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Electron spin resonance of defects in the Haldane system Y2BaNiO5
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We calculate the electron paramagnetic resonance~EPR! spectra of the antiferromagnetic spin-1 chain
compound Y2BaNi12xMgxO5 for different values ofx and temperatureT much lower than the Haldane gap
(;100 K!. The low-energy spectrum of an anisotropic Heisenberg Hamiltonian, with all parameters deter-
mined from experiment, has been solved using the density-matrix renormalization-group method. The observed
EPR spectra are quantitatively reproduced by this model. The presence of end-chainS51/2 states is clearly
observed as the main peak in the spectrum and the remaining structure is completely understood.
@S0163-1829~99!50742-X#
ex
n-

i

ee
ct

in
en

rg
sin
-

n

a

in
n

e
et

an
d
le

is
ire
of

m
v
e

f
n
y.
d
ow-
ian
-

ery
er,
nce
e

tra

ent

f the

sary
o-

of

eri-
sti-
he
is

ters

rom
o-
aks
d to
In
nce
s of

e
st-
A great deal of interest in one dimensional~1D! Heisen-
berg chains with nearest-neighbor antiferromagnetic
change coupling,J, has been originated by Haldane’s co
jecture that integer-valued spin chains would exhibit a gap
the spin-wave excitation spectrum.1 An interesting model of
the underlying wave function for the Haldane state has b
proposed by Afflecket al.2 They have shown that the exa
ground state of the Hamiltonian( iSi•Si 111(Si•Si 11)2/3 is a

valence-bond-solid~VBS! state. This state in an open cha
has two unpairedS51/2 spins, one at each end. In agreem
with this, exact diagonalization3 of finite open Heisenberg
chains ~without the biquadratic term! shows that the four
lowest-lying states are a triplet and singlet whose ene
separation approaches zero exponentially with increa
length. Monte Carlo4 and density-matrix renormalization
group ~DMRG!5 studies clearly show the presence ofS
51/2 end states.

This picture was supported by EPR measurements
@Ni(C2H8N2)2(NO2)#ClO4 ~NENP! doped with nonmag-
netic ions,7 where resonances corresponding to the fractio
spinS51/2 states at the ‘‘open’’ ends of theS51 Ni chains
were observed. Similar measurements for doping with m
netic ions are also consistent withS51/2 end states.8 This
effect, if robust, would correspond to the only instance
magnetism where a low energy collective excitation has
classical analog.

However, Ramirezet al.9 also tested the presence of fre
S51/2 states by studying the specific heat of nonmagn
defects in Y2BaNiO5, with magnetic fields up to 9 T and
temperatures down to 0.2 K. They found that the shape
magnitude of the Schottky anomaly associated with the
fects in Y2BaNi12xZnxO5 are better described by a simp
model involving spin-1 excitations, instead of theS51/2 ex-
citations of the VBS. In order to eliminate the apparent d
crepancy with the EPR measurements in NENP, Ram
et al.9 pointed out the possibility that a small fraction
ethylene diamine complexes in NENP acquire charge
structural defects induced by Zn doping. As it is not unco
mon that structural defects induce a paramagnetic beha
in organic compounds, they propose that similar EPR m
surements should be performed on Y2BaNi12xAxO5 ~A a
nonmagmetic ion! wherex is more easily calibrated.9 EPR is
PRB 600163-1829/99/60~18!/12553~4!/$15.00
-

n

n

t

y
g

of

al

g-

o

ic

d
e-

-
z

at
-
ior
a-

an appropriate technique to determine the existence oS
51/2 end states because it allows to distinguish betweeS
51/2 andS51 spins in the presence of spatial anisotrop

In a recent paper,6 a precise fit of the above mentione
specific heat measurements was done, solving the l
energy spectrum of an anisotropic Heisenberg Hamilton
for Y2BaNi12xZnxO5. It was shown that there is no contra
diction between EPR in NENP~Ref. 7! and specific heat
measurements in Y2BaNi12xZnxO5.9 The results supported
the existence ofS51/2 excitations for sufficiently long
chains and clearly indicated that the anisotropy plays a v
important role in the low temperature properties. Howev
EPR experiments would unambiguously detect the prese
of such excitations and definitely confirm the validity of th
theory.

Recently, Sayloret al.13 have measured the EPR spec
of Y2BaNi12xMgxO5 at the temperature T52 K for different
values of Mg concentration. The spectra show a promin
main peak, which can be associated with freeS51/2 spins,
surrounded by some secondary peaks. The appearance o
latter is not related with the interaction between theS51/2
end states belonging to different chains. Thus, it is neces
to give an explanation for the origin of these other res
nances.

In this paper, we calculate the EPR spectra
Y2BaNi12xMgxO5 at T52 K for different values ofx (x
50.002, 0.006, and 0.02) and compare them with exp
ment. Mg and Zn are nonmagnetic impurities, so the sub
tution of these ions for Ni provides a simple break in t
chain. Due to the high sensitivity of EPR experiments, it
optimal for discerning between long chains~where theS
51/2 end spins are nearly independent! and the shorter
chains~where theS51/2 objects are overlapping!. We use
the same Hamiltonian as in Ref. 6, with the same parame
as those taken there from inelastic neutron scattering.10,11

The calculated EPR spectra show several contributions f
chains with different lengths which are quantitatively repr
duced. These contributions give rise to the secondary pe
mentioned above. The location of these peaks are relate
the effect of anisotropy on chains with different lengths.
this way, these secondary peaks constitute clear evide
that the observed spectrum is originated by the end state
the 1D NiO5 chains and not by paramagnetic impurities.

Y2BaNiO5 has an orthorhombic crystal structure with th
Ni21 (S51) ions arranged in linear chains with a neare
R12 553 ©1999 The American Physical Society
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neighbor antiferromagnetic superexchange couplingJ. The
interchain couplingJ' is at least three orders of magnitud
weaker, making this compound an ideal 1D antiferrom
netic chain. While each Ni atom is surrounded by six
atoms in near octahedron coordination, the true site sym
try is D2h . NeglectingJ' ~the effect of which will be dis-
cussed later!, the appropriate Hamiltonian for a chain se
ment of lengthN between two Mg impurities is:10–12

H5(
i

$JSi•Si 111D~Si
z!21E@~Si

x!22~Si
y!2#%

2mB(
mn

BmgmnSt
n , ~1!

wherez is along the chain axis,St is the total spin, andgmn

is the gyromagnetic tensor. Recent estimates based on fi
the Haldane gaps~in x, y, and z directions! measured by
inelastic neutron scattering, indicateJ;280 K, D;20.039
J, andE;20.0127 J.10,11 As Y2BaNiO5 has a Haldane gap
;100 K,10,11 the spin wave contribution to the EPR is ne
ligible at 2 K. In this temperature range, EPR is domina
by the effect of the defects. For this reason, it is necessar
solve accurately the low energy spectra (v<10 K! of H for
all values ofN to be able to explain the observed EPR e
periment.

The lowest energy states of Eq.~1! are a spin singlet,
which we denote asu0&, and three components of a split sp
triplet (u1St

z&). The energy ofu11& is the same as that o
u121& due to the time-reversal symmetry ofH. By means of
the DMRG method, we have calculated the energy of th
four states for allN<40 andE50. The difference of energy
e between any pair of eigenstates decays exponentiall
zero with increasingN. This behavior allows us to extrapo
late the energies to all values ofN.40, and demonstrate tha
the S51/2 spins at the end of the chains are also asymp
cally free in the presence of anisotropy. This issue is eas
understand considering thatS51/2 spins cannot be affecte
by anisotropy due to time-reversal symmetry. At this level
is important to remark that the two endS51/2 spin excita-
tions, which are localized at the end sites in the VBS, hav
finite localization lengthl;6 sites for the pure Heisenber
model.3–5 Therefore, while they are nearly free for larg
(N@ l ) open chains, the interaction between them is con
erable when the length of the chainN is comparable to 2l .
This interaction splits the twoS51/2 states into a single
~ground state for evenN) and a triplet~ground state for odd
N).14

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 also include the term( iE@(Si

x)22(Si
y)2# to first or-

der. Thus we find the following low-energy effective Ham
tonian including the tripletu1Sz& and the singlet stateu0&:

He f f5E0~N!1@Ja~N!1Db~N!#u0&^0u

1Dg~N!Sz
21Eg~N!~Sx

22Sy
2!

2mB(
mn

BmgmnSt
n , ~2!
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whereE0(N), a(N), b(N), andg(N) are functions of the
chain lengthN, determined from the DMRG data reprodu
ing exactly the four lowest energy levels forE50. The num-
bersa(N), b(N), andg(N) are represented in Fig. 1. Th
validity of the last term of Eq.~2! has been verified explicitly
by calculating the matrix elements ofSt

1 , and St
2 for all

chains.He f f determines the thermodynamics of the system
temperatures well below the Haldane gap.

Assuming a random distribution of defects, the probab
ity of finding a Mg atom at any sitei followed byN Ni sites
and another Mg atom at sitei 1N11 is clearlyx2(12x)N,
wherex is the concentration of Mg~missingS51 Ni spins!.
Thus, the probability per Mg impurity of finding a segme
of N Ni atoms isx(12x)N. Then, the EPR signal intensit
I (x,v,T) per impurity is

I ~x,v,T!5 (
N51

`

x~12x!NI N~v,T!, ~3!

where I N(v,T) is the EPR signal intensity of a segment
length N described byHe f f . This intensity is given by the
following expression:

I N~v,T!} (
a,b51

4

u^buS–nua&u2e2Ea /Td~v2Eb1Ea!,

~4!

where ua& are the eigenstates ofH ~or He f f) for the N-site
chain, n is the direction~orthogonal toB) of the applied
microwave magnetic field. The delta distributions have be
replaced by Lorentzian functions with a finite width to sim
late the effect of interactions not included in Eq.~2! and the
experimental resolution. The effect of increasing the para
eter which controls the width of the Lorentzians is
broaden all peaks, but the main peak is much more sens
to this change.

FIG. 1. Numerical coefficients of the effective Hamiltonian E
~2! as functions of the chain length.
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In Fig. 2 we show the experimental data13 for I (x,T) with
three different values ofx (x50.002, 0.006, and 0.02) a
T52 K and compare them with the calculations. The u
form magnetic fieldB points in thex ~or c) direction, while
the direction of the microwave field isn5z ~or a). The width
and intensity of the Lorentzians corresponding to each tr
sition have been adjusted considering the main peak. Th
are the only adjustable parameters. The integrated intens
determined byx. The most prominent feature of Fig. 2 is th
main peak at around 8000 G which is related to very lo
chains for which the splitting induced by the anisotro
terms is much smaller thangccmBB. Surrounding the main
peak there are some secondary peaks which correspon
the chains for which the magnitude of the anisotropy sp
ting is of the same order asgccmBB. In order to clarify the
last statement, let us consider the simplest case ofE50. The
splitting D(N) ~between theSz50 and theSz561 states!
induced by the anisotropy termDSz

2 (D,0) for odd and
even chains is represented schematically in Fig. 3. With
spect to these latter states, a uniform magnetic fieldB along
the x direction ~perpendicular to the chains!, does not shift
the Sx50 state @(u11&2u121&)/A2] but mixes u10& and
1/A2(u11&1u121&) giving rise to a splitting between th
lowest triplet states T1 and Sx50: d(N)5D(N)/2
1A@D(N)/2#21(gccmBB)2. The application of a microwave
magnetic field along the direction of the chains will indu
transitions between these two states giving rise to reso
peaks when\v5d(N), v being the microwave frequency

FIG. 2. Comparison between the experimental and theore
EPR spectra for three different concentrations of Mg, in the abse
of interchain coupling. The values ofgaa52.254, gbb52.177, and
gcc52.165 are taken from Ref. 13. The parameters of the Ham
tonian~Eq. 1! are taken from neutron-scattering experiments~Refs.
10 and 11!. J5280 K, D520.039 J,E520.127 J. The arrows
indicate the positions of the secondary peaks.
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Then, chains larger than 40 sites@D(N)!gccmBB# contrib-
ute to the main peak centered at\v5gccmBB. For chain
lengths between 15 and 30,D(N) is of the same order a
gccmBB giving rise to some secondary peaks at higher a
lower energies thangccmBB. D(N) is negative for odd
chains and positive for even ones, so the peaks on the
side with respect to the main peak come from even cha
while the ones on the right side are produced by odd cha
In Fig. 2~c! we have also plotted the absorption curve cor
sponding to no anisotropy (D5E50). As is expected from
the analysis given above, no feature is observed apart f
the main peak. We also note that the weight of the second
peaks is bigger for larger doping concentration (x50.02).
This is due to the fact that at larger doping, the probability
finding shorter chains increases@see Eq.~3!#. The discrep-
ancy between theory and experiment at smallerx ~particu-
larly 0.002! might be due to uncertainties in the actual co
centration of impurities.13

The calculated spectra are very sensitive to the value
D andE. However the best agreement is obtained using
experimental values given above.10,11 In order to show the
sensitiveness of the spectra to these parameters, in Fig.

al
ce

l-

FIG. 3. Diagram which shows the effect on the triplet states
an applied magnetic fieldB in thex direction in the presence of th
anisotropy termSz

2 .

FIG. 4. Same as Fig. 2 forx50.02 and~a! D50.039 J,E
50.015 J;~b! D50.030 J,E50.0127 J.
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plot the spectrum forx50.02 and two different sets of pa
rameters.

The position of the different peaks is well reproduc
within an error of 1000 G;1 K ~the spike at around 8500 G
is a calibration feature!. This error is of the same order o
magnitude as the interactions neglected in our theory.16 It is
important to note that there are no fitting parameters cha
ing the positions of the secondary peaks. This agreem
shows clearly that the secondary peaks of the EPR spe
are originated by the effect of spatial anisotropy on cha
with lengths between 15 and 40 sites. Due to experime
difficulties at very low fields, there is an artificial cutoff be
low 2500 G.

In Ref. 6, we have included the interactions betwe
chain segments in order to reproduce the specific heat m
surements of Ref. 9 at zero magnetic field. Because of th
is important to determine how sensitive the calculated E
spectra are to the inclusion of these interactions. The or
and the magnitude of thisJ8 interchain interaction is ex
plained in Refs. 6 and 15. Since a calculation of all poss
J8s and their effect on a 2D~or 3D! topology is a formidable
task, we model the effect ofJ8 considering a collection o
chain segments with effective 1D topology with exchan
interactionJ8, coming from a uniform distribution betwee
2Jmax8 and Jmax8 . We obtain that the inclusion of realisti
values ofJ8 has no effect on the position of the peaks. T
only effect of J8, as might be expected, is a broadening
v.
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the secondary peaks and the corresponding small reduc
of their maxima. As a consequence, the agreement betw
theory and experiment slightly improves for the peaks n
6000 G and 12500 G.

In conclusion, by solving the low-energy spectrum of
Heisenberg HamiltonianH which includes experimenta
axial and planar anisotropy, we have reproduced in detail
low-temperature EPR data measured in Y2BaNi12xMnxO5
for different concentrations of Mg. It is important to rema
that there are no fitting parameters to reproduce the po
tions of the different peaks in the EPR spectra. These results
confirm that theS51/2 end chain excitations, which are a
ymptotically free for large chain segments, are experim
tally observed. The fact that we have been able to fit
peaks with this model indicates that theS51/2 feature ob-
served by EPR experiments is unambiguously an end-c
excitation, ruling out any other possibility. Summarizing, t
EPR experiments can be interpreted in terms of end state
an anisotropic Heisenberg model, and the discrepan
about the existence of spin 1/2 excitations without class
analog are removed.
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