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A numerical method is developed for calculating the spectral density of states, eigenvalues, and eigen-
vectors of very large non-Hermitian matrices with real eigenvalues. We also present an efficient method
to calculate the dynamic correlation function of the system described by non-Hermitian matrices. The
effectiveness of the method is demonstrated by applying it to percolating classical Heisenberg antifer-

romagnets.
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I. INTRODUCTION

Eigenvalue analyses of very large matrices are impor-
tant in many fields of physics [1], so efficient numerical
algorithms, particularly suitable to advanced supercom-
puters, have been developed. It is becoming common to
work with Hermitian matrices having a degree N of 10°
or more. Among these, the forced oscillator method [2,3]
is powerful enough to accurately compute the spectral
densities of states, eigenvalues, and eigenvectors of very
large matrices. This method is based on the principle
that a linear mechanical system when driven by a period-
ic external force of frequency ) will respond with large
amplitudes in those eigenmodes close to this frequency.
One can treat, in general, eigenvalue problems of very
large N X N Hermitian matrices, by mapping them onto
those of lattice dynamics. The algorithm [2,3] has been
successfully applied to eigenvalue problems of large-scale
Hermitian (or symmetric) matrices. Examples are frac-
ton dynamics [4], photon localization [5], quantum-spin
systems [6], electronic structures of amorphous systems
[7], and *J Ising spin glass [8].

It is highly desirable to extend the forced oscillator
method (FOM) to be applicable to large-scale non-
Hermitian matrices (with complex number elements).
The eigenvalue analyses for non-Hermitian matrices are
important in many areas of condensed matter physics
such as antiferromagnets [9,10], spin glasses [11,12], elec-
tronic structures [13], and the master equation in non-
equilibrium thermodynamics [14]. The standard method
for treating an eigenvalue problem of N XN non-
Hermitian matrices is the diagonalization techniques,
such as the QR method or the Arnoldi method [15]. [The
term QR method comes from the “QR decomposition” of
a given matrix 4 as 4 =QR, where Q and R represent a
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unitary matrix Q and a right (or upper) triangular matrix
R, respectively.] These have, however, a serious problem
requiring a large amount of computer memory space,
which makes it difficult to treat an eigenvalue problem of
very large non-Hermitian matrices. Another difficulty
arises due to the fact that, in general, eigenvalues of non-
Hermitian matrices are sensitive to small changes in ma-
trix elements [15]. This difficulty is due to the lack of
orthogonality among eigenvectors for non-Hermitian ma-
trices. From these mathematical difficulties, practical al-
gorithms have not yet been developed for the analysis of
large non-Hermitian matrices. The purpose of this paper
is to extend the FOM [2,3] to be applicable to an eigen-
value problem of very large non-Hermitian matrices with
real eigenvalues. We also present an efficient algorithm
to calculate the dynamic correlation function S(q,w).
The advantage of the algorithm is that it is not necessary
to perform the spatio-temporal Fourier transform of the
correlation function S(r,?). An application is made for
percolating classical Heisenberg antiferromagnets.

In Sec. II, we present general arguments on the FOM
[2,3] extended to non-Hermitian matrices. In Sec. III,
the algorithm for calculating the dynamic correlation
function, i.e., the dynamical structure factor S(q,w), is
given by illustrating classical Heisenberg antiferromag-
nets. Section IV presents calculated results obtained by
applying the present algorithm to percolating classical
Heisenberg antiferromagnets. Conclusions are given in
Sec. V.

II. FORCED OSCILLATOR METHOD
EXTENDED

A. Spectral density of states

We focus our attention, in the following general argu-
ments, on an eigenvalue problem of a nonsymmetric ma-
trix {D,,,} with real number elements. The condition is
not essential for our algorithm. In fact, the extension is
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straightforward to the case of non-Hermitian matrices
with complex elements [16]. A nonsymmetric (as well as
non-Hermitian) matrix has two sets of eigenvectors called
right eigenvector |u())) defined by [1,17]

U, (A)=3 D, u,(A), 1
and left eigenvector (v(A)| given by
00 (M= 0,(A)D,, . @)

These eigenvectors belong to the same eigenvalue w,. We
can assume hereafter that all eigenvalues w, are positive
without loss of generality, because one can rewrite Egs.
(1) and (2) as

(@3, + @)t (A)="3 (D +8, o)t (A) 3)

and
(@) + @)V, (A)= 3 v, (AND,,, +8,, ;@) , 4)

where an appropriate amount of w, should be added so
that the minimum value of w;+w, is positive. Though
left (or right) eigenvectors do not form orthogonal sets
due to the nonsymmetricity of the matrix {D,,},
biorthogonality conditions are present between them
[1,17]. These are written as

3 lu()) w)|=I (5a)
A

and
(w(M)|u(X)) =8, , (5b)
where I is the unit matrix. The mapping of Egs. (3) and

(4) onto the equations of vibrational motion is done by
[2,3]

d2
E;;xm(t)='— S D,..x,(1), (6)
d2
L (== S D}y, (1), )

where D,,, is defined as D,,=D,,, +38, ,0, and x,,(t)
and y,,(¢) denote the displacements of the site m. Since
|u (L)) forms a complete set of vectors [note that |u(A))
does not form an orthogonal set, but they are linearly in-
dependent], the displacement x,,(¢) can be decomposed
into a set of right eigenvectors |u(1)) as

X ()= P, (D)u,, (1) , 8)
A

where P,(t) is the amplitude of the right eigenvector
[u(A)), and varies as ~exp(—ip,t) (4 =w, +w,) as seen
from substituting Eq. (8) into (6). In the same way, the
displacement y,, (¢) can be expanded by a set of left eigen-
vectors (v(A)| as

Im()=3 O, (1), 9)
A

where Q,(t) is the amplitude of the left eigenvector

(v(L)|, and varies as ~exp( —iu,t).

The spectral density of states is calculated by the fol-
lowing procedure. The displacements x,,(¢) and y,(?)
are set to be zero at r =0, then the periodic ‘“forces”
F,,cos(Qt) are imposed on each site m in Egs. (6) and (7).
Here F,, should be chosen as

F,,=Fycos(d,,) , (10)

where ¢,, is a random quantity taking a value within the
range 0=¢,, <2m, and F, is a constant.

As a next step, we calculate the quantity E(z) defined
by

E=11{3 %, (00+ 3 3y, (t)D,,,x,(t)

=13 (P()Q; () +udP,(1)Q,(1)) , (11)
A

where the biorthogonality condition Eq. (5b) is used. We

introduce the quantities £;(z) and 7,(¢) defined by

g}‘(t);—Pl(t)'Fi[l.APA(t), and ﬂl(t)EQ;L(t)‘l"i[i;»Qk(t).

After a time interval T, §,(¢) becomes, using Eqgs. (3), (6),

and (8),

ei“"T HQ—py)t e—i(0+yl)z T
()= F (A) -
X Ty Tyl
i, T ei((l—yk)T__l
~ F A. »
% ' Um (A) _—_—i(ﬂ—pk) (12)

where the second term in the square brackets of Eq. (12)
is neglected because the contribution from Q =~pu, is dom-
inant. In the same way, 7,(#) is obtained as

ip T

iQ—p)T
e 7

()= (13)

1
F JW ) B A—
2 Ftm )l 1(Q—py)

Utilizing these quantities &;(¢) and 7,(¢), the right-hand
side of Eq. (11) is rewritten as 13,£X(¢)n;(¢). Thus, one
has

ET=13
A

3 Faonh |

sin?{(u;, — Q)T /2)
(1 —Q)?

X [anu,,(M] (14)

The averaged value of E(T) over ¢,, becomes
F3 _ sin’{(u,— Q)T /2}

(E(T))=—
2 % (1, —Q)?

X < 3 3 v, (M, (Acos(d,, deos(, ))

F} s sin?{(u, — Q)T /2} 1)
4 3 (1, — Q) ’
where ( - - - ) denotes the random phase average and the

terms satisfying m =n remain in the summation for m
and n. For sufficiently large time T, the modes A’s con-
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tributing to the sum in Eq. (15) are those belonging to
eigenfrequencies p; within the narrow range of u,~=Q.
For very large systems, it is not necessary to average over
all possible ensembles {¢,,} explicitly. It suffices to
choose a single configuration of {4,,}. Provided that the
proper time interval T is used, Eq. (15) yields

7TF} TTNF}
g V)=——2—D(Q)

(E(T,Q)) = (16)

where D(Q) is the density of states for the mapped sys-
tem. The spectral density D(w) for the original system is
obtained as

Diw)= | @) 155, = 4 (E(T,u)) .
do 7TNF3V 0+,

17

The calculated spectral density 2(w) should be normal-
ized unity by

7 Dwdo=1. (18)

The forced oscillator method enables us to calculate
the density of states with an arbitrary resolution of fre-
quency 8w by taking the proper time interval 7. Let us
describe the criterion for the choice of the time T to con-
trol the resolution 8w. The frequency width of resonance
6u for the mapped system should be chosen as

~|du(w)/dw|dw, where dw is the eigenvalue resolu-
tion required for the original system. Equation (15) indi-
cates that the frequency width Su is inversely proportion-
al to the time 7T, as given by Su=~4w/T. Since
ui=w,+w, the time interval T should be taken as
T=~4n/[|du w)/dco|8w]-—81r\/w+a)0/8a) to gain the
required resolution 6w. In actual calculations, a small
time step 7 for time development must satisfy the condi-
tion pp,,7<2, where p.,, is the maximum frequency of
the mapped system. This means that a large w, requires a
small time step 7. This makes the CPU time large be-
cause the CPU time is proportional to computational
steps (=T /7). In this point of view, the value of w,
should be chosen to perform efficient computations. In
addition, the resolution 8w of the original system must
satisfy the condition 8w >>Aw [=1/ND(w)], where Aw
is the level spacing between adjacent eigenvalues {w,} at
the eigenvalue w and D(w) is the spectral density of states
per site. The condition 8w <<w is also important to cal-
J

culate accurately the spectral density of states at very
small eigenvalues.

B. Eigenvalues and their eigenvectors

Let us describe the procedure to compute right and left
eigenvectors. For right eigenvectors |u (1)), the equation
of motion with the external force F,, cos({t) is written as,
using Egs. (6) and (8),

u,(A)=F,cos(Qt). (19)

dZP)L(t) " ZP ()
_— t
% dr? KAL)
By multiplying the left eigenvector (v(A')| and taking the
sum for m in Eq. (19), one obtains the equation for the
amplitude P, (¢), by using Eq. (5b),

d?Py(t)

74‘#)}’)‘([)—_— 2 {FmUm()\.)}COS(Qt) . (20)
Equation (20) is solved with the initial condition
P,(t=0)=0as
P,(t)= EF v (Ml

2sm{(().+,uﬂt/2]sm{(ﬂ )t /2}

) 21
Q*—u

and the amplitude of x,(¢) after the time interval T
yields, using Eq. (8),

xn(1)= 3 |3 Fyo, ()
A
2s1n{(9,+yx T/2}sin{(Q—pu,)T /2}
Q-
Xu,, (L) . (22)

For sufficiently large time T, only a few eigenmodes with
eigenfrequencies p, close to () have large amplitudes.
One can accelerate the calculation by replacing the am-
plitude of the periodic force F,, at each site m by

F,=x,(T). (23)

Initial amplitude x,, (¢ =0) at the site m is set to be zero
again, and we follow the time developments of Eq. (6)
with the external force F,,cos(Qt). After p iterations of
this procedure, the amplitude x,, (T) becomes

2sin{(Q+u, )T /2}sin{(Q—pu,)T/2} |*
xP(T)=3 |3 Foo,(0) WOt p T 2)nl@=m)T2) 1, ) 24)
A ln QO —py
[
For sufficiently large p, only a single eigenmode A, a,=3D,.b,, (26)
(Ha, ~(}) survives such as n
P(T)=Cu,, (1) (25) where
~Cu ,

X} m(A b, =xPA(T) . 27
where C isa 'constant. The elgenyalue Ha, for the calcu- We introduce the quantity 8, defined by
lated right eigenvector |u(A,)) is obtained as follows. R
We define the quantities a,,, b,,, and 8, given by [3] 8, =a, —@b, , (28)
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where I is a quantity to be defined later. We see from
Egs. (26)—(28) that if the displacement x?X(T) is equal to
the eigenvector u,,(A;) and B=Ha» 8,, vanishes for any

m. The normalized sum of the deviation &2, defined
below, expresses the degree of convergence

38,
="

. (29)
pH
m

The quantity I should be chosen as the deviation 82 to be

minimized. By differentiating Eq. (29) with respect to i’
the deviation 82 takes the minimum value

2
82=1— - , (30)
za|zn)
when
Y aub,
=t 31)
3o,

If the quantity 8 is very small, i becomes quite close to
the eigenfrequency of the mapped system. Provided that
the calculated x\P(T) converges to the right eigenvector
|u(A)), the deviation 8 approaches to zero. One can
judge the convergence of the eigenvector from the magni-
tude of . In the same way, one can calculate the left
eigenvector {v(A)| and its eigenvalue. The eigenvalue @,
of the original system is obtained by the relation
@, =fi’—w,. For the criterion of the time interval T for
obtaining eigenvalues and eigenvectors, see Appendix A.

III. ALGORITHM CALCULATING
DYNAMIC CORRELATION FUNCTION

This section describes an efficient method to calculate
the dynamic correlation function of the system described
by a nonsymmetric matrix {D,,}. This algorithm en-
ables us to treat very large systems compared with the
direct diagonalization methods [15], without performing
the Fourier transform of the spatio-temporal correlation

function S(r,?) of the system. The following is an appli-
J

S(q@)=n+17 3 dlo—w,)
A

cation of the algorithm to classical Heisenberg antifer-
romagnets.

The Hamiltonian for Heisenberg antiferromagnets is
given by

H=3 JnaSp-S, (32)
(mn)
where S,, denotes the spin vector at the site m, and J,,,
the exchange coupling between nearest-neighbor sites m
and n. The linearized equation of motion for spin waves
is written, in units of S /A=1,
9

ia~ts,:(t)=am 3 o (S () S, (D], (33)

where S,1(¢) is the spin deviation at the site m, and o, is
a variable taking +1 at the site m belonging to the up-

spin sublattice and —1 for the down sublattice. The
equation of motion is transformed into a matrix form

ou,,(A)=3 D, u,(}A), (34)

where D,,, is the matrix element defined by D,,, =0 ,,J,,.,
for m#n, D,,,, =0, ,Jmn> and u,, (1) is the element of
the eigenvector A.

The dynamic structure factor for antiferromagnetic
spin waves is defined by [18-20]

S(q,0)=(n +1)x"(q,»)

=(n+1)r3 8o—o0,) [ze""‘"‘
A

m

”'amvm()»)]

X lze"""‘"u,,(x)’ ) (35)

where (n+1) is the Bose factor expressed by
1/(1—e™B®), ¥"(q,0) is the imaginary part of general-
ized susceptibility, R,, is the positional vector of the site
m, and v,,,(A) is the element of left eigenvector of the ma-
trix {D,,,} (see Appendix B). Let us define the symbols
u,(M)=o,u,(A) and v,(A)=0,v,(A) in Eq. (35).
From the properties of matrix {D,,,} defined in Eq. (34),
u,,(A) and v, (L) are related with v, (A)= A4,u,(A),
where A4, is a constant depending on the mode A (see Ap-
pendix C). From this relation, one finds that the product
{---}{ -} in Eq. (35) becomes a real quantity. Equa-
tion (35) is then rewritten as

'2 cos(q'R,, v, (X) ] lz cos(q-R,)u,(A) l

+ [2 sin(q‘R,, v, (A) ] [2 sin(qR,, Ju, (L) l J . (36)

We consider two eigenvalue equations mapped to
Biupm(M)= 3 D,y u,(R) 37

and

r

p30m(M)= 3 (0D, ua(A) (38)

where D,, and p, are defined by D,,, and o, as de-
scribed in Sec. II, and Eq. (38) is derived from Eq. (4)
The corresponding equations of motion are
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d2

Fx ()= EDm,,x (2) (39)
and

d2

S m(t)=— 2(0 D,,,0,)z,(t) . (40)

By expanding the displacements x,,(t) and z,(z) by
eigenvectors, one has

X, ()= Py (t)u,, (L) (41)
A
and

Zz, ()= 3 R, (t)v, (A), (42)
A

where P, (t) and R, (¢) are the amplitudes of the mode A,
and Eq. (41) is the same as Eq. (8). From Eqs. (40) and
(42), R, (¢) varies as ~exp(—iu,t) as well as the case for
P,(t). Equations for P,(¢) and R,(t) with the external
force o, F,, cos(Qt) become

d’Py(1) ,
i +uiPy ()= 13 F, v, (L) lcos(Qt) (43)
and
d’R,(1)
—‘1?—+yARA(t EF u,,(A) tcos(Qt) . (44)

As a next step, we introduce the quantity H(¢) defined
by

=L 0,.%, (1), (t)+‘220 2y (£)D,,, X, (2) .

Using Eqs. (37), (41), (42), and the biorthogonality condi-
tion Eq. (5b), this becomes
H()=L3 (P, ()R, (1)+u2P, ()R, (1)} . (45)
A
By defining &(t)=P,(¢)+iu,P;(t) and Ga(1)

—RA(I)+tyle(t) Eq. (45) is expressed by the neat form
H(t)=13,%(1)6(t). As in the case of Egs. (12) and
(13), &,(t) and &,(¢) become

eipxt eim-#)‘)t—l
&)= %Fmvm(K) ]m (46)
and
iyt (Q—py )t
e e —1
Slt) = > %qum(i&)] 0= 47)
Substituting Eqgs. (46) and (47) into Eq. (45), one has
I?(t,ﬂ)=%2 > F,v,(A) |2F,,u,,(}»)]
A m n
sin®{(u, —Q)t /2
n“{(p, - } 48)
([L)‘_Q)

In order to calculate Eq. (36), we put the external force
F,, =Fycos(q'R,,) in Eq. (48). After sufficient time inter-
val T, H(T, Q) becomes

. _1TTF(2)
H(T,Q)= n —Q)

> v, (A)cos(q-R,,) l

> u,(A)cos(q-R,,) } (49)

The time interval T should be chosen by the same way as
the calculation of the spectral density of states described
in Sec. II A. By setting external force F,, =Fsin(q'R,, ),
Eq. (48) yields

. _ 7TF} , .
H(T,Q)= —Q){3 v, (A)sin(q'R,,)

S u,(Asin(q-R,) } . (50)

From Eqgs. (49), (50), and (36), the dynamic structure fac-
tor S(q,w) is given by

) du(w) B
S(q,0)=~(n +1) do TF%{H [T,ulw)]
+H [ T,u@)]} . (51)

For actual calculations, one can simplify Egs. (37)-(51)
using the following properties of the eigenvectors |u (1))
and (v(A)| of antiferromagnetic spin waves.

From Eqgs. (43) and (44), the formal solutions of x,,(z)

and z,(¢z) with the initial conditions x,(z=0)
=z,,(t =0)=0 are written as
X ()= EF,,U,’,(M
A
2sm{(0+y;‘)T/2}sm{(Q-—yA T/2}
Q=3
Xu, (A), (52)
and
2, ()= 13 F,u,(A)
A n
2s1n[(Q+yA)T/2}s1n{(Q u)T 72}
Q?—uf
Xv, (A) . (53)

Equations (52) and (53) lead to x,,(¢)=z,,(¢) from the re-
lations v,,(A)=A4,u,,(A) and v,,(A)= 4, u,,(A). Thus, it
is sufficient to calculate only one part of Egs. (39) and (40)
with the external force o, F,,cos(Q¢t). The wave vectors
q used in Eqgs. (49) and (50) differ from each other by 7/a
[for example, (7/a,m/a) for d =2], where a is a lattice
constant. This is due to the difference between the mag-
netic Brillouin zone and the nuclear Brillouin zone for
antiferromagnets [21]. This algorithm enables us to cal-
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culate the » dependence of S(q,w) for fixed q as well as
the wave number dependence for fixed @ by the same
CPU time as that required for the density of states.

It is straightforward to extend this algorithm to other
systems. For the dynamic structure factor of vibrational
systems, one can define the formula [18,22]

_(n+1D)

S(q, o) >

b

P 2
S S(o—a,) |3 {qu,(M)]e T
A m

(54)

where u,,(A) is the atomic displacement of the vibration-
al eigenmode A at the site m. Using this formula, one can
calculate the » and q dependence of S(q,w) by the same
procedure described in Egs. (37)-(51).

We have described in this section the efficient method
to calculate the dynamic structure factor for the system
described by large-scale non-Hermitian matrix. This
method enables us to calculate directly the dynamic
structure factor without making the spatio-temporal
Fourier transform of the correlation function.

IV. APPLICATION TO PERCOLATING
HEISENBERG ANTIFERROMAGNETS

There is a growing interest in dynamic properties of
spin-wave excitations on percolating Heisenberg antifer-
romagnets (antiferromagnetic fractons), because they
show peculiar properties originating from geometrical
disorder and self-similarity [23,24]. In a previous work,
we have calculated the density of states (DOS) of per-
colating antiferromagnets [25], using the equation of
motion method [21]. We have conjectured that the spec-
tral dimension 30, defined by the DOS, iD(co)~wa“ 1, is
equal to unity for any Euclidean dimension d, and antifer-
romagnetic fractons belong to a different universality
class from that of vibrational or ferromagnetic fractons
(d=4%)[26,27].

Let us show that our algorithm mentioned above is
quite efficient compared with the equation of motion
method. We apply the external force F,,cos({)t) to the
system. The amplitude F,, is given by F;,=o Fcos(¢;),
where i denotes a unit cell and a the sublattice index, ¢;
is chosen as a random quantity within the range [0,27].
Note that this form of the external force is different from
Eq. (10). The product { --- }{ - - - } in Eq. (14) becomes

lzp,,,vm(x) ] ‘2 F,,un(x)j
=2 2 Fizavia(}")uia(}")

+ 33 3 FiFigviMugr)

i a BlFa)

+3 3 33 FioFipriaMugr) , (55)

i j(#i) a B

where m =ia and n =jB. In Eq. (55), the third term van-
ishes by random phase averaging, and the second term

becomes

23 3 FiFigrigMug(d)

i a Bl##a)
=—F3S cos($;){viq= (Mg (A)

+ ;02 (Mtjge1(A)] (56)

The value in the curly brackets of Eq. (56) vanishes using
the relation between u,(A) and v,(A)=0,v,(A) described
in Appendix C. The averaged value of Eq. (55) yields

( gF,,u,,ml)

S F,v,(A)

=<F§2 3 cosid; )u,.,,(x)u,.a(x)>
i a=1,1
F§
=, 57
5 (57)
In this way the same result as Eq. (15) is obtained. The
following is the reason why the external force is chosen as
F,,=0Fjcos(¢;). If we take F,,, given by Eq. (10), the
left-hand side of Eq. (57) becomes

( EF,,u,,(Ml)

> F,v,(})

=AA<2 {cos2(¢”)lu”(k)lz—cos2(¢,~¢)|u”(}»)|2]> .

(58)

The summand in the right-hand side of Eq. (58) includes
both positive and negative terms, and this makes the con-
vergence of the random phase average worse. When ap-
plying the forced oscillator method to the system de-
scribed by a Hermitian matrix, this does not occur, be-
cause the corresponding summand to that in Eq. (58) has
only positive terms. In the case of F;,=0o . F,cos(¢;), the
random phase average is given by, from Eq. (57),

< EF,,u,,(/\)])

> F,v,,(1)

=AA<2cosz(¢,-){‘u,-T()»)IZ—Iu”(}»)IZ}> .

(59)

For antiferromagnetic spin waves, spin deviations at one
sublattice have larger amplitudes than those on the other
sublattice  [28]. From this, the sign of
{lu;4(A)|>—u; (1)]?} tends to be definite, and this makes
the convergence of the random phase average in Eq. (59)
better. This choice of F,, makes the actual calculation
quite efficient.

Now let us check the efficiency of the algorithm by cal-
culating the DOS of d =2 antiferromagnetic spin waves
excited on a regular system. The matrix {D,,,} defined
in Sec. III has positive and negative eigenvalues w,, and
the distribution of w, is known to be symmetric around
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©=0 [20]. In the following numerical calculations, we
only consider the range of positive », and the definition
of the density of states D(w) differs by a factor of 2 be-
cause the normalization condition [Eq. (18)] should be
changed. The filled circles in Fig. 1 show the numerical
results calculated for a 840X 840 square lattice with
periodic boundary conditions. The solid line in Fig. 1 is
the exact DOS for d =2 antiferromagnetic magnons. We
see that the calculated DOS is proportional to @ in the
low frequency regime, and agrees well with the exact
solution.

We have calculated, by applying the present method,
the DOS for d =2, 3 percolating classical Heisenberg anti-
ferromagnets. The exchange coupling J,,, in Eq. (32)
takes the value of unity when site m and n are connected,
and J,,, =0 otherwise. The calculated DOS for a d =2
percolating antiferromagnet at p.(=0.50) is shown in
Fig. 2 by filled squares. The bond-percolating (BP) net-
work is formed on a 1100X 1100 square lattice with
periodic boundary conditions. This network has 657 426
spins. Least squares fitting for filled squares in Fig. 2
leads to d,=0.99+0.04. The DOS for d =3 percolating
antiferromagnets at p.(=0.25) are shown by filled trian-
gles in Fig. 2. The BP networks of three realizations are
formed on 100X 100X 100 cubic lattices with periodic
boundary conditions, and the largest network has 114 303
spins. The value of the spectral dimension calculated by
least squares fitting for Fig. 2 is d, =0.98+0.04. These
values agree well with our previous conjecture, d, =1 for
any Euclidean dimension [25], for which the equation of
motion method was employed. Our numerical method is
more accurate than the equation of motion method, espe-
cially in the lower frequency regime.

We have calculated an antiferromagnetic fracton eigen-
mode by the method described in Sec. II B. This eigen-
mode is calculated for d =2 BP antiferromagnet at the
percolation threshold (p.) formed on a 100X 100 square
lattice, and the number of spins is 6885. Figure 3 shows
the eigenmode belonging to the eigenvalue
©=0.049 341266 562. The magnitude of spin deviation

2.0 1 !

840x840

DOS
=
|
|

0.0 . i n lea
0.0 1.0 2.0 3.0 4.0 5.0
Frequency [w]

FIG. 1. The density of states of spin waves for a regular
square lattice per one site. The solid line shows the exact solu-
tion. Filled circles are calculated results for a 840X 840 square
lattice.
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FIG. 2. The density of states of antiferromagnetic fractons
for d =2,3 BP networks at the percolation threshold p.. Filled
squares indicate calculated results for d =2. Filled triangles
show the results for d =3.

S," on each spin is shown by arrows in Fig. 3. One sees
that the fracton is strongly localized. The deviation &
defined in Eq. (30) takes a value §=1.0X 1078, suggest-
ing that the eigenmode is very pure, as described in Sec.
IIB.

Let us show the results for S(q,w) calculated by the
numerical method described in Sec. III. Uemura and
Birgeneau [29] have performed inelastic neutron scatter-
ing experiments on Mn,Zn;_,F,. They have observed
the crossover between the sharp spin-wave peak at small

FIG. 3. Antiferromagnetic fracton eigenmode excited on
d =2 BP network formed on a 100X 100 square lattice. The
eigenfrequency is @=0.049 341266 562. Arrows for very small
magnitude are omitted in this figure.
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FIG. 4. The o dependence of S(q,w) for d =2 BP networks
at p =0.58 formed on 200X 200 square lattice. The results were
obtained by averaging over six realizations of BP networks.

wave vectors and the broad fracton response at large
wave vectors, and a double-peak feature at the crossover
which reflects magnon and fracton components. Chen
and Landau [30] have performed numerical simulations
for site-diluted bcc antiferromagnets, and they found a
double peak structure at the crossover region at p =0.50.
Takahashi and Ikeda, and Ikeda et al. [31] have studied
d =3 diluted antiferromagnets RbMn, Mg, . F;. Most
of their studies are performed at the percolation concen-
tration p, far from the percolation threshold p,.

The o dependence of S(q,w) for d =2 BP antifer-
romagnets at p =0.58 is shown in Fig. 4. The ensemble
average is taken over six realizations of BP networks
formed on 200X 200 square lattices. The largest network
has 37 449 spins. The correlation length of this system is
£=29a (a is a lattice constant) and the crossover frequen-
cy w; is estimated to be 0;~0.12 from the data corre-
sponding to ¢ =27 /£~0.22(a =1) in Fig. 4. We have
calculated S(q,) along the q=[1,0] direction from the
magnetic zone center. These results indicate, for small
wave vectors (g <£~!), the appearance of sharp asym-
metric peaks at low energies with tails extending towards
higher energies. These sharp asymmetric line shapes are
contributed from both magnons and fractons. As q in-
creases, peak widths increase very rapidly and peak posi-
tions shift to higher energies beyond w~w,. This indi-
cates that magnons cross over to fractons at o=~og, and
the g dependence becomes irrelevant at higher o,
reflecting strongly localized properties of antiferromag-
netic fractons.

V. CONCLUSIONS

We have extended the forced oscillator method to be
applicable to eigenvalue problems for very large nonsym-
metric (or non-Hermitian) matrices. This method has the
following advantages: (i) it requires computer memory
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space of the order of N for large sparse matrices, (ii) it is
very suitable to parallel and vector supercomputers, (iii)
the algorithm is simple and efficient compared with other
conventional techniques, (iv) it is possible to calculate the
spectral density of states within an arbitrary range of ei-
genvalues and with a given resolution, and (v) one can
calculate quite accurately the specific eigenvalue and its
eigenvector, and judge the accuracy.

We have described an efficient numerical method to
calculate the dynamic correlation function for the sys-
tems described by very large non-Hermitian matrices.
This method enables us to calculate directly without
making the spatiotemporal Fourier transform of the
correlation functions S (r,?).

We have demonstrated the efficiency of the FOM by
calculating the DOS, eigenvectors, and S(q,w) for per-
colating classical Heisenberg antiferromagnets. We hope
that the present work is useful to study dynamical sys-
tems described by very large non-Hermitian matrices,
and also stimulates experimental researches on fracton
dynamics of percolating antiferromagnets.
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APPENDIX A

This appendix provides the criterion for the proper
time interval T for obtaining eigenvalues and eigenvec-
tors. In principle, large T makes the frequency width of
resonance 8w small, but the required CPU time becomes
large at the same time to be proportional to p X T, where
p is the number of iterations introduced in Eq. (24). In
Ref. [3], the optimization conditions (the choice of T and
D) are given, in addition to the method to judge the mode
mixing ratio for the eigenvalue problem of Hermitian ma-
trices. We present here similar formulas to Eqs. (15)-(27)
in Ref. [3] for non-Hermitian matrices. These are much
more complicated due to the absence of orthonormality
condition among the eigenvectors.

Let us introduce the deviation 8’ defined by

SIZE m

2 a4y,
m

, (A1)

where quantities a,, and §,, are defined in Egs. (26) and
(28). @, and §, are defined by @, =3,.D,,b, and
8, =a,, —p’b,,, respectively, where b, =y®(T) is the
displacement y,, (¢) introduced in Eq. (9) after the p itera-
tion. Note that §' is different from 8 defined by Eq. (29).
Equation (Al) is rewritten as &2=(T,—2u’T,
+u'Ty)/T,, where T\=3,b,b,, T©,=3,.8,b,,
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and T,=3,4q,8,, respectively. One can show as in the case of Egs. (18)—(22) in Ref. [3]. Provided that
r T,=3wu 2P, (T)Q,(T), corresponding to the formula Eq.  the level spacing Au=|u,—u,l <<y, and P,>>P,
(20) in Ref. [3]. Under the assumption that the displace- (Q, >>Q,), the quantity 8’ becomes

ment xP(T) [and yP(T)] consists primarily of two

modes (k— 1,2) after p iterations, one finds

au [P0 172
_,_ HiP1Q, T3P0, a2 &'~k P’—QZ] (A4)
P,Q,+P,0, A s
and
P,P,Q,0,(13—12) Equation (A4) corresponds to Eq. (23) in Ref. [3]. Equa-
5= 172%1%27 7 ™2 , (A3) tion (A4) leads to, using Eq. (21) and the formula for
(P1Q,+P,0,)(uiP Q) + 43P, Q,) Qi (1),
J
172
F,v,,(A,) u,(A,)
h(ﬂ,,uz;T) 2A‘u_ % 2 2 Uphy ]
logd'=pIn|—————— , (AS)
h(Q,py;T) I
> Fov,(A) 13 Fou,(A)
I
where z%sm)— 2D,,,,,S,,+(z)—amh,:(t), (B1)
h(Q,uy; T)=2sin{(Q+u, )T /2}
. t(t)y=hr ih},(t) is the transverse magnetic
% Q—u )T /21 /(2 —12) . where h, (t)=h, (t)+ih} (t) is the g
sin{( #) 1 K1) field applied at the site m.
The second term of the right-hand side of Eq. (AS) is in- Introducmg the temporal Fourier transforms S,/ (w) and
dependent of the time interval T. The relation between (), Eq. (B1) is rewritten as
the required values of p and T for fixed 8' =8y, is given by
12 S G(@)S, (@)=—h (@), (B2)
| S Favmay anu,,(kl)} !
~1 A8, m n where G,,,(0)=0,(8,, ,0—D,,). By defining the two-
~in 2Au point susceptibility ¥,,,(@)=S, (0)/h, (o) and its spa-
D Fnvp(Ag) } 13 Fru,(dy) tial Fourier transform x(q,0) [20], one has
m n Xmn(@)=—{G(w)"},, and
iq(R, —R )
h(QuyT) |7 Xgw)=F 3 ey, (0)
X |\In|———— . A6 m.on
n|o Qi) (A6) R

== 33" (Gl ,e . B3
Equation (A6) indicates that the time interval T should mon

be taken to satisfy [sin{(Q—pu,)T/2}|=1 [and By introducing the quantity C, defined by
|sin{(Q—pu,)T/2}|~0] in order to make the value of p

small. One can choose the magnitude of (1 —pu, to be the e VRm= S Chun(A),
same order as the level spacing Ay, and the time interval A
T as T~ /Au from this condition. one has
APPENDIX B C,= 2 v’ (e —iqQR,
Proof of Eq. (35): Equations of motion for antiferro-
magnetic spin waves are written as Using this, Eq. (B3) is calculated as

X(q0)=— 22e"“"‘"'{G<w>“}mne"“"‘"=— 33 e 3 (G(@) Y s (A)
A m n

——2 T um(k)]=—2w__lwk{2e“iqk"" ][Ee u,,(}»)}.
m A m

W — W)
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Here the relation G(w)|u(X))=(0—w,)|u’(A)) is used.
The dynamic structure factor S(q,w) is given as

S(q,0)=(n+1)x"(q,w), where x'(q,w)

=limg_, , oJm[x(q,0+i8)]. Then, one has

—iq'R_ ,

X"(q,w)'—“lrz&(w—w;‘)lze ’"vm(}»)]
A m
iq'R
X1¥e "u,,(}»)} . (B4)
APPENDIX C
Proof of v, (A)= A4, u,,(L): Eq. (34) yields

DU=UA, (C1)

and the corresponding equation for left eigenvectors leads
to

(U"HD=A(UY). (C2)

Here we have defined

@, 0
A= (95} ’
0
UE(|u()\.1)>,|u(k2)>,- . ) ’
and, from Eq. (5),
<U(A.1)|
U~ '= |{(v(,)]

Since dD&=DT from the definitions of D and
(8)pn =8, ,0,, Eq. (C2) becomes

(6D U HT=U"HTA .

Hence,

DU '6)"=(U"1¢)"A , (C3)
where (U7!&)T=(|v’(1))),[v'(X,)),...). From Egs.
(C1) and (C3), one has

o' (A)=4;|u(r)) , (C4)

where A4, is a constant depending on A. The constant
A; can be determined by Eq. (5b), using the condition
Znun(}")vn(}")= Akznan{un(}‘)}zz .
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