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Interplay of structure and magnetic properties in MnSi, a concentrated spin-glass
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We have performed an extended x-ray-absorption fine-structure (EXAFS) measurement of
the Mn environment in amorphous (a-)MnSi. Whereas the Mn magnetic moments in crystal-
line MnSi order as a helical antiferromagnet below 29 K, a-MnSi is a concentrated spin-glass
with a transition temperature of 22 K. The nearest neighbors of Mn in a-MnSi are shown to
consist of five to six Si atoms at a mean distance of 2.43 +0.02 A. There is no evidence for ei-
ther a single close Si neighbor or a well-defined shell of Mn neighbors, such as are found in the
crystal. We propose a framework within which the different magnetic behaviors of the crystal-
line and amorphous forms can be understood in terms of atomic order and competing magnetic
interactions. We also discuss the implications of observing spin-glass behavior in concentrated
as well as dilute moment systems.

I. INTRODUCTION

Crystalline (c-)MnSi has attracted considerable at-
tention due to its interesting magnetic properties.
Although the monosilicidcs of Cr, Mn, Fe, and Co
are isostructural, only MnSi exhibits magnetic order-
ing. '2 Below 29 K, the magnetization curve and low

effective moment of c-MnSi are suggestive of an
itinerant weak ferromagnet, awhile thc lack of spon-
taneous magnetization in zero field suggests antifcr-
romagnetism. This apparent inconsistency was
resolved by Ishikawa et al. who showed that the
magnetic moments in c-MnSi below 29 K, although
aligned nearly parallel on a nearest-neighbor basis,
actually form a helical antiferromagnet with a very
long period (180 A). MnSt can also be produced as
a structurally amorphous solid by sputtering onto a
substrate at or below =625 K.4' This is very unlike
most metallic compounds, which cannot be prepared
in amorphous form by sputtering except at tempera-
tures well below 300 K.6 Despite a high concentra-
tion of magnetic moments, amorphous (a-)MnSi ex-
hibits magnetic behavior characteristic of a dilute
spin-glass —that is, a prominent cusp in the magnetic
susceptibility X at =22 K.4"

The present study is motivated by a desire to
understand the interplay between the observed differ-
ences in thc magnetic properties of e- and a-MnSi
and the underlying changes in atomic scale structure,
and to gain further insight thereby into spin-glass
phenomena in general. It builds upon the conceptual
framework which was constructed in an earlier
analysis of the effects of annealing on the magnetic
propcrtlcs of c-Auo95Mnoog, a dllutc spin-glass. In

order to determine the structural differences between
c- and a-MnSi, we undertook an extended x-ray-
absorption fine-structure (EXAFS) measurement of
thc Mn environment in this material. %e conclude
that the nearest neighbors of Mn in a-MnSi consist
of five to six Si atoms at a mean distance of

0
2.43 +0.02 A. There is no evidence for either a sin-
gle close Si neighbor or a well-defined shell of Mn
neighbors, both of which are found in the crystal.
%e propose a framework w'ithin which the different
magnetic behaviors of the crystalline and amorphous
forms can be understood in terms of atomic order
and competing magnetic interactions. Finally, wc dis-
cuss the implications of observing spin-glass behavior
in systems in which the magnetic moments are con-
centrated, unlike the archetypal dilute spin-glass.

II. EXPERIMENT

For the EXAFS measurements, thin films of a-
MnSi were produced by sputtering onto thin alumi-
num substrates held at 370 K. Previous work had
shown4' that sputtered films are fully amorphous for
all substrate temperatures at or below 625 K. As the
substrate temperature is raised above 625 K, an in-
creasing proportion of the film becomes microcrystal-
line; Films produced (or annealed) at 900 and 1300
K are crystalline with properties close to those of the
bulk material. Consequently, thin films of e-MnSi
were prepared by sputtering onto substratcs held at
870 K. EXAFS spectra were obtained from these c-
MnSi films and from films of c-Mn to serve as
known spectra for the subsequent analysis of the
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EXAFS data on a-MASi. The measurements were
carried out at 77 K using the EXAFS facilities on the
focused line at the Stanford Synchrotron Radiation
Laboratory in a conventional transmission experi-
ment.

For all the samples, the ratio of incident to
transmitted intensity was recorded as a function of
photon energy from 0.9 kent below to 1.2 keV above
the Mn A edge at 6.54 keV. The high concentration
of absorbing atoms (Mn) in a weakly absorbing medi-
um (Si) makes these samples nearly ide, al for an
EXAFS measurcmcnt. Thc resulting absorptance
spectrum for a-MnSi is shown in Fig. 1(a). The
EXAFS 5 was extracted from the raw data using pro-
cedures described in detail elsewhere9 and expressed
as a function of final-state electron momentum k.
The EXAFS spectrum kh(k) for a-MnSi is shown in

Fig. 1(b). Only one frequency is obvious in kh,
strong evidence for the presence of only one well-

defincd peak in the nearest-neighbor environment of
Mn. The k d 's extracted from each measured spec-
trum are Fourier transformed to r space, yielding the
P's shown in Fig. 2 for a-MASi, c-MnSi, and c-Mn.
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FIG. 2. Real part (solid line) and the magnitude of the
Fourier transform of the EXAFS on the Mn E-shell absorp-
tion in three samples: (a) amorphous and (b) crystalline
MnSi; (c) crystalline Mn. In each case& the k-space window
is 3.15 to 8.80 A ', broadened by 0.7 A '. The vertical
scales are identical.
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FIG. l. (a) Absorptance of amorphous MnSi at 77 K, for
a range of x-ray photon energies including the onset of the
Mn K-shell absorption at 6.54 keV. (b) The EXAFS oscilla-
tions kA(k) on the Mn K-shell absorption in amorphous
MnSi at 77 K as a function of photoelectron momentum I.
after removal of the background absorption and appropriate
normalization.

The real part and magnitude of the complex 0' are
displayed in that figure. For lt'-shell absorption, P(»)
can be expressed' as a sum of contributions from
each shell of atoms surrounding thc excited atom

oa

&(») = X Ji, ",, p. (»') g.(» —»'),
n=si, M n

where r & 0 and p is the radial distribution function
of atom species o. about the excited Mn atom. p is

defined so that dr p r equals the number of n
atoms in thc sample. Thus P is,a radial distribution
function convolved with a peak function f(») (see
Ref. 10 for a discussion). g is sensitive to the
species e of the backscattering atom, but previous
work has sho~n that g for near neighbors is relatively
insensitive to changes in crystal structure, local bond-
ing, thermal' effects, etc. (e.g. , see Ref. 11). Our
analysis of the data is based, accordingly, on the as-
sumption that the ~ differ only because of differ-
ences in ps; and pM„ from sample to sample. Thus
the shift or broadening of a peak in the p(») appears
as a linear shift of the peak function in W or a convo-
lution of it with a Gaussian, respectively. 0' is then a
linear combination of g's, appropriately shifted and
broadened. The details of our analysis procedure are
described elsewhere. 9
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The structure of c-MnSi is P2~3 with four Mn and
0

four Si atoms per unit cell (cube edge =4.558 A). '2

The atom positions are (u, u, u), ( —, +u, —,
—u, —u),1 1

1 1 1 1( —u, —+u, ——u), and ( —,
—u, —u, —, +u), where

uM„=0.138 and us; =0.845. Accordingly, the
nearest-neighbor environment of each Mn consists of
four separate shells: one Si atom at 2.313, three Si at
2.396, three Si at 2.540, and six Mn at 2.796 A.
These four shells are all expected to contribute to the
first structural feature in Fig. 2(b), between 1.2 and

0
2.8 A. The nearest-neighbor environment in c-Mn is

0
a broad distribution of Mn peaking at =2.68 A,
corresponding to the first structural feature in Fig.
2(c), between 1.7 and 2.8 A. In all three parts of

0
Fig. 2, the structure below 1 A arises from low-

frequency "noise" in the data.
Our procedure for analyzing EXAFS data9 is based

on Eq. (I), and begins with the construction of a

model p(r) for the unknown system. We then ex-
tract the appropriate g's from the P's of the stan-
dards [for which the p(r)'s are known], construct a

simulated V for the unknown from the model p and
these ('s, and adjust the model p until the simulated
p agrees with the 0 from the unknown according to
some least-squares criterion. In this instance, howev-

er, analysis of the EXAFS data from the a-MnSi
unknown must proceed differently due to the struc-
tural complexity of the c-MnSi standard. Specifically,
we make an assumption about the structure of a-

MnSi and then try to simulate the 0 for c-MnSi on
that basis. The validity of our original assumption is

determined from the quality of that simulation. A

similar procedure was used in Ref. 13.
Let us assume that the first peak in the radial dis-

tribution of atoms about Mn in a-MnSi arises from a

single shell of Si atoms. %e then try to simulate the
&P for e-MnSi using a ps;(r) with three Gaussian
peaks of known relative positions (e.g. , rp, rp+0. 083
0 0
A, rp+0. 227 A), known relative amplitudes (Ap,
3A p, 3A p), and identical widths ( crp), as well as a

pM„(r) with one Gaussia'n peak of arbitrary position,
amplitude, and width (rM„, AM„, trM„) (M„was e.x-

tracted from the c-Mn spectrum. The resulting six-
parameter least-squares fit yielded a residual error R
of 0.005 (see Ref. 9 for a definition of R). This
value of R is exceptionally low. A value of R =0.01
to 0.02 typically corresponds to an error in P (that is,
measured 0' less simulated @) which is comparable to
the noise in the EXAFS spectrum. This value of
R =0.005 implies not only that we have simulated
the data extremely well, but that the noise in the data
is unusually low. The parameters deduced corre-
spond to the first structural peak about a Mn atom in

a-MnSi consisting of five to six Si atoms distributed
0

about 2.43 +0.02 A with a total Gaussian half-width
of 0.11 +0.02 A. The peak width includes the contri-
butions of both static and thermal disorder. Note

0
that 2.446 A is the mean Mn —Si separation in c-

MnSi. %e find no evidence in this spectrum for a
0

single Si atom at a shorter distance (=2.31 A), or for
other Mn atoms. The disappearance of an EXAFS
signal with increasing radial disorder has been dis-
cussed in the literature (e.g. , see Ref. 10). The ab-
sence of a wel)-defined peak in the Mn-Mn pair
correlation function in a-MnSi is especially signifi-
cant. It implies that even the closest M n-M n pairs do
not interact strongly enough to produce a well-

defined distance (unlike the closest Mn-Si pairs), and
is accordingly strong evidence against Mn clustering.
Furthermore, it should be noted that the ~ for a-
MnSi is featureless beyond the first structural peak.
This is commonly observed in fourfold coordinated
amorphous semiconductors such as a-Si (Ref. 9) and
a-Ge (Ref. 10), but is somewhat less common in

highly coordinated metallic glasses. "
The absence of a single close Si atom and of a

well-defined Mn peak from the atom distribution
about a Mn atom are substantial deviations from the
atomic scale order in c-MnSi. To add further sub-
stance to these conclusions of our analysis, we have
used the calculated phases and backscattering ampli-
tudes of Teo and Lee" to calculate the 0"s expected
for an excited Mn atom and both Si and Mn back-
scattering atoms. Adjusting the ent„rgy which

corresponds to k =0 as they prescribe, we have been
able to simulate the a-MnSi spectrum with a single

0
Gaussian peak of Si atoms at 2.43 +0.02 A and a

half-width of 0.10+0.02 A (R =0.004). We then at-

tempted to place as few as one Si in the region of
0

2.31 A or one Mn atom anywhere between 2.40 and
0

2.80 A. In every case, the quality of the simulation
deteriorated. %'e conclude, accordingly, that there is

no Mn clustering in a-MnSi, and that the Si'nearest
0

neighbors of Mn are distributed about 2.43 A with a

peak shape which is approximately Gaussian.
It is interesting to compare these results with those

of an earlier EXAFS study of the Ge environment in

PdspGe2p metallic glass. ' Firstly, we may infer from
the absence of a well-defined Mn-Mn peak in a-MnSi
that only unlike atoms will be nearest neighbors in a
reasonably well-annealed sample of this material.
This is another manifestation of the short-range
chemical order observed in the Ge environment in

the earlier study. The present example is a much
stronger indicator that substantial forces are involved,
however, since the concentration of Mn is much
higher than that of Ge in PdppGe2p (making chemical
order that much harder to achieve). Secondly, the 5

to 6 Si atoms found about Mn is a small number
compared with the 12 neighbors found' about Pd in

Pdq4Si~6 and the 8 to 9 found about Ge in amorphous
Pd84Ge~p. This number is comparable, however, to
the number of nearest neighbors found in the the
metallic melts of Si and Ge. Such a reduced coordi-
nation number suggests the importance of wave-
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function hybridization (i.e., MnSi is not a simple
free-electron metal). Finally, the Mn-Si nearest-
neighbor peak is relatively narrow and has a mean
position significantly less than the sum of the metallic
radii, which is 2.58 A. These qualitative conclusions
apply as well to amorphous Pd80oe20, ' and. are furth-
er indicators of forces which are not free-electron-like.

III. MAGNETIC PROPERTIES OF MnSi

Before introducing our model for the interrelation-
ship between structure and magnetic properties in

MnSi, we summarize briefly the magnetic properties
of this material. At high temperatures, c-MnSi is

paramagnetic with an atomic moment measured vari-
ously at 1.4 or 2.2p, s (Refs. 15 and 2, respectively),
to be contrasted with values =4@,q which are more
typical of Mn in a metallic environment. The effec-
tive Mn atomic moment has presumably been re-
duced by interaction with Si atoms. The high-
temperature X extrapolates to a paramagnetic Curie
point 0 =30 K.' As the temperature is lowered past
50 K, X deviates from ideal Curie-gneiss behavior to
lower values. ~ Finally, the Mn moments order below
29 K into an antiferromagnetic helix with a period of
180 A. In this structure, the Mn-Mn nearest-
neighbor moments are aligned nearly parallel, but the
net moment vanishes in zero field due to the long
period helix. The magnetic susceptibility X saturates
as one might expect. ' The effective moment in this
ordered structure has been determined to be
0 4 15, I7

At high temperatures, a-MnSi is also paramagnetic,
with an effective moment of 2.6p,a." Its high-
ternperature X extrapolates to a 0 which ranges from
30 K for a substrate temperature during sputtering T,
of 77 K (Ref. 7) to 65 K for T, =350 (Ref. 5). As
the temperature is lowered, X falls below ideal
Curie-gneiss behavior for temperatures belo~ 80 K
for T, =77 K (Ref. 7) [or below 100 K for T, =350
K (Ref. 5)]. X shows only a slight feature near the
ordering temperature for the crystal (29 K). Instead,
at a temperature =22 K, X exhibits the sort of cusp
which is the hallmark of a spin-glass.

A rather detailed earlier study' of a-MnSi yielded
two further observations which are particularly in-

teresting in this context. As the substrate tempera-
ture during deposition is increased from 77 to 320 to
625 K, the magnitude of the cusp in the susceptibility
increases from 0.4 to 1,6 to 4.4 x 10 ' emu/g, respec-
tively. This was attributed to increased Mn clustering
with increasing substrate temperature, which we now
hold to be inconsistent with our EXAFS measure-
ment. Additionally, increasing the Mn concentration
to Mn06Si04 and Mno7SiQ3 (with a substrate tempera-
ture of 370 K) decreased the magnitude of the cusp
in X to 1.2 &10 and 0.2 @10 emu/g.

IV. MODEL FOR THE RELATIONSHIP BETWEEN
STRUCTURE AND MAGNETIC PROPERTIES

In an earlier paper, ' we reported a measurement of
the Mn environment as a function of annealing in c-

Auo 95Mno 05, a dilute spin-glass, and discussed at
some length the interrelationship between the atomic
scale structure and the magnetic properties. The fol-
lowing model incorporates the added features of con-
centrated moments and amorphous structure in ways
which are fully consistent with the concept of a spin-
glass as discussed in that work. From the structure
and magnetic properties of e-MnSi, we identify the
dominant Mn-Mn pairwise interactions in this en-
vironment, both electronic and magnetic. The dif-
ferent low-temperature magnetic properties of the
crystalline and amorphous forms of MnSi are shown
to flow naturally from these interactions, given the
differences in long-range atomic order.

As noted above, the Mn nearest-neighbor environ-
ment in c-MnSi includes one Si atom at 2.313 A,
three Si atoms each at 2.396 and 2.540 A, and six
Mn atoms at 2.796 A. The metallic radius of Mn is
1.261 A, while the covalent and metallic radii of Si

0
are 1.11 and 1.316 A, respectively. Thus the Mn —Si
separations range about those expected for covalent

0
Si (2.371 A) and are substantially less than that ex-
pected for metallic Si (2.577 A). From both the
mean distance and the spread in distances, we infer
that the Mn-Si interaction is direct, and intermediate
between metallic and covalent. In contrast, the
Mn —Mn distance is substantially larger than twice its

0
metallic radius (2.522 A) and also large compared
with the normal range of radii in crystalline Mn
(which has few nearest neighbors beyond 2.68 A).
Consequently, we infer that the Mn interaction is in-

direct, via intermediary Si atoms. Indeed, as we not-
ed earlier, MnSi is not a simple free-electron metal.
There is substantial evidence that the electronic
structure is determined primarily by extensive hybrid-
ization between the metalloid (Si) p states and the
metal d states, both for MnSi in particular' and for
transition-metal —metalloid compounds and alloys in
general. Turning to a-MnSi, we expect that these
conclusions about the interatomic interactions in c-

MnSi wi11 be equally valid. The spread of nearest-
neighbor Mn —Si distances is expected to collapse into
a single broad distribution once the constraints of
long-range order are removed. This is consistent
with the deduction from the EXAFS data of a single
broad peak of Si about Mn, with a mean separation
of 2.43 A. If the Mn-Mn interaction in MnSi is in-
direct as we believe, then we expect that the Mn-Mn
nearest-neighbor peak in a-MnSi should be substan-
tially broadened without the constraints of long-range
order. This is reflected in the absence of a Mn-Mn
contribution from the EXAFS spectrum.

In e- and a-MnSi at high temperatures, X shows
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ideal Curie-%eiss behavior with effective moments in

the range of 1.4 to 2.6p, q. The measured paramag-
netic Curie point 0 ranges from 30 to 65 K. %e
infer from this positive value of 0 that the dominant

interaction in each case is ferromagnetic. As the
temperature is lowered past approxima'tely 20, both
phases show deviations from the ideal Curie-%eiss
behavior in the direction of smaller values of' X. The
direction of the deviations suggests the increasing im-

portance of some antiferromagnetic interaction in

determining the magnetic properties.
Ultimately, at 29 K, the long-range order in the

crystal allows the establishment of a long-period mag-
netic superlattice to ameliorate the gro~ing conflict
between the ferromagnetic and antiferromagnetic in-

teractions. Although the magnetic moments are
aligned perpendicular to a (111) direction and nearly

parallel to near-neighbor moments, the moment
«3

direction rotates once about that axis every =180 A.
There have been several discussions of the origin of
this unusual magnetic structure. Ishikawa et al. '
analyzed the Heisenberg model for the case of the
MnSi crystal structure and established the conditions
which must be met by the exchange interactions in

order for the long period helix to exist. Assuming
that the closest-neighbor moment-moment interac-

0
tion (that between Mn moments 2.80 A apart) is an-

tiferromagnetic, they determined that these condi-
tions could not be met and concluded accordingly
that the Heisenberg model was probably not applica-
ble. Subsequently, Moriya" and Makoshi' attributed
the helix to the occurrence, at the helix wave vector,
of a maximum in the magnetic susceptibility of the
noninteracting electron system. Band-structure calcu-
lations»~ for MnSi do not support this picture, howev-

er, leading Nakanishi et a/. 23 to propose that the helix
results from a free-energy term involving the spin-
orbit interaction. Despite these efforts, no detailed
microscopic model has predicted successfully the ob-
served magnetic ordering.

It appears to us, however, that the Heisenberg
model suffices to demonstrate the necessity of com-
peting exchange interactions. Motivated by evidence
for a dominant ferromagnetic interaction, which is

contrary to the assumption made by Ishikawa ef al. ,
we have reexamined the conditions given by them
for helix formation within the Heisenberg model.
These conditions are satisfied easily if the closest-
neighbor exchange interaction J& is ferromagnetic (at

O

rM„M„=2.80 A) and the next-closest-neighbor in-

teractions J2 are weaker and antiferromagnetic (at
r„„„„=4.15, 4.38, and 4.56 A). A similar model
was used recently to describe magnetic torque meas-
urements in MnSi. The values J» =0.55 and
J2= —0.08 meV lead to the experimental value' of
q =0.035 A ' for the wave vector which minimizes
the magnetic energy, and also to the experimental
paramagnetic Curie point 0=30 K, assuming a spin

of unity. It should be possible to impose an addition-
al condition on the J values using a molecular field
formula for the Neet temperature T& (see Ref. 25).
%e are not satisfied with the results of this pro-
cedure, however, since the simplest extension of our
equations predicts that ~O —Tz~ must be less than
10 6 K for such a small value of q. If experiment
demands a larger value of ~0 —T~~ consistent with

q =0.035 A ' (which it does not at the moment), a
more complex set of equations would be required.
Nonetheless, we conclude that the competition
between a close-neighbor ferromagnetic interaction
and a weaker further-neighbor antiferromagnetic in-
teraction underlies the helical antiferromagnetism of
e-MnSi as well as the deviations in X from ideal
Curie-%eiss behavior in both c- and a-MnSi.

Given the same competing pairwise magnetic in-
teractions, the moments in the amorphous sample
cannot order as in the crystal, due to the lack of the
appropriate long-range atomic order. . There is, how-
ever, a slight feature in X observable for most amor-
phous samples in the region of 30 to 35 K. For a-
MnSi, the growing conflict between ferromagnetic
and antiferromagnetic interactions is resolved at
=22 K by the locking in of a disordered array of
moments —a spin-glass transition.

In both the crystalline and amorphous forms of
MnSi, the magnetic behavior can be understood only
in terms of a conflict between ferromagnetic and anti-
ferromagnetic interactions among the Mn moments.
Since the temperatures at which changes occur in the
magnetic properties vary only moderately from c- to
a-MnSi, we must conclude that the magnitudes of
these interactions are relatively insensitive to the
structural differences. In other words, the funda-
mental interactions between the Mn moments are re-
latively insensitive to the long-range chemical order,
and depend primarily upon certain elements of
short-range chemica1 order which are preserved in

both solid phases. This is easier to understand if we
believe that the principal magnetic interaction among
the Mn atoms is through intermediary Si atoms, in

analogy with our earlier conclusion regarding the
chemical interaction among Mn atoms. %hile the
Mn-Si arrangement does change in some ways
between the crystal and the amorphous form, the
mean position and the number (to a lesser extent) of
the Si atoms are similar in the two phases. Apart
from the magnetic ordering, those modest differences
in magnetic properties which do exist between the
two phases are probably due to those slight changes
in the number of Si neighbors and in the Mn-Si-lofti. n
"bond angles" which occur in the amorphous form.
The essential competing ferromagnetic and antifer-
romagnetic interactions appear, however, to be large-
ly unchanged between the cryst" ~line and amorphous
forms. It is the response of the solid to that competi-
tion which depends necessarily and strikingly upon
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the presence or absence of long-range atomic order.
It is possible to force changes in these interactions,

however, and we believe that this explains two of the
observations for the amorphous system. If we force
the occurrence of Mn-Mn nearest neighbors, then
the antiferromagnetic interaction which is observed in
elemental Mn should reduce the effective moment
and lower the susceptibility noticeably. One way to
force the occurrence of Mn-Mn nearest-neighbor
pairs is to increase the concentration of Mn in the
amorphous state. That indeed led to a strong reduc-
tion in X as noted earlier. 5 Additionally, one could
try to freeze in this short-range chemical disorder
during the sputtering process. This should be easier
than in the case of a dilute system, because it is more
difficult to have only unlike nearest-neighbor pairs in
a 50-50 system. Indeed, it would appear that Mn-Mn
pairs do occur in a-MnSi sputtered at 77 K, since the
magnitude of X increases substantially with the an-
nealing of that sample at 300 K. Further increases in

deposition temperature will result in subtle annealing
effects in the amorphous solid which might also in-

crease the effective moment, as pointed out in our
earlier treatment of c-Aup95Mnpp5. In that study, it
was argued that the increase in the prominence of the
cusp in X with annealing resulted from subtle changes
in the number of Mn moments in second- and third-
neighbor positions to other Mn (rNt„~„=4.07 and
4.99 A), in strict analogy with the magnetic behavior
of Au-Mn compounds.

There is one observation which does not fit into
the model as stated above. Hauser et al. 5 reported
that the position and magnitude of the cusp in the X

of a presumably microcrystalline sample sputtered at
675 K are essentially the same as those of amorphous
samples sputtered below 625 K. In contrast, the sim-
plest extension of our model to a microcrystalline
form of MnSi would lead to the anticipation of fer-
romagnetic behavior. A likely explanation for this
apparent inconsistency is that that sample is in fact
largely amorphous. If that sample is truly microcrys-
talline, the model described above would require ei-
ther a sophisticated extension to cover the microcrys-
talline state of MnSi, or some fundamental revision.

How do we understand spin-glass phenomena in a
system with a high concentration of moments? It ap-
pears as though the only problem posed by a concen-
trated system is the added difficulty of introducing
disorder into the dominant magnetic interactions. In
an earlier treatment of the annealing dependence of
spin-glass behavior in a dilute crystalline system,
Aup 95Mnp p5, we noted that the forces which order
the Mn positions on the lattice are relatively weak
second- or third-neighbor chemical forces. Conse-

quently, Mn atoms are not ordered in the spin-glass
sample. In fact, the spin-glass behavior would disap-
pear if an ordered array of Mn moments were to be
produced in that system (barring the occurrence of a
truly "frustrated" arrangement). In a concentrated
system, on the other hand, a great deal of moment
order can be established by strong nearest-neighbor
chemical forces. Thus, disorder of the magnetic in-
teractions is difficult to achieve unless the crystalline
order is eliminated, as is the case in a-MnSi. In oth-
er words, in addition to an adequate amount of anti-
ferromagnetic coupling, a spin-glass requires suffi-
cient disorder among the dominant magnetic interac-
tions. These elements are present in c-Aup95Mnpp5
and a-MnSi (where the Mn positions are in fact
disordered), but not in e-MnSi. In the last system,
the crystalline order allows other solutions to energy
minimization given, the competing interactions —that
is, the long period helical antiferromagnet.

V. SUMMARY

We have performed an extended x-ray-absorption
fine-structure (EXAFS) measurement of the Mn en-
vironmen't in a-MnSi. The nearest neighbors of Mn
in a-MnSi consist of five to six Si atoms at a mean

0
distance of 2.43-+0.02 A. There is no evidence for
either a single close Si neighbor or a well-defined
shell of Mn neighbors, such as are found in the crys-
tal. We propose a framework within which the dif-
ferent magnetic behaviors of the crystalline and
amorphous forms can be understood in terms of
atomic order and competing magnetic interactions.
Specifically, we conclude that the magnetic properties
of MnSi are determined by competing ferromagnetic
and antiferromagnetic interactions which differ only
slightly between c- and a-MnSi. The striking differ-
ences in magnetic properties arise from the fact that
the two forms have different routes available for the
relaxation of this competition. Finally, we conclude
that the observation of spin-glass behavior in concen-
trated moment systems is unusual only to the extent
that the requisite disorder in the magnetic interac-
tions is more difficult to achieve.
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