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Abstract The elecmn-density distribution of AIS-type Cr was obtained by a combination 
of powder-x-ray-diffraction data and the maximum-entropy method (m). Fine powder, in 
which about 13 "01% ucc Cr was contained, prepmd by evaporation of Cr in a low-pressure 
atmosphere of AI. was used, Though the powder is composed of the two phases, the final R 
and Rw factors were 0.21% and 0.2996, respectively, and therefore excellent MEM maps were 
obtained. The MEM maps indicate that the main interaction is a smng covalent bond between 
adjacent 6c-site Cr atoms within the infinite linear chains. The MEM maps are compared with the 
valenceelectron-density maps of superconducting V3Si and non-superconducting CnSi having 
an AIS-type suuchue. 

The suuchm faclors for some forbidden reflection$ which originate from asymmehic 
bonding-charge dishibution, were also calculated from the MEM densities. 

1. Introduction 

A new modification of Cr was discovered for the first time by Kimoto and Nishida [ l ]  in 
the fine particles prepared by evaporation in argon at low pressures. On the other hand, 
Forssell and Persson [Z, 31 found this as a growth phase in the very thin films condensed 
on ultrahigh-vacuum-cleaved NaCl and KCI crystals and investigated the crystal strnctnre 
based on the electron-diffraction data. They reported that the crystal structure of this new 
modification of Cr was a genuine A15 type with the space group Pm?n. Thus the A15-type 
Cr exists only in fine particles or thin films together with BCC Cr and further this structure 
easily translates to BCC above 450°C. Therefore almost all investigations of AIS-type Cr 
hitherto reported were done by means of electron microscopy and electron diffraction except 
for the measurement of magnetic properties by Matsuo et a1 [41. For example, the crystal 
habits of the AIS-type Cr were examined by Nishida and Kimoto [SI and correspond to 
the icositeeahedron bounded by 24 {211] planes or the rhombic dodecahedron bounded 
by 12 (110) planes. However the other physical properties are unknown, therefore further 
studies of A15-type Cr, for example, the electron-density distribution in the crystal, are 
worth making. 

On the other hand, the macroscopic and microscopic physical properties of the 
compounds for a formula A3B with the AIS-type structure have been investigated. Testardi 
[6] has reviewed the extensive literature on the experimental and theoretical studies of the 
physical properties, such as structural instability and high superconducting temperature, in 
binary and pseudobinary compounds exhibiting the A15-type structure. Staudenmann et a1 
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[7] and Staudenmann [SI examined the deformation and valence-electron-density distribution 
in the superconducting V3Si and non-superconducting Cr3Si with AIS-type structure based 
on the single-crystal x-ray-diffraction data at room temperature. They reported that the 
strong covalent bond between adjacent V atoms in the former compound within the infinite 
linear chains was found as the main interaction. On the other hand, the Cr-Cr chain in the 
latter compound appears as a pile-up of charged atoms without bonding. 

Recently, the maximumentropy method (MEM) has been widely applied to draw the 
electron- and nucleus-density-distribution map for known structures from powder x-ray- 
or neutron-diffraction data. For example, Sakata's group examined this vigorously basing 
their analysis on both x-ray- and neuwon-diffraction data 19-12], Our group also reported 
previously the maps of AIN [13], Ge [14] and LnzOs (Ln = Y, Tm, Yb) [15]. In particular, 
in the case of AlN, two kinds of AIN powder, namely pure AIN powder and A1N powder in 
which 69 vol% AI was contained, were used. Nevertheless, the electron-density-distribution 
maps for the two kinds of powder agreed well. 

The present paper gives the results of the study of the electron-density map and the 
bonding character of the A15-type Cr. 

2. Experimental details 

The details of the sample preparation of Cr fine particles are given in [l]. The Cr fine 
powder was prepared by evaporation of bulk Cr with punty 99.995% in an Ar atmosphere 
at about 1.3 kPa pressure. According to a preliminary work on x-ray diffraction, the 
powder thus prepared was composed of A15-type and BCC Cr. Powder-diffraction-intensity 
data were collected at room temperature with a tube voltage of 50 kV and a tube current of 
240 mA by a Rigaku RINT 1500-type x-ray diffractometer equipped with a curved pyrolytic- 
graphite diffracted-beam monochromator. The x-ray measurement was carried out by step 
scanning with a sampling interval of 0.02" in 20 and an accumulation time of 50 s for 
every step. The scan range in 20 was 35" < 20 < 145" for Cu Kor radiation. By these 
experimental conditions, 13 and 6 Bragg reflections, respectively, for A15-type and B c c  
Cr were observed. The average particle size of the A15-type Cr was determined as about 
700 .& from the dependence of the full width at half maximum (FWHM) on the value of 
the scattering vector for each Bragg reflection by the Scherrer equation. This seems to be 
suitable to obtain accurate intensity data free from the extinction effect. 

3. The determination of integrated intensity 

In order to determine the accurate integrated intensities of respective reflections from 
the powder-x-raydiffraction-intensity data, a whole-powder-pattern fitting was carried out 
without using any shuctural model with the computer program WPPF by Toraya [16]. Since 
the peak asymmetry and different decay rates of the low- and high-angle sides of the peak 
can be modelled explicitly, a split Pearson Vll function was adopted as a profile function in 
this program. In this procedure. the integrated intensities.of respective reflections and the 
unit-cell parameters were refined. Figure 1 shows the powder pattern observed (top) at room 
temperature and the one calculated (bottom) by the pattern fitting, together with differences 
between the observed and calculated intensities. The notations S(hkI) and a(hkI) in the 
figure indicate the reflections hkl of A15-type Cr and B c c  Cr, respectively. The final R and 
Rw factors were 1.8% and 2.8%. respectively, and the refined unit-cell parameter of the 
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A15-type Cr was 4.60089(3) A. The twelve independent and one combined (432 and 520 
reflections) integrated intensities thus determined are listed in the second column of table 1 
together with their estimated standard deviations in parentheses. The volume fraction of 
A15-type Cr in the powder used was estimated by the same method as described previously 
[13,17] using the integrated intensities of AIS-type Cr and BCC Cr, the linear absorption 
coefficient rind the unit-cell volume. The volume fraction of A15-type Cr thus determined 
was about 87%. Though we used the fine powder composed of the two phases, the observed 
integrated intensities shown in table 1 seem very precise and reliable. This is due to the 
non-existence of severely overlapping peaks. 

Tablc 1. The observed integrated intensities lob, the observed stmctm factors Fobs and Gobs 
and the calculated structure factors Fcdc from the MEM map. 

211 2733(3) 63.49(16) 63.29 
722 254(1) -49.7606) -49.77 
320 &2(2) 48.34(14) 48.54 
321 1169(2) 47.07(13) 47.33 
400 462(1) 88.38(26) 88.43 
420 340(1) 39.81(12) 39.82 
421 642(2) -38.72(11) -38.75 
332 314(1) 38.11(12) 38.04 
521 734C2) 33.43(10) 33.40 
440 899(3) 65.32(20) 65.25 

432 1W9(2) Go& = 33.53(9) 33'10 34,32 C,,, = 33.51 520 

4. The crystal structure refinement and deduction of structure factors 

In the next step, the scale factor has to be determined in order to convert the integrated 
intensities into the structure factors on an absolute scale. This process was accomplished by 
an ordinary least-squares analysis using, for example, the computer program POWLS [181. 
In the first stage of the least-squares refinement, the effects on the anharmonic thermal 
vibration and the preferred orientation were considered. However, their effects slightly 
changed the value of the scale factor within its estimated standard deviation; therefore, they 
were neglected in the present calculation. This negligibly small prefemed-orientation effect 
is consistent with the crystal habit observed by electron microscopy [4], namely the shape 
of the A15-type Cr is neither needle l i e  nor plate like; rather it is nearly sphere like. 

The crystal structure of the A15-type Cr hitherto reported was determined by electron 
diffraction and/or the Debye pattern of x-ray diffraction [l, 31. We refined, for the first time, 
the crystal structure of the A15-type Cr. The eight Cr atoms are contained in a unit cell of 
A15-type structure and placed at special positions as follows: 
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x' I I 
Figure 1. The observed (top) m d  calculated (bottom) intensities of the Cr fine powder. The 
differences belween the two intensities arc plotted at the bottom. ?he notations 6(hkl) and 
a(hk1) indicate the hkl reflections of A1S-type Cr and BCC Cr, respectively. 

Consequently, the parameters that have to be refined in this analysis are the scale factor and 
the isotropic temperature factors at each position. The results of the least-squares analysis 
are tabulated in table 2 together with the R and Rw factors. We note here that no other 
structure models gave a smaller R factor than the A15-type structure. 

Table 2. A summan of the results of the least-squares refinement by POWLE. 

Number of data used in POW analysis 13 

Combined reflections 1 
Isotropic temperature factor of Cr at 21 site (Az) 0.12(3) 
Isotropic temperature factor of Cr at 6c site (A2) 0.18(2) 
Scale factor 0.576(3) 
R factor 0.0051 
Weighted R factor 0.0092 

Independent reflections 12 

The observed independent structure factors Fob&) are straightforwardly calculated from 
the observed integrated intensities by using the scale factor. The overlapped reflection of 
432 and 520, however, was treated as the combined shucture factor Gabr(j). which was 
obtained by taking a square root of the observed integrated intensity after the ordinary 
corrections and scaling. The phases of the structure factors have no ambiguities because 
of an inversion symmetry. The structure factors thus determined include the effect on the 
anomalous dispersion. Therefore, the effect was eliminated from the structure factors by 
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using the values of anomalous-dispersion-correction terms given in [19]. The results for 
the structure factors Fobs(k) and Go&) are also tabulated in the thud column of table 1 
together with their estimated standard deviations u(k) and u( j ) .  

5. The MEM analysis and the MEM map of A15-type Cr 

The procedure of the MEM calculation is the same as in previous reports [9-151: therefore, 
we only briefly explain here the MEM analysis using x-ray-powder data. The constraint C 
is defined as 

where NI and Nz are the numbers of observed independent structure factors and combined 
ones, respectively. Moreover, F,l,(k) and Gm&) are the calculated structure factors given 
as 

where V is the unit-cell volume, T(T) is the prior electron density at a certain pixel located 
at T and m(k) is the multiplicity of the structure factor F(k) .  By solving the MEM equation, 
the electron density P ( T )  can be written as 

where h is the Lagrange undetermined multiplier and Fo is the total number of electrons in 
a unit cell, namely 24 x 8 in the present case. Staaing from uniform density, the electron 
densities p ( r )  were iteratively calculated using (4) and the data set shown in table 1 until 
the condition C < 1 was satisfied. The number of pixels used in the calculation was 
64 x 64 x 64. The actual calculation, however, was done in the region of the minimum 
asymmetric unit, written as 0 < x < 1; 0 < y < i; o < z < ;; z < min(x, 1 - x ,  y .  - y )  
[ZO]. This procedure reduced the number of pixels to 6017. The actual calculation of the 
MEM density was performed with the computer program MEED by Kumazawa et al [21]. 

The calculated structure factors Fd,(k) from the final MEM density distribution are also 
tabulated in the last col&n of table 1. In the present calculation, the values of R and Rw 
factors attained at the final MEM map were 0.21% and 0.29%, respectively. The agreement 
of observed and calculated structure factors is very good, though we used the powder sample 
composed of two phases. The electron-density-distribution maps of the lower- and higher- 
density regions for the (001) plane are shown in figure 2(u) and (b) ,  respectively, where 
the 2 x 2 unit cells  are^ drawn in order to demonstrate the bonding character. As is clear 
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from figure 2(u), the electron-density distribution around &-site Cr atoms (Cr(2)) is quite 
different from that around ?a-site Cr atoms (Cr(1)). The tight covalent bonding between the 
adjacent Cr(2) atoms within the infinite linear chains is clearly found, and the peak height at 
the middle point between adjacent Cr(2) atoms is 0.9 e A-3. The electron densities observed 
around the points such as OdO show a cross section of the linear chains along the z axis. 
Furthermore, the electron-density distribution about the Cr(2) atoms spreads in the direction 
perpendicular to the linear chains. On the other hand, the asphericity of the electron-density 
distribution around the Cr(1) atom is characterized by the spread towards the centre of 
the adjacent Cr(2) atoms. These facts may be an indication of the existence of a weak 
bond between the Cr(1) atom and the Cr(2)Xr(2) bond. In contrast to the valence-electron 
distribution described above, the core-electron distribution is perfectly spherical as shown 
in figure 2(6). The peak height at the Cr(1) atoms is 349.1 e A-3, and at the Cr(2) atoms, 
the height is slightly smaller, i.e. 343.6 e 

6. Discussion 

Staudenmann [8] calculated, based on single-crystal x-ray diffraction data at room 
temperature, the deformation and valence-electron-density distribution of superconducting 
V3Si and non-superconducting Cr3Si compounds with A15-type structure. There are 
apparently three differences between them as follows [SI: 

(i) the peak height (0.55 e k 3 )  of the electron density at the middle point between the 
two adjacent V atoms in V3Si is about three times as large as that of Cr3Si (0.17 e A-3); 

(ii) V atoms in the infinite linear chains of V3Si appear to be covalently bonded to one 
another, while Cr atoms in CrsSi appear as rows of charged atoms; 

(iii) the valence-electron density of the Si atoms is deformed in the direction of the 
Cr atoms in Cr3Si; it is directed towards the V-V bond in V3Si. 

As described in the previous section, a strong covalent bond between the adjacent 
Cr(2) atoms and a weak interaction between the Cr(1) and the Cr(2)-Cr(2) bond in the 
A15-type Cr are observed. Judging from only the electron-density distribution, therefore, 
V3Si and AIS-type Cr are quite alike. As is well known, V3Si is a superconducting 
compound with T, = 17 K. We also examined preliminarily a temperature dependence 
of the magnetic susceptibility of the present powder: however, no indications of a 
diamagnetic signal were observed down to 2 K. Staudenmann [22] studied the electron 
density distribution in a martensitically transformed single crystal of V3Si and reported that 
the most significant difference between the electron-density maps at room temperature and 
below the superconducting transition temperature was the disappearance of the weak bond 
between the Si atom and the V-V bond on a chain at low temperature, so we are now 
planning to examine the electron-density maps of the A15-type Cr at low temperature. The 
peak height of the electron density at the middle point between the adjacent Cr(2) atoms 
was 0.9 e A-3. This value is about twice and three times as large as that of the V-V 
bond in V3Si and the Ge-Ge bond in Ge [14], respectively. This stronger covalent bonding 
compared to the V-V bond in V3Si. the Cr-Cr bond in Cr3Si and the Ge-Ge bond in Ge 
may be considered to reflect their electric nature. 

In order to examine the accuracy level of the MEM maps of A15-type Cr, the influence 
of the misestimation of the scale factor on the maps was investigated as reported previously 
[9]. In figure 3, the MEM map in a lower-density region than that shown in figure 2(a) is 
shown. We examined the MEM density-distribution maps by changing the scale factor within 
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L 
2A 

Figure 2 The MEM electron-densitydistributio~ maps for the (001) plane of the AlS-typ? Cr. 
(a) and ( b )  are the lower- and higherdensity regions, respectively. The contour lines (e A-3) 
are drawn from 0.4 to 2.0 with 0.1 intervals in (a) and from 20.0 to 340.0 with 20.0 intervals 
in (b). 
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U 
2A 

F w r e  3. The MEM map of the (001) plane in a lower-density region than thaf shown i n  figure 2. 
The matow lines (e A-3) are drawn from 0.1 to 05 with 0.05 intervals. 

f 5 a  where a is the estimated standard deviation of the scale factor, though the scale factor 
was well refined in the least-squares refinement. Probably the values f5o are the extreme 
cases of misestimation. The MEM maps of the same plane as shown in figure 3 for +5a 
and -5a are shown in figure 4(a) and (b), respectively. No significant differences are seen 
except for the levels less than 0.3 e k3. For the higher-density region, of course, the maps 
were in perfect agreement. Consequently, we are certain the MEM maps shown in figure 2 
are very accurate. Some of the present authors calculated an energy band structure, Fermi 
surface and electron-density distribution of A15-type Cr using an FLAW method and the 
results will be reported elsewhere. The calculated electron-density maps reproduced well, 
at least qualitatively, the MEM maps. 

Table 3. The unmeasured structure facton calculated from the MEM map. 

hkl &IC 

110 0.51 
220 0.49 
310 0.28 
410 -1.39 
411 0.78 
330 -0.47 
422 -1.07 
430 -0.50 
510 0.01 
431 0.75 
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Figure 4. The MEM maps of  the (001) plane calculated using the scale factor changed 
+Sa and (b) -50. The contour lines are the same as in figure 3. 
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Borie [23] studied the structure factors of forbidden reflections of V3Si using single- 
crystal x-ray-diffraction data. The values for 410 and 430 reflections were reported as 0.33 
and 0.16, respectively. We can easily calculate the structure factors of the unmeasured 
reflections of the A15-type Cr from the MEM electron-density distribution. The calculation 
was done within the limiting sphere for Cu Kor radiation and the results, together with 
their signs, are tabulated in table 3. These reflections are not usually observed because of 
the extinction rules. The absolute values for 410 and 430 reflections of the A15-type Cr 
are about four and three times, respectively, as large as those of V3Si. This fact predicts 
the differences between the AIS-type Cr and V3Si in anharmonic and anisotropic thermal 
vibrations together with their non-spherical electron-density distributions. 
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