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Rectangular non-primitive unit cells are computationally convenient for use in nanodevice electronic
structure and transport calculations. When these cells are used for calculations of structures with
periodicity, the resulting bands are zone-folded and must be unfolded in order to identify important
gaps and masses. Before the zone-unfolding method can be applied, one must ﬁrst determine the
allowed wavevectors for the speciﬁc non-primitive cell. Because most computationally convenient nonprimitive cells do not have axes parallel to the primitive cell direct lattice vectors, ﬁnding the allowed
wavevectors is generally a non-trivial task. (Solid state texts generally treat only the simplest case in
which the non-primitive and primitive cell axes are all aligned.) Rectangular non-primitive cells with
one axis aligned along a speciﬁc direction are especially useful for obtaining the approximate randomalloy bands for a bulk crystal, a critical veriﬁcation step in any random-alloy nanostructure calculation.
Here, we present an easily implemented method for determining a non-primitive rectangular cell for
the FCC lattice with an axis aligned in a desired direction and the associated allowed primitive cell
wavevectors. We illustrate its use by unfolding the bands of Ge.
& 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Technologically important semiconductor nanostructures,
such as quantum wells, resonant-tunneling diodes, superlattices,
and nanowires feature materials changes on a nanometer scale
and are, therefore, readily modeled using the tight-binding
method. These structures are most often fabricated from semiconductors such as Si, Ge, GaAs, and InAs, which adopt cubic
symmetry in bulk. In the presence of regular strain, the symmetry
is reduced, but rectangular geometry persists. Multi-band tightbinding modeling tools, such as NEMO3D [1] are very complicated, and the underlying mathematics and programming are
greatly simpliﬁed if the calculation is based on a non-primitive
rectangular unit cell. For modeling nonperiodic structures such as
quantum dots, the use of a non-primitive cell poses no problems.
In contrast, when structures with periodicity (such as bulk alloys,
superlattices, or quantum wells) are modeled with a nonprimitive cell, the resulting bands are zone-folded, so that
identifying important gaps and effective masses becomes difﬁcult.
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Alloy nanostructures pose challenges beyond those present in
nanostructures made of pure materials. Improving upon the
virtual crystal approximation involves random-alloy supercell
methods [2,3]. In these calculations an essential ﬁrst step is about
verifying the accuracy of the tight-binding random-alloy treatment of the bulk, which generally involves probing the calculated
(approximate) bands along several relevant symmetry directions
in order to compare the results to the known energy gaps and
effective masses. When the supercell used is composed of many
non-primitive rectangular cells, the zone-folding is especially
severe. Due to the mathematics of zone unfolding [4] choosing
non-primitive rectangular cells aligned along the desired direction
yields the greatest density of small-cell wavevectors [2,4–6].
Determining the allowed small-cell wavevectors for tightbinding supercell calculations is sufﬁciently different from the
special-k-points problem in Brillouin zone integration [7,8] and
generally more difﬁcult than the simple supercell problem treated
in solid state texts [9–12] that these methods are not directly
applicable. First, the supercells often do not have axes parallel to
the primitive cell axes. Second, very often one has a supercell
composed of non-primitive cells, with different numbers of nonprimitive cells along the three non-primitive cell axes, so that the
allowed small-cell wavevectors are sums of the supercell
wavevectors and those for the non-primitive unit cell.
More pertinently, the different aims of Fourier quadrature and
zone unfolding require different supercells. Fourier quadrature
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[7,8] is concerned with approximating the integral of a function
over the entire Brillouin zone to a given accuracy, unlike zone
unfolding which probes the bands along a given direction using a
supercell composed of computationally convenient non-primitive
cells. In zone unfolding, all allowed k must be retained and it is
generally desirable to have a greater density of k in certain
directions. In contrast, Fourier quadrature [7,8] reduces the
number of k and speciﬁes the smallest R for which the Fourier
series fails to exactly integrate, implying a fairly uniform supercell. (The shortest supercell axis deﬁnes the smallest R for which
exact integration fails). Speciﬁcally, neither of Refs. [7,8] treats the
6-FCC non-primitive cell here, and in fact the only FCC supercell
considered in Ref. [7] is a supercell composed of the same number
of 4-FCC non-primitive cells along each axis. Most of the
supercells discussed in Refs. [7,8], thus are not of use in Brillouin
zone unfolding for the FCC lattice. Most importantly, neither of
Refs. [7,8] gives general formulas for constructing non-primitive
cells with axes along a desired direction. The simple cubic cell
discussed in Ref. [7] is, after all, not optimal for all applications.
Thus a straightforward, easily implemented, method for ﬁnding
these wavevectors in a rectangular non-primitive cell with one
axis aligned in a desired direction is needed.
Here, we provide some simple formulas for choosing nonprimitive rectangular cells in the face-centered cubic (FCC) lattice
with one axis aligned along an arbitrary direction. These results
are, therefore, directly applicable to tight-binding supercell
calculations for diamond and zincblende semiconductors.
Furthermore, the general approach detailed here can be adapted
to ﬁnding non-primitive cells and allowed wavevectors for
nanostructures such as quantum wells, superlattices, and nanowires [3,6]. In Section 2, we begin with some general results for
non-primitive cells and allowed small-cell wavevectors, then
specialize to formulas appropriate for the FCC lattice. In Section 3,
we use these results to ﬁnd the allowed wavevectors for three
different non-primitive rectangular cells. As an example, we
unfold the bands of Ge calculated with the 6-FCC cell. Section 4
presents our conclusions.
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cell volume is |A1  (A2  A3)| while that of the small cell is
|a1  (a2  a3)|.
The reciprocal lattice vectors of the non-primitive cell Bi are
related to those of the small cell bj in a like manner. In terms of
the direct lattice vectors, the reciprocal lattice vectors are given by
the usual relations [9]:
b1 ¼ 2p

a2  a3
;
a1 dða2  a3 Þ

b2 ¼ 2p

a3  a1
;
a1 dða2  a3 Þ

b3 ¼ 2p

a1  a2
,
a1 dða2  a3 Þ
(4)

where (a,b) ¼ {(a,b),(A,B)} as appropriate. Because the mi,j are
integers Eqs. (1) and (3) imply that the non-primitive cell and
small-cell reciprocal lattice vectors are related by rationals wi,j:
Bi ¼

3
X

wi;j bj ;

i ¼ 1; 2; 3;

wi;j 2 Q.

(5)

j¼1

As before, the wi,j are conveniently arranged as elements of a
matrix W:
½W i;j ¼ wi;j .

(6)
T

1

The matrices M and W are in fact related by W ¼ M
be seen from a simple calculation

di;j ¼
¼

di;j ¼

, as can

3 X
3
1
1 X
Ai dBj ¼
mi;l wj;n ðal dbn Þ
2p
2p l¼1 n¼1
3 X
3
1 X
mi;l wj;n ð2pdl;n Þ
2p l¼1 n¼1

3
X

mi;l wj;l ¼

l¼1

(7)

3
X
½M i;l ½WT l;j ¼ ½M WT i;j .

(8)

l¼1

Eqs. (8) and (5) thus lead to the useful relation
bi ¼

3
X

ml;i Bl ,

(9)

l¼1

2. Method
2.1. General
A non-primitive cell is deﬁned by direct lattice vectors Ai, not
necessarily orthogonal, which are decomposed in terms of the
primitive cell direct lattice vectors aj as
Ai ¼

3
X

showing that, as required, the volume of the primitive cell
Brillouin zone is j detðMÞj times as large as the supercell Brillouin
zone.
Because the primitive cell Brillouin zone is j detðMÞj times
larger than that of the non-primitive cell, there are j detðMÞj
allowed small-cell wavevectors, onto which the non-primitive cell
eigenstates are unfolded. These allowed small-cell wavevectors, q,
are found by requiring [5]
expðiq dAj Þ ¼ 1 ) q dAj ¼ 2pp;

mi;j aj ;

i ¼ 1; 2; 3; mi;j 2 Z.

j¼1

(For an alloy approximate bandstructure calculation all of the
primitive cells still have the same dimensions but they are not all
identical due to the different species or displacement of atoms
within the cell and are more properly called small cells). The
integers mi,j may be positive or negative and are conveniently
arranged as a matrix M:
½M i;j ¼ mi;j .

j ¼ 1; 2; 3.

(10)

Eq. (10) immediately implies that the allowed small-cell wavevectors are non-primitive cell reciprocal lattice vectors
qi ¼

3
X

ni;j Bj ;

(3)

which implies that the integer j detðMÞj gives the number of
primitive cells in the non-primitive cell, since the non-primitive

i ¼ 0; 1; . . . ; j detðMÞj  1;

ni;j 2 Z,

(11)

j¼1

with the restriction that none of the qi are related by a primitive
cell reciprocal lattice vector

(2)

We remark that the supercell treatment found in most solid state
texts concerns only the very simplest case, that of a diagonal
matrix with positive elements: mi,j ¼ mi,idi,j,mi,i40. A little algebra
shows that
A1 dðA2  A3 Þ ¼ detðMÞ½a1 dða2  a3 Þ

p 2 Z;

(1)

ql  qm a

3
X

pj bj ;

pj 2 Z.

(12)

j¼1

These results are not speciﬁc to a particular primitive or nonprimitive cell, or even to rectangular cells. To proceed further,
the primitive and non-primitive cells must be speciﬁed. The
most broadly applicable results can be obtained by considering
only the FCC primitive cell and requiring the non-primitive cell to
be rectangular.

ARTICLE IN PRESS
492

T.B. Boykin et al. / Physica E 41 (2009) 490–494

2.2. Rectangular non-primitive cells for FCC primitive cells
Non-primitive cells with orthogonal axes have two distinct
advantages over those with non-orthogonal axes: simplicity of
programming and automatic speciﬁcation of allowed small-cell
wavevectors. The ﬁrst point is immediately obvious; the second
follows from vector analysis. If the three non-primitive cell direct
lattice vectors are mutually orthogonal, then the general relation
Ai  Bj ¼ 2pdi,j implies that AiJBi, and hence the three nonprimitive cell reciprocal lattice vectors are mutually orthogonal
as well. Therefore, the non-primitive cell reciprocal lattice vectors
lie along the axes of the non-primitive cell, and from Eq. (11) it is
clear that some of the allowed small-cell wavevectors will lie
along these directions. As shown in subSection 3.3 below, the
shape of a particular non-primitive cell affects the sampling of
allowed wavevectors, when a supercell composed of nonprimitive rectangular cells is employed.
What is needed, then, is a practical method for choosing
rectangular non-primitive cell, with one axis along a desired
direction for a given crystal lattice. Because a completely general
method tends to be difﬁcult to implement, we instead make a few
simplifying assumptions which lead to signiﬁcantly clearer
analysis and programming. In addition, we specialize our results
to the FCC lattice, but the methods we use can be employed for
other bulk lattices or even periodic nanostructures, such as
superlattices [6] or nanowires [3] as well. The FCC primitive cell
direct and reciprocal lattice vectors are
a1 ¼

a
ðey þ ez Þ;
2

b1 ¼

2p
ðex þ ey þ ez Þ;
a

a2 ¼

a
ðex þ ez Þ;
2
b2 ¼

a3 ¼

a
ðex þ ey Þ
2

2p
ðex  ey þ ez Þ;
a

b3 ¼

(13)
2p
ðex þ ey  ez Þ
a

For the ﬁnal supercell direct lattice vector, A3, a rectangular
supercell requires that A1  A3 ¼ A2  A3 ¼ 0, and for convenience
the sign of A3 is chosen to satisfy (A1  A2)JA3. Using the form
A3 ¼

a
½pn1 ex þ pn2 ey þ ðpn1 þ pn2  2qÞez ;
2

(19)

p; q 2 Z

we ﬁnd
p ¼ ðn1 þ n2  2m1;3 Þ;

q ¼ ½n21 þ n22 þ n1 n2  m1;3 ðn1 þ n2 Þ.
(20)

If p and q have a greatest common divisor (GCD), a minimal-size
supercell results by dividing both by their GCD. Substituting
Eq. (20) into Eq. (19) results in an expression for A3 in terms of the
original parameters
A3 ¼

a
½n1 ðn1 þ n2  2m1;3 Þex  n2 ðn1 þ n2  2m1;3 Þey
2
þ ðn21 þ n22 Þez ,

(21)

where as desired, A1  A2 ¼ (a/2)A3. Note that if n1, n2, and m1,3
are such that p ¼ 0, q becomes free and the shortest A3 comes
from Eq. (19) directly, q ¼ 71, as discussed in Section 3.2 below.
Finally, it is useful to have expressions for the other mi,j in
terms of n1, n2, and m1,3
m1;1 ¼ n2  m1;3 ;

m2;1 ¼ m2;2 ¼ ðn1 þ n2 Þ=2;
m3;1 ¼ n21 þ m1;3 ðn2  n1 Þ;
m3;3 ¼

n21



n22

(22)

m1;2 ¼ n1  m1;3

(23)

m2;3 ¼ ðn1  n2 Þ=2
m3;2 ¼ n22 þ m1;3 ðn1  n2 Þ,

 n1 n2 þ 2m1;3 ðn1 þ n2 Þ.

(24)

Therefore, under our simplifying assumptions all of the remaining
mi,j are speciﬁed by the three parameters n1, n2, and m1,3.

(14)
where a is the FCC conventional unit cell cube edge. Without the
loss of generality, we may take the non-primitive cell direct lattice
vector A1 to lie along a speciﬁed direction. Its decomposition in
terms of the Cartesian unit vectors is found using Eqs. (1) and (13)
A1 ¼

a
½n1 ex þ n2 ey þ n3 ez ,
2

n1 ¼ m1;2 þ m1;3 ;

n2 ¼ m1;1 þ m1;3 ;

(15)
n3 ¼ n1 þ n2  2m1;3 .
(16)

A few observations regarding Eqs. (15) and (16) are in order
before proceeding. First, the form adopted by A1 must likewise
apply to A2 and A3 as well. Second, n3 is of the same parity as
(n1+n2). From this, it follows that if n1 and n2 are of the same
(opposite) parity then n3 is even (odd). (We employ the term
‘‘parity’’ in the broadest sense, thus both +1 and 1 are said to be
odd, etc). Thus, at least one of the coefﬁcients ni is even, and we
choose n3 even because this choice simpliﬁes the analysis. Finally,
not all directions are compatible as written with the form of
Eqs. (15) and (16). For example, the shortest compatible axis along
[111] is given by the trio (n1,n2,n3) ¼ (2,2,2).
The analysis is further simpliﬁed by taking A2 to lie in
the x–y plane. A choice which satisﬁes this criterion, along with
A1  A2 ¼ 0 is
A2 ¼

a
½n2 ex þ n1 ey 
2

(17)

with the obvious additional restriction that at least one of the
integers n1, n2 be nonzero. Because A2 must satisfy the same form
as A1, it follows from Eqs. (1) and (15) that
2m2;3 ¼ n1  n2 .

(18)

Note that this equation is always satisﬁed under our simplifying
assumption that n1 and n2 are of the same parity.

2.3. Supercells of non-primitive cells
As discussed above, non-primitive rectangular cells are
especially useful because some of the allowed small-cell wavevectors will lie along the non-primitive cell axes. These nonprimitive cells may themselves be used as the unit cells for
supercell calculations in order to achieve extra dense k-space
sampling along a desired direction. This application is different
from that of Fourier integration [7,8], where all the three supercell
axes are the same multiple of the corresponding unit cell axes
(i.e., nA1, nA2, and nA3). In general, a supercell composed of Ni
non-primitive cells along the non-primitive cell axis Ai has
supercell allowed wavevectors
Kn ¼

3
X
nj
Bj ;
N
j
j¼1

n ¼ ð n1 ;

n2 ;

n3 Þ

8
ðN j  2Þ
Nj
>
>
; . . . ; 1; 0; 1; . . . ; ;
<
2
2
nj ¼
ðN j  1Þ
> ðN j  1Þ
>
; . . . ; 1; 0; 1; . . . ;
;
:
2
2

(25)

N j even
.

(26)

N j odd

There are thus N1N2N3 supercell wavevectors given by Eq. (25).
However, each (non-primitive) unit cell of the supercell has
M ¼ |det(M)| primitive cells, so that there are MN1N2N3 small-cell
wavevectors (shifted back into their ﬁrst Brillouin zone if
necessary)
kn;i ¼ Kn þ qi ;

i ¼ 0; 1; . . . ; M  1.

(27)

Observe that permitting different numbers of non-primitive cells
along the three non-primitive cell axes allows one to more heavily
sample k along one or more axes. For rectangular non-primitive
cells, the density is further increased since often some of the qi
will lie along the desired axes.
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3. Results

3.3. 6 FCC cell

3.1. 2-FCC cell

This non-primitive cell has axes aligned along directions [11 2̄],
[1̄1 0], [111] and is useful for obtaining dispersions along the
[111] direction. Note that from the discussion in Section 2.2 above
the coefﬁcients for the [111] axis will all be multiplied by 2 when
Eqs. (15), (17), and (21) are used since that is the minimal such
axis compatible with the FCC primitive cell direct lattice vectors.
(The other two axes are compatible as written). Taking the [11 2̄]
axis to be A1 gives

This non-primitive cell has axes along [11 0], [1̄1 0], and [0 0 1],
and is well-suited for calculations of the small-cell bands along
[11 0]. Using the development in Section 2 above, we take
n1 ¼ n2 ¼ m1;3 ¼ 1

(28)

so that the non-primitive cell direct lattice vectors are
A1 ¼

a
ðex þ ey Þ;
2

A2 ¼

a
ðex þ ey Þ;
2

A3 ¼ aez

(29)

a
2

q1 ¼  ðey þ ez Þ.

(30)

The non-primitive cell reciprocal lattice vectors are therefore
B1 ¼ b 3 þ

1
ðb1 þ b2 Þ;
2

B2 ¼

1
ðb1  b2 Þ;
2

B3 ¼

1
ðb1 þ b2 Þ.
2

(31)

Note that any two of the Bi are related by a primitive cell
reciprocal lattice vector, so only one is allowed as a small-cell
wavevector, and
q0 ¼ 0;

q1 ¼ B3 ¼

1
2p
ðb1 þ b2 Þ ¼
ez
2
a

(32)

B3 is chosen since it lies in the primitive cell ﬁrst Brillouin zone.
3.2. 4 FCC cell
This case is the familiar FCC conventional unit cube studied at
length in Refs. [2,5] and is the optimal rectangular cell for
obtaining dispersions in the [1 0 0], [0 1 0], [0 0 1] directions. This
cube is speciﬁed by the parameters
n2 ¼ 0;

m1;3 ¼ 1

(33)

so that the non-primitive cell direct lattice vectors are
A2 ¼ aey ;

A1 ¼ aex ;

A3 ¼ aez

(34)

and j detðMÞj ¼ 4. Because p ¼ 0, Eq. (19) was used to ﬁnd the
expression for A3 in Eq. (34) instead of Eq. (21). As noted above,
this is the case in which q is free, and taking q ¼ 1 in Eq. (19)
results in a smaller non-primitive rectangular cell.
Once again choosing the origin of the rectangular cell to be the
upper right, front corner, the four primitive cells are located at

q0 ¼ 0;

a
2

q1 ¼  ðex þ ey Þ;
a
2

a
2

q2 ¼  ðey þ ez Þ,

q3 ¼  ðex þ ez Þ

a
a
ðex þ ey  2ez Þ; A2 ¼ ðex þ ey Þ,
2
2
a
A3 ¼ ð2ex þ 2ey þ 2ez Þ,
2

q1 ¼ B1 ¼

q 3 ¼ B3 ¼

1
ðb2 þ b3 Þ;
2

1
ðb1 þ b2 Þ.
2

q2 ¼ B2 ¼

(38)

with j detðMÞj ¼ 6. The slightly clumsy rendering of the expression
for A3 is deliberate, in order to emphasize the factor of 2 which
automatically results on application of Eq. (21). Rather than list
the locations of the primitive cells within the non-primitive cell,
we move to the more interesting case of the allowed small-cell
wavevectors.
Eq. (5) gives the expressions for the non-primitive cell
reciprocal lattice vectors. Here, it is more useful to represent
them in terms of the primitive cell reciprocal lattice vectors:
B1 ¼ 

1
1
1
b1  b2 þ b3 ;
6
6
3

B2 ¼

1
ðb1  b2 Þ,
2

1
ðb1 þ b2 þ b3 Þ.
3

(39)

Note that although B2 falls outside the primitive cell ﬁrst Brillouin
zone, B2+b2 lies within it (just on the surface, in fact). In addition,
observe that because the coefﬁcients of B1 and B3 are less than 12 in
magnitude, the four vectors 7B1, 7B3 are all allowed as small-cell
wavevectors. On the other hand, because each has at least one
coefﬁcient of magnitude 13, multiplying either by 72 would give a
vector outside the primitive cell ﬁrst Brillouin zone. With the zero
vector and B2+b2, we have thus found the six allowed wavevectors
for this non-primitive rectangular cell:
q0 ¼ 0;

q1 ¼ B1 ;

q2 ¼ B2 þ b2 ;

q 3 ¼ B3 ;

q5 ¼ B3 .

q4 ¼ B1 ,
(40)

Again, we emphasize that because the primitive-cell Brillouin
zone is j detðMÞj ¼ 6 times larger than that of the non-primitive
cell, there are only six allowed small-cell wavevectors. Thus once
six have been found within the primitive-cell ﬁrst Brillouin zone,
we are guaranteed that they are the only ones.
3.4. Zone unfolding with the 6 FCC cell

(35)

The non-primitive cell reciprocal lattice vectors are all allowed
as small-cell wavevectors, since none of them differs from another
by a primitive-cell reciprocal lattice vector. Together with the zero
vector (always allowed) they constitute the four allowed smallcell wavevectors
q0 ¼ 0;

(37)

A1 ¼

B3 ¼

n1 ¼ 2;

m1;3 ¼ 2.

The non-primitive cell direct lattice vectors are therefore

and j detðMÞj ¼ 2. Taking the origin of the cell to be at the upper
right, front corner, the two primitive cells lie at

q0 ¼ 0;

n1 ¼ n2 ¼ 1;

1
ðb1 þ b3 Þ,
2
(36)

Because we have found j detðMÞj allowed small-cell wavevectors
within the primitive-cell Brillouin zone, it follows that there
are no other allowed small-cell wavevectors. For example,
B1 ¼ B1b2b3 and so is not allowed.

As an example use of these cells, we compare the bands
of Ge as calculated with the single-primitive unit cell and as
unfolded from a supercell composed of non-primitive 6 FCC cells
(subSection 3.3 above). This type of calculation is a necessary test
for any supercell electronic structure code because the supercell
results must agree with the single primitive cell results, when all
primitive cells are identical. In both cases, the sp3d5s* spin-orbit
tight-binding model [13] is used, with Ge parameters from
Ref. [14]. The supercell is based on the non-primitive 6 FCC cell,
with 20 of these cells along its [111] axis and 2 cells along each of
the other orthogonal axes in order to achieve good resolution of
the Ge conduction band. Fig. 1 shows the bands of Ge from G to L
as calculated directly from the single-primitive cell sp3d5s* spinorbit Hamiltonian (solid lines) and as unfolded [2,4,6] from the
20  2  2 supercell (diamonds). As expected, there is excellent
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in any non-primitive cell, irrespective of the underlying primitive
cell. For rectangular non-primitive cells, the shortest nonprimitive cell reciprocal lattice vectors are parallel to the nonprimitive cell real-space axes, so that the allowed wavevectors for
the non-primitive cell will lie in these directions as well. Finally,
we have illustrated the use of non-primitive rectangular cells in
tight-binding supercell calculations by unfolding the bands of Ge
from a supercell based on the 6 FCC cell presented here.

4.0

3.0

Ge

Energy (eV)

2.0

1.0

Acknowledgments

0.0

-1.0

-2.0
0.00

0.25

0.50

0.75
1.00
k along [111] (/a)

1.25

1.50

1.75

Fig. 1. Bands of Ge from G to L as calculated directly from the single-primitive cell
sp3d5s* spin-orbit Hamiltonian (solid lines) and as unfolded from the 20  2  2
supercell (diamonds). The supercell is based on the non-primitive 6 FCC cell and
has 20 cells along [111] and 2 cells along each of the other axes. Note the excellent
agreement between the two methods.

agreement between the two methods. We note here that we have
previously used the non-primitive 4 FCC cell in AlGaAs approximate bandstructure calculations [2].

4. Conclusions
We have developed a simple, easily implemented method for
determining the allowed wavevectors in non-primitive rectangular cells for the FCC lattice. This method is especially useful,
because non-primitive rectangular cells for the FCC lattice can
have at most one axis aligned with a primitive cell axis, so that
the simple case treated in solid state texts is no longer applicable.
We have also presented general relations for allowed wavevectors

This work was supported by Semiconductor Research Corporation. The work described in this publication was carried out in part
at the Jet Propulsion Laboratory, California Institute of Technology
under a contract with the National Aeronautics and Space
Administration, and Jet Propulsion Laboratory. nanohub.org
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