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Abstract 

The crystal structure of Au4Cr, hitherto known to be 
of the D la  (NinMo) type, has been refined using 
X-ray intensity data collected on a four-circle diffrac- 
tometer. Systematic displacements of Au atoms from 
the positions of the fundamental face-centered cubic 
lattice have been found with a magnitude of 0.017 A. 
These are described by a superposition of sinusoidal 
displacement waves with the wavevectors which are 
the same as those of ordering waves producing the 
D l a-type structure. The origin of the atomic displace- 
ments is discussed in the light of a theory recently 
developed [Kataoka & Iwasaki (1981). J. Phys. F, 11, 
1545-1556]. [Crystal data: mu79.2Cr20.8, tetragonal, 
14/m, a =6.398 (4), c = 4.046 (3) A, V=  
165.6 (3) A, 3, 10 atoms/cell, Dx = 16-73 (3) Mg m -3, 
k=0-7107A,  / x ( M o K a ) = 2 0 3 . 5 m m  -~, F(000)= 
675.6, R = 0-084 for 159 independent reflexions.] 

Introduction 

Kataoka & Iwasaki ( 1981 ) showed, from a calculation 
of the energy of conduction electrons in long-period 
superlattice (LPS) alloys, that an interaction between 
charge-density waves existing in these alloys and 
atomic potentials induces small, periodic displace- 
ments of atoms from the positions of the fundamental 
face-centered cubic (f.c.c.) structure. These are called 
displacement waves. The theory explains well what 
has been observed for many LPS alloys such as CuAu, 
Au3Cd etc., and suggests that these displacement 
waves always accompany the formation of the LPS 
in alloys. Experimental investigations have since been 
made on two LPS alloys, Au3Cdl+ (Watanabe & 
Iwasaki, 1982) and Cu3Sn (Watanabe, Fujinaga & 
Iwasaki, 1983), with the results that displacement 
waves, although in somewhat different form, also exist 
in the alloys whose fundamental structure is a 
hexagonal close-packed one. Of particular interest 
are the waves in Au3Cdl + in which the displacements 
occur in such directions that, if one assumes the 
existence of charge-density waves synchronizing with 
the ordering (occupancy) waves, positively charged 
ions are attracted by the maxima of the electron 
charge density. 

The Dl,~(NiaMo)-type structure is known as one 
of the ordered atomic arrangements forming in the 
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f.c.c, alloys of composition A4B and is found in the 
systems Ni-Mo, Ni-W, Au-Ti, Au-Hf,  Au-V, Au-Cr  
and Au-Mn (Schubert, 1964). It has tetragonal sym- 
metry with a unit cell which is related to that of the 
fundamental f.c.c, structure by a~ = (3ao~ - ao2)/2, a2 = 
(aol +3ao2)/2 and e=ao3 where ao~, ao2 and ao3 are 
the unit-cell vectors of the f.c.c, structure. The ordered 
atomic arrangements can be described by intro- 
ducing ordering waves with the wavevectors kl = 
(47r/5)(2ao*l +ao*2) and k2 = (47r/5)(-ao*~ + 2ao'2)in the 
f.c.c, structure, where ao*i's are reciprocal vectors of 
aoi'S (Khachaturyan, 1978). The identical atomic 
arrangements are produced with five other sets of 
wavevectorst and they are considered as orientation 
variants of the ordered structure. Although the D 1 a-  
type structure is not classified in the LPS family, it 
is of interest to see whether these ordering waves are 
accompanied by the displacement waves as they are 
in the LPS alloys. Taking Au4Cr as a sample material, 
an experimental investigation has been performed to 
determine precisely the atomic positional parameters 
in this structure and the results are described below. 

Experimental 

The alloy was prepared from 99.99% pure Au and 
Cr by melting them in quartz capsules filled with 
argon gas. Small tips were cut from the ingot, remelted 
at 1400 K and slowly cooled. Single crystals thus 
grown were annealed at 543 K, which was lower by 
55 K than an order-disorder transition temperature, 
for 52 days. According to Dutkiewicz & Thomas 
(1975), this heat treatment is sufficient to develop a 
fully ordered state in the alloy. Chemical analysis of 
the ingot showed the composition of the alloy to be 
Au-20-8 at.% Cr. This value was adopted hereafter 
as the composition of the crystals. The sample for 
X-ray diffraction study was selected from them and 
thinned in aqua regia. 

Precession photographs indicated that the sample 
thus heat treated was no longer a single crystal but 
contained six orientation variants of the ordered 

t These are [(47r/5)(ao*l +2ao'2), (47r/5)(-2ao*l +a*2)], [(4Ir/5) 
x(2ao*2 +ao*3), (4~r/5)(-ao*2 +2a'3)], [(47r/5)(ao*2 +2a'3), (4~r/5) 
x(-2ao*2+ao*3)], [(4zr/5)(2a*3+ao*z), (4~/5)(-a'3 +2ao*,)] and 
[(47r/5)(ao*3 +2ao*l), (47r/5)(-2ao*3 +ao*l)]. 
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structure. An attempt to grow preferentially a par- 
ticular orientation variant using a strain-annealing or 
other similar method was not successful, because 
distortion of the parent f.c.c, lattice has not been 
observed upon ordering in Au4Cr. The structural 
investigation in the present work has been performed 
using the reflexions from one of the orientation 
variants. It should be noted that in other D 1 a ordering 
alloys ao3/aol (or ao3/ao2) always deviates from unity 
(Schubert, 1964). 

Systematic extinction of reflexions is observed, 
which is consistent with the earlier assigned space 
group I4/m. Crystal data including the measured 
lattice constants are summarized in the Abstract. 

Intensity data were collected on a Rigaku four- 
circle dittractometer equipped with a scintillation 
counter and pulse-height analyzer, and 0-20 scan. 
The incident beam from a rotatory Mo target, oper- 
ated at 50 kV and 100 mA, was monochromated by 
reflexion from a pyrolytic-graphite plate. 1298 reflex- 
tions were measured, of which 910 were superlattice 
reflexions. 

The measured intensities were corrected for 
Lorentz and polarization ettects in the usual way. 
There were difficulties in evaluating absorption- 
correction factors for the present sample containing 
orientation variants. Even if the size and shape of the 
sample were precisely known, it would not be possible 
to calculate the factor by a standard method for the 
reflexions chosen, because there is no information on 
how the domains belonging to ditterent orientation 
variants are distributed in the sample crystal. We 
resorted to another method proposed by Katayama, 
Sakabe & Sakabe (1972) and Walker & Stuart (1983). 
In this method, the absorption factor is expressed as 
a Fourier series in the polar angles of both the incident 
and diffracted beams and the coefficients are 
determined so as to eliminate observed inequality 
in intensities among symmetrically equivalent 
reflexions. Approximate atomic positional par- 
ameters for Au4Cr required in this calculation were 
obtained using intensities which were tentatively cor- 
rected under the assumption that the sample had a 
spherical shape with /zR = 10. Details of the evalu- 
ation of the absorption factor are described elsewhere 
(Watanabe, 1984). 

as shown in Fig. 1 which is part of a zero-layer 
precession photograph taken with Zr-filtered Mo Ka 
radiation, in which reflexions belonging to two 
orientation variants are seen. The ideal model yields 
the structure factor of the same form for all superlat- 
tice reflexions, whereas there is an appreciable 
intensity asymmetry between reflexions 260 and 350, 
between 370 and 460, and so on. 

Refinement of the structure was carded out using 
the program SALS (Nakagawa & Oyanagi, 1980) on 
the Tohoku University ACOS computer. There were 
five parameters to be refined, i.e. one scale factor, two 
atomic positional parameters and two isotropic tem- 
perature factors. No attempt was made to refine 
occupancy parameters of the sites by the two kinds 
of atom, and the full ordering scheme allowed by the 
alloy composition, i.e. Cr atoms exclusively on 2(a) 
sites and (0.99Au +0.01Cr) atoms on 8(h) sites, was 
assumed. Only superlattice reflexions, 159 of the 
independent ones, were used in the refinement. The 
function minimized was 

Wh[ Fo(h)  - I  KF~ (h) I ] 2, ( 1 ) 
h 

K being the scale factor. Wh is a weight of the form 
(l/or 2) x [ l - ( Z J C S ) 2 ]  2, where trn is the variance 
calculated from the counting statistics, Zb the stan- 
dardized residual, S its median and C a constant to 
exclude most extreme data (Tukey, 1974). Atomic 
scattering factors were taken from International 
Tables for X-ray Crystallography (1974), the values 
from the relativistic Hartree-Fock wavefunction 
being used for Au and Cr. Corrections for anomalous 
scattering with Mo Ka radiation were also taken from 
International Tables (1974). Finally, the agreement 

Structure  ref inement  

In the original D 1 o-type structure, Au atoms are 
allocated to 8(h) sites with the positional parameters 
(x, y, 0) of space group I4/m and Cr atoms to 2(a) 
sites with (0, 0, 0). The values of x and y for the 
structure model in which the atoms are positioned 
exactly on the fundamental f.c.c, structure are given 
in Table 1 under the column heading 'ideal par- 
ameters'. In the real structure of Au4Cr, however, 
evidence of deviation from the ideal model is found, 

Fig. 1. Part of the X-ray precession photograph of an ordered 
Au-20.Sat.% Cr alloy, showing an asymmetry in intensity 
between superlattice reflexions 260 and 350, or 370 and 460. 
Unindexed reflexions are those from another orientation variant 
of the Dl , - type structure. Filtered Mo Ka radiation was used. 
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Atomic 
sites 

8(/,) 
2(a) 

Allocation 
of  atoms 

Au* 
Cr 

Table 1. Structural parameters for Au4Cr 

Ideal parameters 

Xo y2o go x 
0 0-2019 (3) 

0 0 0 0 

Final parameters 

y z B(A 2) 
0.3980 (3) 0 0-77 (30) 

0 0 0.99 (176) 

* 0.99 Au +0.01 Cr. 

Table 2. Interatomic distances ( ~ ) in Au4Cr 

Au* - Au* Au* - Cr 
2.850 (3)1, in the same 2.855 (3) in the same 
2.894 (3)J (002) plane (002) plane 
2.839 (3)'1, in adjacent 2.856 (2) in adjacent 
2.878 (2)J (002) planes (002) planes 

* 0.99 Au+0.01 Cr. 

factor R decreased to 0.084, where R =  
Y..IFo(h) -IFc(h)ll/Z.Fo(h). 

The final, refined atomic positional parameters and 
temperature factors are given in Table I.* It can be 
seen that x and y of the Au atoms have values deviat- 
ing significantly from the ideal parameters. The asym- 
metry in intensity of the superlattice reflexions is thus 
shown to arise from the displacements of these atoms 
from the ideal positions. The parameter K is 1.29(5). 

In the ideal model of D l a-type Au4Cr, each Au 
atom is surrounded by nine Au atoms and three Cr 
atoms all at the same distance, 2.861/~. Displace- 
ments of atoms result in a decrease in four of the 
Au-Au distances and an increase in five of them, 
while the Au-Cr distance decreases only slightly, as 
shown in Table 2. 

Displacements of atoms in the Dl . - type  structure of 
Au4Cr 

Fig. 2 depicts the atomic arrangements of Dla- type 
Au4Cr projected onto the (001) plane. Thick lines 
represent the size of the D 1 a unit cell and thin lines 
that of the fundamental f.c.c, unit cell. Arrows 
attached to atoms show the directions of the displace- 
ments. Their magnitude is 0.017 A. It should be noted 
that the atoms move in the (110) directions of the 
ordered structure or in the (210) directions of the 
fundamental f.c.c, structure. Any attempt to interpret 
the displacements in terms of a repulsion arising from 
the atomic-size disparity between Au and Cr atoms 
is not successful. Their origin may be found in other 
factors, as will be discussed below. 

In the study of the displacement-type lattice modu- 
lation in Au3Cdl+ (Watanabe & Iwasaki, 1982), it 

* A list of  structure factors has been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 
39398 (2pp.). Copies may be obtained through The Executive 
Secretary, International Union of  Crystallography, 5 Abbey 
Square, Chester CHI 2HU, England. 

was shown that the atomic displacements can be 
described as a superposition of sinusoidal displace- 
ment waves which have an intimate relation with the 
ordering (occupancy) waves. An analysis is made 
here to seek the relation in Au4Cr. The ordered 
arrangements of atoms are expressed by a super- 
position of two sinusoidal waves, 

c(R0 - Co = 2F(cos k l .  R! +cos k2. R,), (2) 

where c(Ri) represents a concentration of Cr atoms 
at the site Ri = ½(llaol + 12ao2 +/3a03)  with l~ + 12 + 13 = 
even integer, Co the mean Cr concentration of the 
alloy and k~ and k2 the wavevectors given in the 
Introduction. F and Co are respectively 0.198 and 0.208 
for our Au4Cr alloy. On the other hand, we decom- 
pose the displacement ul of the atom at the site R~ 
into the components un and ut2 respectively along 
the ao~ and ao2 axes and assume their form to be 

un = Ao+A~ sin (k~. Ri +¢~) 

+A2 sin (k2. R, +¢2) (3) 

U~z = A~+Ai  sin (k~. R~ +¢'~) 

+A~ sin (k2. R, +¢~). (4) 

It is readily shown that putting A0 = A~) = 0, ¢~ = ~ = 
¢P2=¢~=0, A ~ = A ~ = - 0 . 0 1 5 7 A  and A 2 = - A ~ =  
-0.0014 A reproduces well the experimentally deter- 
mined displacements of the atoms. The relative 

q/,- 6 

01 

;"..0 O" 

Fig. 2. Atomic arrangements of  Au4Cr projected onto the (001) 
plane. Open and solid circles represent respectively Au and Cr 
atoms. Arrows attached to the atoms show the directions of the 
displacements. Thick lines show the size of  the D1 .  unit cell 
and thin lines that of  the fundamental f.c.c, unit cell. Dotted 
lines show the traces of  the maxima of electron charge density 
calculated on the basis of  a theory developed by Kataoka & 
Iwasaki (1981). 
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magnitude of the coefficients of the sine terms in 
equations (3) or (4) suggests that both ut~ and ut2 are 
regarded as waves having an approximately longi- 
tudinal nature. The relation between equation (2) and 
equations (3) and (4) above is similar to the relation 
between equation ( 1 ) and equations (4) and (4') found 
in Au3Cdl+ (Watanabe & Iwasaki, 1982). 

Kataoka & Iwasaki (1981) gave a formulation 
which represents a periodic change in electron charge 
density p(r) in alloys when an LPS is formed. We 
apply that formula to the present case of the D1 a-type 
superlattice. The change is written as 

8 p ( r )  = N -~ E E E %(k)~'S(R,) cos [(k +g) .  ( r -  R,)], 
I g k 

(5) 
where N is the total number of atoms, g a reciprocal- 
lattice vector of the f.c.c, structure, k a wavevector in 
the first Brillouin zone. ug(k) is a quantity containing 
the dielectric constant of the conduction electron 
system, srS(R,) represents an ordering scheme of 
atoms, which can here be put equal to Co-c(R0. If 
we take only the dominant term g = 0 in equation (5) 
and neglect the k dependence of uo(k), we obtain 

8p(r) = - Fuo(COS kl .  r +cos k2. r) 

- N - I F v o Y ~  {cos [k~. ( r -  2R,)] 
! 

+ cos [k2. ( r -  2Ri)] 

+cos [kl.  r - ( k l - k 2 ) .  Ri] 

+cos [k~. r - (k~  +k2). Rt] 

+cos [k2. r - ( k 2 - k l ) .  Ri] 

+cos [k2. r -  (k2 +k , ) .  R,]}. (6) 

The second term on the right-hand side of this 
equation consists of cosine terms having various 
phase factors and they almost cancel each other at 
every site in the alloy crystal, leaving only the first 
term. Comparing its form with equation (2), one can 
see that the electron charge density forms waves 
which synchronize with the ordering (occupancy) 
waves. The sign of Uo depends on the difference 
between the effective valences of the Au and Cr atoms. 
According to a magnetic measurement by Giansoldati 
(1954), Cr atoms in Au have nearly four 3d electrons, 
leaving two electrons in the 4s band. This fact suggests 
that the effective valence of Cr atoms is larger than 
that of Au atoms and therefore Uo is negative. Dotted 
lines in Fig. 2 represent the traces of the maxima of 
the charge density given by equation (6). Au atoms 
in AuaCr of the D 1 a-type structure are thus shown 

to move as if they are attracted to the maxima of the 
charge density. 

In earlier structural investigations of Ni4Mo 
(Harker, 1944) and NiaW (Epremian & Harker, 1949), 
the atoms were placed on the ideal positions of the 
D 1 a-type structure. It was shown there that no 
improvement in an agreement between observed and 
calculated intensities was obtained if they were dis- 
placed, but the accuracy of their intensity measure- 
ment was not high enough to exclude the possibility 
of the existence of small displacements. Extensive 
structural investigations of these alloys and other 
Au-based D la ordering alloys will reveal the dis- 
placement waves as found in AuaCr. 

X-ray diffraction intensity measurements were car- 
ried out using the diffractometer at the Department 
of Applied Physics, Faculty of Engineering, Tohoku 
University. The authors express their thanks to Pro- 
fessors T. Ikeda and N. Yamada for providing an 
opportunity to use that diffractometer and to Dr S. 
Kawano for his technical assistance in the diffraction 
experiments. Thanks are also due to Dr O. Terasaki 
who supplied high-purity Cr metal and to Dr M. 
Kataoka who gave valuable suggestions. 
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