 1978 (to be
published) .

Anomalous Small-Angle Magnetic Scattering from Amorphous TbFe2 and YFe2$

S. J. Pickart, J. J. Rhyne, and H. A. Alperin
Naval Ordnance Laboratory, Silver Spmng, Maryland 2092-0, and

1Vational Bureau of Standards, Washington, D. C. 20234
(Received 24 June 1974}

Small-angle quasielastic neutron scattering measurements have revealed an intense
magnetic component at low temperatures in amorphous TbFe2 and YFe2, in addition to
a weak critical divergence at &, in TbFe&. These observations are interpreted as evi-
dence that spatial fluctuations remain "frozen in" below the Curie point of TbFe2, and

that only short-range order is achieved in YFe2.

Recent neutron scattering measurements on

sputtered, amorphous magnetic alloys have pro-
vided information on the atomic and spin correla-
tion functions' and excitation spectra' of these
novel materials. Small-angle quasielastic scat-
tering provides additional information about the
longer-range, spatial fluctuations in the magneti-
zation, particularly in the critical region near
the transition temperature. We report here the

observation by this method of an intense, strongly
temperature-dependent small-angle component of
magnetic origin in amorphous TbFe, and YFe„
accompanied by a weak divergence near T, in

TbFe, . We believe that these phenomena provide
insight into the anomalous nature of the phase
transition in amorphous magnets.

The measurements were taken at the National
Bureau of Standards reactor with a double-axis
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