Condensed Matter Physics 2009, Vol. 12, No 3, pp. 449-462 @oNDENSED
MATTER
BPHNSICS]

Consequences of lattice imperfections and interchain
couplings for the critical properties of spin-1/2 chain
compounds

J. Sirker

1 Department of Physics and Research Center OPTIMAS, University of Kaiserslautern,
D-67663 Kaiserslautern, Germany

2 Max-Planck Institute for Solid State Research, Heisenbergstr. 1, D—70569 Stuttgart, Germany

Received May 7, 2009

To allow for a comparison of theoretical predictions for spin chains with experimental data, it is often important
to take impurity effects as well as interchain couplings into account. Here we present the field theory for finite
spin chains at finite temperature and calculate experimentally measurable quantities like susceptibilities and
nuclear magnetic resonance spectra. For the interchain couplings we concentrate on geometries relevant for
cuprate spin chains like SroCuOs and SrCuQO.. The field theoretical results are compared to experimental as
well as numerical data obtained by the density matrix renormalization group.
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1. Introduction

A large number of materials are known which, over a certain temperature range, are well de-
scribed by simple spin chain or ladder models [1-11]. In all these Mott insulators the superexchange
constants are spatially very anisotropic so that a three-dimensional crystal effectively shows one-
dimensional magnetic properties. In one of the best known spin-1/2 chain compounds SroCuOs, for
example, the superexchange constant along the chain direction J ~ 2200 K whereas the magnetic
couplings J, along the other directions are at least three orders of magnitude smaller [1,8]. In such
a system one can, therefore, experimentally explore the physical properties of a spin chain over a
very wide temperature range J; < T < J. From a theoretical perspective this is very exciting
because it allows us to study experimentally many aspects of one-dimensional field theories [12-14].
In addition, the ideal Heisenberg spin-1/2 chain is integrable so that the compounds well described
by this model make it possible to experimentally address the question how physical properties,
in particular, transport, are affected by a nearby integrable point [2-4]. Here the infinite set of
constants of motion making the model integrable is expected to slow down the decay of current
correlations — or even prevent them from decaying completely — leading to anomalous transport
properties [15].

In real materials, however, we are always confronted with impurities and lattice imperfections
which weaken or even completely destroy a superexchange bond between two spins. Since a weak-
ening of a bond is a relevant perturbation in the renormalization group (RG) sense, we have to deal
— at least at low temperatures — with finite chains with open boundary conditions (OBCs). Mea-
surements on such systems correspond to taking averages over ensembles of finite chain segments
with lengths determined by a distribution function [16,17]. Furthermore, the description by a one
dimensional model will break down for temperatures T' ~ J; where usually a three-dimensional
magnetic order sets in. However, even for temperatures above this ordering temperature interchain
couplings can have a significant effect which has to be taken into account.

In what follows, we will study the anisotropic spin-1/2 Heisenberg chain (XXZ model) with N
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sites and OBCs
—1 N

H=1JY [S7S7., +8YSY, +AS:S; ] —h> S:. (1.1)
j=1 j=1

Here J is the exchange constant and h is the applied magnetic field. Although exchange anisotropies
due to spin-orbit coupling are usually rather small so that experimentally only the isotropic case
A =1 is relevant, the additional parameter A is useful for the field theoretical calculations in
section 3. There are two important consequences of the OBCs. First, expectation values of local
operators become position dependent because translational invariance is broken. In the following
we will, in particular, study the local susceptibility defined as

6 z 1 z z
Xj = %(Sj?h:o = {57 Skun=0, (1.2)

where S§, = >, S7. Second, there are well defined boundary contributions to all thermodynamic
quantities. For N — oo the total free energy F' is, for example, given by

F =N foux + Fs + O(1/N) , (1.3)

where Fg is the boundary free energy. Similarly, one can define a boundary susceptibility xp [18—
22]. These boundary or surface terms will be studied here as well. The local susceptibility defined
in equation (1.2) can be related to the boundary susceptibility by

N
XB = ]\}Enoo z;Xj - NXbulk s (14)
J:

where Yy is the bulk susceptibility defined analogously to the bulk free energy in equation (1.3).

For the interchain couplings we will consider two different cases relevant for many materials.
One is a simple ladder-like antiferromagnetic coupling between neighboring chains as, for example,
in SroCuQOg3 as well as in many other spin chain compounds. This case is shown in figure 1b.
The other is a zigzag ferromagnetic coupling between neighboring chains. This kind of interchain
coupling is sketched in figure 1c and is relevant, for example, for SrCuQO» [1].
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(d)
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Figure 1. A non-magnetic impurity in (a) a single spin chain, (b) in a spin chain coupled to
a neighboring chain by a ladder-like interchain coupling, and (c¢) in a spin chain coupled in a
zigzag fashion to a neighboring chain.

To provide an intuitive picture we start with some numerical results for semi-infinite spin
chains with geometries as shown in figure 1 obtained by the density matrix renormalization group
applied to transfer matrices (TMRG) in section 2. In section 3 we will present the field theory
for finite Heisenberg chains with OBCs at finite temperatures. In section 4 we use the results
obtained in the previous section to calculate the susceptibility as an ensemble average over finite
spin chain segments and show that the obtained results are in good agreement with experimental
measurements. In section 5 we derive, in a similar fashion, the nuclear magnetic resonance (NMR)
spectrum and show that it provides information about the interchain couplings. Finally, we give a
brief summary and present some conclusions.
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2. Numerical results

A method particularly suited to the calculation of the thermodynamic properties of one-
dimensional systems is the density matrix renormalization group applied to transfer matrices
(TMRG) [20-28]. To this end, the one-dimensional quantum system is mapped onto a two-dimen-
sional classical system by a Trotter-Suzuki decomposition [29-31]. Then, the additional dimension
corresponds to the inverse temperature (. For the classical model, a transfer matrix is defined
which evolves along the spatial direction. Importantly, one can show that even for a critical system
there is always a gap at finite temperatures between the leading eigenvalue Ay and the next-leading
eigenvalues A, of the transfer matrix T with ;! = In|A¢/A4| defining a correlation length. This
makes it possible to perform the thermodynamic limit, i. e., system size N — oo, exactly. With
the TMRG one can treat impurity problems [21,22,32] as well as frustrated systems [33] making it
an ideal numerical tool to study the problem considered here.

We will start by investigating the local susceptibility as defined in equation (1.2) for a semi-
infinite chain. By this we mean a chain which is infinitely long but has one end with OBCs. To
obtain x; we calculate the local magnetization (S7) for small magnetic fields h/.J ~ 1072 and take
a numerical derivative. Within the transfer matrix formalism the local magnetization is given by

(U9 |T(S%)TI~ ' T| W)

A I
0 L R

2.1
N—ooo' 7 ( )
Here T is a modified transfer matrix containing the broken bond, T'(S*) is the transfer matrix
with the operator S* included, and |[¥%) ((U9]) are the right (left) eigenstates belonging to the
largest eigenvalue Ay, respectively. Far away from the boundary (S 5 ) becomes a constant, the bulk
magnetization

WO | T (ST W) (U™ | T |WO WO |T(S%)| W0
m=lim lim (S5) = lim 2 (VLIT(57) J I (VEITIVE)  (PL[T(S?) R>.(2'2)
j—o0 N—oo =00 Ay (VY |T|9%) Ao

By taking again a numerical derivative with respect to a small magnetic field, we can obtain the
bulk susceptibility Xpu. from (2.2).
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Figure 2. x; — xpux for a semi-infinite chain with A = 1 at temperatures T/J =
0.2, 0.1, 0.05, 0.025. The numerical TMRG data (closed symbols) are compared to the field
theory formula (3.23) from section 5 (open symbols).

In figure 2 the susceptibility profile x; — Xbuk for a single semi-infinite chain with A =1 is
shown. As might be expected, the boundary induces Friedel-like oscillations which become larger
with decreasing temperature. Interestingly, at low temperatures the oscillations first increase and
reach a maximum, before decaying at large distances. This phenomenon has been first studied by
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Eggert and Affleck in [34] and we will rederive their field theory result as a special case of our more

general considerations in section

3.
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Figure 3. The boundary susceptibility xg for A = 1 as obtained by TMRG (symbols) compared
to the field theory result (3.20) (line) derived in section 3 which is valid at low temperatures.
Inset: Numerical results for the bulk susceptibility xpux for A = 1 (symbols) compared to the
field theory formula (3.19) (line).

Next, we consider the boundary susceptibility which we can easily obtain from the susceptibility
profile using equation (1.4). The result is shown in figure 3. At low temperatures it was shown
analytically that xp ~ [T'In(Tp/T)]~* with a known constant Ty [17-19]. The bulk susceptibility,
on the other hand, behaves like Xpu ~ const + In~'(Tp/T) [12], i. e., it goes to a finite value at
T = 0 with infinite slope. We will come back to this in section 3 but let us notice here that the
numerical data are well described by the field theory.
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Figure 4. x; — xvbu for A =1, J; =0.03J and T'= 0.09 J and a ladder-like interchain coupling
as shown in figure 1b. One of the chains has a non-magnetic impurity at site j = 0 (circles)
whereas the other one (diamonds) is infinitely long and does not have any impurities. The
numerical TMRG data (closed symbols) are compared to the field theory formula (5.4) from

section 5 (open symbols).

Finally, we have also calculated susceptibility profiles for the cases of coupled chains shown in
figure 1b and c. A ladder-like coupling of neighboring chains is, for example, realized in SroCuQOg
[1]. In figure 4 it is shown that in this case an impurity in one chain has also a significant effect on
a neighboring chain without impurities. The Friedel-like oscillations are reflected in the impurity-
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free chain due to the interchain couplings. Clearly, the size of the reflected Friedel-like oscillations
will depend on the ratio J, /T. However, this ratio is not the only relevant factor. The geometry
of the interchain couplings plays an important role as well. In SrCuQs, neighboring chains are
coupled by a ferromagnetic zigzag-type coupling. In this case an impurity in one chain leaves a
neighboring chain almost unaffected even if the temperature T' ~ J, as is shown in figure 5. In
section 5 we will show that these differences can be easily understood if one starts from the field
theory results for a single chain derived in the next section and takes the interchain couplings into
account perturbatively.
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Figure 5. x; — xpux for A =1, J, = —0.1J and T = 0.09 J with a zigzag interchain coupling
as shown in figure lc. One of the chains has a non-magnetic impurity at site j = 0 (circles)
whereas the other one (diamonds) is infinitely long and does not have any impurities. For this
case the field theory predicts that there are no oscillations, x; — Xpux = 0, in the infinitely long
chain.

3. Field theory for finite spin chains

In the limit of low temperatures and large chain length, the XXZ model (1.1) can be represented
by a field theory. The main step is a linearization of the dispersion around the two Fermi points. A
certain linear combination of particle-hole excitations around a Fermi point constitutes a collective
bosonic mode described by the Luttinger liquid Hamiltonian

v L+a L+a
H = 2/d:c[H2 + (0,®)? fh\/ /d:cc?xfb, (3.1)

where v is the spin velocity, L = Na, and a is the lattice constant. The bosonic field ® obeys the
standard commutation rule [®(z),II(z)] = i6(z — 2’) with Il = v=19;®. The Luttinger parameter
K is a function of the anisotropy A and can be determined exactly by Bethe ansatz with K =1
at the isotropic point. The spin operators can be directly expressed in terms of the boson ®, in
particular, we have

RERY. 25895@) +¢(—1)7 cos V2r K ® (3.2)
T

at zero magnetic field. Here ¢ is an amplitude which can also be obtained exactly [35-37]. The
separation of 57 into a uniform and a staggered part at low energies can be understood as follows.
In the equivalent spinless fermion representation of the XXZ model, obtained by a Jordan-Wigner
transformation, the S* operator becomes the density operator. Due to the linearization of the
dispersion the electron and the hole can live either at the same Fermi point and have, therefore,
small momentum or they can be situated at different Fermi points in which case the associated
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momentum is 2kp. Zero magnetic field corresponds to half-filling for the spinless fermions. Thus,
2kp = 7 and we obtain the staggered contribution in (3.2). This also means that the local sus-
ceptibility defined in equation (1.2) can be separated at low temperatures into a uniform and a
staggered part

X5 = X"+ (17 (3.3)
In a bulk susceptibility measurement, the staggered part does not contribute. This part is, however,
measurable in probes of the local magnetism as, for example, in NMR. We will come back to this
point in section 5.

If one is only interested in correlation functions for infinite system size at finite temperatures
or correlation functions for finite systems at zero temperature, one can make use of the conformal
invariance of the field theory. It is then sufficient to calculate the correlation at zero temperature
and infinite system size and use a conformal mapping from the complex plane onto a cylinder
with the circumference corresponding either to inverse temperature or system size. Here, we are,
however, interested in the thermodynamics of finite chains and we will, therefore, have to use an
explicit mode expansion

j = sin ﬂ'nj/N—i—l)) jrnot i
O(z = ja,t) = ’/8K q/ tOtN+1 Z ( L+a by, —|—eL+ab> (3.4)

which incorporates the OBCs. Here b,, is a bosonic annihilation operator. Equation (3.4) is a dis-
crete version of the mode expansions used in [13,16] with 2 = ja becoming a continuous coordinate
fora — 0, N — oo with L = Na fixed. Using this mode expansion, the local observables respect the
discrete lattice symmetry j — N + 1 — j corresponding to a reflection at the central bond (site) for
N even (odd), respectively. The sites 0 and N +1 are added to model (1.1) and we demand that the
spin density should vanish at these sites. Therefore, the upper boundary for the integrals in (3.1) is

L+a. The zero mode part (first two terms of equation (3.4)) fulfills 3, S¥ ~ VE L+a 0, P =S¢,

and the oscillator part (last term of equation (3.4)) vanishes for j = 0 N +1as required.
For the free boson model, the uniform part of the susceptibility can easily be calculated and is
given by [13]

92 1 ZS SQe K(L+a)TSz 1 92

Xo :_W hzofo NT Ss. e —w@Ear 2 4ANT 0u? w0

In 6 (e_if“ﬁ:a” , u) . (35)

Here 6(q,u) is the elliptic theta function of the third kind 6 = 63(q,u) = > 0o q”ze”"“ for
integer S. (even N) and of the second kind 0 = Oy(q,u) = 3.0 ___ q(nt1/2%eintlu for half-
integer S, (odd N). Note, that y§™ has a simple scaling form as a function of NT. The lattice
parameter a appears here due to the OBCs. It leads to a boundary correction which we will consider
later. First, we set a = 0 in (3.5) and concentrate on the following limiting cases

s exp (-4 NT/v—0, N even,

KLT
Xgm _ ﬁ NT/’U — 0, N odd, (3'6)
% NT/v— o0 .

The Curie-like divergence for N odd is caused by the degeneracy of the ground state SZ, = £1/2.
At low temperatures the whole chain, therefore, behaves like a single spin. For N even, on the other
hand, the ground state is a singlet, SZ, = 0. At low temperatures, the chain becomes locked in this
state leading to an exponentially small susceptibility. In the thermodynamic limit, NT'/v — oo,
the susceptibility within the free boson approximation is just a constant.

The staggered part of the susceptibility, th for a finite chain with OBCs has been calculated
in [37]. It is given by

st C m \52 P (em7z) > msin[2mrmj/(N + 1)]e=mvm*/(KLT) .
X = T N+1 GK/Q (Nﬂ'—-t,j-l e_;L) Zme—Tr'Umz/(KLT) : ( : )
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Here n(x) is the Dedekind eta-function and 64 (u,q) the elliptic theta-function of the first kind.
The summation index m runs over all integers (half-integers) for N even (odd), respectively. In
the thermodynamic limit, N — oo, we can simplify our result and obtain

« cK x
NS (3:8)
T [ sinh (222)]

with # = ja. This agrees for the isotropic Heisenberg case, K = 1, with the result in [34]. The
amplitude ¢, first introduced in equation (3.2), can be determined with the help of the Bethe ansatz
along the lines of [36]. This leads to ¢ = y/A,/2 with A, as given in equation (4.3) of [36]. The
formulas (3.7) and (3.8) are, therefore, parameter free.

To find the boundary contributions, such as the boundary free energy defined in equation (1.3),
one has to go beyond the free boson model (3.1). When deriving the low-energy effective theory
for the XXZ model, one finds in addition to the free boson model (3.1) infinitely many irrelevant
terms. These terms either stem from band curvature (corrections to the linear dispersions around
the Fermi points) or from the interaction term. For A close to 1 the leading irrelevant term is given
by

L+a
0H = )\/ dz cos(V8TK ). (3.9)
0

It is the bosonized version of Umklapp scattering where two left moving electrons get scattered
to right movers or vice versa interchanging a reciprocal lattice vector. This term becomes relevant
for A > 1 and is responsible for the opening of an excitation gap in this regime. For the isotropic
case, A = 1, Umklapp scattering is marginally irrelevant and leads to important corrections to the
results obtained for the free boson model. Due to the integrability of the XXZ model the amplitude
A of the Umklapp term can be obtained exactly as well [38]. In [16,17] the free energy and the
susceptibility corrections to the free boson result up to the first order in the Umklapp scattering
have been calculated. For the susceptibility the following correction was obtained

uni 2N N g
w = (F) e

1/2

Z)/ dym (3.10)
0

03K (my,e~27T)

3

~

with

B 2. 52 cos(47rSzy)qu N (Zsz COS(47TSzy)qS§) (Zsz qusf>

s 52 (Zsz qS§)2 (3.11)

g0 (y,q) =

In addition, there is also a boundary correction related to the parameter a in (3.5). Expanding in
this parameter to the lowest order we find
Ta

axy™ = T2 92 (efm) ; (3.12)

where

N\ 2
s qusf (ZSZ qusz>

92 (q) = F— — —5—. (3.13)

DOFNEE (Zsz q°?)

a plays the role of a lattice constant and its value can be determined for A < 1 (K > 1) by the
Bethe ansatz and is given by [20,21]

a=2"Y%sin[rK/(4K — 4)] / cos[r/(4K — 4)] . (3.14)

The uniform part of the susceptibility of a finite chain is, therefore, given by x"(L,T) = x§{*(a =

uni

0) + ox ™ + §xy™. The corrections to the uniform zeroth order susceptibility yi"(a = 0) are
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important here because in the thermodynamic limit they give the boundary susceptibility xg. In
this limit g (e /(KET)) — K2T2L?/(2r%v?) and therefore

uni __ Ka

XB,1 = Lh_{f;o L™ = o (3.15)

This is just a constant contribution to the boundary susceptibility. Much more important is the

boundary contribution stemming from §xy™. Here we find

onT 2K—-3
L) : (3.16)

. K\2
i = Jim I = - (5 ) B3 - 280 - 20000
—00 v v

with B(z,y) = I'(2)T'(y)/T(z + y), ¥'(x) = dyp(x)/dx, and (x) being the digamma function.
Note that for 1 < K < 3/2 (1/2 < A < 1) the boundary spin susceptibility xp shows a divergent
behavior ~ 1/T372K as temperature decreases.

3.1. The isotropic point

At the isotropic point, Umklapp scattering becomes marginal and simple perturbation theory is
no longer sufficient. In this case we have to replace the Umklapp scattering amplitude by a running
coupling constant g(L,T') which obeys a known set of renormalization group equations [38]

1/g+1n(g)/2 =1n (\/2/—7Te1/4"'ﬁymin[L7 ’U/T]) . (3.17)

Here v = 0.577 is Euler’s constant and for the isotropic case considered here, the spin velocity is
v = Jr/2. Then, the uniform susceptibility is given by

Xuni(Nv T) = XlOmi + 5X111ni7 (318)

where K — 1+ ¢(L,T)/2 in the exponentials of (3.5) and A\ — g(L,T)/4 in (3.10). In this case the
parameter a in (3.5) is not determined by (3.14) and has to be used as a fitting parameter.

In the thermodynamic limit we can again split the susceptibility (3.18) into a bulk and a
boundary part. For the bulk susceptibility this yields the result first derived by Lukyanov [38]

1 9(T)  3¢°(T) | V3,
== |(1+=4+———4+—T°]. Nl
Xbulk 7r2< + 5 + 5 + - (3.19)

Here we have also added the g3 correction from Umklapp scattering as well as a T2-term which
stems from irrelevant operators with scaling dimension 4 describing the band curvature. The run-
ning coupling constant g(T") is given by (3.17) with L = co. In the inset of figure 3 this formula is
displayed in comparison with the numerical results. For the boundary susceptibility, on the other
hand, we find

2 "
a g g (1) 3
= — _— . - '2
XB = —3 + T + ST (O 66 = +0(g°), (3.20)
where we included the second order corrections in g as derived in [17]. The comparison of this
formula with ¢ = 1.5 and numerical results is shown in the main panel of figure 3.

Finally, the result for the staggered part of the susceptibility given in equation (3.7) has to be
modified at the isotropic point. Here we find [37]

st _ 1 = \'Y? P2 (e F) S msin[2rmg/(N + 1)]emvm’(1=8)/(LT)
Xj = 2m3g)t/4T \ N +1 91/2 (1\;1-]'1 e,%> S e—mom?(1-9)/(LT) .
+ Y
(3.21)

Now the running coupling constant g also depends on the distance of site j from the boundary and
is given by

1/§+1n(3)/2 = In (min[CO:c, Co(L — ), \/7r/2el/4+”/T]) , (3.22)
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where the constant Cy is not known and has to be used as a fitting parameter. Note, however, that
for low temperatures and x, L — x > 1 the value of Cy becomes irrelevant and our result for yx;,
therefore, is again parameter-free. If we consider the thermodynamic limit of equation (3.21) we

find 1/a
23 1 T
- ( ) . (3.23)

g ~ 9/ 55 sinh (4T'z)

A comparison of this formula with numerical data is shown in figure 2. The agreement is good
but not perfect. The main problem here is that the temperature and the length scale set by the
distance from the boundary are competing. The renormalization group equations, however, cannot
be solved with both scales present. The formula (3.22) is derived in the limit when only one of
those scales matter and the corrections can be significant if this is not the case.

4. The averaged susceptibility and a comparison with experimental data

In an actual crystal we have imperfections and impurities which limit the length of a spin chain
segment. It is important to emphasize again that any weakening of a link is a relevant perturbation
in the renormalization group sense. It is, therefore, expected to be a good approximation to assume
that at low temperatures we have spin chain segments with open boundary conditions. As long
as we do not know in detail how these defects are distributed it seems reasonable to assume a
Poisson distribution, i. e., the probability of having an impurity at site j is not effected by the
other impurities. We might, however, expect this assumption to break down for large impurity
concentrations where some sort of impurity order might set in. Using a Poisson distribution we
have a normalized probability P(N) = p(1—p)* to find a chain segment with N sites if the impurity
concentration is p. Any measurement corresponds to taking an average over this ensemble of chain
segments. For the susceptibility, for example, we find

Xp =0y N1 =p)Nx(N). (4.1)
N

Note that in a bulk measurement only the uniform part of the susceptibility contributes. The
staggered part cancels out. Using the formula (3.18) we can immediately calculate the average
susceptibility xp. It is, however, very useful and instructive to derive a much simpler approximate
formula. To this end, we notice that we have two different regimes for a finite spin chain. If
the temperature is larger than the finite size gap, T/J > 1/N, we can approximate x(N) =
Xoux + XB/N. If, on the other hand, T/J < 1/N we expect to see more or less the ground
state properties of the finite chain. This means, according to equation (3.6), that there will be
no contribution when the chain length is even while x(N) ~ 1/(4T'N) if the chain length is odd.
We can, therefore, introduce a length N. = «J/T where this crossover occurs. Here « is a parameter
which we expect to be of the order of 1. For the average susceptibility we can, therefore, write

o Ne [e%s)
p
o ® gz D (=N P Y (Nxeac+x8)(1 =)V
N odd N=N,
P 1*17( /T) /T K m) }
= =L (1-@1-p) 1—p)? 1-— =L 4.2
T2 p (1-p) +(1—-p) P+ 75 ) Xown + PXB| (4.2)

where Xpulk is given by equation (3.19) and xp by equation (3.20).

An interesting experiment has been performed by Kojima et al. [5] where Palladium (Pd) has
been doped into the spin chain compound SroCuQO3. The Pd ions replace the Cu ions, act as non-
magnetic impurities, and cut the chain into finite segments. A complication in the analysis of this
experiment arises because even the undoped SroCuQOgs samples already have a substantial amount
of chain breaks. It is believed that this is mainly a consequence of excess oxygen, i. e., we are in
reality dealing with SroCuOs4s. In a simple picture, an excess oxygen ion pulls two electrons out
of the copper chain. If these holes are relatively immobile this also corresponds to a chain break.
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In the comparison of the experimental data for SroCu;_,Pd,;Os4s and formula (4.2) shown in
figure 6 we, therefore, use p as an effective impurity concentration incorporating both the chain
breaks due to excess oxygen and due to the non-magnetic Pd ions. Furthermore, we have subtracted
a constant contribution Yconst from the experimental data which is expected to be present due to
core diamagnetism and Van Vleck paramagnetism. The values for p and xconst Which yield the
best fit of the experimental data are shown in table 1. For Pd concentrations of x = 0.5% and

—_
ol
(5]

xT [K emu/mol]

-3 N N N PR |
1075 100
T[K]

Figure 6. Measured susceptibility T'(x — Xconst) for SraCui—;Pd;O3z4s with impurity concen-
trations = 0%, 0.5%, 1%, 3% (crosses from bottom to top) from [5]. Here a constant Xconst as
given in table 1 has been subtracted from the experimental data. Subsequent curves are shifted
by 5 x 1073, For comparison theoretical results according to (4.2) with v = 1 are shown with
an effective impurity concentration p as given in table 1.

Table 1. Concentration = of Pd ions in experiment compared to chain break concentration p
and constant contribution yconst yielding the best theoretical fit. The first line corresponds to
the “as grown” sample of SroCuQOs4s from [1].

x (Exp.) | p (Theory) | Xconst [emu/mol]

0.0 0.006 —7.42 x107°
0.005 0.012 —7.7x107°
0.01 0.014 —7.5x107°
0.03 0.024 —7.5x107°

x = 1% the obtained values for p are consistent with the picture of having a certain amount of
chain breaks due to excess oxygen already in the undoped compound. For z = 3%, however, this
picture seems to fail. Reasons for this could be either on the experimental side (perhaps not all
Pd ions really go into the sample, or some go in interstitially) or in the theoretical description. If,
for example, the Pd ions tend to cluster above a certain concentration, then our assumption of a
Poisson distribution becomes incorrect.

5. The Knight shift and the role of interchain couplings

As already mentioned, the staggered part of the susceptibility cannot be observed in a bulk
measurement. This, however, is possible by NMR because here the resonance frequency gets shifted
by the local magnetic field. This so-called Knight shift K; can, therefore, be directly related to the
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local susceptibility. For a chain of length N it is given by

N o
K5 = (re/) 3 AN (5.1)
jl

where 7. () is the electron (nuclear) gyromagnetic ratio, respectively and A;_; the hyperfine
coupling tensor. It is usually sufficient to take only A° and A*! into account because of the short-
range nature of the hyperfine interaction.

T T T T T T T
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I T=30K h
E<h
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<
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.' /e

' \ - /
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Figure 7. NMR spectrum for SroCuOs at T' = 30 K taken from [6]. In comparison the theoretical
results for a single chain with a Poisson distribution of chain breaks (theory I) and for the case
where also interchain couplings (J1 = 5 K) are taken into account (theory II) are shown. In
both cases p=5x10"%, ' =4 x 107%, and h%; = 7.598 T. The material-dependent parameters
are given in the text.

To compare with experiment, we assume again a Poisson distribution of chain breaks so that
the measured Knight shift is given by an average over all possible chain lengths. Furthermore, each
site in a chain of length N gives a different Knight shift according to (5.1). If we assume that each
of these Knight shifts has a Lorentzian lineshape with width I' we find for the NMR spectrum

N-1 N
1
(5.2)

I' p(1—p)
PE)==) - .
TN=1 N = (K —K](' ))2 + 12

Using the results for the uniform (3.18) and the staggered part (3.21) we can now immediately
calculate the NMR spectrum for an ensemble of isotropic Heisenberg chain segments and compare
to experimental data for SroCuQO3 obtained by Takigawa et al. [6,7]. We use J = 2200 K as exchange
constant in (1.1) and hyperfine coupling constants A%/(2hy,) ~ —13 T, A%, /(2hv,) ~ 2 T, and
A'/(2h7y,) =~ 4 T [39]. Here the index denotes the magnetic field direction. We calculate the
spectrum as a function of h = (1 + K)hY,, and use h’_, = 7.598 T. For the resonance field
v = 86 MHz used in the experiment [6] this is consistent with h2 = v/, where v, ~ 11.3 MHz/T
[40]. A comparison of formula (5.2) for this set of material-dependent parameters with experiment
is shown in figure 7. Here the impurity concentration p and the Lorentzian linewidth I' have been
used as fitting parameters. Note that the sample used for the NMR experiment has been annealed,
thus dramatically reducing the amount of excess oxygen and the associated chain breaks compared
to the sample used for the susceptibility measurements shown in figure 6. The theory predicts
a central peak corresponding to the bulk susceptibility value and two shoulders with separation
Ah (see curve ‘theory I’ in figure 7) which are caused by the maxima of the local susceptibility

(see, for example, figure 2). Theoretically, we find that Ah ~ h? \/v/Tlnl/‘l(v/T), i. e., the

res
separation of the shoulders increases ~ 1/ VT with decreasing temperature. This is in agreement

459



J. Sirker

with experimental findings [6]. The central peak, however, has a much more complex structure
than predicted. The peak is split (feature dh in figure 7) and has prominent shoulders (feature Dh
in figure 7). These features are only observed in experiment at temperatures T' < 60 K, whereas
at higher temperatures the theoretical prediction agrees well with experimental data (not shown).

To explain the additional features in the NMR spectra at T < 60 K we have to take the
interchain coupling into account. SroCuQOg3 shows three-dimensional Néel ordering at Ty ~ 5 K.
According to the usual chain mean field argument the interchain coupling should, therefore, also
be of the order of J; ~ 5 K. This estimate is consistent with band structure calculations [8]. As we
have already demonstrated numerically in figure 4, a ladder-like interchain coupling as present in
SroCuOj3 leads to a reflection of susceptibility oscillations. Therefore, another typical Knight shift
is expected to be present in the NMR spectra, related to the maxima of the reflected oscillations.
As long as J| /T < 1 we can calculate this effect perturbatively. Starting from the definition of
the local susceptibility given in equation (1.2) we obtain to the first order

Ji

T2
k

)= (S215%.1) (Siy0S%0) - (5.3)
E,_/%,_/

G (j—k) Xk,2

Here, the lower index 1 stands for the infinitely long chain without chain breaks whereas the lower
index 2 denotes the chain with a chain break at site k& = 0. Both, the two-point correlation G§*(j—k)
and the local susceptibility x,2 have a uniform and a staggered part in the low temperature limit.

We, therefore, find X(l) ~ um(l) + (- ) St(l) with Xum(l) —Jlxllmi(o)xgni(o)/T and
VD = T ARG ) 51

Here equation (3.8) has to be used for x3', while G7 ' (j—k) = (S787)t = 2/ [ % sinh(ZL|j — k)] K
is the staggered part of the bulk two-point correlation function. In figure 4, formula (5.4) is com-
pared with the numerical result and good agreement is found.

If we take these reflections into account, then also the additional features in the NMR spectra
are explained as shown in figure 7 (curve ‘theory II’). In particular, the shoulders with separation
Dh directly correspond to the maxima of the reflected susceptibility oscillations. The splitting of
the peak 0h is of different origin. It is in fact not a splitting but rather a loss of intensity at the value
which corresponds to the bulk susceptibility. The oscillations and reflected oscillations spread over
the entire crystal at low temperatures so that there are simply no sites left which show bulk behav-
ior. Rather interestingly, the peak usually associated with the bulk susceptibility value, therefore,
turns into a dip at low temperatures due to the presence of chain breaks and interchain couplings.

Finally, we also want to shed some light on the role played by the geometry of the interchain
couplings. To this end, we consider an interchain coupling as shown in figure lc. Such a coupling
is realized in SrCuOs with a ferromagnetic J, ~ [-0.1.J,—0.3.J] [1,8]. Using again first order
perturbation theory we find in this case

JJ— z z z z z
X5 = 75 D (7457.) {Sier 2(SE 10+ S70)) - (5.5)
w_/

G3*(j—k) Xk—1,2FXk,2

Separating this into a uniform and a staggered part we find Xum(l) QJJ_Xllmi(O)Xgni(O)/T and

st(1 JL ; zz,8t -
i = =T Y (0 X 0) GG R (5.6)
k ~~
~0

Therefore, no reflections will occur in this case to first order in perturbation theory consistent with
the numerical results shown in figure 5. This also means that an NMR spectrum for SrCuO2 would
not show any shoulders associated with the coupling to the nearest neighbor chain. Reflections in
chains further away might, however, be still possible which then would again lead to additional
structures in the NMR spectra at low temperatures.
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6. Summary and conclusions

We have investigated here how chain breaks and interchain couplings affect the physical prop-
erties of spin chain compounds. A weak coupling of two Heisenberg chains is an irrelevant per-
turbation in the renormalization group sense whereas the weakening of a bond in an otherwise
homogenous chain is relevant. Open boundary conditions are, therefore, the stable fix point. Due
to this reasoning it is expected that a wide class of perturbations like impurities or dislocations
present in any real compound can be effectively described at low energies as a chain break. An
experimental measurement then corresponds to taking an average over an ensemble of finite chain
segments with open boundaries.

By combining a low-energy effective field theory with Bethe ansatz we have derived parameter-
free formulas for the thermodynamics of finite spin-1/2 Heisenberg chains with open boundary con-
ditions. Particular emphasis was put on a calculation of the susceptibility. Due to the broken trans-
lational invariance there exists a site-dependent staggered susceptibility in addition to the uniform
site-independent part. However, even the uniform part is affected by the open boundary conditions
in the sense that a surface contribution arises which is not present for periodic boundary conditions.

We have shown that susceptibility measurements on SroCuOj3 doped with non-magnetic Pd
ions are well described by the theory presented here. One of the complications arising for this
compound is, however, that even the undoped sample apparently already has a relatively large
amount of chain breaks which are believed to be caused by excess oxygen. The impurity concen-
tration used in the theory to fit the experimental data, therefore, differs significantly from the
nominal Pd concentration. The emerging picture nevertheless seems to be consistent — at least at
low impurity concentrations — with a fixed concentration of additional chain breaks already present
in the undoped sample. It would certainly be of some value to obtain experimental data for this or
some other spin-chain compound where the impurity concentration is well controlled and a direct
comparison with theory is, therefore, possible.

Furthermore, we used the field theory to calculate NMR spectra. Importantly, the Knight
shift is proportional to the local susceptibility so that the staggered site-dependent part of the
susceptibility, which cannot be observed in a bulk susceptibility measurement, becomes observable.
As has already been shown previously [6], the staggered susceptibility leads to a broad background
in the NMR, spectra with edges caused by the maxima of the staggered susceptibility. For SroCuOs3
it has, however, been found that the NMR spectra at low temperatures show puzzling additional
features which have been ascribed in [7] to a coupling to phonons. Here we have shown that these
features quite naturally arise in a spin-only model if the known interchain couplings are taken into
account. It is also important to note that the geometry of the interchain couplings is crucial. As a
specific example we also considered, in addition to the ladder-like interchain coupling relevant for
SroCuOg, the zigzag-like interchain coupling realized in SrCuOs. In the latter case no additional
structures in the NMR spectra related to this interchain coupling will occur. NMR experiments on
spin chain compounds are, therefore, not only helpful to study of impurity effects. They can also
be used to investigate the geometry and strength of interchain couplings.
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Hacniakxmn HepockoHanocTein rpaTkm i MXnaHLI0XXKOBUX
B3aEMOAi AN KPUTUYHUX BIACTUBOCTEN cNiH-1/2
NaHLI0XXKOBUX CMOMYK

€. Cipkep

1 dakynsteT disvkn i pocnigHuubknin ueHTp OPTIMAS, YHiBepcuteT KaiiseplunayteHna, HimeyumHa

2 IHCTUTYT mocnigxeHb TBepaoro ctaHy Makca MnaHka, Bysn. ManseHb6epra 1, D—70569 LUTyTtrapr,
HimeuuynHa

OTpumaHo 7 TpasHsa 2009 p.

LLlo6 MaT MOXNIUBICTb MOPIBHATM TEOPETUYHI NnepeadadeHHs A CNiHOBUX NAHLIIOXKIB 3 eKCNepUMEeH-
TaNbHUMW JaHUMU, HACTO BaXJIMBO B3ATU 40 yBarn edpekTu AOMILLOK, Tak CaMo, K MiXIaHLI0XKOBI B3a€e-
mMogji. TyT M1 NpeacTaBAsiEMO TEOPIl0 NOAA ANs CKIHYEHMX CNIHOBMX NAHLLIOXKIB NPWY CKiHYEHI Temnepa-
Typi i 0BYMCNIOEMO eKCNepPUMEHTaNbHO BUMIPIOBaHI BEIMYMHUN SIK CMPUNHSATANBOCTI | CNEKTPY SAEPHOro
MarHiTHOro pe3oHaHcy. Ans MiXXIaHUIOXKOBUX B3AEMOL|A MM 30CEPEOXYEMOCS HA FrEOMETPIAX, ICTOTHUX
ONS KyNpaTHUX CAIHOBMX NaHLOXKIB K 0T SroCuQ3 i SrCuO-2. TeopeTrko-nosiboBi pe3ynbTaTh NOPIBHIO-
TbCS 3 €KCNEPUMEHTANIBHUMM | YUCENTBHUMU AAHUMWN, OTPMMAHNMU 3 BUKOPUCTAHHSAM peHopMani3aLinHoi
rpynu ofis MaTpuli ryCTuHu.

Knou4oBi cnoBa: criHoBi naHLOXKN, AOMILLKY, TepMoanHaMmika, 6030H 3aLlis, peHopmasi3aLiviHa rpyna
2151 MaTpULi ryCTUHUN

PACS: 75.10.Pq, 75.10.Jm, 11.10.Wx, 0230.lk
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