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Al~tmc¢ 

RuSt has long been known to form in two modifications, i,e, CsCI-type at high temperatures, and FeSi-type at low 
temperatures, The transition temperature has recently been determined as 13(XI°C for stoichiometric material, but is strongly 
del~ndent on the exact stoichiometry, We have evaluated the structures of both pha~s under applied pressure of up to 40 
GPa, No evidence for a pressure-induced transition was found. The bulk moduli of CsCI- and FeSi-type RuSt were determined 
~s 1215 ~ 15) GP~ ~nd (255 ± 151 GPa, respectively, Tran,;port and optical properties of both modifications have been 
inve~tig~led~ Obvious!y, the C~Cl~modification is metallic, whilst the FeSi-modification is a narrow-gap semiconductor with a 
g~p of i),2~11,3 eV, © lqq7 Elsevier Science S,A, 
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1. | n t ~ . c | t o n  

RuSt is known to form in two modifications, i.e. 
CsClotype at high.temperatures (HT), and FeSi-(B20) 
type at low temperatures (LT) [1]. However, a phase 
transition between both modifications has been a 
matter of debate, and some workers claimed the 
occurrence of either phase to be determined only by 
stoichiometry [2]. Recently, a transition temperature 
of 13~)~C has been measured by means of thermal 
expansion [3], and annealing at such high tempera- 
tures results in almost pure LT-phase ~lycrystals 
which are suitable for physical investigations. 

The LTophase of RuSt is of s~cial interest, since it 
might serve as a non-magnetic reference system for 
the nar~ow-g~p semiconductor FeSi [4], which is 
claimed as a first example of a 3dobased (instead of 
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4fobased) Kondoosemiconductor [5]. Measurements of 
the de-resistivity, the Hall-effect, and the thermoelec- 
tric ~wer  clearly show that the LT-phase is a narrow- 
gap semiconductor, whilst the HT-phase is a normal 
metal [3]. 

We have now investigated the transformation be- 
havior in some more detail, and also investigated the 
structural parameters under applied pressure of up to 
40 GPa. In addition, the optical properties of both 
modifications have been investigated in a very broad 
spectral range. 

2. Experimental 

2 I. Anm, afing aml stoichiomemc studies 

Recently, a transition at -- 1300°C was observed for 
stoichiometric RuSt [3], but a much smaller transition 
temperature was reported for Ru~.~Si. In order to 
examine the stoichiometry dependence of the transi- 



R Buschinger et al. ~Journal of Alloys and Compounds 262-263 0997) 238-242 239 

tion, and also to obtain single-phase material of both 
modifications, the structural compositions of several 
samples with stoichiometries slightly deviating from 
the 1:1 composition were studied after certain heat 
treatments. 

All samples were prepared by repeated arc-melting 
under protective Ar-atmosphere. Only samples with 
negligible weight loss during melting ( < 0.5%o) were 
considered for future investigations. The samples were 
subjected to several annealing processes in high- 
vacuum. X-ray po~der diffraction patterns were 
recorded using Cu-K a-radiation after each annealing 
step. The results are collected in Table 1. In general, 
as-cast samples, which are rapidly cooled from tem- 
peratures well above the transition temperature, con- 
sist of a mixture of both phases, plus a small amount 
of Ru:Si 3 for the samples with Si-excess. Samples 
rich in R~. merely consist of the high-temperature 
phase. This already shows that the transition is rathe- 
sluggish, and also shows that the homogeneity range 
of RuSi is extended for samples rich in Ru, at least up 
to 5% Ru-excess, but is very small for samples rich in 
Si. Tho transition temperature is strongly dependent 
on the exact stoichiometry: samples with the l:l stoi- 
chiometry show a transition around 1300°C from the 
low-temperature phase to the high-temperature phase, 
whilst samples both with Si- or Ru-excess can be 
transformed ~ at least in part - -  below 1000°C. This 
result shows that the stability range of the HT-phase 
increases with defects. 

For the following investigations, a :;toichiometric 
sample, which was annealed at 1300°C, was chosen as 
the best representative of the LT-phase, and an as-cast 
sample with the composition Ru~,~Si was chosen as 
representative of the HT-phase. 

Z 2. High pressure studies 

In order to measure the bulk moduli of both modi- 
fications and to check whether a pressure-iuduced 

transition might exist, room temperature structural 
investigations under applied hydrostatic pressures of 
up to 40 GPa were carded out using synchrotron 
radiation at the ESRF in Grenoble. Small amounts of 
both FeSi- and CsCl-type RuSi were ground to very 
fine powder and inserted together into a diamond 
anvil pressure cell using a gasket with 100 pm diame- 
ter drilled hole with a methanol-ethanol 4:l-mixture 
as the pressure transmitter. Additionally, small pieces 
of ruby were inserted in order to determine the 
applied pressure via the shift of the fluorescence lines 
[6]. A silicon monochromator was used to fix a wave- 
length of 0.4554 ,~,, and several blades were used to 
limit the beamsize to 50 x 50/~m to ensure that only 
the center of the pressure cell was investigated. 2D 
Debye-Scherrer diffraction patterns were recorded 
using an image-plate system, and were integrated to 
obtain the conventional I D diffraction patterns. Parts 
of typical diffraction patterns are depicted in Fig. 1. 
Starting from zero pressure, diffraction patterns were 
recorded at a number of pressure points up to 40 
GPa, which all show reflections of both phases. 

The angular position of the diffraction lines was 
used to evaluate the lattice parameters of both phases 
as a function of pressure. Below ~ 20 GPa, the 
observed lines are very sharp as hydrostatic pressure 
conditions are given. Above 20 GPa, the lines broaden 
due to pressure gradients in the cell. Unit cell volumes, 
normalized to the zero-pressure values, are shown for 
both phases in Fig. 2. The pre~,~ure dependence was 
tiffed using the Murnaghan [7] equation of state, 
which yielded bulk moduli of (255 ± 15) GPa and 
(215 ± 15) GPa for the CsCl-type and the FeSiotypc 
material, respectively. At all investigated pressures, 
the relative intensities of the reflections of both phases 
remained essentially unchanged, thus showing that a 
pressure-induced transition amongst the two phases is 
absent up to 40 GPa. However, the Xoray density of 
CsCl.type material is 5% larger than that of FeSiotypc 
material at ambient pressure (8.70 g/cm ~ compared 

Table 1 
Composition of different RuSi-samples after certain heat treatments as ohlained from the relative in!cnsitics in the X-ray diffraction patterns. 
All annealing procedures were carried out for 120 h in a vacuuai s t a t e  p < i l l  t' robot, and were 1011owed by a slaw cooling 

Nominal As cast I IHHI~'C I IIH)°C ! 21M~°C 13t~rC 

RuSi 70% LT. 30% HT 98% LT. 2% HT 
RuSil, ~ 75% Ul', 20% HT. 95% LT. 

5% RuaSi~ 5% Ru2Si~ 
RuSil i,b~ 75% LT, 22% HT, 95% HT, 2% LT, 97% HT. 97% HT. 75% LT. 22% HT. 

3% Ru2Si~ 3% Ru~Si~ 3% Ru~Si, 3% Ru~Si~ 3% Ru:Si~ 
R::~ ~l~Si 100% liT 70% LT, 31|% HT 40% LT. 60% HT 
Ruam Si 100% HT 80% LT, 20% HT 
Rut o~Si I(H)% HT 
Rul iSi 98% HT. 2%? 

LT, low-temperature phase; HT, high-temperature phase; ?, unidentified impurity phases. 
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Fig, 1, L~-ang|c part of typical X-ray diffraction patterns oI" CsCI- 
and FcSiotype RuSt, obtained at 10. 19.5. 2~.5. and 37.5 GPa. as 
integrated from the original 2D-imageplate data. Ilk [110]. (3): 
[1111, 15): 12001 reflection of FeSi-type RuSt, (2): [1(111] reflection of 
CsCl-typ¢ RuSi, (4): reflection from ruby. 
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Fig. 3. Resistivity of RuSt vs. T, mcasurcd between 2 K and (~)0 K. 
Inset shows rcsistivity of Ru~ mSi in the temperature range 4 < 7" < 
3tlt; K. 

to 8.28 g /car ) ,  and with applied pressure this differ- 
ence is only moderately reduced to, e.g., 3.9% :t 3(I 
GPa. This implies that the LT phase gets stabilized, 
but a pressure-induced transition would only occur at 
extremely high pressure, 

g3, Transm~rt and magnetic propertie,v 

Fbr samples of both the CsCI° and of the FeSi°type, 
resistivity and magnetic susceptibility me;|surcments 
h~ve been carried out in the temperature ranges 
2 < T < 9(10 K and 2 < T < 350 K, respectively, Mag= 
nctic mca~urement~ show sm~dl di~|magnetic su~eptio 
bilitie~ for the FaSt=type modification. 

Resistivity data (Fig, 3) clearly show a coitve.tional 
mclalli¢ behavior fi)r the CsCl°lyp¢ samples with =~ 
monotonic incrca.e from a low lcntpcralur¢ residual 

re~i~tivily of ,,, 21} Ui} cm up to 00 t~ll! cm at 31111 K. 

o CsClotype 
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Fi:g, 2, Unit cell volumes n ormalit~d to the te~cetiw ~ p~sst~re 
values t~ C~Clo~yffe (oi~.  squares) and FcSi°tyw (iillcd squares) 
RuSi at n ~ n  tempcr~|ure and at p,rc~ur~s tYom |) to 4i) GPa Solid 
l:i.nc~ a.~¢ fi~ ~r~m~/mg to the Murnaghan equation of s|~!e, with fit 
pa.r~ametcrs B, ~ 255 GPa. B,' ~ (~.71 for C~CI=t)T~e. and B, ~ 215 
GP~ B,' ~ 7,~3 fo,t FcSi=ty~ RuSt+ 

By contrast, the resistivity of FeSi-type samples is up 
to five orders of magnitude larger at 2 K and de- 
creases in a semi-conductor like manner to -.- 300 #[I 
cm at 900 K. However, the resistance behavior shows 
different regimes due to the crossover from intrinsic 
to extrinsic conduction mechanism, At temperatures 
above 5(XI K, the resistivity follows an activated be- 
havior, i.e. in p ¢x A/2kaT, with a gap width of -- 3600 
K. Around room temperature, the resistivity levels off 
due ~o change from intrinsic to extrinsic conduction. 
At lower temperatures the resistivity again shows an 
activated behavior, but with a much smaller gap width 
of ,- I(HI K. However. this activated behavior only 
holds down to -,, 50 K mid, at still lower tempera° 
tures, a cro~iwer to a hopping°type conductivity is 
obvious from the obseB, ed Jn-p ~ T~/4,behavior. Such 
power=laws are commonly a,~rihed to variable-range 
hopping (VRH) 18]. The cros~ver to hopping-type 
transport is also obvious from the drastic decrease of 
the mobility below 50 K [31. 

Z 4. Opticalproperties 

Optical investigations revealed to he a powerful 
experimental t ~ l  in the case of the 3d-based transi- 
tion metal monosilicides FeSi [9.10]. Thus, we have 
performed optical reflectivity measurements on RuSt 
over a very broad s~ctral range, extending from the 
far-infrared (FIR) up to the ultraviolet. The details 
a~u t  the experiment can be fou,J elsewhere [10]. 
Fig. 4a and Fig. 5a display the reflectiviiy R(aJ)of 
RuSt (FeSiqy~) at 3~.  100, 50 and 6 K and of 
Rul,tSi (CsCl-ly~) at 300 and O K, respectively, over 
the whole measured s~ctrai range. The correspond. 
ing real parts of the optical conductivity ~r(o~) are 
shown in Fig. 4b and Fig. 5b. This latter quantity is 
obtained by performing the Kramers Kxonig transfor- 
marion on the reflectivity spectra [10]. The insets are 
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an enlargement of the FIR spectral range. In both 
R(oD and o-(~) we immedhtely remark a rather 
important temperature dependence in RuSi, which is 
however absent in RuL,~Si. This latter compound 
presents indeed a typical metallic and apparently tem- 
perature-independent behavior, characterized by the 
Drude-like component in the excitation spectrum. On 
the other hand, in RuSi the reflectivity decreases in 
FIR with decreasing temperature, manifesting the 
progressive disappearance of spectral weight associ- 
ated with the free charge carriers. This can also be 
immediately recognized in (r(~) (see inset of Fig. 4b), 
where its dc limit decreases with decreasing tempera- 
ture in agreement with the dc transport data. In the 
spectral range from the mid-infrared up to about 1 eV 
there is another important temperature dependence 
which is particularly manifested in R(to) (Fig. 4a). In 
terms of o'(to), it corresponds to the huge absorption 
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Fig. 4. (a) Rellcctivity and (b) real part of the optical conductivity 
of RuSi. The insets disphv an enlargement of the FIR spectral 

range. 
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at about 1.5 cV, which has an onsc! already near 
(I.2=0.3 eV, In addition, the spectra are characterized 
by several sharp absorptions between 200 and 000 
cm -I, which are probably due to lattice phonon 
modes. The dynamics of the charge excitation speco 
trum in RuSi suggest a scenario where a narrow 
semieonducting gap is already opened at 3[XI K, co_rre- 
sponding to the huge absorption with onset in the 
0.2~0.3 eV spectral range. The residual and very small 
amount of spectral weight at low frequencies, which is 
ascribed to the hcc charge carriers contribution, could 
be mostly provided from the small amount of metallic 
CsCI-type RuSi. In this respect, RuSi is a poor metal 
and at 300 K its electrodynamic response is domio 
hated by the pseudogap-like feature peaked around I 
eV. By lowering the temperature, RuSi changes to a 
true insulator, displaying moreover a new absorption 
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, d (acting as backgroun to ~he lattice m~es) around 
2 ~  era- ~. This latter feature could be associated with 
the gap of the further activated behavior established 
at low temperatures in the transport properties. The 
ge~ral trend of the optical properties in RuSt is, 
however, different from what has been found in FeSi, 
for which metallic behavior was inferred at 300 K and 
the narrow ~miconducting gap was found to open 
prcgre~ive~ ~low room temperature [9,10]. Further 
investigations are in progress in order to completely 
understand the electrodynamics and to reveal the 
nature of and the role played by correlations in RuSt. 

3. Summa~ 

properties of the samples investigated are strongly 
influenced by the remaining HT-phase impurities, and 
thus resemble those of heavily doped semiconductors. 
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We have investigated the stoichiometry dependence 
of the structural phase transition temperature of RuSt, 
and found a strong decrease from 1300°C for the pure 
com~und to below 1000°C both with small St- and 
Ru-excess, This shows that the HT phase gets 
stabilized by slight deviations from I:1 stoichiometry. 
The homogeneity range extends up to 5% Ru excess, 
but only to very small St-excess. 

The evaluation of the high.pressure structural data 
of ~ t h  phases gives no evidence for a pressure-de- 
pendent pham transition, and yields bulk moduli of 
(215 ± 15) GPa and (255 ~ 15) GPa for CsCI- and 
FeSiotype RuSt, respectively. 

Trans~rt and optical properties clearly show that 
~he HTomodifleation of RuSt is a simple metal, whi;st 
the LTomodiflcation is a narrowogap semiconductor 
with ;~ g~p of ~ 11.2:1t.3 cV. However, physical 
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