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We have developed an improved version of the quantum transfer-matrix algorithm. The extreme
eigenvalues and eigenvectors of the transfer matrix are calculated by the recently developed look-
ahead Lanczos algorithm for non-Hermitian matrices with higher efficiency and accuracy than by
the power method. We have applied this method to the antiferromagnetic Heisenberg ladder. The
temperature dependence of the susceptibility, specific heat, correlation length, and nuclear spin
relaxation rate 1/T} are calculated. Our results support the existence of a spin gap of about 0.5J.

I. INTRODUCTION

The behavior of one-dimensional (1D) strongly corre-
lated systems and spin chains is by now quite well un-
derstood. For two-dimensional (2D) strongly correlated
systems there are many open questions. Analytic results
are much harder to obtain and there are finite-size scaling
problems with numerical methods. Ladder models (dou-
ble chains) are an interesting intermediate step between
1D and 2D systems. They are easier to treat numeri-
cally than 2D systems and show phenomena which are
not present in the 1D chains.!™® Another reason for spe-
cial interest in ladder systems is the possibility of realiz-
ing a lattice of weakly coupled ladders in the compounds
Sr20u406 and (V0)2P207.7’8

A simple but interesting model is the Heisenberg lad-
der, consisting of two coupled spin—% Heisenberg chains
of length L:

L L
H=J Z Zsi,a Sit1,a+J Z Si1-Si2

a=1,2 i=1 i=1

L
—gush Y > Si,. (1)

a=1,2 i=1

Here S; , is the spin operator at site ¢ (¢ = 1,...,L) on
the rung a (a = 1,2) and periodic boundary conditions
are used along the ladder (z direction) (see Fig. 1). h
is an external field in the z direction. The field A = 0,
except to calculate numerical derivatives with respect to
the external field h, and we set gup = 1. The exchange
constants J and J’ are positive, corresponding to anti-
ferromagnetic coupling. As the system is translationally
invariant in the z direction the momentum k, is a good
quantum number. In the y direction we use the open
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boundary condition. This is however equivalent to peri-
odic boundary conditions in the y direction and a cou-
pling J'/2. The momentum along the rungs k, = 0,7 is
therefore also well defined.

The Heisenberg ladder shows a completely different be-
havior than the single chain model. While the excitation
spectrum is gapless (des Cloiseaux—Pearson mode®) for
the spin S = % single chain, there exists a spin gap in the
ladder.'™3 If the interchain coupling is ferromagnetic, the
system scales to another phase,!® the Haldane gap state
of the S = 1 chain.!! We do not discuss this case here.

The Heisenberg ladder and related models, such as the
t-J ladder®* or the Hubbard ladder,® and most of the in-
teresting strongly correlated quantum systems cannot be
solved analytically. Because of strong interactions mean-
field and perturbation theories often fail to give reliable
results either. Actually many interesting phenomena in
these models are of nonperturbative origin. Numerical
methods giving exact results are thus essential to study
such systems.

Four different methods are often used to obtain “ex-
act” numerical results for strongly correlated systems.
These are methods without uncontrolled approximations.
Two of these methods, quantum Monte Carlo (QMC) and

J
a=2
o’
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X

FIG. 1. Diagram of the Heisenberg ladder with two legs in
the  direction and L rungs in the y direction. The coupling
along the legs is J and along the rungs J'.
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quantum transfer matrix (QTM), work at finite temper-
atures. The other two, exact diagonalization (ED) for
small systems and the density-matrix renormalization-
group (DMRG) technique, are zero-temperature meth-
ods.

The QMC and QTM (Refs. 12-15) methods are both
based on a Trotter-Suzuki decomposition of the parti-
tion function.!® The d-dimensional quantum system is
mapped onto a (d + 1)-dimensional classical one. For
quasi-1D quantum systems, such as chains or ladders,
the partition function can then be obtained by the QTM
method.27® This method is very powerful. It allows
the calculation of the temperature dependence of ther-
modynamic quantities as well as correlation lengths for
infinite systems. No extrapolation is thus necessary for
the system size. It does not suffer from the negative-
sign problem of the QMC method and has much higher
accuracy.

We have combined the usual QTM method with
the look-ahead Lanczos algorithm for non-Hermitian
matrices!” to calculate the the extreme eigenvalues and
eigenvectors of the QTM more efficiently. This method
allows us to calculate every thermodynamic quantity
with higher accuracy. From the numerical point of view
it is much more efficient than the power methods that
have usually been used.

In the QMC method!* the partition function is calcu-
lated by statistical sampling of the corresponding classi-
cal system, instead of being evaluated exactly. The QMC
method is very powerful if the negative-sign problem is
not severe. It can be used in any dimension, on systems
with more than 100 sites, and at lower temperatures than
the QTM methods. The results are, however, not as ac-
curate as the QTM results due to statistical errors from
the sampling. These errors can be made quite small un-
less the system investigated suffers from the negative-sign
problem. This sign problem, which occurs in many frus-
trated spin systems and in 2D fermion systems, often
makes simulations practically impossible.

Exact diagonalization by the Lanczos algorithm!® is a
very accurate zero-temperature method. It can be used
to obtain the ground state and the low-lying excitation
spectrum for small systems (of up to about 10® states)
with high accuracy. However, the restriction to small
systems often leads to difficulties with finite-size scaling.
ED can also be used to calculate finite-temperature prop-
erties. But this requires the calculation of a significant
portion of the energy spectrum or of all energy eigenval-
ues. The QTM method in contrast needs just a few of
the extreme eigenvalues of the transfer matrix.

The DMRG technique!® is another zero-temperature
method. It can be used to calculate the ground state
and the low-lying spectrum for larger systems (about 100
sites). This method works exceptionally well for one-
dimensional chains. It can also be applied to higher di-
mensional systems, but there it is harder to obtain accu-
rate results.

The Heisenberg ladder was studied by Dagotto et al.?
and Barnes et al.® using exact diagonalization of lad-
ders with up to 2 x 12 sites and the QMC method on
systems with up to 2 x 32 sites. From their finite-
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size results they extrapolated a spin gap of 0.5J for
the infinite-length ladder at the isotropic point J = J'.
A calculation by White and Noack® using the density-
matrix renormalization-group technique!® (DMRG) gives
a spin gap of A = 0.5037J and a correlation length of
£ =3.19(1) for J = J".

The Heisenberg ladder was also treated in a mean-field
approximation by Gopalan et al.2° They calculate the
spin gap and the excitation spectrum. The dispersion of
the spin-triplet excitations agrees well with ED results.

Using the QTM method we have studied the tempera-
ture dependence of the correlation length £, the suscep-
tibility x, and the specific heat C directly for the infinite
ladder for temperatures down to T' = 0.2J. The spin gap
and the temperature dependence of £, x, C and of the nu-
clear spin relaxation rate 1/7; at low temperatures were
calculated by combining the QTM with ED results on
the excitation spectrum.

II. QUANTUM TRANSFER MATRIX METHOD

The QTM method has been widely used to study spin
models numerically.!271%21 The method is based on a
mapping of the d-dimensional quantum mechanical sys-
tem onto a (d + 1)-dimensional classical one. For some
models, e.g., Bethe ansatz solvable models, the parti-
tion function of the corresponding classical model can
also be calculated analytically by using a transfer matrix
method. The QTM of a 1D spin-1/2 model is equiva-
lent to the diagonal-to-diagonal transfer matrix of the
eight-vertex model,?2 which can be solved exactly using
the Bethe ansatz. 1D models treated analytically include
the Heisenberg model,?®> X X Z model, XY Z model,242%
and Hubbard model.?®

The first step of the QTM method is the Trotter-
Suzuki decomposition of the grand canonical partition
function of a quantum model.'® The Hamiltonian is de-
composed into two parts H = H; + Ha, each of which is
easy to diagonalize. A standard choice is the decomposi-
tion into two sums of commuting terms:

Hi= )Y HY, Hy=) HY, (2)

i even 7 odd
with [H®, H)] = 0 for ,j both even or both odd. The
two sums H; and H2 do not commute in general. The
simplest decomposition for a chain with only nearest-
neighbor interactions is the so-called “checkerboard
decomposition.”?” There all terms on odd-numbered
bonds are collected in H; and the even-numbered bonds
into H; [see Fig. 2(a)]. This is the standard decomposi-
tion used in most calculations. We have used it in this
paper for the 1D chains. For the 1D Heisenberg model
the H® are

HO = JS; - Sip1 — g (Si + Sis1).- 3)

A similar decomposition, shown in Fig. 2(b), can be used
for ladder models. For the Heisenberg ladder it is
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h
_.5 Z (S,‘Ya + Si+1,a) .

a=1,2

(4)

Using this decomposition it is possible to approximate
the partition function in the following way:

Z =Tr (e PH) = Tr [(UU2)M] + O(AT?)
= Z (41|U1|i2nm) (iam|Uziapg—1) X - -

i1,eeviam

x (i3|U1|iz) (i2|Uzli1) + O(AT?), (5)
where 3 = 1/T denotes the inverse temperature (imagi-
nary time), M is the Trotter number, and A1 = % The
|ix) are a complete orthonormal system of the states

— _ (i)
U1=e ATH1= H e ATH

i even

— — )
U2 =e ATHz _ H e ATH" . (6)
i1 odd

Note that all the factors in each product commute with

I

Trotter direction
(imaginary time)

u®
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3 4 5=1
0---0 0---0 FIG. 2. Examples of decompositions used
in the Trotter-Suzuki decomposition. (a) The
——d 8__95!  checkerboard decomposition, the simplest de-
E% %E 5-% composition for 1D chains. (b) A “checker-
---6" ‘0---0 board” decomposition for ladder models.
6 7 10=2

each other. Since H; and H; are chosen to be easy to di-
agonalize, the evaluation of the matrix elements (z|U;|:’)
is straightforward.

The decomposition leads to a systematic error which
is of order A7?2 «« M~2. We can extrapolate to AT —
0 (M — o) by fitting the results for different Trotter
numbers M to a polynomial in A72.

The above Eq. (5) can be interpreted as an evolu-
tion in imaginary time (inverse temperature, also called
“Trotter” direction) of the state |¢;) by the “time evo-
lution” operators U; and U,. Within each time interval
AT the operators U; and and U, are each applied once.
This leads to a graphical representation of the sum on
a square lattice, where the applications of the operators
U = exp(—ATH") are marked by shaded squares (see
Fig. 3). The configuration on each time slice corresponds
to one of the states |i) in the sum (5) for Z.

The QTM exchanges the space and imaginary time
directions. The problem is reformulated in terms of
column-to-column transfer matrices V; and V, as shown
in Fig. 3. The partition function can be written similarly
to Eq. (5) as

Z="Tr [(VIVZ)L/z] +0(A7?) = Te(VE/?) + 0(Ar?),
(7

FIG. 3. Graphical representation of
the Trotter-Suzuki decomposition of a
one-dimensional quantum chain using the
checkerboard decomposition. Also shown is
the formulation in terms of the usual row to
row transfer matrices U and in terms of col-
umn to column transfer matrices V. The
matrices that are altered for measurements
are indicated by a lighter shading and are la-
beled. Refer to the text for details.
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where V = V1V, and L is the length of the chain. Here
we have used periodic boundary conditions in the space
direction. Again the transfer matrices are products of
sparse matrices V (:

v- I

1<i<2M; i odd

Vy = II 1408 (8)

1<i<2M; i even

V@,

The matrix V# can be calculated quite simply from
the corresponding matrices U (9). Let o; and oy denote
the states on the lower left and right corners of a square
and let 7, and 72 denote the states on the upper corners,
as shown in Fig. 4. Then

(02, 72|V P o1, 1) = (01,02]UD) |71, 73). (9)

In order to describe most of the thermodynamic prop-
erties of the system, it is enough to know the extreme
eigenvalues and eigenvectors of the QTM. This follows
from an interchangeability theorem,'%:2® which allows us
to interchange the limit of system size L — oo and the
limit of Trotter number M — oo. The free energy den-
sity (per site or per rung for a single chain or ladder,
respectively) f = —ﬁ In Z in the thermodynamic limit
is

_ 1 L2
f=—-—lim lim ,BLlnTr(V )

L—oo M— 00

1
= —— lim InA,,
M — oo

where A; denotes the largest eigenvalues of V. As we will
see later the ratio of the two largest eigenvalues deter-
mines the correlation length of the most dominant fluc-
tuation:

1
-1 _ . -
0= lim -In

Ay

2

(10)

All thermodynamic quantities can be calculated as
derivatives of the free energy. The magnetic susceptibil-
ity could, for example, be calculated as a second deriva-
tive of the free energy density f with respect to the mag-
netic field h. However, numerically it is much better to
calculate it just as a simple derivative of the magnetiza-
tion. Indeed it is possible to calculate local quantities,

’Cl 12

Ut

V@)

FIG. 4. Rotation of the transfer matrix: The matrix U
propagates a state along the imaginary time direction. v
propagates along the space direction.
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such as the magnetization or the internal energy directly
from the eigenvectors.

Let us first consider the thermal average of a local
quantity such as the o component of the spin S, the
particle density n, or the energy density. We will call
this observable we want to calculate A. We can calcu-
late the thermal average of this quantity anywhere on the
lattice due to translational invariance. The effect of the
measurement is to locally change one of the weights:

(A)L = %TI'(AIV2VL/2—1) - %TI‘(AVL/zﬁl), (11)

where A = A1V2.

matrix V(1) altered:

The matrix A; is V; with just the

A =AW II 17408 (12)

3<i<2M; i odd

where A() is the matrix V(1) modified by the measure-
ment

<02772!A(1)|0'1,’7'1> = <0'1702|u(0)|7’1,T2>

<01,02

To simplify this further we can rewrite the trace in
terms of the right and left eigenvectors |¢7) and (| of
the transfer matrix V. Let us again exchange the limits
M — oo and L — oo. For simplicity we will not write
the limit limps_,, in the following equations, but it is
always assumed that this limit is taken. The application
of the transfer matrix V projects out the eigenvector of
the largest eigenvalue A; in the limit L — oo:

(i [VE/4 L/a-1)4.
L—oo >l VE2 )
_ WHARE
(Y |9 A
Thus local quantities are easy to obtain from the eigen-
vector corresponding to the largest eigenvalue. The spe-

cific heat C can now be calculated by a numerical deriva-
tive of the internal energy:

9(H)

C=—7—".
orT

The magnetic susceptibility x can be calculated as a nu-

merical derivative of the magnetization with respect to
the external field h:

_ 9(5%)
T oh

h=0

AU® + U4
2

i

7'1,72>-

(13)

(14)

(15)

(16)

Similarly we can calculate correlation functions, such
as spin correlations. Let us calculate the correlations
of the fluctuations of such a quantity around its mean
value A; = A; — (A) between sites ¢ and 7 + d. In the
limit L — oo this is
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_ GHAGV) 2 L )

<A-iAi+d) <’!/Jf‘|A(1d+1)/2|¢f> ’ (17)
for odd d, and
o L (d—2)/2 R
(Aid,, ) = (Y1 | ALV2(V1 V) A1 V2 |9y ), (18)

(WEIATD2|pR)

for even d. These correlations are simple to calculate for
short and intermediate ranges d. Often more interesting,
and much simpler to calculate, is the correlation length,
defined as

€ l=— lim lln(/iifiwd)- (19)
d—oo d

As we want to take the limit d — oo it is sufficient if we
consider the case of even d. In the limit d — oo formula
(18) becomes

Jim (AiAira)
i (VEIARE) LA (Ag)“”
("/)fll’(p{z)AlAa Al

| (AR AR
- (Y1) Ar1Aa

d—oo

d—o0

exp (—g + ikd). (20)

A, is the largest eigenvalue with nonzero overlap
(VE|A|YE) (WE| A|pR). If the state A|pF) is in the same
invariant subspace as [¢7*) (e.g., if A = S%), then it is
usually the second largest eigenvalue in this subspace,
otherwise (e.g., if A = S* or A = SY) it is usually the
largest eigenvalue in the invariant subspace that contains
A|yR). In Eq. (20) it was assumed that there is only one
eigenvalue with absolute value |A,|. The generalization
of the above formula to the case of multiple eigenvalues
with the same absolute value (e.g., a complex conjugate
pair) is straightforward.
The correlation length £ is

’ (21)

and the wave vector of the most dominant fluctuation k
can be calculated from the phase of A,:

1 A

k= lim -arg (A—a> +nmw (n=0o0r1). (22)
1

The ambiguity arises because the transfer matrix in this

formulation propagates over two sites and cannot dis-

tinguish between k and k + w. It can be resolved by

comparing the correlations for odd and even d.

III. LOOK-AHEAD LANCZOS ALGORITHM

The numerical problem in the QTM method is the cal-
culation of the extreme eigenvalues and the correspond-
ing eigenvectors of the transfer matrix V. This is a sim-
ilar problem as in exact diagonalization (ED). In ED we
want to calculate the lowest eigenvalues and eigenvectors
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of the Hamiltonian. ED is restricted to small system
sizes, as we have to store three vectors of the Hilbert
space in the main memory of the computer. In the QTM
method we have exchanged the space direction with the
imaginary time direction. The length of the chain can
now be made as large as one wishes. The price we have
to pay is that we have to store the vectors of possible
states in the imaginary time direction. We are restricted
to a small number of time slices and thus to the high-
and intermediate-temperature regimes.

The main problem is that, while both V; and V; are
Hermitian, their product is no longer Hermitian, since
the two matrices do not commute. Until recently there
was no efficient way to calculate eigenvalues and eigen-
vectors of non-Hermitian matrices, since the usual Lanc-
zos algorithm is numerically unstable for non-Hermitian
matrices, and usually does not converge. Therefore
the eigenvalues and eigenvectors were calculated using
power methods. Recently however a variant of the Lanc-
zos algorithm, the look-ahead Lanczos algorithm, was
developed.!” This is almost always numerically stable
and convergent. Very rare exceptions, so-called “incur-
able breakdowns,” can usually be circumvented by using
different starting vectors. We have never encountered
such an incurable breakdown in our calculations.

The Lanczos algorithm!7-!® is an iterative method to
tridiagonalize a matrix V. The extreme eigenvalues of the
recursively generated tridiagonal matrix converge very
rapidly to the eigenvalues of the original matrix. As the
matrix V is needed only in the form of matrix-vector
products Vv the Lanczos algorithm is ideally suited to
calculate the extreme eigenvalues and eigenvectors of
large, sparse matrices.

The Lanczos algorithm recursively generates the tridi-
agonal matrix and two sets of vectors {v;} and {w;}
(¢ =0,...,N — 1) starting from the vectors vo and wg.
These basis vectors span the Nth Krylov subspace of V'
and V',

span({v;}) = span{vg, Vo, ...,V "1y}, (23a)
span({w;}) = span{wo, Viwy,...,(VH)¥N1we}, (23b)

and they are biorthogonal:
(v,-,wj) = 5,'5. (24)

The Lanczos algorithm terminates regularly when an
invariant subspace of V or V1 has been found and vy = 0
or wy = 0. For non-Hermitian matrices a breakdown oc-
curs when the vectors vy and wy are orthogonal. Then
vy # 0 and wy # 0, but (vn,wn) = 0 and the normal-
ization [Eq. (24)] cannot be fulfilled. In finite precision
arithmetic there can also be near-breakdowns when vy
and wy are nearly orthogonal and the algorithm becomes
numerically unstable.

The Lanczos algorithm is most often used for Hermi-
tian matrices, where such breakdowns cannot occur. If
we choose vgp = wg, then we have v; = w; for all 4 since
V = V1. The normalization Eq. (24) then becomes sim-
ply
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(vn,wN) = (vn,vN) = [|un]|* (25)

This is zero only in the case of regular termination, where
UN = WN = 0.

The look-ahead Lanczos algorithm relaxes the condi-
tion of tridiagonalizing the matrix. As long as there are
no breakdowns or near-breakdowns it is equivalent to the
usual Lanczos algorithm. If a breakdown would occur
in calculating vy and wy, it tries to skip over that it-
eration. The simple three-term recurrence relations of
the standard Lanczos algorithm are then replaced by
more complex relations including not only the vectors
UN_2,UN-1, VUN_1 and wn_2,wn_1, VIwn_1 but also
Vz‘UN_l, eeey Vl’l)N-l, (VT)Z'LUN_I, ey (VT)I'wNﬂ.l, R
is the look-ahead length. The look-ahead Lanczos al-
gorithm then generates a block-tridiagonal matrix with
blocks of size I instead of a tridiagonal one. Usually a
look-ahead of I = 2 or 3 is sufficient except in rare cases.
In extremely rare cases we would encounter breakdowns
with any number of look-ahead steps. This case is called
an incurable breakdown. For details we refer to the origi-
nal literature.!” An implementation of the eigenvalue al-
gorithm is available in electronic form.2°

The look-ahead Lanczos algorithm allows us to calcu-
late the extreme eigenvalues of the QTM very efficiently
and with high accuracy. We need much fewer iterations
compared to the power method. We found that the look-
ahead Lanczos algorithm often converges in just a few
dozen iterations.

Another advantage is that the eigenvectors can be cal-
culated without any problems by the Lanczos algorithm.
This allows us to calculate quantities such as the inter-
nal energy or the magnetization directly via Eq. (14).
These results are more accurate than the calculation as
numerical derivatives of the free energy.

We have compared the algorithm to exact results for
the 1D XY and Heisenberg models.?> We found that our
results are very accurate down to quite low temperatures
(T = 0.1J) for results extrapolated from M =1,...,10.

IV. RESULTS FOR THE HEISENBERG LADDER

A. Quantum transfer matrix results

As an application of the new algorithm we have stud-
ied the Heisenberg ladder. Specifically we have calculated
the correlation length &, the specific heat C, and the mag-
netic susceptibility x as a function of the temperature 7.

In Fig. 5 we show the susceptibility per spin x as a
function of the temperature for different values of J/J'.
At high temperatures the results agree well with a third-
order high temperature expansion

X(T) = 3171 =3I + 3T 4+ ZIT2 . (26)

At low temperatures we observe an exponential drop of
the susceptibility, caused by the gap in the spin excitation
spectrum. This drop is steeper for smaller values of J/J',
indicating that the gap A/J’ decreases with increasing J.
The spin gap will be studied in more detail in Sec. IV B.
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The spin gap also leads to an exponential drop of the
specific heat, as shown in Fig. 6. At high temperatures
there is again good agreement with the high-temperature
expansion. The free energy per site is

f(T)=-Th2- 3 (J*+3JJ)T" (27)
and the specific heat
C(T) =& (JP2+3JJ)T72 (28)

In Fig. 7 we show the temperature dependence of the
correlation length ¢ for the Heisenberg chain and the
Heisenberg ladder, calculated by the QTM method. The
wave vector of the dominant correlation is k = (m,7) for
the ladder, which corresponds to antiferromagnetic cor-
relations. In the high-temperature limit the correlation
length is similar in both models. With decreasing tem-
perature the correlation length becomes longer for the
ladder. This is because antiferromagnetic correlations
are enhanced faster in the ladder due to the larger num-

@ Ji=0.1
0.2 o
= 0.1
—— QTMresults
005 | high-T expansion
0 1 2 8 ¢ ?
B
020} (b 01
0.15
=
0.10 +
005 | —— QTM results
- high-T expansion
000> 0.5 1.0 15 20
T

FIG. 5. Temperature dependence of the magnetic suscepti-
bility of the Heisenberg ladder for different values of J/J' =1,
0.5, 0.2, and 0.1. (a) A logarithmic plot of x as a function of
the inverse temperature 8. (b) x as a function of the temper-
ature T'.
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—— QTMresults
- high-T expansion
04
(&)
0.2
00y 1 2 3 4 5

T

FIG. 6. Temperature dependence of the specific heat of the
Heisenberg ladder for J' = J.

ber of nearest-neighbor sites. At low temperatures the
correlation length saturates to a finite value, { = 34,
which agrees with £ =~ 3.19, determined by the DMRG
calculation for zero temperature.® This finite correlation
length corresponds to a finite spin gap via the relation
& ~ a/A, where a is a constant of the order of a charac-
teristic spin velocity. For smaller ratios of J/J' the gap
is larger and the correlation length thus expected to be
smaller. From the results shown in Fig. 7 we can esti-
mate £ = 1.5 for J/J' = 0.5, £ = 0.7 for J/J' = 0.2,
and £ =~ 0.4 for J/J' = 0.1. In the gapless single chain,
on the other hand, the correlation length diverges like
& ~ v,/(7T) (v, is the spin velocity) as predicted by
conformal field theory.3%:31

6.0

- Heisenberg ladder
Heisenberg chain

4.0

8.0 10.0

FIG. 7. Correlation length of the Heisenberg chain and lad-
der as a function of temperature. In the gapless Heisenberg
chain ¢ diverges for T — oo, while it remains finite for the
Heisenberg ladder which exhibits a spin gap. For the Heisen-
berg ladder the results for different values of J/J' = 1, 0.5,
0.2, and 0.1 are shown. The inverse temperature is in units of
J ™! for the single chains, and in units of J'~! for the ladder.
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B. Spin gap and low-temperature thermodynamics

To calculate the spin gap and the thermodynamic
quantities at low temperatures we start from the limit
J/J' = 0, where a simple description of the whole ex-
citation spectrum is available. In that limit, each eigen-
function of the total system can be written as a direct
product of one-rung states, which are either spin singlets
or one of the triplets (¢ = —1, 0, 1), and the ground state
is that with all singlets. Accordingly, each eigenenergy
is given by J'N, where N is the number of triplet rungs,
measured from the ground state energy —%J' L, and the
energy spectrum shows a tower structure consisting of
equidistant multiplets with separation J'. Each multiplet
is labeled by the number of triplet rungs V. The first ex-
cited multiplet consists of the states with one triplet rung
and therefore belongs to the sector of Siot = 1, and its
multiplicity is 3L. In general, the Nth multiplet, which
consists of the states with IV triplet rungs, has the mul-

tiplicity g(L,N) = 3V ( II\‘,), where the first factor 3V

4J 32| (L-1)/2 two-magnon states

2J 3L one-magnon states

(a)

continuum of two-magnon states

3 one-magnon branches

I A
(b)

0 k n
E
continuum of two-magnon states
3 one-magnon branches
A
c
0 (0

0 k T
FIG. 8. (a) Evolution of the energy levels when the interac-

tion J is turned on. (b) Qualitative picture of the dispersion
at small J/J', (c) at J = J'.
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comes from the spin part.

A small but finite value of J lifts the degeneracy of
these states. A schematic picture of the energy levels is
shown in Fig. 8. The one-triplet excitations then form a
threefold degenerate band of collective excitations with
dispersion €, = J'+ J cos k and z component of spin o =
—1,0,1, where we set the ground state energy F,, = 0.
The minimum of this band is at a momentum k, = «
along the ladder. The momentum along the rung is k, =
m. We will call these excitations “magnons” although
there is no magnetic long range order in the ground state

order. To second order in perturbation theory the gap
: .32
is

AxJ —J+ %JZ/J’. (29)

The higher excited states form a continuum of excited
states, with k, = 0 and a minimum at k£ = 0. They can
be viewed as two-“magnon” states. In low-order pertur-
bation theory the magnon-magnon interaction is repul-
sive. The minimum of the continuum is thus at energies
slightly larger than twice the gap 2A.

With increasing J the collective one-“magnon” branch
crosses into the two-“magnon” continuum [see Fig. 8(c)].
The exact diagonalization® and mean-field?® results indi-
cate that even then the spectrum can still be described
by the above picture.

Using these results on the excitation spectrum we can
calculate the low-temperature thermodynamics of the
Heisenberg ladder. First we start from the simple limit
J = 0. Each rung can be either in the singlet state or in
one of the three triplet states. We obtain for the partition
function of the ladder of length L

Zo=(1+ e~BO+R) | o=BA | o—B(A—h))L
= {1+ [1+ 2cosh(Bh)]e P2 }" (30)
and for the magnetic susceptibility

e BA

1+ 3e—BA’

1 68°?

Xo‘—‘ﬁ-a“}:ghlzlh:o:ﬂ (31)

which drops like Be~#2 for low temperatures.

If J is nonzero, we have to take into account the disper-
sion of the spin excitations. We assume the magnon exci-
tations to have a dispersion € +oh, where 0 = —1,0,1 is
the z component of the spin. In the limit 77 — 0 the inter-
actions between these magnons become negligible since
the magnon density goes to zero due to the gap.

The “magnons” are bosonlike in the sense that one
can excite more than one excitation with the same quan-
tum numbers, the wave number k, and the spin o, but
they are not real bosons, since the Hilbert space is re-
stricted. One cannot excite two “magnons” at the same
rung, which might be described by a hard-core repulsion
in the boson representation. This was first pointed out
by Dyson for real magnons in a ferromagnetic state, usu-
ally referred to as kinematical interactions.3® The kine-
matical interactions become important with increasing
temperature, and are essential to get a correct tempera-
ture dependence. Otherwise, for example, in the limit of
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T — oo the number of bosons at each k would diverge
and we would not obtain the correct entropy for T — oo.

At low enough temperatures 77 <« A, the magnon
density is very low and it is sufficient to include up to
one magnon for each k and o. Therefore, both residual
magnon-magnon interactions and the kinematical inter-
actions are negligible. The free energy per site in that
limit is

fi= —2%?[1 + 2 cosh(Bh)] Ek: B
= — 351+ 2cosh(BW)=(5), (32)
where we have replaced the sum by the integral
2(8) = 2% /_: dkeBex = /Ooo de p(e)e®,  (33)

which is a Laplace transform of the magnon density of
states p(€). The susceptibility then is

0% fi

xi(T) = TRz

= Bz(B)- (34)

h=0

For a simple form ¢, = A + a||k| — w|" we can perform
the integration

L'(3)

2 (aB) Ve e, (35)

z(B) ~

where we extended the integration over k to infinity. At
low temperatures the magnetic susceptibility then is

1
F(E)a—un T—1+1/n —A/T (36)

X(n)(T) = -

If we replace the magnon band by the quadratic approx-
imation (n = 2), we get

1, (37)

T) =
X(Z)( ) 2\/-7;0‘—1-;

Similarly we can calculate the specific heat as

Ciny(T) = 5—

1 2—-1/n
3 (AN (TN s
nw \ a A

x [D(2) +2r(1+ %)% +T2+1) (%) } .

(38)
In the quadratic approximation,
3/ A\Y2 /732
C =\ — —
on-3(2)" (2)
T 3(T\*
X [1+ A + 1 (K) e AT, (39)

The low-temperature result Eq. (36) motivates a first
estimate of the gap based on the logarithmic derivative



50 THERMODYNAMICS AND SPIN GAP OF THE HEISENBERG . . .

—&8X. This derivative is A — (1 — 1/n)T at low tem-

peratures for a susceptibility (36). This derivative goes
to zero on the other hand if the susceptibility is nonzero
for T = 0 or vanishes followmg a power law.

In Fig. 9 we show -——B—ﬁl for some gapless systems, the
1D Heisenberg, and XY models, to compare with the
Heisenberg ladder. This plot clearly shows the existence
of a spin gap for the ladder.

The size of the gap however is not easy to estimate from
the data. For J = J' we can reach only temperatures
T/J' = 0.2, which is below the gap but not yet in the
asymptotic region.

To determine the size of the spin gap more precisely,
we need a fitting function which describes the whole tem-
perature range. This function should give correct results
in both low- and high-temperature limits. To get a cor-
rect high-temperature limit, one has to take into account
the kinematic interactions, as discussed before. We have
found a simple way of including kinematical interactions
in the thermodynamics based on reasonable physical ar-
guments. Our formula not only gives correct low- and
high-temperature limits, but the overall agreement also
turns out to be good.

In our new formula, the grand partition function is
calculated as follows. The main problem of the boson
description is that as the number of triplet rungs, N,
increases, the number of the corresponding boson basis

(*54~"), while the

= 3N L

states diverges like gg(L,N) =

correct dimension is g(L, N) . Therefore, the

basic idea is to reweight the N -magnon part in the parti-
tion sum, [g(L, N)/gB(L, N)]Zboson (N magnon), so that
each multiplet contributes the correct entropy.3* This can
be done with slight modification of the boson partition

1.0
J/J'=0.1 © QTM results
08 |- %b o
%, Y
q)_o ——- fit3
0.6 | o. —-— fit4
@ o
o Tza O
; 0.4 L
?
0.2
0.0
-0.2 :
0.0

FIG. 9. Temperature dependence of the logarithmic deriva-
tive of the magnetic susceptibility with respect to the in-
verse temperature 8. Shown is the magnetic susceptibility
for the gapless 1D XY and Heisenberg chain and for the gap-
ful Heisenberg ladder with J/J' = 1 and J/J' = 0.1. Also
included is the fit which is described in the text. For J/J' =1
the four different fits are shown. The temperature is in units
of J for the single chains, and in units of J’ for the ladder.
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function

N
ZG(L,N)= ) exp —aZ(ek,,—ha,-) . (40)

{kj,o;} =1

This corresponds to a sum neglecting the indistinguisha-
bility of bosons. Aside from the global factor, the differ-
ence from the original boson sum are the terms in which
two or more bosons have the same quantum numbers
(k,0). However, the number of these terms is smaller
by at least order one with respect to L and we neglect
those corrections. Since there are (3L)N terms in Z[,
the reweighting should work as follows:

5_ N\~ 9(L,N)
Z= sz:() BN Z.(L,N)
L
L N
= [1+ 2cosh(Bh)|Ne P iy e
L)z
L
= [1 +[142 cosh(ﬂh)]% Z e Pex| (41)
k

There are 4~ terms in total in the above partition sum,
giving the correct total entropy, since we reweighted to
get the correct number of excitations. Note that here
(i) we assume that all excitations could be described as
multimagnon excitations and (ii) all residual magnon-
magnon interactions are neglected. The assumption (i)
is obviously correct in the limit of J/J' — 0 and there
is no indication of a breakdown of the arguments of an-
alytic continuation with respect to J: e.g., the spin gap
is always finite as far as J is nonzero.
The free energy per site is

= 1
f= ~25 In {1 + [1 + 2 cosh(BR)]z(8)}, (42)

where we have taken the limit L — oo and again replaced
the sum over k by an integral.
This partition functions gives a susceptibility

z(B)

ﬁl +32(8)’

(43)

which is correct in both limits T — 0 and T — oco. For
very low temperatures we recover the result of the low-
temperature approximation (34). For high temperatures
we obtain the correct Curie law X =~ 7r.

We will now try to fit the QTM results to the above
model. The function z(3) depends on the dispersion ¢
we use. First we discuss the small J/J' region. As the
correction term in the Trotter-Suzuki decomposition is
of order 3%J3/M? we can reach quite low temperatures
T/J" when J < J'. For J = 0.1J' we can reach temper-
atures below T'/J' = 0.04. These temperatures are low
enough to see the asymptotic behavior. In that limit the
dispersion is of the form

ex = J' + Jcosk = A + 2J cos?(k/2), (44)
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with A = J — J'. For J/J' = 0.1 we can reach quite low
temperatures and a fit to the above Eq. (43) using the
dispersion (44) is excellent. The resulting fit of x(7') is
shown in Fig. 10. A least squares fit gives a gap of A =
0.909, which is in excellent agreement with the second-
order perturbation result A = 0.905 [Eq. (29)].

At J = J' the gap is harder to estimate. This is caused
by two facts. First we cannot reach as low temperatures
as in the small J region, as the Trotter “time” step 8J/M
is now larger. The lowest temperatures we can reach are
about T/J = 0.2. Additionally we do not know the exact
shape of the dispersion.

We can guess the form of the dispersion from exact
diagonalization data® and mean-field calculations.?° The
dispersions obtained by both the perturbation result Eq.
(44) and the mean field are quadratic close to the min-
imum at k = m. At larger |k — «| exact diagonalization
and mean-field results indicate a more linear behavior.
We have used several functional forms for the dispersion.
Good fits were obtained by the following dispersions:

1

EL ) = VA? + 4Aa(1 + cosk)?, (45a)
(a)
0.2 -
//)//
= / J/J =01
0.1 | /‘/
l/
/
—- QTM results
fit
0'Oo.o 0.5 1.0
T
10"
fﬁ\&x‘ J/J =01
(b) Y
10 \
= \
10 .
‘\\
™.
S\
w0 | © QTM results
— fit
10°
0 10 20

BJ

FIG. 10. Temperature dependence of the magnetic suscep-
tibility of the Heisenberg ladder with J/J' = 0.1. (a) x as a
function of the temperature T'; (b) a logarithmic plot of x as
a function of the inverse temperature 3.
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TABLE 1. Gap and fitting parameters obtained by fitting
the numerical data for the susceptibility using various disper-
sions.

Dispersion AT a/J ‘ c/JV
Egel) 0.496 317
69) 0.517 2.62 »
ef) 0.438 8.21 1.30
e 0.395 L%
6&2) = /A? + 2Aa(k — 7)2, (45b)
: Ata(kl—m)?  if |k —7] < <,
PR s,
A — 5= +c||k| — 7| otherwise,
e}:) = A+ c||k] — 7. (45d)

The dispersion (45a) is the functional form obtained by
the mean-field calculation.2?
In Table I we show the gap, the curvature a =

82tV . .
% 822 | e and the other fitting parameters obtained
@
02| |
i , i
| |
g J=J |
A |
0.1 ;
;- |
o QTM results
- it
0.0 < :
0.0 05 1.0
TN
J=J
(b)
0.2
k D
= : n
0.1 .
> QTM results J
- fit 1
0.05O > 4
BJ

FIG. 11. Temperature dependence of the magnetic suscep-
tibility of the Heisenberg ladder with J’ = J. The solid line
is the fit discussed in the text. (a) x as a function of the
temperature T'; (b) a logarithmic plot of x as a function of
the inverse temperature 3.
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by a least squares fit of the QTM results for Inx to the
above dispersions (45). The overall shape of the disper-
sion is in good agreement with the spectrum calculated
using exact diagonalization by Barnes et al.3

The discrepancies between the fits arise because al-
though we can simulate at temperatures below the gap
T =~ 0.4A, we are not really in the low-temperature
regime where the interactions between the excitations
and the exact shape of the dispersion become unimpor-
tant. This can be seen best in the plot of —B—g‘éx in Fig.
9. In Fig. 11 we show the fit of the susceptibility for the
dispersion (45a). The susceptibilities obtained using the
other dispersions differ only slightly.
The dispersion 6;64) is not realistic as it is not quadratic,
but linear close to the minimum at k¥ = w. It underesti-
mates the gap, since the density of states is too small
near the minimum. For the same reason we believe
that the dispersion e;ca) underestimates the correct gap.
Similarly a dispersion that is too flat close to the mini-
mum overestimates the density of states there and thus
also the gap. We estimate the gap to be in the range
0.45J S A £0.5J, which is in agreement with the exact
diagonalization® and DMRG results.®

C. Nuclear spin relaxation rate

Another quantity of interest is the nuclear spin relax-
ation rate 1/T;. It can be written in terms of the dy-
namical susceptibility perpendicular to the field:3®

1 50 2X1(9,wo)
= T 1Aqf* 2=, (46)

q

where |Aq|? o« (2L)~! is the form factor, v is the nu-
clear gyromagnetic ratio, and wo the nuclear resonance
frequency, which is a very small energy scale, typically of
the order of mK. The main problem here is the calcula-
tion of the imaginary part of the susceptibility x'| (q, wo).
This can be related to the dynamical structure factor by
the fluctuation-dissipation theorem

Xli (q7 wO) = Sl(qa w())(]- - e—ﬁwo) ~ S.L(qy wo)ﬂwo, (47)

where we have used the fact that wg ~ 3 mK <« T. As
the Hamiltonian of the system is invariant under spin
rotations and there is no long range order present, the
susceptibilities in all directions are equal: x; = x,, and

= Sz(q, UJ())
= 3 (mIS3 1) *8(Erm — En = wo)e 5/,

m,n

S_L (q) UJ())

(48)

where |m), |n) are complete sets of eigenstates with en-
ergy E,, and E,, respectively, and

1 .
= 7L D efarsz. (49)

Which states contribute to 1/T} at low temperatures?
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The dominant fluctuations in the ground state are anti-
ferromagnetic, leading to a maximum in the equal-time
spin structure factor at q = (m, 7). However, these dom-
inant antiferromagnetic fluctuations (m|Sj|g.s.) of the
ground state near q = (7, n) do not contribute since they
have an energy gap of E,, — Egs. > A > wo. The only
relevant contributions arise from fluctuations of the ex-
cited states with small momentum transfer q

At low temperatures we assume the one-magnon states
to be independent. We restrict the sum over n to the
independent one-magnon states |k,o) with momentum
k and z component of spin 0 = —1,0,1. As wo € A
and momentum is conserved only the states |k + g.,0)
contribute to the sum over m:

S:(q,wo) = Z |(k + gz, Ulsé'kv U)lzéqy,o
k,o
X6(€krq, — €k — wo)e Pk, (50)

where |k, o) is a one-magnon state with momentum k and
z component of spin ¢ = —1,0,1. From the excitation
spectrum it is obvious that only for ¢, = 0 and ¢, ~ 0 or
gz = —2k do we have a nonvanishing S,(q,wp). Using a
second-order Taylor expansion of the dispersion we can
write S,(q,wp) in terms of ¢ functions of q:

S:(q,wo) = Y [(k + gz, 0| S5k, 0)[?8q, 06 A
k,o
o) + 06e + 28) (51)
lv(k)l4/1 — 2wo 5% 50y

where we have set wg — 0 in the § functions. v(k) = %}

is the group velocity. The matrix elements are
[(k, 018700y, 0)* = 5202 (52)

019(0,0) 2L

We estimated the matrix element |(—k,o|S?,, o|k,0)|?
by exact diagonalization on finite ladders of up to ten
rungs. For J = J' it is nearly constant for 7/2 < |k| < =:

[, 017100k, 0P = 0.55 0% (53)

At low temperatures the main contributions arise from

k = m, where q = (0,0). We replace the matrix elements

|Ag|? by its value |44|? =~ AZ = A%/2L at q = (0,0).

Replacing sums by integrals we get in the quadratic ap-

proximation for the dispersion in the temperature range
wo < T < A

1 272A2
e dg.S. (q, 54
5= 3 [ (54

2 42 —ex/T

~ v*Ag /dk 3e~ ¢k (55)

8n2 2a4/(m — k)2 + wo/a

L A e—A/T

~ 16an2 © Ko (2T) (56)

where K is the modified Bessel function of the second
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kind. In the temperature regime where our approxi-
mation is valid we can expand Ko(5%) ~ —C + In4 —
In(wo/T) ~ 0.80908 — In(wo/T). C =~ 0.577216 is Eu-
ler’s constant. Thus finally we have for the nuclear spin
relaxation rate

1 34242
T,  16an?

in the temperature range wo ~ 3 mK « T' < A. The
main feature is the exponential drop with temperature
caused by the gap. In addition there is a logarithmic di-
vergence in wg of the prefactor caused by the Van Hove
singularity at the band minimum in the density of states
of spin excitations. Although the equal-time spin corre-
lations have a maximum at q = (m, ), these fluctuations
do not contribute since they have a large energy gap. As
the main contribution to the nuclear spin relaxation rate
comes from q = (0,0) and not from q = (m,7) we expect
the temperature dependence to be similar for Cu and O
sites in a copper oxide ladder. This differs from the case
of copper oxide planes, where there is a marked differ-
ence in the temperature dependence, because there are
low energy fluctuations around q = (7, ) that contribute
to 1/T; at Cu sites but not at O sites.3®

e~2/T[0.809 08 — In(wo/T)], (57)

V. CONCLUSIONS

We have developed an improved version of the quan-
tum transfer matrix (QTM) algorithm. Quantum trans-
fer matrix methods do not suffer from the sign problem
of the quantum Monte Carlo method. Therefore they
are ideal to investigate models where the sign problem
is severe. Examples include frustrated spin systems or
fermionic ladder models like the t-J ladder.

We have combined the QTM method with the look-
ahead Lanczos algorithm to calculate the extreme eigen-
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values and eigenvectors of the QTM with very high ac-
curacy. The algorithm converges much faster than usual
power methods. The calculation of the eigenvectors of
the transfer matrix with high precision by the look-ahead
Lanczos algorithm allows a direct calculation of the mag-
netization, internal energy, magnetic susceptibility, spe-
cific heat, and similar quantities for an infinite-length
system.

In this paper we have reported on the thermodynam-
ics of the Heisenberg ladder. The QTM method by it-
self is restricted to high and intermediate temperatures
(T > 0.2J). By combining the QTM method with exact
diagonalization results for the low-lying excitation spec-
trum we are able to calculate the temperature depen-
dence of the specific heat, magnetic susceptibility, and
the correlation length for the entire temperature range.
This also allows an estimation of the spin gap. Finally
we have calculated the temperature and frequency de-
pendence of the nuclear spin relaxation rate 1/7;.

We note that Barnes and Riera also report on a cal-
culation of the temperature dependence of the magnetic
susceptibility by exact diagonalization.3”

An interesting question arising here is what happens
to the spin gap upon doping of holes (t-J-ladder model).
This is currently being investigated.?*5
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FIG. 3. Graphical representation of
the Trotter-Suzuki decomposition of a
one-dimensional quantum chain using the
checkerboard decomposition. Also shown is
the formulation in terms of the usual row to
row transfer matrices U and in terms of col-
umn to column transfer matrices V. The
matrices that are altered for measurements
are indicated by a lighter shading and are la-
beled. Refer to the text for details.



ue

Vi)

FIG. 4. Rotation of the transfer matrix: The matrix U(")
propagates a state along the imaginary time direction. 4%
propagates along the space direction.
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FIG. 8. (a) Evolution of the energy levels when the interac-
tion J is turned on. (b) Qualitative picture of the dispersion
at small J/J', (c) at J = J'.



