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Local Structure at Mn Sites in Icosahedral Mn-Al Quasicrystals
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Extended x-ray-absorption fine-structure measurements have been made at the Mn E edge of
quasicrystalline and crystalline forms of an A16Mn alloy. Two different quasicrystalline Mn sites are
discerned to be populated in the ratio of v, the golden mean, within experimental error. The more
populous site is similar to that in the crystal but with bond-angle distortions and elimination of an
unusually short Al-Mn bond, while the other site has additional bond-stretching distortions. The
measurements together with density measurements indicate that the volume per Mn site is in-

dependent of the type of site.

PACS numbers: 61.50.Em, 61.55.Hg, 64.60.My, 78.70.Dm

The recent discovery' of a rapidly cooled phase of
A16Mn which has sharp diffraction peaks yet
icosahedral rotational symmetry —a condition which is
incompatible with crystalline order —has generated a
spate of activity2 9 to explain these extraordinary
results. Among other things, it has become clear that
many different classes of models can, in principle,
satisfy the general properties of these rapidly quenched
quasicrystalline alloys. Incommensurate density
modulation of a crystalline structure with one3 or
mores components, and a quasiperiodic translational
order as a new class of order between crystalline and
amorphous2'o " are some of the models proposed. In
addition, within each class it is possible to discern sub-
groups which are analogous to simple cubic, face-cen-
tered-cubic, and body-centered-cubic structures. Fi-
nally, of course, the concept that a group of atoms
should be associated with each point of the model
structure must eventually be considered since, experi-
mentally, the new class of materials has been found
only in alloys with more than one type of atom
present.

To obtain more insight into the constraints that are
imposed by nature on any model, an extended x-ray-
absorption fine-structure (EXAFS) study at the Mn E
edge was made on quasicrystalline and crystalline
forms of the alloy with nominal composition A16Mn
(27 wt. % of Mn). Both samples were in powder form.
The quasicrystalline form was prepared in such a
manner as to minimize contamination with the Al-
metal phase. The powder was further ground into a
size finer than 400 mesh and then rubbed into the
sticky side of Scotch brand Miracle tape. Two layers of
the tape were used to obtain a sample with a Mn L
edge of 3 p,x = 0.4. Measurements were made on the
IV-1 beam line at the Stanford Synchrotron Radiation
Laboratory with use of a (220) double-crystal Si mono-
chromator, an electron beam energy of 3 GeV, and a

current ranging from 30 to 60 mA. The gases in the
ion chambers were chosen and the double-crystal
monochromator was detuned to minimize harmonic
contamination. These precautions plus the uniformity
of the sample thickness and its smallness all assure
minimum distortion of the EXAFS amplitude by
thickness effects. '2 Measurements were made at sam-
ple temperatures of 80 K, 180 K, and room tempera-
ture for both the quasicrystal and the crystal forms.

The data were analyzed in the standard fashion'3 iso-
lating the oscillatory EXAFS signal X(k) normalized
by the L-edge step. The wave number k is calculated
in units of inverse angstroms by k = [0.263 (E
—Eo) ]', where E is the absorbed x-ray-photon ener-
gy in electronvolts and Eo is the zero of the energy
scale taken about 12 eV below the edge so that at the
edge the photoelectron k is equal to kF, the free-
electron value of the Fermi wave number. Figure 1

shows the X(k) at 80 K for the quasicrystal and that of
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FIG. l. A kX(k) plot for the quasicrystai (solid line), and
the crystal weighted by 0.618 (dashed line). Data were tak-
en at 80 K.
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the crystal weighted by 7 '= ~ —1=0.618, where
~= (1 —&5)/2 is the golden mean. Note that for
k ) 4 A the two signals are quite similar. In Fig. 2
the magnitudes of the Fourier transforms of the quasi-
crystal and the crystal forms are displayed. They cor-
respond to the positions of coordination shells of
atoms shifted by —0.5 A as a result of phase-shift ef-
fects. Both transforms display two main peaks for
r & 5 A, although the crystal ones are larger. At larger
r the crystal has a peak at r = 6 A, and another at —7
A, both of which are significantly above the noise level
and are missing in the quasicrystal. Various tests were
to verify that the peaks at 6 and 7 A are real and not
artifacts of the "cutoff wiggles" introduced by the
windows used to limit the data range.

To analyze the differences between the crystal and
the quasicrystal more quantitatively, the first shell in
each was isolated and transformed back to k space.
The amplitude and phase of the isolated shell were cal-
culated for both forms, and the logarithm of the ratio
of the amplitudes plotted versus k2 are shown in Fig.3.
The change in slope from a significantly negative one
to an approximately zero one is indicative of the con-
tribution of two components. '4 The initial negative
slope is indicative of a site in the quasicrystal with
more disorder in the Mn-Al bond distances than is
present in the crystal, while the approximately zero
slope belongs to a site whose Mn-Al bonds are very
similar to those in the crystal. However, a significant
difference in the third moment of the bond distances
about the average, c3, was detectable through a k
term in the phase difference'5 for the ordered sites, as
can be noted in the high k range of Fig. 1. A compar-
ison of the linear k terms in the phase indicates that
the average Mn-Al distance for both sites in the quasi-
crystal was close1y the same as that in the crystal.

The A16Mn crystal'6 serves as a satisfactory standard
for the quasicrystal. There are 4 Mn and 24 Al atoms
per unit cell, but all Mn sites have the same environ-

ment. The near-neighbor environment about the Mn
is ten Al atoms at an average distance of 2.56 A with

second, third, and fourth cumulants about this average
of o.2= 5.1x 10 3 A, c3= —3.1X 10 A, and

C4 = —1.7 && 10 s A, respectively. The second and
third cumulants are equal to the second and third mo-

ments, while the fourth cumulant is equal to the
fourth moment minus 3a.4. The logarithm of the ratio
in Fig. 3 is not affected by C4 since it is too small to
contribute in the plotted k range, while the odd cumu-
lant C3 affects only the phase. '5 Thus, in Fig. 3, the
contribution of the crystal can be accurately approxi-
mated by a Debye-Wailer factor exp( —2k2o.2).

The decomposition of the quasicrystal signal into the
two components was done as follows. The contribu-
tion from the more-ordered component of the quasi-
crystal was eliminated by subtraction of a weighted
crystal X(k) from the quasicrystal one. The phase of
the crystal's first-shell X(k) was modified by addition
of the k3 term discerned in the phase difference and
produced by the change in c3. The spectrum subtract-
ed was Fourier transformed into r space and the weight
and o-2 adjusted so as to minimize the size of the first
peak corresponding to the Mn-Al bonds. The weight
obtained by this method gave 0.60 +0.05 and a third-
moment difference between the quasicrystal and the
crystal of (7+2) &&10 4 A. The average Mn-Al bond
distance was the same within the experimental accura-
cy of 0.02 A and the difference in mean square disor-
der was b, o. =0.0005+0.001 A . Note that it is not
accurate to obtain the weight and Ao- by extrapolation
of the high-k slope in Fig. 3 to k =0. The second site
adds to the slope since its contribution is not negligible
there.
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FIG. 2. The magnitude of the Fourier transform of
k'X(k) over the range 2.5 A & k & 11.7 A, for the crys-
tal (solid line) and the quasicrystal (dashed line).
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FIG. 3. The logarithm of the ratio of the amplitude of the
inverse-transformed, isolated first shell of the quasicrystal
divided by that of the crystal as a function of k . The solid
curve is a smooth line fitted by eye to the experimental
points.
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After isolation of the more-disordered component
by subtraction, it was analyzed by the method'3 using
the logarithm of the ratio of amplitudes and the differ-
ence in phase to obtain the result that it consists of
0.37+0.05 of the sample. This component is more
disordered than the crystal is by Ao-2=0. 033+0.003
A and has an average Mn-Al bond which is, again,
the same as that in the crystal with an uncertainty of
0.03 A. Because of its larger disorder, the phase
difference in the more-disordered portion could not be
discerned to large enough k values to determine the
presence of a k3 term. In obtaining the fraction of the
quasicrystal sample taken up by each component, the
assumption was made that there is the same number of
Al neighbors in each as in the crystal, namely, ten.
This assumption is reasonable for the ordered com-
ponent since it is so similar in average Mn-Al bond
distance and distribution about this average. The sum
of the two components should be 1 if they both have
ten Al neighbors to the Mn atoms. The sum,
0.9 + 0.08, is 1 within experimental error. Alternative-
ly, the deficit from 1 could be interpreted as the disor-
dered site having less than ten Al neighbors. In this
interpretation the number of Al neighbors for this site
would be 9 +1.3.

It is also possible to fit Fig. 3 by two Gaussians.
Within experimental error, such a fit obtains the same
values for n and b, o.z as are obtained by the subtrac-
tion method described above. The subtraction method
has the advantage of making fewer assumptions about
the more-disordered site. That is, it does not assume
that the site has only Gaussian broadening; instead,
the result follows from the analysis.

As noted above, Fig. 2 shows a qualitative change
between the quasicrystal and the crystal, namely, a
lack of significant peaks beyond r = 5 A in the quasi-
crystal. The peak at r = 6 A in the crystal was analyzed
further and was shown by its k dependence to be
predominantly composed of Mn atoms. Normally, it is
not possible to interpret peaks reliably at such large
distances because they are obscured by multiple
scatterings and interference between overlapping shells
of atoms. '5 However, this special case is an exception
because Mn is so much heavier than Al and the Mn-
Mn distances are so large. The Mn-Mn signal extends
to higher k than that of the Mn-Al signal and can thus
be separated. In addition, the Al atoms have a broad
distribution at the larger distances and tend to cancel
one another's EXAFS. Thus, in this case, only the
Mn-Mn multiple scatterings might obscure the Mn-
Mn signal. However, this does not occur because the
Mn-Mn atoms are so far apart that their multiple
scatterings are vveak. '

The peak at r =4.4 A due to the four Mn atoms at
4.98 A from the center Mn in the crystal is also identi-
fied as predominantly a Mn-Mn peak and its oc-

currence in both forms of the alloy indicate that the
Mn environment has similar lengths up to that dis-
tance in the ordered portion of the quasicrystal. The
abrupt disappearance of the Mn-Mn peaks that occurs
beyond that distance cannot be understood as a discon-
tinuity in this environment because then the Mn
atoms at the surface would see a different environ-
ment, in disagreement with the experimental result
that the nearest-neighbor environment is the same for
all Mn atoms. The only viable explanation for the
results is that the nearest-neighbor distances up to —5
A are the same but the angles between these bonds are
distorted in the quasicrystal. Distortions in the angles
will change the more-distant atom positions, introduc-
ing a greater disorder in these distances and causing a
disappearance of their peak in the transform.

To summarize the experimental results, there are
two distinct Mn sites in the quasicrystal. Within ex-
perimental error, a fraction r ' of the Mn atoms pop-
ulate the site which is similar to that in the crystal of
A16Mn except for an increase of the third moment of
the Mn-Al distances and distortion of their bonding
angles. The second site, populated by 1 —7 ' = r 2 of
the Mn atoms, is different from that in the crystal,
having about the same average bonding length to the
nearest Al neighbors but having more variation in that
length by b, o.2=0.033 +0.003 A . The coordination
number at that site may be decreased by 1 +1.3 Al
atoms. The ratio of the Mn atoms in the two sites is ~
within an uncertainty of 8%.

Figure 3 indicates a bimodal distribution of Al atoms
about the Mn, and we interpreted this in the most
physically reasonable manner as indicating two Mn
sites. However, EXAFS alone cannot completely rule
out the possibility of a single Mn site with an unusual
bimodal distribution of Al atoms. Recent Mossbauer
results4 on the icosahedral phase (Fe„Mn& )tp3A16
indicate more than one Mn site, giving confirmation to
our interpretation. When the Mossbauer results are
interpreted in terms of two sites they also indicate a ra-
tio of occupancy of 7. within experimental error. The
EXAFS results indicate how these two sites differ
from one another and their relation to the crystal.

The results have implications for the structure of the
quasicrystal and the understanding of why the quasi-
crystal seems to be limited to A16Mn-related struc-
tures. Besides the obvious requirement of a Mn-Al
complex to be placed on each point of the structure,
there are two different sites in the structure which dis-
tort the Mn-Al complex in different ways. It is tempt-
ing to associate these two sites with the two polyhedra
that can be used in the three-dimensional Penrose til-
ing. 2'P ~' The volumes of the polyhedra are in the ra-
tio of 7. , the same ratio of the two sites found by EX-
AFS. However, the frequencies of occurrence of the
two polyhedra are also in the ratio of 7. in such a
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manner as to produce ~2 more volume in the larger po-
lyhedra than in the smaller. Although our measure-
ments indicate that the average Mn-Al bond length is
closely the same at the two sites and that the coordina-
tion number does not change drastically, this does not
necessarily imply that the volume per Mn atom is the
same at the two sites. For example, if the lines con-
necting Mn and Mn at the more-disordered sites are
distorted to lie almost in a plane, the volume per atom
can be made as small as desired. If the volume per Mn
site were the same then the factor of v would come
from the different volumes of the polyhedra and their
numbers would have to be equal, excluding a Penrose
structure. However, if the more-disordered sites are
distorted so that they occupy the smaller-volume poly-
hedra in the same number as the larger polyhedra, as
suggested previously, 4 the factor of ~ would come
from the frequency of occurrence of the polyhedra
consistent with a Penrose-type structure.

The two possibilities can be distinguished by density
measurements. The similarity of the ordered sites in
the quasicrystal to those of the crystal indicates that
the volume per Mn at these sites must be closely the
same. The disordered site would then have to have a
smaller volume in order to fit the same number of Mn
atoms into the smaller polyhedra in order to be con-
sistent with a Penrose-type structure. The correspond-
ing Penrose-type quasicrystal would be 17'/o more
dense than the crystal. Recent density measure-
ments'8 find that the quasicrystal have the same densi-
ty within —3%, inconsistent with this model of a
Penrose-type structure.

One of the questions to be answered is why the
icosohedral quasicrystal phase is so rare, occurring
only in a limited number of structures related to
A16Mn. The EXAFS results give a tantalizing clue that
may answer this question. The crystal Mn sites have a
Mn-Al bond at 2.435 A, which is shorter than the
average by 0.12 A, imposed by the symmetry require-
ments of the crystal structure. '6 This produces an
unusual negative sign to the third moment of the
bond-length distribution about the average, c3. The
increase in the third moment in the quasicrystal pro-
duces the more usual positive sign of c3 by, presum-
ably, elimination of the 2.435-A bond. This would
enhance the relative stability of the icosahedral quasi-
crystal phase compared with the crystal since the
unusually short Mn-Al bond must be energetically ex-
pensive. Finally, it has been recently suggested'9 that
the icosohedral phase may be closely related to the
crystalline 0.(AIMnSi) phase. 0 Our results show that
this is not the case. The crystal has two different Mn
sites as in the quasicrystal but in the wrong ratio of 1

to 1.
The EXAFS determination of the short-range en-

vironment about the Mn atoms is complementary in-

formation to that obtained from indexing x-ray and
neutron diffraction scans of the quasicrystals which,
when properly understood, should determine a struc-
ture of points about which the Mn-Al complex deter-
mined by EXAFS must be placed.
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