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Specific heat of defects in the Haldane system Y2BaNiO5
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~Received 12 June 1998!

We calculate the specific heatC(B,T) of the antiferromagnetic spin-1 chain compound Y2BaNi12xZnxO5 as
a function of magnetic fieldB and temperatureT. The low-energy spectrum of an anisotropic Heisenberg
Hamiltonian has been solved using the density-matrix renormalization-group theory. Considering the experi-
mental values for the parameters and an approximate model for interchain interactions the observedC(B,T) is
quantitatively reproduced. For large chains (N.50) we find asymptotically freeS51/2 states. Our results are
thus also consistent with electron-spin-resonance data for NENP.@S0163-1829~98!05137-6#
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A great deal of interest in one-dimensional~1D! Heisen-
berg chains with nearest-neighbor antiferromagnetic~AF!
exchange couplingJ, has been originated by Haldane’s co
jecture that integer-valued spin chains would exhibit a gap
the spin-wave excitation spectrum,1 in contrast to half-
integer spins which would be gapless.2 This quantum many-
body phenomena is different from the usual source of gap
magnets, namely, single-ion anisotropy, which does not
volve correlation effects. Subsequent observations of la
gaps in spin-1 quasi-one-dimensional systems have
firmed Haldane’s observation. Afflecket al.3 have shown
that the exact ground state of the Hamiltonian( iSiSi 11
1(SiSi 11)2/3 is a valence-bond-solid~VBS! state. In this
state, eachS51 spin is represented by symmetrization
two S51/2 entities. TheseS51/2 spins at each site ar
coupled with nearest-neighborS51/2 spins, one to the lef
and the other to the right, to form singlets. Hence, an o
chain has two unpairedS51/2 spins, one at each end.
agreement with this model, exact diagonalization4 of finite
open chains shows that the four lowest-lying states ar
triplet and singlet whose energy separation approaches
exponentially with increasing length. Monte Carlo5 and
density-matrix renormalization-group6 ~DMRG! studies
clearly show the presence ofS51/2 end states. This pictur
is also supported by electron-paramagnetic-resonance~EPR!
measurements of NENP doped with nonmagnetic ion7

where resonances corresponding to the fractional spiS
51/2 states at the ‘‘open’’ ends of the Ni chains were o
served. Similar measurements for doping with magnetic i
are also consistent withS51/2 end states.8

However, Ramirezet al.9 also tested the presence of fre
S51/2 states by studying the specific heat of defects
NENP and Y2BaNiO5 , with magnetic fields up to 9 T and
temperatures down to 0.2 K. On the basis of a compari
between two very simplified pictures, they found that t
shape and magnitude of the Schottky anomaly associ
with the defects in Y2BaNi12xZnxO5 are well described by a
simple model involving spin-1 excitations, instead of theS
51/2 excitations of the VBS. These results are in contr
with the above-mentioned EPR measurements of NEN7

While previous theoretical studies of the spin-1 Heisenb
chain4–6 confirm the existence of freeS51/2 spins at the
ends of sufficiently long chains in agreement with the E
measurements, it seems difficult to reconcile these res
with the specific-heat measurements and no theoretical
culation of the latter exists so far.
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In this paper, we solve the low-energy spectrum of t
appropriate Hamiltonian which describes the Ni chains
Y2BaNiO5 using DMRG and finite-size scaling. Assumin
that defects are randomly distributed, we can calcul
the specific heat for any concentration of nonmagne
impurities. Our results show that there is no contradict
between EPR7 and specific-heat measurements
Y2BaNi12xZnxO5.9 They confirm the existence of spin-1

2 ex-
citations for sufficiently long chains and are in good agre
ment with the curves measured by Ramirezet al.9 To obtain
a precise fit of all data, particularly those forB50 and high
doping, we include interchain exchange.

Y2BaNiO5 has an orthorhombic crystal structure with th
Ni21 (S51) ions arranged in linear chains with a neare
neighbor AF superexchange couplingJ. The interchain cou-
pling J' is three orders of magnitude weaker, making th
compound an ideal one-dimensional antiferromagnetic ch
While the Ni is surrounded by six O atoms in near octah
dron coordination, the true site symmetry isD2h . Neglecting
J' for the moment, the appropriate Hamiltonian for a cha
segment of lengthN between two Zn impurities is10–12

H5(
i

$JSiSi 111D~Si
z!21E@~Si

x!22~Si
y!2#%2gmBBSt,

where z is along the chain axis andSt is the total spin.
Recent estimates based on fits of the Haldane gaps~in x, y,
and z directions! measured by inelastic neutron scatterin
indicateJ;280 K, D;20.039J, andE;20.014J.10,11As
Y2BaNiO5 has a Haldane gap;100 K,10,11 the spin-wave
contribution to the specific heat is negligible below 7 K.
this temperature range,C(B,T) is dominated by the effect o
the defects, which is manifested as a 1/T2 rise inC(B,T)/T,
and a Schottky anomaly in the presence of an applied m
netic field. The height and width of the Schottky anoma
strongly depends on the spin value of the low-energy exc
tions. For these reasons, it is necessary to solve the
energy spectra (v<10 K) of H for all values ofN to have
an accurate theoretical picture.

By means of the DMRG method, we have calculated
two lower eigenenergies in theSt

z50 subspace and the lowe
one with St

z51 ~this state is degenerated with theSt
z521

due to the time-reversal symmetry ofH) for all N<40 and
E50. The energy difference between the excited states
9248 © 1998 The American Physical Society
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the ground state decays exponentially to zero with increa
N. This behavior, shown in Fig. 1 for an arbitrary value
anisotropyD520.1, allows us to extrapolate the energies
all values ofN.40, and demonstrate that the freeS51/2
spins at the end of the chain persist in presence of an
ropy. This issue is easy to understand considering thaS
51/2 spins cannot be affected by anisotropy due to tim
reversal symmetry. At this level, it is important to rema
that the twoS51/2 spin excitations, predicted by VBS, hav
a finite localization lengthl;6 sites.4–6 Therefore, while
they are nearly free for large (N.. l ) open chains, the in-
teraction between them is considerable when the length
the chainN is comparable to 2l . This interaction splits the
two S51/2 states into a singlet~ground state for evenN) and
a triplet ~ground state for oddN) one.13

The difference between any two energies of the ab
mentioned low-energy states is linear inD, and the quadratic
corrections are negligible.12 This widely justifies the validity
of perturbation theory to first order inD. Then, by symmetry
we can include the term( iE@(Si

x)22(Si
y)2# to first order.

Thus we find the following low-energy effective Hami
tonian including a spinS51 and a singlet stateu0&:

He f f5E0~N!1a~N!u0&^0u1Db~N!

3Sz
21Eb~N!~Sx

22Sy
2!2gmBBS,

whereE0(N), a(N), andb(N) are functions of the chain
lengthN ~determined from the DMRG data!. The validity of
the last term has been verified explicitly by calculating t
matrix elements ofSt

1 , and St
2 for all chains. Neglecting

J' , Heff determines the thermodynamics of the system
temperatures well below the Haldane gap.

FIG. 1. Difference between the energy of thetriplet Sz

561 (Sz50) and the singlet states in the presence of anisotr
D are denoted with circles~squares! . ~a! N even,~b! N odd. The
full line is an exponential fit of these differences forN>19.
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For a random distribution of defects, the specific heat
elementary cell of Zn-doped Y2BaNiO5 is

C~B,T!5 (
N51

`

x2~12x!NCN~B,T!,

whereCN(B,T) is the specific heat of a segment of lengthN
described byHeff , andx is the concentration of missing N
atoms. As we shall see, this equation describes qualitati
well the experiments. However, it neglects interactions
tween chain segments. Among then the largest one is
Ni-Ni interchain exchange interaction along they direction
J' , which can be estimated by sixth order perturbati
theory in the relevant hoppings. Similarly, using eigth-ord
perturbation theory we estimate the order of magnitude
the interaction across a Zn impurityJZn to be less than 0.1 K
Although the exact value is very sensitive to the values of
hoppings,JZn is, in any case, below the lowest temperatu
accessible in the specific-heat measurements~0.2 K!.9 To
obtain an accurate estimate ofJ' we solved exactly two
NiO6 clusters including all relevant orbitals and interactio
and calculatedJ' by second-order perturbation theory in th
intercluster hoppings.14 Using the values of the hopping
taken from NiO ~Ref. 15! scaled appropriately with
distance,14 we obtainJ'50.88 K. However, due to uncer
tainties in the hopping parameters,J' could be as low as
0.17 K.14 The expectation value of the spin at each site^Si

h&
along the directionh of maximum projection of theS51/2
spin of an end state has an alternating zig-zag structure
tendingl;6 lattice sites5,6 ~see Fig. 2!. Thus, to lowest order
in J' , the magnitude of the effective interactionJ8 between
end states lying in nearest chains in they direction can vary
from a few K, if the differencen between thez coordinates
of the Zn defects is small, to zero ifn@6. The sign ofJ8 is
that of (21)n ~Fig. 2!.

Since a calculation of all possibleJ8s and their effect on a
2D ~or 3D! topology is a formidable task, we model th
effect of J8 considering a collection of chain segments w
effective 1D topology with exchange interactionJ8 between
two consecutive segments, with a random and uniform d
tribution between2Jmax8 and Jmax8 . Each segment is de
scribed byHeff . The specific heat is calculated from th
exact solution of this model in systems of up to eight si

y

FIG. 2. Scheme of the configuration of minimum interchain
teraction energy involving twoS51/2 end states.~a! and~b! corre-
spond to an effective ferro- (n57, see text! and antiferromagnetic
(n56) interaction, respectively.
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~finite-size effects are negligible!, averaging over 500 differ-
ent realizations of segment lengths and values ofJ8 with the
given probability distributions, and integrating over all po
sible directions ofB. We have taken the above-mention
experimental values forJ, D, andE.10,11 An anisotropicg
value (gz52.25, gx5gy51.17) was taken from Ref. 16
The only fitting parameter isJmax8 , which is however
bounded by the above estimate.

In Fig. 3 we represent the experimental data for@C(0,T)
2C(3T,T)#/T with x50.04, scanned from Ref. 9, and com
pare it with different theories. The difference between t
different values ofB, eliminates the contribution of phonon
two-level systems, or any field-independent contribution
C(B,T). The Heisenberg model without anisotropy and
terchain interactions, is unable to reproduce theB50 data.
The singlet-triplet model proposed in Ref. 9, is even wor
because it leads toC(0,T)50 for T.0. Including realistic
anisotropy, there is already a considerable improvement,
the remaining discrepancy is removed by our treatmen
the interchain interactions withJmax8 54 K. This value is
consistent with our estimate ofJ8 explained above, and o
the order of the spin-glass temperature observed in the
doped system,17 for which frustration effects due toJ' are
expected.14 It is clear from Fig. 3 that the main correction t
the result of the ideal isotropic 1D Heisenberg chain, is d
to anisotropy which is treated with high accuracy.

As expected, whengmBB*J8 the effect ofJ' decreases
for largerB. In Fig. 4 we compare experiment and theory f
@C(3T,T)2C(6T,T)#/T for x50.04. Considering anisot
ropy alone explains qualitatively the experiment. This is a
true for Fig. 4 in Ref. 9 corresponding to nominally undop
Y2BaNiO5 , which can be reasonably well fitted withJmax8
50 with x50.28. Note that asx is lowered, the distribution
of different J8 should be displaced towardsJ850, and for
sufficiently low x ~when the average length of the chains
much larger thanl ), the effect ofJ8 should be negligible. In
contrast, if a sizeableJZn were present, its effect would pe
sist for low x.

From Figs. 3 and 4 it is clear that the inclusion of inte
actions between endS51/2 spins through the chain via th
full Hamiltonian H, together with anisotropy, eliminates th
apparent discrepancy between VBS theory predictions
measured specific heat.9 In Fig. 5 we have separated th
contributions of different chain lengths to@C(3T,T)

FIG. 3. Specific-heat difference between 0 and 3 T for
Y2BaNi0.96Zn0.04O5 for several parameters.
-

o
-

,

nd
f
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e

o

nd

2C(6T,T)#/T, neglectingJ8. The full line corresponds to
the result for noninteractingS51/2 end spins. This behavio
is obtained forN*50 where the singlet-triplet gap is muc
smaller thangmBB. The effect of anisotropy is stronger fo
shorter chains, changing the position and height of
Schottky peak. This behavior is mainly due to odd cha
because they have anS51 ground state. The anisotrop
splits theSz50 andSz561 ~ground state forD,0) triplet
states, and the energy separationD(N) decreases withN ~as
can be inferred from Fig. 1!. As one can see from Fig. 5, fo
large chains, the result approaches asymptotically the V
prediction, i.e., the peak is higher and shifted to sligh
smaller temperatures. However, the curves for shorter ch
(D(N)*gmBB) show the opposite behavior, and both te
dencies are compensated in the final result. To unders
this effect let us consider the simplest case ofE5Bx5By
50 and oddN. The energy difference corresponding to t
Schottky anomaly, E(Sz50)2E(Sz521), becomes
gmBBz1D(N) when a magnetic field is applied. This ex
plains the shift to the right registered for the shorter chai
As a consequence, the sum over small (N&20) values ofN,
weighted with the Poisson distribution, yields a Schott
peak of larger width and lower height. The anomalous f

FIG. 4. Specific-heat difference between 3 and 6 T for
Y2BaNi0.96Zn0.04O5 . Symbols are the same as in Fig. 3.

FIG. 5. Contributions of chains in different length intervals
the specific-heat difference between 3 and 6 T neglecting interchain
interactions. The full line corresponds to the prediction of VB
theory for noninteractingS51/2 moments. The final result~Fig. 4!
is obtained adding each curve with the weight denoted inside
figure.
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tures at low temperature in Figs. 4 and 5 are due to
contributions of chains with evenN for which the difference
between the energy of the triplets withSz561 and the sin-
glet ground state becomes of the order of the Zeeman en
gmBB. For 6 T this crossing occurs forN between 18 and 20
giving rise to the large negative contribution for the cor
sponding curve in Fig. 5. ForB53 T the crossing occurs fo
N between 22 and 24~see the 21<N<30 curve in the same
figure!.

Our results allow us to understand why theS51 states of
short chains were not seen in the EPR experiments
NENP.7 For D/J;0.2 the splittingD(N) is greater or of the
order of the applied magnetic fieldgmBBa (Ba;0.35 T)
whenN,38, while for N.54, D(N),0.1gmBBa . Among
these larger chains (76% of the total number of chains
x50.005), a fraction of the order of 90% is not affected
J8 and contribute to the same EPR signal with total wei
0.0038 per transition-metal atom. On the other hand, eac
the chains withN,38 ~ weight &0.0002), resonates at dif
ferent gyromagnetic frequency, larger than the one t
considered.7
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In conclusion, by solving the low-energy spectrum of
Heisenberg HamiltonianH which includes experimenta
axial and planar anisotropy, and~approximately! the effect of
interchain exchange through the only fitting parameterJmax8 ,
we have reproduced the low-temperature specific-heat
measured in Y2BaNi12xZnxO5 for different magnetic fields.9

Our results are consistent with valence-bond-solid pred
tions of S51/2 chain end excitations, which are asympto
cally free for large chain segments. However, the intrach
interactions for short segments are critical for the und
standing of the specific-heat behavior. These results rem
the apparent discrepancy between the specific-heat dat
Y2BaNiO5 , interpreted in Ref. 9 with a singlet-triplet mode
and electron paramagnetic resonance data for NENP.
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