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10 November 1965 

Crystal Structure of 

Umangite, Cu3Se2 

In the study of the phase relations 
of the copper-selenium system, single 
crystals of the composition Cu3Se2 have 
been synthesized. This compound, 
known as mineral umangite, is the only 
phase in the Cu-Se system for which 
the structure has not been elucidated. 
The structure determination has been 
carried out with the synthetic material. 

A mixture of copper and selenium 
in the ratio 2.9 to 2.0 was enclosed 
in an evacuated silica tube and kept 
at 500?C for 2 days. The product was 
ground to fine powder, resealed in a 
new evacuated silica tube, kept first at 
500?C for a week and then at 80?C for 
a month. After the run, the final prod- 
uct was covered with small crystals of 
Cu3Se2. The inner part of the product 
was, however, found to be an assem- 
blage of crystals of two other phases, 
Cul.8Se and CuSe. 

The precession and Weissenberg 
methods were used to study the syn- 
thetic Cu3Se2 single crystals. The sym- 
metry is tetragonal, with diffraction as- 
pect P-21-, giving the possible space 
groups P421m and P4212. The cell di- 
mensions obtained by the x-ray diffrac- 
tion powder method are: a = 6.406 ? 
0.002 A and c = 4.279 ? 0.002 A. 
With a cell content of Cu6Se4, the den- 
sity is calculated as 6.590-in good 
agreement with the measured values 
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6.44 to 6.49 for the artificial com- 

pound (1). 
The crystallographic data given by 

Berry and Thompson (2) are as fol- 
lows: a = 6.402 A and c = 4.276 A, 
with space group P4/mmm. In order to 
elucidate the conflict between the diffrac- 
tion aspects of the synthetic and nat- 
ural materials, single crystals of uman- 

gite, Sierra de Umango, Argentina (3), 
were studied. The diffraction aspect of 
the natural specimens is P-21- as in 
the case of the synthetic crystals. 

The intensities were measured visually 
on the Weissenberg films for the syn- 
thetic crystals. They were corrected for 
Lorentz and polarization factors. No ab- 

sorption correction was made. Interpre- 
tations of the Patterson projections on 

(001) and (100) gave a structure 

uniquely based on the space group 
P421m. The atomic parameters ob- 
tained by the two-dimensional differ- 
ence Fourier method are as follows: 
2 Cu(I) in equipoint a at 0,0,0; 4 Cu- 
(II) in equipoint e at x, 2 --x, z, with 
x 0.147 and z = 0.750; 4 Se in e at x, 
I - x, z, with x = 0.275 and z = 0.250. 
The R-factors are 0.12 and 0.13 for 
(hkO) and (hOl), respectively. 

The structure is projected on (001) 
and on (100) in Fig. 1, A and B, re- 

spectively. In this structure, as in typ- 
ically intermetallic compounds, Cu 
atoms are as closely bonded with one 
another as with Se atoms. On the basis 
of the distribution of these bonds, the 
structure is considered to consist of 
sheets extending parallel to (001). All 
the Cu-Cu bonds are included inside 
the sheets, and their bond distances of 
2.63 or 2.66 A are slightly longer than 
the atomic distance found in metal cop- 
per 2.56 A. Each Cu(I) is surrounded 

by four Se at 2.49 A and four Cu(II) 
at 2.63 A; and each Cu(II) by four 
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Fig. 1. (A and B) The structure of Cu3Se2 projected on (001) and (100), respectively. 
Large circles represent Se atoms and small circles Cu atoms. Numbers give z-param- 
eters in A, and x-parameters in B. 
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Se at 2.43 and 2.37 A, and by two 
Cu(I) at 2.63 A and by one Cu(II) 
at 2.66 A. Each Se is surrounded by 
two Cu(I) at 2.49 A and by four Cu- 
(II) at 2.43 and 2.37 A. 

Preliminary experiments on the elec- 
tric properties of this synthetic Cu3Se2 
indicate that the conductivity decreases 
with increasing temperature. The mech- 
anism of conduction is, therefore, me- 
tallic. 
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Infrared Spectra from 

Fine Particulate Surfaces 

Abstract. Characteristic spectral in- 

formation can be obtained from a sur- 

face composed of fine particles either 

if the spectrum is observed at sufficient- 
ly high signal-to-noise ratio or if the 

particles are well compacted. 
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formation can be obtained from a sur- 

face composed of fine particles either 
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Recent publications (1) concerning 
spectral reflectance or emittance by 
particulate surfaces have indicated that 
the surface tends to appear black when 
the particle size is small compared 
with the wavelength. Thus it is gen- 

erally concluded that little or no char- 
acteristic spectral information can be 
gained by remote sensing of lunar or 

planetary surfaces if the surfaces are 

composed of fine particles. We now 
show both theoretically and experi- 
mentally that most of the spectral in- 
formation is not really lost under these 
circumstances if one observes the spec- 
trum at sufficiently high signal-to-noise 
ratio or if the surface is well com- 

pacted. 
We consider first the case of a semi- 

infinite medium having a smooth sur- 
face and composed of uniformly dis- 
tributed particles of diameter and spac- 
ing much less than a wavelength. Under 
these conditions the reflection by the 
medium of a beam of radiation is pre- 
dominantly a coherent surface effect 
caused by the discontinuity at the sur- 
face of the average values of the optical 
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Fig . 1 Far-infrared spectra of fayalite in 
bulk (A) and powdered (B). The spectral 
slit widths used for various parts of the 
spectra are shown. The difference between 
the vertical scales of the two spectra ac- 
centuates minor features, possibly spu- 
rious, near 450 and 230 cm-' in the lower 
spectrum. 

constants of the medium. The inco- 
herent volume scattering by the indi- 
vidual particles (that is, the Rayleigh 
scattering) is negligible compared with 
the surface reflection when the particles 
are very small compared with the wave- 

length. The reflectance at normal inci- 
dence is given by the modified Fresnel 
formula (2): 

R -[(n - 1)'+ k2l/{[n +(2/f)- 1]2 + k2} 
(1) 

where n - ik is the complex refractive 
index of the material constituting the 

particles, and f is the fraction of the 
volume occupied by the particles. Equa- 
tion I is valid only when the complex 
index is in the neighborhood of unity. 
We have derived a more general for- 
mula (based on the Lorentz-Lorenz 

theory) which is now under experi- 
mental test; the results will be published 
shortly. 

Equation 1 shows that the reflectance 
has the usual bulk value when f - 1 
and becomes smaller as f decreases. 
However, the shape of the spectral re- 
flectance curve does not change sig- 
nificantly as the packing density de- 
creases. For example, consider the 
change in R when k varies from 0 to 1, 
for a fixed value n = 1.5. When f = 1, 
R changes by a factor of 4.3; when f 

-/2, R changes by a factor of 4.8. 
These conclusions are well demon- 

strated by the experimental results (3) 
shown in Fig. 1, which were obtained 
during a study of the far-infrared spec- 
tra (15 to 200 /t) of silicate minerals. 
The silicate in question was fayalite 
(Fe,SiO,)), the iron-end member of 
the olivine series; the reflectance spec- 
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trum of a polished polycrystalline sam- 

ple appears in Fig. IA. When this ma- 
terial was ground to particles finer than 
2.6 ,/, with most particles smaller than 
1 ,/, and a surface was prepared from 
this powder, the reflection spectrum 
shown in Fig. lB was obtained. The 
general reflectance level has clearly 
decreased, but the spectral shape has 
not greatly changed, although small 
shifts in some bands are apparent. In 
order to obtain this spectrum, it was 
necessary only to open the slits so as 
to increase the signal in comparison to 
the noise. As we have just shown, the 
less dense the material (that is, the 
smaller is f) the more this is necessary. 
The density of our material measured 
roughly 2.5 g/cm3; the bulk density 
of fayalite is 4.14. 

These conclusions also apply when 
the surface of the fine-grained medium 
is undulating rather than flat; the re- 
flected radiation is then merely redis- 
tributed in angle, while the reflectance 
is unchanged. However, if the surface 
of the medium is covered with steep- 
walled cavities with dimensions of the 
order of the wavelength or larger, re- 
flectance will be reduced because of 
multiple reflection. On the other hand, 
large internal cavities within the medi- 
um will in general enhance the reflect- 
ance by providing an incoherent volume 
scattering that adds to the surface 
Fresnel reflection. A reflectance for- 
mula has been given (2) that com- 
bines the effects of surface and volume 
reflection, whether the latter results 
from the presence of internal cavities 
or of large particles. 
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ance by providing an incoherent volume 
scattering that adds to the surface 
Fresnel reflection. A reflectance for- 
mula has been given (2) that com- 
bines the effects of surface and volume 
reflection, whether the latter results 
from the presence of internal cavities 
or of large particles. 

J. R. ARONSON 
A. G. EMSLIE 

H. G. MCLINDEN 
Arthur D. Little, Inc., 15 Acorn 
Park, Cambridge, Massachusetts 

References and Notes 

1. F. H. Murcray, J. Geophys. Res. 70, 4959 
(1965); W. Corliss, Space Probes and Planetary 
Exploration (Van Nostrand, Princeton, N.J., 
1965), p. 434; E. A. Burns and R. J. P. 
Lyon, in The Lunar Surface Layer, J. W. 
Salisbury and P. E. Glaser, Eds. (Academic 
Press, New York, 1965), pp. 469-90; R. A. 
Van Tassel and I. Simon, ibid., pp. 445-68; 
R. J. P. Lyon, Econ. Geol. 60, 715 (1965). 

2. A. G. Emslie, "Theory of the diffuse spectral 
reflectance of a thick laver of absorbing and 
scattering particles," AIAA paper 65-667 pre- 
sented at the AIAA Thermophys. Specialist 
Conf., Monterey, Calif., 15 Sept. 1965 (to be 
published in Progr. Astron. Aeron.). 

3. J. R. Aronson and H. G. McLinden, "Far 
infrared studies of silicate minerals," AIAA 
paper 65-668 presented at the AIAA Thermo- 
phys. Specialist Conf., Monterey, Calif., 15 
Sept. 1965 (to be published in Prog. Astron. 
Aeron.). 

4. Supported by NASA (Marshall Space Flight 
Center) contracts NAS8-2537 and NAS8-20122. 
We thank R. V. Allen, I. Simon, and P. C. 
von Thiina for assistance, 

22 December 1965 

Aeron.). 
4. Supported by NASA (Marshall Space Flight 

Center) contracts NAS8-2537 and NAS8-20122. 
We thank R. V. Allen, I. Simon, and P. C. 
von Thiina for assistance, 

22 December 1965 

Tracers Determine Movement of Soil 

Moisture and Evapotranspiration 

Abstract. The downward movement 
of water in soil is a layered one. Mark- 
ing a certain layer with hydrogen-iso- 
tope tracer, and watching its displace- 
ment, makes possible a water balance 
and gives information on evaporation 
and groundwater recharge. 

An investigation with natural deu- 
terium and bomb tritium in ground- 
water, lysimeter-measured seepage wa- 
ter, and soil moisture (1, 2) has sug- 
gested that downward transport of wa- 
ter in soil is a very slow process and 
that the water may take years to reach 
the water table. Theoretical considera- 
tions (2) also led to the expectation 
that water seeping through larger pores 
has sufficient time for exchange with 
the stationary (capillary) water; lateral 
molecular diffusion provides for this 
exchange between draining and capil- 
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Fig. 1 (to be read in conjunction with 
Table 1). Loamy soil without vegetation, 
labeled 9 July 1964. F (heavy line), soil 
moisture (volume percentage); q (boun- 
dary of hatched area), amount of tracer 
per 10-cm layer of soil, as a percentage 
of the amount of tracer originally de- 
posited in the soil; a to e, samplings 4, 26, 
82, 152, and 214 days after labeling, re- 
spectively. 
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