
PHYSICAL REVIEW B VOLUME 39, NUMBER 3 15 JANUARY 1989-II

Quasicrystalline Ti-Ni-Fe-Si: Mossbauer indications
for high transition-metal-site symmetry
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Melt-spun Ti,6Ni» Fe Si,6 shows the icosahedral phase recently reported for other rapidly
quenched Ti-Ni-based alloys. ' Fe Mossbauer measurements in this alloy yield a quadrupole split-

ting 6-0. The value of 5 indicates a highly symmetric Fe site in the icosahedral structure. The
relative intensities of the x-ray diffraction lines suggest a structure based on a three-dimensional
Penrose tiling in which some of the transition-metal atoms occupy sites with icosahedral symmetry.
This is the first experimental indication that a transition metal may occupy the icosahedral site in

any quasicrystal.

The existence of quasicrystals with long-range orienta-
tional ordering but no long-range translational order was
first reported for aluminum-transition metal alloys
(Al-M) by Shechtman et al. ' Since then the same or
similar quasicrystalline structures have been reported in a
variety of other alloy systems. These include Al-M-Si,
Al-M-Ru, Al-Zn-Mg, Al-Cu-Li, ' Al-Zr-Cu-Mg, ' and
Pd-U-Si. " The Al-Mn-Si system is generally considered
to be typical of the Al-based quasicrystals. These alloys
show a local structure similar to that of crystalline
a-(AI-Mn-Si), ' which is a bcc assembly of Mackay clus-
ters with the central icosahedral site vacant. ' The
icosahedral phase is also well described as a three-
dimensional (3D) Penrose tiling. In either structure
model of quasicrystals [i.e., a derivative cz-(Al-Mn-Si) or a
3D Penrose tiling], it is not clear if a Mn atom can some-
times be found in the central icosahedral site [vacant in
ct-(Al-Mn-Si) (Ref. 4)] or if there is a clustering of Mn at
other sites in the structure. (Icosahedral site symmetry
could lead to enhanced moments on transition metal
atoms. '

) Fe Mossbauer-effect spectra of Fe-doped Al-
M and Al-M-Si quasicrystals show a large (-0.4 mm/s)
quadrupole splitting' ' ' indicating an Fe environment
with local symmetry lower than would be expected for
the central site. This in itself does not necessarily mean
that other transition metals do not occupy the
icosahedral site as there is some evidence of preferential
site occupancy for Fe substituted into these structures. '

Kuo and co-workers' ' have recently reported a
quasicrystalline phase exhibiting icosahedral symmetry in
an alloy containing only transition metals; Ti2 V Ni.
Quasicrystals of Ti-Ni and Ti-Ni-V alloys contain crystal-
lites which are much sma11er than those of quasicrystal-
line Al-.based alloys. Chatterjee and O'Handley have
recently shown that the addition of Si to Ti-Ni yields an
icosahedral phase with crystallites of sufficient size to
produce a sharp x-ray diffraction pattern. In the present
work we use ' Fe Mossbauer-effect spectroscopy to study
the local environment of Fe substituted into quasicrystal-

line Ti-Ni-Si. In contrast to Mossbauer measure-
ments' ' on all other quasicrystals we find no
significant quadrupole splitting for Fe in icosahedral
T's6Ni28 Fe Si,6. Crystalline Ti2Ni& „Fe„and arnor-
phous Ti56Ni2~ Fe Si,6 on the other hand show a split-
ting of 6=0.35 —0.45 mm/s.

Alloys of Tis6Ni2„Fe Si«(x =2.5, 5, 7.5) were
prepared by rapid quenching from the melt onto the sur-
face of a single Cu roller. The surface speed of the roller
was 18 m/s. The melt was ejected by an over pressure of
—100 kPa of argon through a 0.7-mm orifice. Quenching
was performed in an atmosphere of He. The resulting
ribbons were -2 mm wide and 0.05 mm thick. For corn-
parison, we have studied Ti56Ni28 „Fe Si,6 alloys in the
as-cast (slow-cooled) state as well as a crystalline alloy of
Ti2Nio ~5Feo» prepared by arc melting. Finally, we have
also investigated Ti~6Niz&, Fe Si,6 alloys in the amor-
phous state prepared by quenching at a higher rate (roller
speed, 60 m/s). X-ray diffraction measurements were
performed on a Siemens scanning diffractometer using
Cu Ka radiation. Room-temperature Mossbauer-effect
measurements were made using a Wissel System II
Mossbauer spectrometer and a Pd Co source. This sys-
tem showed a line width for a-Fe of 0.24 mm/s [full
width at half maximum (FWHM)]. Fitting of the spectra
was performed using a conventional nonlinear least-
squares fit to combinations of Lorentzian lines.

X-ray diffraction measurements showed arc melted
Ti2Nio ~5Feo» to be of the Fd3m structure expected for
TizNi. ' This structure consists of pairs of Ni-centered
interpenetrating icosahedra which share a common five-
membered ring. Two of the ring atoms are Ni, the
remaining are Ti. As-cast Ti,6Ni» Fe Si,6 alloys
showed a mixture of Ti5Si3 and NiTi phases. Presumably
the Fe substitutes for Ni in NiTi which is of the bcc
structure.

The x-ray pattern of rapidly quenched (18 m/s)
Ti56Ni28 ~Fe Si,6 alloys can be indexed to the icosa-
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hedral structure using the scheme of Bancel et al. A
detailed analysis of the x-ray pattern of this phase is re-
ported elsewhere. While Chatterjee and O'Handley
have found the presence of crystalline Ti2Ni in addition
to the quasicrystalline phase in rapidly quenched
Ti&6Ni28Si&6, the related Fe-containing quasicrystal shows

lt (mm/s)

FICr. 1. ' Fe Mossbauer-effect spectra obtained at room
temperature for (a) crystalline Ti,Nip „Fep ls, (b) crystalline
Ti56Ni», Fe2 5Si&6, (c) icosahedral Ti,6Ni25 sFe2 sSi&6, (d)
icosahedral Ti56Ni, 3FesSi&6, (e) icosahedral Tis6Nl2p 5Fe75Si,6,
and (f) amorphous Ti56Nizs 5Fez 5Si, 6. The solid lines represent
computer fits to two doublets for (a) and to one singlet for
(b) —(e) and one doublet for (f).

no diffraction lines from this crystalline phase and sug-
gest that the presence of Fe helps to stabilize the
icosahedral structure. The icosahedral Ti-Ni structure
shows diffraction peaks with smaller q values than those
of Al-Mn indicating an average interatomic spacing
which is about 3% larger in the former alloy. This is
consistent with interatomic spacings based on the ele-
mental components of these alloys.

Room-temperature Fe Mossbauer-effect spectra of
crystalline Ti2Ni0. 8sFeo. ~s and T'56N'zs. sFe2. sSi, 6 and also
quasicrystalline Tis6N'zs. &Fez. sS'&6 and amorphous
Ti56Ni25 5Fe2 5Si&6 are shown in Fig. 1.

The spectrum of crystalline Ti2Nlo 85Feo )5 shows an
asymmetric doublet and was therefore fit to two quadru-
pole split patterns. .Results of parameters obtained from
this fit are given in Table I. Fitting this spectrum to
more complex combinations of doublets and singlets did
not improve y and, as well, yielded physically unrealistic
values for some of the fitting parameters (e.g., linewidth).
The Fe site duality may be due to the existence of two
distinct Ni environments in TizNi. However, of more im-
portance for our present purpose is the large quadrupole
splitting determined for both of these sites. The spec-
trum of crystalline Ti-Ni-Fe-Si (see Fig. l) showed a sing-
let and these fitted parameters are also shown in Table I.
Because of the structure of NiTi (i.e. , bcc) the observed
zero quadrupole splitting is expected. The line broaden-
ing presumably results from the presence of disorder.

The Mossbauer spectra of icosahedral
Ti~6-Ni28 -Fe„-Si,6 (x (7.S) also show singlets as illus-
trated in Fig. 1. We have fit these spectra to various
combinations of singlets and doublets. On the basis of g
we find no evidence that more than a single type of Fe
site exists for any icosahedral alloys with x &7.5.

Finally, the Mossbauer spectrum of amorphous
Ti-Ni-Fe-Si is shown in Fig. 1. As is typical for paramag-
netic amorphous alloys, this spectrum showed a quadru-
pole split doublet with broadened lines. The relatively
small asymmetry observed here indicates little or no
correlation between the quadrupole splitting and the iso-
mer shift distributions. A doublet was used to fit the
spectrum to obtain mean isomer shift and quadrupole
splitting values. These are given in Table I.

In order to compare our Mossbauer data with those on
another well-known quasicrystalline material, the mea-

TABLE I. Room-temperature Fe Mossbauer-effect parameters of Ti-Ni-Fe-Si alloys studied in the
present work. Results from Al-Mn(Fe) from Ref. 14 are given for comparison. The isomer shift 6 is
measured relative to a-Fe. The error in 5, the quadrupole splitting b, and the linewidth (FWHM) I are
+0.005 mm/s. 3

& /A~ is the ratio of the areas of the two components. Reasons for the patterns which
have been fit are described in the text.

Alloy
Site 1

Structure 6 (mm/s) 6 (mm/s) I
Site 2

(mm/s) 6 (mm/s) 5 (mm/s) I (mrn/s) 3&/A&

Ti2Np. 85Fep „
T156N125. 5Fez. 5S1&e

Tis6Ni2s. s Fez. sSi &6

Tis6N&z3FesS1 „
TiseNizp 5Fe7. sS
Tis6Ni», Fe2. sSi &&

Alas. 3Mn12. sFe2 z

Fd 3M
bcc (NiTi)
icosahedral
icosahedral
icosahedral
amorphous
icosahedral

—0.171
—0.159
—0.180
—0.167
—0.175
—0.105
+0.150

0.350

0.456
0.298

0.388
0.45
0.254
0.388
0.346
0.43
0.289

—0.240 0.531

+0.141 0.550

0.441

0.272

5.7

1.6



1944 BRIEF REPORTS 39

sured Mossbauer parameters for a two-doublet fit
to a room-temperature Fe spectrum of icosahedral
Al-Mn(Fe) as reported by Swartzendruber et al. ' are
given in Table I. No Mossbauer data are available for
other major icosahedral classes.

The small quadrupole splitting (effectively zero) in
icosahedral Ti-Ni-Si indicates an Fe environment of cubic
or higher symmetry. As the present x-ray measurements
indicate an essentially single-phase icosahedral structure,
it appears that the Fe occupies the central icosahedral
site (b, —0) since all other sites are of lower than cubic
symmetry.

It is interesting to note the large difference in 6 be-
tween crystalline TizNi and icosahedral Ti-Ni-Si. This is
in contrast to the situation in crystalline and icosahedral
Al-Mn-Si, ' where the Mossbauer spectra show a large
average quadrupole splitting and no evidence of a site
with zero or small splitting for either structure. While
the local structure of icosahedral Al-Mn-Si is believed to
be closely related to cubic a-(AI-Mn-Si), the present re-
sults for the Ti-based alloys illustrate that the local struc-
ture of the icosahedral alloy is very different from that
found in crystalline Ti2Ni.

The linewidth of the singlet in the x =2.5 quasicrystal-
line sample is essentially equal to the intrinsic line width
while for the x =5 samples it is considerably larger than
the natural linewidth of the spectrometer. However, this
latter value of I is comparable with that observed for
quasicrystalline Al-Mn alloys when fitting their quadru-
pole split spectra to two broadened Lorentzians (-0.36
mm/s). ' The anomalous linewidth for icosahedral A1Mn
has been interpreted in terms of a distribution of Fe envi-
ronments. Because of the probable existence of disorder
in all quasicrystalline materials, it is not unexpected that
broadened Mossbauer lines are observed. The present re-
sults show that any quadrupole distribution giving rise to
the broadened Mossbauer lines in the Ti-Ni-Fe-Si x =5
and 7.5 has a peak at or near zero. We feel on the basis

of the present analysis that an upper limit on the mean
value of 6 of -0.05 mm/s is reasonable.

The number of different transition metal sites in
icosahedral Al-M alloys has been the subject of several
recent investigations (Refs. 4, 12, 15, and 17). Although
the results presented here for icosahedral Ti-Ni-Si do not
indicate the existence of more than one type of Fe site,
this cannot be taken as conclusive evidence that more
than one type of Ni site does not exist. Dunlap et al. '

and Eibschutz et al. have suggested that, although
more than one type of TM site exists in icosahedral Al-M
alloys, Fe preferentially substitutes for only one of these.
Details of studies of site occupancy for higher Fe concen-
trations in Ti-Ni-based quasicrystals will be presented
elsewhere.

The present Mossbauer measurements indicate a high-
symmetry site for Fe in icosahedral Ti-Ni-Fe-Si in alloys.
The x-ray line intensities have been analyzed in detail by
Dunlap et al. On the basis of calculated icosahedral
diffraction patterns, ' Dunlap et al. have proposed a
structure of this alloy based on a three-dimensional Pen-
rose tiling of oblate and prolate rhombohedra where at
least some of the transition metal sites have local
icosahedral symmetry. The present measurements are
consistent with this interpretation and are the first re-
ported indication of a highly symmetric transition-metal
site in a quasicrystalline structure.

The authors are grateful to Mr. B. Fullerton for techni-
cal assistance. Portions of this work conducted at the
Massachusetts Institute of Technology were supported by
a grant from the U.S. Army Research Office (Contract
No. DAAL-03-87-K-0099). Portions of this research
conducted at Dalhousie University were supported by the
Faculty of Graduate Studies, Dalhousie University and
by grants from the Natural Sciences and Engineering
Research Council of Canada.

*On leave from Department of Physics, Dalhousie University,
Halifax, Nova Scotia, Canada B3H 3J5.

~Present address: MST-6, Los Alamos National Laboratory,
Los Alamos, NM 87544.

~On leave from Advanced Centre for Materials Science, Indian
Institute of Technology, Kanpur, Uttar Pradesh 208016, In-
dia.

D. Shechtman, I. Blech, D. Gratias, and J. W. Cahn, Phys.
Rev. Lett. 53, 1951 (1984).

L. A. Bendersky and M. H. Kaufman, Philos. Mag. B 53, L75
(1986).

K. Dini and R. A. Dunlap, J. Phys. F 16, 1917 (1986).
4M. E. McHenry, R. A. Dunlap, R. Chatterjee, A. Chow, and

R. C. O'Handley, J. Appl. Phys. 63, 4255 (1988).
5R. A. Dunlap and K. Dini, J. Mater. Res. 1, 415 (1986).
P. A. Bancel and P. A. Heiney, Phys. Rev. B 33, 7917 (1986).

7R. Ramachanda Rao and G. V. Sastry, Pramana 25, L225
(1985}.

8C. Barglas, H. H. Tosten, F. R. Howell, and E. R. Ryba (un-

published).
P. Sainfort, B. Dubost, and A. Dubus, C. R. Acad. Sci. Paris,

301, 689 (1985).
N. M. Mukhopadhyay, G. N. Subbanna, S. Ranganathan, and
K. Chattaphyan, Scripta Metall. 50, 525 (1985).
S. J. Poon, A. J. Drehman, and K. R. Lawless, Phys. Rev.
Lett. 55, 2324 (1985).

~2R. A. Dunlap, D. W. Lawther, and D. J. Lloyd, Phys. Rev. B
38, 3649 (1988).

' A. L. Mackay, Acta Cryst. 15, 916 (1962).
M. E. McHenry, R. C. O'Handley, W. Dmowski, and T.
Egami, J. Appl. Phys. 61, 4232 (1987); M. E. McHenry and
R. C. O'Handley, in Science and Technology of Rapidly
Quenched Al/oys, edited by M. Tenhover, W. L. Johnson, and
L. E. Tanner (MRS, Pittsburgh, 1987), p. 363.

' L. J. Swartzendruber, D. Shechtman, L. A. Bendersky, and J.
W. Cahn, Phys. Rev. B 32, 1383 (1985); R. A. Dunlap, K.
Dini, G. Stroink, G. S. Collins, and S. Jha, Hyperfine In-
teract. 28, 963 (1986).

6R. A. Dunlap, G. Stroink, K. Dini, and D. F. Jones, J. Phys. F
16, 1247 (1986).

' M. Eibschutz, H. S. Chen, and J. J. Hauser, Phys. Rev. B 56,
169 (1986).



39 BRIEF REPORTS 1945

'~K. H. Kuo, J. Phys. (Paris), Colloq. 47, C3-425 {1985).
'~Z. Zhang, H. Q. Ye, and K. H. Kuo, Philos. Mag. A 52, L49

{1985).
R. Chatterjee and R. C. O'Handley (unpublished).
G. A. Yurko, J. W. Barton, and J. G. Parr, Acta Crystallogr.
12, 909 (1959).

P. A. Bancel, P. A. Heiney, P. W. Stephens, A. I. Goldman,
and P. M. Horn, Phys. Rev. Lett. 54, 2422 (1985).
R. A. Dunlap, M. E. McHenry, R. C. O'Handley, and R.
Chatterjee, Phys. Rev. B 37, 8484 (1988).

~~M. Eibschutz, M. E. Lines, H. S. Chen, J. V. Waszczak, G.
Papaefthymiou, and R. B. Frankel, Phys. Rev. Lett. 59, 244
(1987).

~5D. Bahadur, V. Srinivas, R. A. Dunlap, M. E. McHenry, and
R. C. O'Handley (unpublished).
K. M. Knowles and W. M. Stobbs, Nature (London) 323, 313
(1986).
K. N. Ishihara and P. A. Shingu, J. Phys. Soc. Jpn. Lett. 55,
1795 (1985).


