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A systematic approach to the tetrahedron method of Brillouin zone partition is proposed.
This approach has advantagés over existing techniques and is more generally applicable.

1. INTRODUCTION

Many calculations in solid-state Physics require as a first step the selection of a set
of points within a Brillouin zone. For example, a commonly used means of obtaining
a density of states distribution is to generate a mesh of points in K-space, evaluate the
model Hamiltonian at these points, and display the results in a histogram. This
technique, known as “‘root sampling,” is considered by some to be superseded now
by various methods which are reviewed by Gilat [1]. However, its simplicity ensures
its continuing appearance in the literature.

A common feature of all the later methods is the partition of the zone, or the
irreducible part of the zone, into small volumes or microzones. The mesh of micro-
zones may be cubic, or consist of rectangular or triangular prisms [2-5]; integration
or other operations may be performed analytically by extrapolation or interpolation
of suitable functions within these small cells [6-10]. These methods have been applied
to cubic, hexagonal, tetragonal, and trigonal systems.

A slightly different approach has been developed in which the Brillouin zone is
divided into tetrahedral cells [11-13]. Several advantages are claimed for this method,
critically discussed by Gilat and Bharatiya [14].

In general one may propose several criteria to be met by any method of parti-
tioning a Brillouin zone, whether one wishes complete microzones to use as integra-
tion cells or merely points from each to form a root sampling mesh. These criteria are:

(1) that the zone be completely filled;
(2) that the spread of cells be uniform;

(3) that the method of selection be straightforward and applicable to as many
systems as possible.

For some purposes it is also desirable to avoid symmetry points, and edges and
bounding planes of the Brillouin zone or its irreducible segment [1].
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In this paper an improvement of the tetrahedron method of zone partition is
proposed: it will be shown that the approach outlined satisfies the above criteria at
least as well as methods in current use, while being more generally and easily applic-
able.

2. METHOD

The irreducible part of a Brillouin zone (IRBZ) of any symmetry can be divided up
initially into a few large tetrahedral sections. For example the IRBZ of the face-
centered cubic system may be split into three parts, the tetrahedra with vertices at
T'LKW, 'LWU, and I'XWU—in the notation of Kunc [15]. The simple cubic IRBZ
is a tetrahedron in any case, while systems of low symmetry would require division
into more than three sections.

It is now convenient to state two well-known theorems, which are used later.

THEOREM 1. The volume V of a tetrahedron ABCD with vertices at the points
defined by the vectors A, B, C, and D is given by [16]

V=1(A"BXxC—(A BxD)+(A-CxD)—(B-C x D). (1)

THEOREM 2. Any point P lying on the surface of or contained within a tetrahedron
ABCD is expressible as [17]

P = xA 4+ x,B + x,C + x,D, 2)
where
Xp+ X+ x3+x, =1
and
0<x; <1, i=1,.4.
In particular the centroid K. is given by
Kc = XA+ B+ C+ D). )
Since K¢ is the center of weight of the tetrahedron, an integral I of a function f(K)

which is linear in K, taken over the volume of K-space contained in ABCD, is given
exactly by

[ = f f f 1K) dr = V(Ko), (4)

where dr is a volume element in K-space and V is the volume of ABCD. This
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illustrates a sense in which K. is the best single sampling point for the tetrahedral
volume.

Equation (2) expresses the geometrical equivalence of all tetrahedra; they are related
by simple linear transformations. For this reason if it is necessary to improve the
sampling of a volume of K-space it is desirable to do so without using cells of different
geometry. The initial tetrahedra should be subdivided into smaller tetrahedra.

Although there are many ways of arranging this subdivision, arguments due to
Gilat [1] and Lehmann and Taut [13] suggest that the accuracy associated with a
given mesh is related to the dimensions of the microzones. Thus in order to reduce
inaccuracies the maximum length from the center of each cell to its edges should be
made as small as possible.

To achieve this with the minimum of computation the following scheme is proposed:
a tetrahedron ABCD will in general have one side longest, which may readily be found.
Suppose this to be AB. Then, as Fig. 1 shows, the original tetrahedron may be split
into two by taking as vertices the sets

AX,CD and B,X CD, where X = }(A + B). %)

It follows from Eq. (1) that the two new tetrahedra each have one-half of the
volume of the original. The centroids of the new cells are given by Eq. (2), where
Xy 5...s X4 are quickly found. This is the most efficient way of reducing the sampling
cell dimensions in one step.

D

Fig. 1. Point X is the midpoint of side AB. The tetrahedra AXCD and BXCD have half the
volume of ABCD.

If the procedure is repeated a total of n times, the original tetrahedron will have
been divided into 2” cells of similar geometry, evenly spaced and of equal volume. The
set of centroids of these cells may be taken as the mesh on which to sample the section
of the zone represented by the original tetrahedron. Where the IRBZ was divided
initially into several sections of differing volume, in general the statistical weights of
points in different sections will not be the same-—there will be as many different
weights as initial sections—but because of the possibility of adjustment by repeated
division by 2 these weights need not differ by more than a factor of 2'/2. Thus the
contributions and inaccuracies from cells in different sections may be kept comparable.
The weights are easily found, using Eq. (1).
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The method outlined above differs from the schemes used by Lehmann and Taut
[13], who either divided the IRBZ first into cubes and then subdivided these into
tetrahedra, or set up a mesh of tetrahedra of arbitrary shape. Because they did not
choose cells with minimized dimensions, highest accuracy will not be attained. Further,
their first scheme apples only to cubic zones, while the second is not a general pres-
cription and would require modification and justification for each different system.

Chen [21]has proposed a novel system for Brillouin zone integration which requires
the initial partition of the IRBZ into tetrahedra and then constructs a mesh of points
inside each of these sections. This mesh is so constructed that it is possible to inter-
polate over each entire section rather than over just one microzone, or a small cluster
of microzones, as in previous schemes. The mesh is not intended to constitute a set of
points to be used for root sampling or in conjunction with other existing integration
procedures. In fact it would be particularly inappropriate in that respect since weigh-
ting factors would vary not only between interior and surface points, but in general
throughout the volume of each segment. Although a comparison of different zone
integration methods is beyond the scope of this paper, it is noted that the bisection-
based algorithm suggested here may find an application in Chen’s approach at a later
stage. That is, he suggests that increase in accuracy may be achieved by subdividing
the thin tetrahedra used in his ray integration into microtetrahedra, and subsequently
using the original tetrahedron integration results. The subdivision could be done
systematically using the method described above.

3. CoMPARISON WITH A CuBic MESH

The purpose of this section is to test how well the above method of partition satisfies
the conditions stipulated in the Introduction, and also to provide an illustrative
numerical example. Although different methods of integration have been compared
before, it does not appear that the question of the adequacy of a set of sampling
points in the IRBZ has previously been studied. Since no logical system of construc-
ting a tetrahedral mesh has been suggested, and it seems of little value to construct
random samples, a comparison is made here between integrals over the simple cubic
IRBZ using a cubic mesh with 1140 points, centered on the origin, and a mesh of 1024
tetrahedra. In each case a linear approximation was used, in that the calculated integral
F(p) was found by

F(p) = ¥ g(p, K) 7/V, (6)

where K; = centroid of the ith tetrahedral cell or cubic cell, 7; = weighting factor of
ith cell, V = total volume of IRBZ, and the summation runs over all cells in the
IRBZ.

In the case of the tetrahedral mesh 7; is simply the volume of the cell, that is,
V'[1024, for every cell. The volume of each cubic cell is equal to 61/18%, but 7, also has
to take into account overfilling of the zone since cells at the edge of the zone project
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Fic. 2. F(p) is the integral of sin(pK,) over the simple cubic IRBZ. The solid curve gives the
exact values. The points show the results of a linear approximation using a mesh of 1024 tetrahedra.
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Fic. 3. The error plotted is the difference between the exact and calculated values of F(p) in
Fig. 2.
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beyond it. Thus several additional weighting factors for differently positioned cells,
ranging from 1 to 1/48, have to be calculated.

The simple cubic IRBZ is congruent to a tetrahedron with vertices at (000), (010),
(110), and (111), with axes (K, K, K,). The function chosen for integration over this
volume was sin (pK,), which oscillates increasingly rapidly over the zone as p in-
creases, so that the accuracy of the linear approximation inherent in Eq. (6) will
decrease. This should provide a reasonable test of the assertion that the bisection
method minimizes the dimensions of the microzones, and so reduces the effects of the
quadratic and higher-order terms ignored in the calculation.

Figure 2 shows the results for the tetrahedral mesh compared with the exact theore-
tical values; the approximate values are a good fit for small p, becoming worse as p in-
creases. This is more clearly shown in Fig. 3, which plots the error as a function of p.
Interestingly the results for the cubic mesh are similar, but the fit is rather less good
(see Figs. 4 and 5). Figures 3 and 5 show that the errors with the cubic mesh are some
209, larger, in spite of the greater number of points used in the computation.

Clearly the above calculations are a very crude form of zone integration, using a
fairly simple function. However, the interest is not in comparing different methods of
zone integration but in testing two sets of samples of K-space, such as might be used
subsequently for integration but also might be used for root sampling. Difficulties in
making a comparison are already clear from the unequal number of points used in
each case: it is felt that a complex calculation using a less straightforward function
would only confuse the interpretation more.

T 1 | T
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FiG. 4. F(p)is the integral of sin(pK,) over the simple cubic IRBZ again, but the points represent
values calculated using a cubic mesh with 1140 points. The solid curve gives the theoretical behavior.
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The differences between the correct and the approximated values of Fig. 4 are shown.

Comparing with Fig. 3, apart from a sign change the two methods yield similar results, but the
errors due to the cubic mesh are greater than those due to the tetrahedral mesh.

TABLE 1

Moments of the Single Cubic IRBZ Computed with a Cubic Mesh, and with a Tetrahedral Mesh

Percentage error
Function computed Cubic mesh Tetrahedral mesh True value
Volume <10-¢ <10- 1/6
K. <10-° <10-¢ 172
K, +0.10 —0.14 3/10
K.K, +0.07 —6 x 10 2/5
K2 +0.22 —0.31 1/5
K.2K, +0.17 —0.12 1/4
K. K,K, —8 x 10°*® <108 1/8
K +0.37 --0.52 1/7
k2K, +0.30 —~0.29 6/35
K.2K,? +0.32 —0.17 3/14
KKK, +0.10 —0.10 6/70
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As a further test several moments of the form K. K™ Kz—", where I, m, n are
integers, have been calculated over the same region. These functions are relevant to
the various levels of interpolation used in approximating functions over sections of
Brillouin zones. Where a linear approach is used, as in the example above, errors
arise from the neglect of terms where 1 + m -+ 12 . With a quadratic interpolation,
cubic and higher terms would contribute. In every case the resulting errors will be
smaller for a better conditioned mesh, with microzones of lesser dimension. The
percentage errors accruing are given in Table I, together with the theoretical values.
As may be expected, results are best for lowest-order moments. In this test the results
of each method are similar, but again it is stressed that more points were needed
using the cubic mesh to get the same level of accuracy, thus involving more computing
effort and time.

Although the number of points doubles at each bisection of the tetrahedral cells,
the increase in accuracy is not so rapid. Calculating the set of moments listed in
Table I with only 512 points gives errors 1.6 times larger on average compared to the
values listed for 1024 tetrahedral cells. For 256 points the errors are 2.4 times greater.
This is as expected from the above discussion since although the volume of each
microzone is reduced to one-half at each step, each new tetrahedron is still bounded by
three of the sides of the original cell, unreduced in length. Thus the decrease at each
step in the average dimension of a microzone is not as great as one-half.

4, SUMMARY

Sampling using a cubic mesh is a well-established method. The last section has
examined errors that may arise in using it to evaluate integrals of quite simple func-
tions in a Brillouin zone, and it is found by comparison that the method proposed in
this paper can give similar results with less computing effort. This is achieved by
eliminating the need for the inclusion of many points on the edges of the zone which
have low statistical weight. The same consideration will apply to those systems where
meshes of rectangular and triangular prisms have been used. Moreover the possibility
of programming error is reduced since one does not require calculation of different
weighting factors for cells which are in the same segment of the zone; factors for
different segments follow arithmetically from the coordinates of the symmetry points
of the zone, using Eq. (1).

The total computing time in any application will depend on the particular calcula-
tion to be performed at each representative point, and the number of such points, but
it may be of interest to know the time required initially to set up the sampling mesh.
In the present study, a FORTRAN program on an 1BM 360/44 system took 1.7, 3.5,
and 6.8 sec of CPU time to establish 256, 512, and 1024 points inside the simple cubic
IRBZ using the tetrahedral method. The bisection algorithm finds the longest cell
dimension at each step. The time required for this means that setup time using a cubic
mesh is much shorter, even when the time for finding the weights is included. For
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example, cubic meshes of 286, 560, and 1140 points, suitably weighted, required 0.06,
0.14, and 0.28 sec of CPU. Thus for very short calculations if a cubic mesh can be
used, it may give faster results. For longer calculations, this saving in time will be
outweighed by the fewer points required by the tetrahedral mesh.

The method can be used with the existing sophisticated techniques worked out for
tetrahedral meshes [13, 14, 18-20]. Its advantages over previous alternative methods
are its increased accuracy for the same computing effort, and its simplicity and gene-
rality of application.

REFERENCES

. G. GiLaTt, J. Comput. Phys. 10 (1972), 432.

. G. GiLAT AND L. J. RAUBENHIMER, Phys. Rev. 144 (1966), 390.

L. J. RAUBENHEIMER AND G. GILAT, Phys. Rev. 157 (1967), 586.

Z. KaM AND G. GILAT, Phys. Rev. 175 (1968), 1156.

E. FinkMaAN, Z. Kawm, E. CoHeN, AND G. GILAT, J. Phys. Chem. Solids 32 (1971), 2423.

J. F. Cook anD R. F. Woob, Phys. Rev. B 5 (1972), 1276.

. G. GILAT, Phys. Rev. B 7 (1973), 891.

N. W. DaLtoN AND G. GILAT, Solid State Commun. 12 (1973), 211.

. J. F. Cookg, H. L. Davis, AND M. MosToLLER, Phys. Rev. B 11 (1975), 706.

. R. Car, G. Ciwucci, AND L. QUARTAPELLE, J. Comput. Phys. 27 (1978), 272.

. G. LeamanN, P. RENNERT, M. Taurt, AND H. WoONN, Phys. Status Solidi 37 (1970), K27.

. 0. JersoN AnD O. K. ANDERSON, Solid State Commun. 9 (1971), 1763.

. G. LEHMANN AND M. TauT, Phys. Status Solidi (b) 54 (1972), 469.

. G. GiLAT AND N. R. BHARATIYA, Phys. Rev. B 12 (1975), 3479.

. K. Kunc, Ann. Phys. 8 (1973-1974), 319.

. M. ScuwarTz, S. GREEN, AND W. A. RUTLEDGE, ‘“Vector Analysis,” Harper International,
New York, 1960.

17. E. D. NERING, “Linear Algebra and Matrix Theory,” Wiley, New York, 1963.

18. P.-A. LINGARD, Solid State Commun. 16 (1975), 481.

19. J. RATH AND A. J. FREEMAN, Phys. Rev. B 11 (1975), 2109.

20. A. HoLas, Phys. Status Solidi (b) 81 (1977), K107.

21. A.-B. CHEN, Phys. Rev. B 16 (1977), 3291.

VONDAW N~

bt
AWV AW~ O



