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Twinning in Incommensurate and Commensurate Structures of ReSi2.x Alloys

A. Misra and T.E. Mitchell,

Materials Science and Technology Division,

Los Alamos National Laboratory,

MS K765, LOS #d~OS, NM 87545

Abstract

ReSiz.Xis usually referred to as rhenium disilicide but it actually has a stoichiometry of ReSilT~.

Also it is usually described as having the tetragonal MoSiz Cl lb structure but in fact it exhibits a

number of incommensurate and commensurate structures which are based on the Cl lb structure.

Structure A has an incommensurate periodicity of 4. 14a along the a axis. It has a small

orthorhombic distortion (b/a-l .005) accompanied by twinning on the (110) plane and a small

monoclinic distortion (&90.2°) accompanied by twinning on the (001) plane. Structure B is also

incommensurate but has a larger monoclinic angle of 107°; B appeam to result from a shear

transformation of A, giving rise to (001) twins. Prolonged annealing at high temperatures results in

structure C which is commensurate and has planes parallel to, and exactly 4 times the spacing of,

the (10 1) planes of the underlying Cl lb structure. Structure C is also twinned. The various

structures are apparently caused by attempts to accommodate the Si structural vacancies. The

relationship between these structures and the Nowotny “chimney-ladder” structures that have the

general formula TnSi2n.~and are based on the TiSi2 structure is discussed.
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Introduction

The disilicides of transition metals are of interest due to potential applications in silicon

microelectronics technology [1-3]. While most of these are metallic in nature (e.g., MoSi2, CoSi2,

TiSi2, NiSi2, etc.), some are reported to be semi-conducting (e.g., ReSiz, CrSi2, FeSi2). Some of

these silicides have high melting points, low density and good oxidation resistance (e.g., MoSi2)

making them potential materials for high temperature structural applications [4]. ReSiz is usually

reported to have the C 1lb MoSi2 structure [5]. The body-centered tetragonal MoSi2 structure is

shown in Fig. 1. Unlike MoSi2, ReSi2is reported to be a narrow band gap semi-conductor and can

be grown epitaxially on Si [6]. Thus, ReSi2 is a potential material for infrared detection devices

[6,7]. However, the band gap values reported by different investigators vary from 0.12 eV [7] to

0.20 eV [8]. Furthermore, the evaluation of mechanical properties of ReSi2 and (Mo,Re)Si2 alloys

showed that Re addition resulted in hardening significantly higher than that predicted by the

classical solid solution strengthening theories considering size and modulus misfits [9]. A detailed

investigation of the structure of ReS~ is needed to better understand the properties exhibited by this

silicide.

Previous investigations of the structure using X-ray diffraction (XRI)) are inconsistent with

each other. While the earliest study reported Cl lb MoSi2 structure and stoichiometry of ReSi2 [5],

Jorda et al. [10] in a later investigation reported the same MoSi#ype structure but a composition

of ReSi1$8and speculated that this congruently melting compound contained vacancies on Si sites.

Probably the first report of a distorted structure was that by Siegrist et al. [11], who found an

orthorhombic distortion from the MoSiz structure in ReSi2 (a=O.3128 nm, b=O.3144 nm and

c=O.7677nm) but found the composition to be close to ReSi2. A more recent investigation by

Gottlieb et al. [12] reported a stoichiometry of ReSil.T~(hereafter referred to as RedSiT)and a unit

cell with a monoclinic distortion, a=O.3139 nm, b=O.3121 nm, c=O.7670 nm and ~=89.87°. It

has been suggested that (MoXRel.X)Si2alloys form a continuous range of solid solutions with the

MoSi2 structure [5] but presumably there must be a transition from the Cl lb structure of MoSi2 to

the distorted structure of Re4Si7. Such phase transformations may involve twinning; however,

mechanistic details of the structure evolution in ReSi2.Xhave not been studied by transmission

electron microscopy (TEM).

Our preliminary study of the structure of ReSi2.Xby TEM has shown a number of

incommensurate and commensurate structures based on the parent MoS~ structure [13,14]. These
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are analyzed in this investigation, with an emphasis on understanding the role of twinning in the

structural transformations in ReSi2.X.

I3,204A I

Fig. 1 Unit cell of the Cl lb MoSi2 structure”.

Experimental Procedures

ReSi2.Xalloys were prepared by arc-melting elemental Re and Si with nominal purities of

99.999 at.% in an argon atmosphere. Polycrystalline ReSi2 seeds were used to grow either single

crystals or large grained textured polycrystals by the Czochralski technique, using a tri-arc furnace,

or by optical float zone melting. Some pseudo-sinngle crystals were annealed in a flowing argon

atmosphere at 1250”C for 48 hours. Conventional transmission electron microscopy (TEM) was

performed on a Philips CM30 microscope operating at 300 kV. High resolution transmission

electron microscopy (HREM) was performed on a JEOL 3000F microscope operating at 300 kV.

Resu

.

ts

Our study of the stoichiometry of ReSi2 was consistent with the XRD results of Gottlieb et

al. [12], Alloys with the nominal composition of ReSi2 always had free Si, whereas ReSi2.X(x =

0.25) alloys were single phase. The microstructure of “rhehium disilicide” has been published

3

-...—.,~c~ %,, ,.>Jf.f,.:<,..‘:.;’tii,YJw‘.-’‘.Vz;r:’f+.:~:i+>“:+,.’‘.~.., -‘..’- .-’rl-.>..&;’.”.“.,!: “,,. “... ..:,.$,“,, , --.-,..:.,,’



,.
‘.

elsewhere [15]. TEM study of the as-solidified and annealed alloys resulted in three different

structures, designated as Structure A, Structure B and Structure C. These are described below.

Structure A

A selected area diffraction pattern (SADP) along the [010] zone axis is shown in Fig. 2 (a);

for comparison, a calculated [010] diffraction pattern for the Cl lb MoS~ structure is shown in Fig.

2(b), The indexing given here and elsewhere in the paper is with respect to the tetragonal Cl lb

structure, Note that the ReSi2.XSADP shows extra spots in addition to the fundamental reflections

from the body-centered tetragonal Cl lb MoSi2 structure. The spacing of the extra spots observed

along the a axis corresponds to a periodicity in real space of 1.30 nm or 4.14a (where a is the

lattice parameter along [100] as measured by XRD). Thus, the modulation along the a axis is not

an integer multiple (nor a simple fraction) of the lattice parameter, implying the presence of an

incommensurate structure along the a axis. As shown in the inset of Fig. 2(a), the extra spots also

exhibit streaking along the c axis as well as satellite reflections which correspond to a modulation

of -8-9 nm (=1 lc). As shown later, the modulation along the c axis may be a precursor to the

twinning observed on (001).
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Fig. 2 (a) [010] zone axis SADP of float-zone processed ReASi7;(b) calculated [010] DP for the
C 1lb MoSi2 structure,

In order to find evidence for the orthorhombic distortion revealed by XRD, more TEM

specimens were prepared with foil normal close to [001]. Fig. 3 shows a high resolution TEM

image with the corresponding [001] SADP. A (110) twin is shown in Fig. 3(a); on either side of
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the. twin boundary, a modulated structure of 1.3 nm periodicity can be observed. The

corresponding SADP in Fig. 3(b) shows the extra incommensurate reflections along the a axis.

The SADP (Fig. 3(b)) also shows spot-splitting across the (110) twin plane, as expected for

twinning accompanying a tetragonal to orthorhombic transformation similar to that observed in

YBCO superconductors [16], The b/a ratio maybe determined from the spot splitting observed in

the [001] SADP according to the following equation [16]:

b/a = tan (n/4+ r/41)

where r is the distance between split spots and 1is their distance from the origin. By measuring the

spacing of the split spots in Fig. 3(b), an orthorhombic distortion of -0.6% (b/a=l .006) was

calculated which is roughly consistent with the XRD results obtained by other investigators

[11,12].
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Fig. 3 (a) A high resolution TEM image and (b) corresponding [001] diffraction pattern from
pseudo-single crystal Re4Si7grown by the Czochralski technique. Note the (110) twin due to
tetragonal to orthorhombic transformation.

In some specimens, twins were observed on (001) consistent with a monoclinic distortion.

Figure 4 shows a bright field TEM micrograph and the corresponding [100] zone axis diffraction

pattern. Twins on the (001) with a periodicity of 30-40 nm are observed (Fig. 4(a)). In the

structure imaged along [010] zone axis (Fig. 2), a modulation of -8-9 nm periodicity was noted

along the c axis. This modulation may be a result of local structural distortions which could be the

precursor to the bulk monoclinic phase transformations, as observed in Bi-Sr-Ca-Cu-O

5



“.

superconductors [17]. Since the monoclinic distortion is weak, the spot-splitting along the c axis is

only observed in higher-order Laue zone (HOLZ) reflections. The angular distortion corresponding

to the spot-splitting may be determined as: tan Q= e = r/21 where r and 1 are as defined above.

From Fig. 4(b), 0=0.4° or, (1=90.4° (the angle between the a and c axes in the monoclinic

structure). Careful measurement of [010] patterns, such as that in Figure 2(a) confms that the

angle between the a and c axes is not an exact right angle. A monoclinic distortion of the average

sub-structure is consistent with the primary modulation wave-vector being incommensurate along

both a and c directions,
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Fig, 4 (a) Bright field TEM image and (b) [100] SADP pattern from pseudo-single crystal Re4Si7
grown by the Czochralski technique. (001) twins are formed due to orthorhombic to monoclinic
transformation.

Structure B

The second type of structure observed is also incommensurate along the a axis but exhibits

a much larger monoclinic distortion corresponding to a shear of 17° along the c axis as shown in

Fig. 5. This structure has modulations along the c axis of -40 nm wavelength and exhibits (001)

twins; the chevron fringes observed in Fig. 5(a), oriented at angles of -+/- 17° to the (001) plane,

are due to interference between incommensurate reflections belonging to the 00/ and hO/

fundamentalreflections, The spacing of these fringes ranges from -3.5 nm to -4.5 nm. The [010]

SADP shown in Fig. 5(b) reveals streaking at angles of -17° ~othe c axis. Along the two sets of

streaks, separated spots are observed with separations corresponding to the respective fringe
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spacings. Also, the incommensurate reflections along the a axis shown in Fig. 2(a) appear to be

split along the c axis with streaks parallel to the c axis joining the split spots. This structure may

result from structure A due to small changes in the composition of ReSi2.X, and/or a different

cooling rate. The two orientations of chevron fringes in Fig. 5(a) correspond to the two twin

variants.
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Fig, 5 (a) Bright field TEM image and (b) [010] SADP pattern from pseudo-single cgstal Re4Si7
grown by the Czochralski technique showing the structure B.

Structure C

This structure (shown in Fig. 6) was observed when samples exhibiting structure B were

annealed at 1250 ‘C for 48 hr and furnace cooled. Similar to structure B, (001) twins were

observed (Fig, 6(a)) and the structure shows a monoclinic distortion from the parent MoSi~

structure type, However, unlike structures A and B, this structure is commensurate. As shown in

the [010] SADP (Fig. 6(b)), the extra spots along g=l Ol are at rig/4 positions where n is an

integer. Thus, the diffraction spots of structure B are shifted from the incommensurate 4.14a

periodicity to a commensurate 4a periodicity. The monoclinic distortion in this structure

corresponds to a shear of 22.5° along the c axis. The boundary in the center of Fig. 6(a) is

irregular and contains a high density of dislocations. It may have formed when two nuclei of

structure C formed in different regions of the same grain and grew towards one another.



,.
“.

Discussion

The origin of the structural anomalies in “ReSi~’ when compared to the MoSiz structure is

related to its stoichiometry. Since ReSil is a narrow band gap semiconductor, it must have an even

number of electrons in the unit cell. This is true for stoichiometry of Re#i7 but not ReSi2. Thus,

we believe that the structural anomalies such as incommensuration and orthorhombic and

monoclinic distortions arise due to the need to accommodate a stoichiometric composition of Re#iT

in the host MoSi2structure.
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Fig. 6 (a) Bright field TEM image and (b) [010] SADP pattern of structure C from pseudo-single
crystal Re4Si7grown by the Czochralski technique and annealed at 1250 “C. The extra spots along
the 101 row, marked by circles, are at exactly 1/4 positions.

In this regard, it is interesting to compare the structure of ReqSi7with other “disilicides” of

group VIIB elements. It should be noted that both Mn and Tc also have stoichiometries of MnqSi7

[18] and Tc#i7 respectively [19]. In fact, for “disilicides” of Mn, at least four different structures

have been discerned by high-resolution TEM: Mn#iT, Mnl ,Silg, Mn1#i2G and Mn27SiAT,all in the

narrow range of Si to Mn ratio of 1.75 to 1.72 [18]. The tetragonal structures of the defect silicides

of Mn and Tc have been interpreted as Nowotny “chimney-ladder” phases derived from the

orthorhombic TiSiz structure-type [20]. In these structures, the Mn atoms form the “chimneys”

within which the Si atoms are arranged in a “ladder” [18,20]. Incommensurate structures result

when the Mn sub-cell parameter is not commensurate with the Si sub-cell parameter. A simiku-

Nowotny phase type structure may be possible for Re#iT as well where the different structures
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observed may result from small changes in composition, with the exception that the host structure

is MoSi2 and not TiSi2. High-resolution TEM is particularly helpful in discerning the structures of

these phases [18]. The stoichiometry is given as TnSi2n-~where n sub-cells of the transition metal T

coincide with m sub-cells of Si to fo~ one unit of the superstructure [20]. For a stoichiometry of

RedSiT,n=4 and m= 1. This is illustrated in Fig. 7 which is a [001] high resolution TEM image

from one side of a ( 110) twin boundary. One modulation wavelength is marked a~i (Si sub-cell

parameter); within each a~i, four a~~(Re sub-cell parameter) are marked. This “vernier” type

counting of Re and Si sub-cells to obtain stoichiometry is not perfect for the high-resolution TEM

image shown in Fig. 7 since this structure is incommensurate (structure A). High resolution TEM

was not performed for structure C.

Fig. 7 [001] high resolution TEM from one side of a (110) twin boundary in ReaSiT. For each
modulation wavelength (as), four Re (a~,) sub-cells are observed as expected for a stoichiome~
of Re4Si7.

The occurrence of twinning in ReSi2.Xis to be expected since the Nowotny-phase-type

structures (which could be incommensurate or commensurate) resulting from the need to

accommodate Re4Si7stoichiometry in the MoSiz type structure require rearrangement of Si site

positions. The presence of (110) twins suggests that the incommensuration occurs at some higher

temperature when the structure is tetragonal and the a and b axes are equivalent. The

incomrnensuration process causes rearrangement of Si sites resulting in a contraction of a axis and

elongation of b axis, and hence, the orthorhombic distortion and the accompanying (110)

twinning. The tetragonal-to-orthorhombic transformation requires two twin variants to

accommodate the shape change.

9
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The twinning on (001) helps to accommodate the shape change accompanying the

orthorhombic-to-monoclinic transformation; there are two additional variants arising from this

transfornation. The monoclinic structure requires that some atomic rearrangement also occurs along

the c axis. The three structures studied show different amounts of she~ along the c axis

suggesting that the different structures have different atomic positions mat may result from small

changes in composition. As shown in Fig. 4, the spot-splitting in the diffraction pattern

accompanying twinning in structure A indicates a monoclinic distortion of 0.4°. This is illustrated

schematically in Fig. 8 where [100] is perpendicular to the page. The (001) twin plane, a mirror

symmetry in the tetragonal structure, is viewed edge-on in this figure. The (010) planes Me rotated

by 0.4° when they cross the twin boundary in structure A.

4--)”’”- -

(010)

pl

Fig, 8 Schematic illustration of twinning on (001), marked as TP, viewed along [100]. This
twinning results in an orthorhombic to monoclinic distortion of & For structure A, (3= 0.4°.

Summary

TEM was used to study the defect structure of ReSi2-X(X = 0.25), which is USUally reported to

have the body-centered tetragonal MoSi2 structure. Three different structures were observed:

(i) Structure A modulated structure with an incommensurate periodicity of 1.3 nm along the a

axis with a larger period incommensuration along the c axis. Weak orthorhombic (b/a =

1.006) and monoclinic (fl=90.4°) distortions from the MoSi2 structure were also observed,

accompanied by (110) and (001) twinning respectively.

(ii) Structure B: this structure is also incommensurate along a and c axes and shows a larger

monoclinic distortion of 17° accompanied by (001) twinning.

10
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(iii) Structure C: this structure was obtained by prolonged annealing

commensurate but still had a monoclinic distortion of 22.5°

twinning.

of structure B and was

accompanied by (001)

The structural anomalies arise from the need to accommodate the stoichiometric composition of

ReSiz.X (x = 0.25) in the parent lattice with MoSi2 structure, similar to the Nowotny phase

structures observed in other group VIIB silicides such as Mn#iT and TcdSiT(which are derivatives

of the TiSi2 structure). More work is needed for a complete understanding of the defect structure

of such as annealing of structure A, high resolution TEM of structures B and C, and structure

refinement of the commensurate structure; these will be addressed in fbture experiments.
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