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MEDIUM RANGE ORDER IN NON-CRYSTALLINE MATERIALS

Mihai A. Popescu

Nationa Institute of Materias Physics, Bucharest-Magure e,
P.O. Box MG.7, Romania

The ordering in non-crystalline materials is shortly reviewed. The medium range order in
covaent glasses is discussed with the specia reference to As,Se; glass. A new
nanoparacrystallite model is advanced. The specia ordering in metal glasses in relation to
the effect of tensile load and thermal annealing rdaxation is discussed. Finaly, the
anisotropy of the order in metal glasses and the medium range order in molten metallic
aloys are discussed.

1. Introduction

In contrast to the crystaline state characterized by long range order (LRO), i.e. by
correations between the positions of every two atoms situated as far as possible one from another,
the non-crystalline state is characterized by the absence of LRO. What remainsis not atotal disorder
but a certain limited order called short range order (SRO), defined by the interatomic correlationsin
the first coordination spheres of an arbitrary atom, i.e. up to the maximum distance where the atomic
forces are acting.

In many non-crystalline materials the order extends up to larger interatomic distances than
those corresponding to SRO. On this basis a new type of order was defined: the medi um range order
(MRO) or theintermediate range order (IRO) [1,2,3].

MRO can be regarded as given by structurd correlations in the range of 0.5 — 1 nm, in
excess of that expected for an ideal Zachariasen — type continuous random network (CRN)
characterized by arandom dihedral angle distribution [4].

Thereis a great interest in the medium range order of covalent glasses and metal-metalloid
disordered materias [5]. MRO plays an important role in the control of the physical properties of
solid disordered materials. Neverthdess, a satisfactory explanation of the nature and properties of
MRO for the most important d asses of non-crystalline materialsis still lacking.

2. The signature of the medium range order

The medium range order in non-crystalline materials do not give well defined spectroscopic
pattern. The vibration spectra and, particularly, the Raman spectra can be in some circumstances
sensible to some detailsin MRO [3].

The most powerful methods for the detection and investigation of MRO are those based on
the diffraction of X-rays, dectrons or neutrons. The main information regarding MRO is obtained
from the diffraction patterns which exhibit either a pre-peak on the low angle side of the main
diffraction maximum or a more or less developed first sharp diffraction peak (FSDP) or, even, a
complex structure in the vicinity of FSDP, as recently reported by Baidakova et al.[6]. The atomo-
eectronic radial distribution function (RDF) calculated from the measured structure factor shows
deails at high distances which are related to MRO, but the structural information is an averaged one
and, on the other hand, accurate RDF curves arerardy available.



In the X-ray diffraction curves the specia features related to MRO are situated at low
scattering wavevectors, whilein the radial distributi on functions, the high distances considered from
an arbitrarily chosen atom carry the information on MRO.

Figs. 1 and 2 show the structure factors and the corresponding RDFs for amorphous ice
prepared by deposition from water vapours on the substrates maintained at 77 K and at 10 K [7].
The MRO strongly differs in the two forms of a-ice, as can be seen, looking at the details on both
type of curves. The preparation conditions are important factorsin the deve oping of MRO, not only

in aice but also in many other non-crystaline solids.
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Fig. 1. The structure factor and the reduced (differentia) radid distribution function of a-ice

deposited and studied at 77 K (---) compared with those calculated from a structural model with

155 atoms deve oped by computer (—). The model contains amixture of atom rings including
4-fold rings [8].
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Fig. 2. The structure factor and the reduced (differentia) radia distribution function of

amorphous ice deposited and studied at 10 K (---) compared with those caculated from a

structural model with 156 atoms (—). The model contains only evenrings of atoms (6 and
8-fold rings) [8].

3. Medium range order in covalent glasses and the new
nanoparacrystallite model

One of the largest cdlass of covalent glasses is that of non-crystalline chalcogenides. The
most studied members of this class consist in combinations or aloys of arsenic with the chal cogens

(sulphur, sdenium, tellurium).



We shdll discuss in this section the As,Se; glass. This is a stoichimetric glass and its
crystdline form (c-As:Se;) is well known. The structure of the As,Se; crystal consists of two-
dimensiona layers stacked aong the crystallographic axis b. Each layer represents a system of
interconnected twelve-member rings of alternating arsenic and selenium atoms [9]. The atoms are
bonded only by heteropolar bonds according to the valency: three for arsenic and two for sdenium
atoms [10] (Fig. 3).

—

c

c-As;Se;

® As @ Se

aasi e gul
253 faa eV I

Fig. 3. The crystalline structure of an As,Se; layer in c-As,Se;. The packing of the layers along
the b-axisis @so shown.

What happens when a crystal of As;Se; is melted and the melt is, then, cooled a room
temperature? The answer was given by the experiment: aglassy, vitreous or non-crystdlinesalidis
obtained.

The structure of glassy, g-As,Se;, was thoroughly investigated along the last twenty five
years. Fig. 4 shows the diffraction pattern of this material [11]. On the same plot are drawn the most
intense diffraction lines characterigtic to crystalline As,Ses.
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Fig. 4. The X-ray structure Factor of g-As,Se;. Thefirst peak isSFSDP and is
located at k= 1.27 + 0.004 A™.

It is tempting to conclude that the broad diffraction maxima in g-As,Se; correspond to the
average position of the group of diffraction lines of c-As,Se;. At a first glance, this means that, in
this particular case, the microcrystalline theory for the structure of the glass should work.
Nevertheless, if the fine detailsin Fig. 4 are observed, then one finds easily that a simple broadening
of the crystaline diffraction peaks followed by their convolution, gives different positions and
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intensities of the maximain the diffraction pattern of g-As,Se;. Therefore the microcrysta line model
must be discarded. In this case the medium range order in glassy arsenic sdenide cannot be
explained on the basis of limited size of the microcrystallites.

Before discussing a possible redistic model for the origin and the degree of extension of
MRO in As,Se;, |& us follow the history of the problem.

Many scientists pointed out that the FDSP in the diffraction pattern of g-As,S; is
significantly narrower than the other peaks and exhibits a peculiar behaviour. The characteristics of
this peak (intensity, width and position on the scattering vector scde) is very sensitive to various
physical parameters: temperature, pressure, annealing conditions, irradiation. There was shown that
the variation of the FSDP intensity with the temperature and with the aggregation state (solid or
molten state) is anomalous [12] in the sense that this peak increases reversibly with the temperature
and becomes higher in the liquid state as opposite to the other peaks in the X-ray diffraction curve
whose behaviour is normal (they decrease and become broader due to Debye — Wdler factor). Fig. 5
shows this special feature.
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Fig. 5. The X-ray diffraction pattern of glassy As,Se; at room temperature and in the liquid state at
higher temperatures [13].

This strange behaviour challenged the scientists. Consequently new modéds for MRO
emerged. The first one, supported by detailed calculations was the model with molecular clusters
[14]. In this mode the packing of As,Se; molecul es succeeded to reproduce the FSDP although with
some arbitrariness in choosing the parameters. Thus, by changing the parameters as e.g. radius of
cluster, packing density, etc. one can get any shape and intensity of the theoretical FSDP and a good
fit to the experimentd peak is ensured.Unfortunately new problems appear because the simultaneous
fit to the other broad maximain the diffraction curveis very difficult to get.

Later, Elliott [15] proposed an other modd called void-based modd or void corrdation
model, for the explanation of the FSDP, in genera, without paying specia attention to g-As;Se;.
According to this mode, the FSDP is a chemical order manifestation due to interstitial volume
around cation-centred structura units. The calculated positions of FSDP for some covalent glasses
(SiO,, GeO,, ZnCl,, GeS,, GeSe,) agree well with the experimental ones and it is claimed that the
anomalous dependencies of FSDP on pressure and temperature can be explained in the term of
density effects. Nevertheess, this explanation tells nothing about the true nature of MRO when
structural configurations are discussed.
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In the old literature on chal cogenide glasses one remarks the structural modd suggested by
Vaipadlin and Porai-Koshits [16], after a careful X-ray anaysis of g-As,Chs; (Ch=chalcogen)
materials. According to this model, As,Se; and the other arsenic chalcogenides consist of layer
configurations similar to those found in crystals but strongly waved. Several groups of research
support this modd . Almost all the modds devel oped up to day tried to explains mainly the FSDP, or
the FSDP and the first main peak. They neglected, volens-nolens, the other details in the structure
factor.

We have tried to show that the experimenta data on g-As,Se; and, possibly, on other
covalent glasses, can be explained consistently on the basis of the paracrystdlite concept devel oped
by Hosemann [17].

Firstly, we would like to observe that in many chal cogenide glasses the broad maxima are
located at the positions where intense diffraction peaks exist in the crystdline homologs. Fig. 6
shows, after 1toh [18], the cases of four arsenic selenide based glasses modified by Ag and Cu. Itis
noteworthy that neither the glassy nor the crystalline Ag(Cu)-As,Se, materials possess diffraction
peaks at 20 = 17°, (CuK radiation) the position of FSDP in glassy As,Se;. Therefore, the glasses
show short range order and medium range order similar to those of the crystaline counterpart

compounds.
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Fig. 6. X-ray diffraction patterns of glassy (g) and crystalline (c) Ag(Cu)-As,Se, glasses.
Only intense peaks are shown in each crystaline diffraction patterns.

Now, let uslook at the structure factor of the As,Se; glasses from the point of view of the
nanoparacrystdlite theory. The diffraction pattern of As,Se; glass shows peaks at the scattering
wavevectors (k or s) which roughly corresponds to the higher order of diffraction of the first sharp
diffraction peak. If these peaks can be ascribed to a single set (this hypothesis can be valid, indeed,
for the first several maxima, because for larger scettering wave vectors the short range order effects
dominate while the contribution of the main paracrystallite diffraction planes for higher diffraction
order vanishes) then, it is possible to check the relation between the peak width and the diffraction
order, as demonstrated by Hinddeh and Hosemann [19]. Indeed, as Fig. 7 shows, there exists a
perfect linearity between the width of the diffraction maxima, db, and the square of the quadratic
sum, h? of the Miller indices, for the basical paracrystalite plane (001) of the c-As,Ses. The
dependency 8b ~ f(h?) seems to be a strong argument in favour of the existence of paracrystallites as
constitutive e ements of the arsenic sd enide glass.
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Fig. 7. The Hosemann plot for the paracrystallite structurein As,Se; glass.

From the Hosemann graph one can get two important parameters. The intercept of the right
line of the plot with the ordinate axis gives the value of 1/D, where D is the average paracristalite
thickness measured normal to the basical paracrystalline plane. From the slope of theright linein the
graph it is possible to calculae the paracrystalite distortion parameter, g, which is defined in the
theory as the relative paracrystallite distance fluctuation, g?=(d/d? — 1)*?, where d is the average
inter-plane spacing and o is the mean square value of d. The mean paracrystallite thickness obtained
for the g-As,Se; 15 2.98 nm. This valueisin excdlent agreement with the estimations reported in the
literature. Taking into account the layered modd, Leadbetter and Apling [20] have caculated a
packing thickness of 2.0 — 2.2 nm, i.e. an average of four corrdated layers. De Neufville et al. [21]
have estimated a corrdation range of 4 nm. The paracrystdlite distortion parameter, g, determined
from the Hoseman's graph is 0.16. This means that the nanoparacrystdlites in As,Se; show strong
deviations from the ided crystallite structure (g=0), but are well bdow the limit of the complete
disappearance of any crystal-like feature (g=1).

The crystaline features in many glasses can be understood if one observes that during the
amorphization process performed by applying high pressures, shock waves or by heavy particle
irradiation, firstly vanish the crystallographic planes that are characterized by weak occupancy (low
density). What remains, finaly, is the backbone of the structural order, i.e. the best and strongest
connected structural planes. In the case of quartz (a-SiO,) the experiments have shown that the
amorphous state can be reached by applying high pressures. Before amorphization, under hydrostatic
as wdl as non-hydrostatic stress the material exhibits characteristic lamellar festures [22]. The
density of the lamellar “defects’ increases with the pressure. The planar deformation features occur
on rotational crystal planes and their dominant orientation is related to the peak stress. Bdow 12
GPa the dominant orientation is (0001). It is suggested that the amorphization results from the
instability in the shear modulus in the (101n) planes.

In the case of chal cogeni de glasses, which are characterized by atomic coordination 2 and 3,
the basical layers lose the intrinsic order very easy during cooling of the melt but preserve the layer
packing on the distance of the order of paracrystallite thickness parameter. The type of structural
dements preserved in the glassy state seems to depend on the chemical composition of the material.
Thus, there was firmly established that the dominat contribution to the FSDP in GeSe, glassis given
by the Ge-Ge corrdations [23]. This means that, primarily, the structura units based on terahedral
germanium bonds are involved in the structural configuration responsible for MRO and this fact is
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related to the better bonding and higher stability of the denser crystallographical planes based on
packed germanium tetrahedra The most stable structural planes of the corresponding crystaline
phases are maintained in the disordered materials with ill defined packing and they give riseto MRO
structura effects. The nanoparacrystallite theory which is well defined for the lamelar and fibrous
structures seems to find in the chal cogeni de glasses an appropriate working case.

In the frame of the nanoparacrystdlite theory it is possible to explain all the characteristics
and the complex behaviour of the FSDP while new parameters useful for glass characterization can
be extracted. The high sensibility of the FSDP to various physica parameters can be explained by
the existence of the basical paracrystaline configurations characterized by large packing distances.
Bradaczek [24] has shown that the position and the intensity of the X-ray diffraction peaks change
differently in every diffraction order as afunction of the paracrystalite parameters. The FSDP which
represents the first order diffraction peak in the paracrystalline modd is, therefore, very sensible to
the modifications of the paracrystaline configurations in glasses. The sef-organization of the
paracrystalline e ements are governed by the long range forces that exists even in the liquid state at
not too large temperatures.

4. Medium range order in glassy metallic aloys

The glassy metallic alloys or metglasses represent a large class of materials which contain
metals (Fe Co, Ni, Pd) combined with metdloids (Si, P, B), that can be obtained in non-crystalline
state by rapid quenching of the melt (spin melting method and spla cooling procedures are used to
this aim). Because the usual compositionsinvolve metalloid and metallic e ementsin the proportion
of 1:4, the metallic bond is dominant. The covalent component of the bonds is not negligible, but,
moreover, isthe essential factor for the stabilization of the glassy state.

In metglasses obtained as ribbons of various sizes were observed particular features related
to more or less ordering at the atomic scale. On this basis it was possible to get deeper insight into
the nature of MRO in these glasses.

Firstly we shall discuss the effect of a tensile load applied to the metglass on the atomic
scd e structure and, therefore, on the modification of SRO and MRO in such materials.

The effect of the tensile deformation on the structure of disordered Pd,Si was studied by
Matsumoto and Maddin [25,26]. They proposed a qualitative model describing the evolution of the
structure with the deformation. The structura transformation suggested consists in an atomic scale
change from a Bernal random cl ose packed arrangement to a structure with crystalline islands which
grow with the temperature, stress and time. Pampillo and Chen [27] reveded that in amorphous
Pd;;.sCusSi16 5 the compressive plastic deformation is highly inhomogeneous and it is supposed that
some destruction of the SRO takes place. Masumoto and Maddin [28] found that the deformation
stabilizes the internal structure of amorphous Pd;Si and increases the crystd lization temperature by
20-30°C. Masumoto &t d. [29] have shown that cold rolling at room temperature produces a much
more disordered structure in amorphous Pd-Si than is present in the as-quenched state Using
transmission eectron microscopy and micro-dectron diffraction, they proved that a cold rolled
sample of NizsSigBs7 is heterogeneous. Bright bands whose diffraction pattern is different from that
of the rest of the sample were observed. Waseda and Egami [30] studied the effect of cold rolling
and isotherma creep on the structure of the splat-cooled glassy Pd;Si and concluded that the
structural change induced by deformation is quite distinct from the structural relaxation induced by
annealing.

Popescu [31] studied the problem of structural relaxation under a tensile load applied to a
metglass ribbon of composition FeBy. The X-ray diffracted intensity curves before applying a
tensile load (as-quenched state), after mechanical deformation (stretched state) and after one day of
relaxation (rel axed state) are shown in Fig. 8.
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Fig. 8. The X-ray diffracted intensity patterns of glassy FegB,o ribbon.

The deformation induces a significant decrease of the height of the first diffraction pesk,
while the second peak increases and the following broader peak diminishes its intensity. The
relaxation results in slight modifications in the X-ray pattern, which tend to restore the initia
structure. Theradial distribution functions are shown in Fig. 9.
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Fig. 9. The radid distribution functions for the FesoB2o glassy ribbon. (a) Reduced RDF before
and after deformation. (b) Differential RDF: (as-quenched state)— (stretched gate).

If one compares the positions of the main maxima and minima in the differential RDF with
the positions of the atomic coordination spheres of crystalline bee iron and of the crystalline
compounds FeB, FeB, FesB and FeB, one concludes that the initial  as-quenched states
characterized by a higher levd of SRO of the type Fe&B than the plastically deformed state. The
peak situated at ~0.22 nm speaks in favour of a dominant concentration of Fe-B pairs in the as-
gquenched state. The minima situated in the positions corresponding to the coordination spheres of
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bce a-Fe dearly indicate that in the plastically deformed state, an ordering similar to that occuring in
crystdline a-Fe appears.

It is remarkable that the SRO of the type a-Fe, reveaded in the sample deformed under
tensile load is identical to the SRO of the stable crystaline phases which appear during
crystalization of the amorphous FesoB2o[32], i.e. a-Feand tetragona Fe;B.

In conclusion, the deformation at room temperature (wel below Tg) lead to a more
disordered structure which occurs as a consequence of a greater compositional disorder. Fe;B is a
strongly bonded compound and, therefore, its formation is energetically favourable. The a-Fe
precipitates as a consequence of the viscous flow of the glassy material. Uniaxia tensile load applied
to the metallic glass induces profound modifications in the atomi ¢ short range order.

In amorphous FesB2, a compositional splitting was observed. This cannot avoid the
modification of the medium range order whose extension depends on the ordering characteristic of
SRO configurations. Thereis evidence of abcc SRO characteristic to a-Fe and a SRO characteristic
to FesB. The observed effects can be corrdated with the decrease of the corrosion resistance of the
glassy metallic alloys subjected to high deformations.

The behaviour of the metglass during annealing was studied by Waseda [33] and modéelled
by Popescu [34]. The careful anaysis of the glassy Pd4Si has evidenced in the diffraction pattern a
small but significant effect. The second diffraction maximum which is splitted changes the intensity
of both component in different directions: the peak of larger intensity slightly increases and that of
low intensity (visible as a pronounced kink) slightly decreases. This behaviour has been expla ned
only by modelling of the structure in the frame of a modd (DRPSU- dense random packing of
structura units). A specia process of reaxation has been applied in a computer array (160 atoms),
based on the minimi zation of the free energy of the modd. In this process the atoms were alowed to
change their coordination spheres and bonding with the neighbouring atoms, if the modifi cations of
bonding determine the diminishing of the total free energy of the mode. The state of order was
significantly improved after severa iterations. The structural characteristics of the mode for the case
of relaxation without changing the coordination spheres were compared to those of the fully re axed
model (when the interatomic bonds were allowed). Fig. 10 shows the results.
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It is quite impressive how this small mode can reproduce with high accuracy the fine details
seen on the diffraction patterns and the modifications induced by annealing in the Pd,Si glass. But,
the greatest importance of the modd is the possibility to understand directly what kind of
transformations at the atomic scale are related to the thermal effect in glassy metdlic aloys. Careful
analysis of the model lead to the conclusion that the thermal relaxation is characterized by the
rearrangement of the bond configuration so that the first coordination of metal and metall oid become
narrower and the coordination polyhedra change their shapes toward the ideal ones kown from the
crystals. Theimprovement of SRO during annealing has a s gnificant impact on MRO whi ch extends
toward larger distances. It is not yet possible to determine the level of extension of MRO by using
only one modd, but we think that in the future the simulation experiments will be able to give the
answer to this question.

If the changes during annealing and tensile loading are so important and so different as
regarding the effects produced in the metallic glassy alloys, then it is not impossible that the action
of these factors upon a metglass ribbon give rise to an anisotropic ordering of the basica
configurations that gives MRO. This means that the extended ordering (MRO) in glasses can be used
to create anisotropy. In this case the metglass ribbons are good candidates for the investigation of the
anisotropic effects, because they are quenched on a copper drum and, in the process of coadling the
thermal gradient along the ribbon is very high while in the transverse direction is practically zero.
Recently we have measured by X-ray diffraction the structure of a FeyNisgB14Ps ribbon of 1.5
centimeter width. The measurements has been performed for two orientations of the ribbon. The first
oneis pardld to the X-ray beam and the second one is transversal to the beam (the sampleis rotated
by 90°). The RDF were carefully pocessed and the final curves were compared (Fig. 11).
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Fig. 11. The region of the first coordination sphere in the radia distribution function

caculated from the diffraction pattern messured on a metglass ribbon of composition

FeyoNi 0B 14Ps in two positions: longitudinal and transversal in relation to thedirecti on
of the X-ray beam.

The results are highly surprising because the RDFs differ significantly from one direction of
measurement to the other. The effect was confirmed by measuring the sample on both faces. For the
transversal position the first coordination seems to be very uniform and homogeneous, while for the
longitudinal position of the sample a coordination splitting occurs. These differences are preserved
aso for the second large coordination sphere where similar play between a pair of peaks persists.
Now is not entirdy clear what happens but, undoubtedly, the anisotropic change in SRO is
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demongtrated (first coordination sphere changes) and anisotropic change in MRO is reveded (the
second and higher coordination spheres are modified).

It is important to look on the possibility to have MRO in the liquid state of the solid
materias. In thelast years much attention was paid to the investigation of the atomic-scal e structure
and of physical properties of liquid binary and multi-component alloys. The most results can be
interpreted by taking into account the association phenomena, i.e. the formation of homo-atomic and
hetero-atomic clusters. Hoyer and Jodicke [35] have shown that in golden rich Au-Ge alloys, stable
MRO occurs up to nearly 650 K above the mdting point. It was concluded that the aloys contain
associated regions, possibly bearing some ressemblence to the structure of metastable crystalline
dloys. The experimenta structure factor of the Au,Ge in molten state is shown in Fig. 12. The
mogt surprising feature on the curveis the small pre-peak situated on the left side of the main peak at
Q~1.4 A, This pre-peak has some ressemblence with the pre-peak observed in covalent materials.
Therefore, it can be ascribed to some kind of medium range order in the liquid and it is tempting to
compare it with that observed in liquid As;Ses. To have more insight into the structure of the aloy
related to the pre-peak, the modelling of the atomi ¢ scale arrangement was performed in a frame of a
model consisting of abig duster built from tefrahedrd Ge-Au, units. Thirty three tetrahedral units
have been linked in a random manner. The cluster was relaxed by using appropriate force constants
and a Monte-Carlo computer procedure [36]. The structure factor of the rdaxed model has been
calculated and compared to the experimental one (Fig. 13).
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Fig. 12. The X-ray diffraction pattern (structure factor) of Au,Ge molten alloy at 893 K (620 °C).
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Fig. 13. The structure factor of the modd with Ge-Au, heteroassociates (165 atoms)
developed for the molten AusGe dlloy.
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The model reproduces fairly wel the pre-peak experimentally detected. The above results
alow to conclude that the Au,Ge aloy, in the molten state, exhibits some kind of medium range
ordering as a packing of tetrahedral units of gold with a germanium atom in the centre. A relative
ordering of these units can be produced as a result of cooling the melt just above the melting
temperature. In the final stage a metastable crystalline phase can be produced by crystallization, as
observed.

5. Conclusions

The medium range order is a challenging problem in solid state physics. There are systems
with well developed MRO. For the covd ent classes, especialy for cha cogenide glasses, the MRO
can be satisfactorily explained in the frame of the nanoparacrystallite theory. The change of MRO is
related to the change of paracrystalites. In metallic glassy aloys the structural change under the
action of tensileload or by annealing is reflected both in the short range order and in the medium
range order, as opposite to covalent glasses where the short range order is usudly preserved. The
control of MRO is important because the properties of the materials depend strongly on the atomic
scale order. The detailed characterization of MRO and its extension is still desirable A better
knowledge of the order peculiarities in non-crystalline solids will be rewarding, if the main goals of
the materia technology are considered: the improvement of the material properties and the creation
of new materials.
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