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Electron spin resonance of defects in the Haldane system,BaNiOg
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We calculate the electron paramagnetic resongfd®R spectra of the antiferromagnetic spin-1 chain
compound ¥BaNi, ,Mg,Os for different values ofk and temperatur@ 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 en&etdR states is clearly
observed as the main peak in the spectrum and the remaining structure is completely understood.
[S0163-182809)50742-X

A great deal of interest in one dimensiortdD) Heisen- an appropriate technique to determine the existenc& of
berg chains with nearest-neighbor antiferromagnetic ex=1/2 end states because it allows to distinguish betv&en
change coupling), has been originated by Haldane’s con- =1/2 andS=1 spins in the presence of spatial anisotropy.
jecture that integer-valued spin chains would exhibit a gap in In @ recent papét,a precise fit of the above mentioned
the spin-wave excitation spectrinAn interesting model of ~SPecific heat measurements was done, solving the low-
the underlying wave function for the Haldane state has beef€r9y Spectrum of an anisotropic Heisenberg Hamiltonian

2 or Y,BaNi; ,Zn,Os. It was shown that there is no contra-
proposed by Affleciet al.. Th9y have shown that ﬁhe.exa‘“ dicti02n bet\l/vé(enXElgR in NENPRef. 7) and specific heat
ground state of the Hamiltonialis s +1+(S-S+1)/31sa  peagyrements in »BaNi; _,Zn,0s.° The results supported
valence-bond-solidVBS) state. This state in an open chain the existence ofS=1/2 excitations for sufficiently long
has two unpaire®=1/2 spins, one at each end. In agreementhains and clearly indicated that the anisotropy plays a very
with this, exact diagonalizatidnof finite open Heisenberg important role in the low temperature properties. However,
chains (without the biquadratic terishows that the four EPR experiments would unambiguously detect the presence
lowest-lying states are a triplet and singlet whose energ@f such excitations and definitely confirm the validity of the

separation approaches zero exponentially with increasinﬂ"'egry- v Savl H d the EPR
length. Monte Carld and density-matrix renormalization- ecently, Sayloet a ave measured the spectra

5 . of Y,BaNi; _,Mg,Og at the temperature=f2 K for different
%rifzpe(r? dMsl,:\':zi)es studies clearly show the presence $f values of Mg concentration. The spectra show a prominent

. ) main peak, which can be associated with f&e1/2 spins,
This picture was supported by EPR measurements of,rrounded by some secondary peaks. The appearance of the
[Ni(C2HgN2)2(NO,)]CIO, (NENP) doped with nonmag- |atter is not related with the interaction between Swe1/2
netic ions] where resonances corresponding to the fractionabnd states belonging to different chains. Thus, it is necessary
spin S=1/2 states at the “open” ends of tl&=1 Ni chains to give an explanation for the origin of these other reso-
were observed. Similar measurements for doping with magnances.
netic ions are also consistent wig 1/2 end state$.This In this paper, we calculate the EPR spectra of
effect, if robust, would correspond to the only instance inY,BaNi;_,Mg,0Os at T=2 K for different values ofx (x
magnetism where a low energy collective excitation has ne=0.002, 0.006, and 0.02) and compare them with experi-
classical analog. ment. Mg and Zn are nonmagnetic impurities, so the substi-
However, Ramirezt al?® also tested the presence of free tution of these ions for Ni provides a simple break in the
S=1/2 states by studying the specific heat of nonmagneti€hain. Due to the high sensitivity of EPR experiments, it is
defects in %BaNiOs, with magnetic fields up to 9 T and Optimal for discerning between long chaifiwhere theS
temperatures down to 0.2 K. They found that the shape ang 1/2 end spins are nearly independeand the shorter
magnitude of the Schottky anomaly associated with the de¢hains(where theS=1/2 objects are overlappingWe use
fects in Y,BaNi,_,Zn,Os are better described by a simple the same Hamiltonian as in Ref. 6, with the same parameters

model involving spin-1 excitations, instead of 8e 1/2 ex- &5 those taken there from inelastic neutron scattéfity.

citations of the VBS. In order to eliminate the apparent dis-The calculated EPR spectra show several contributions from

) . .~ chains with different lengths which are quantitatively repro-
Crep{;‘”cy. with the EPR measurements in NENP, Ramireg .o These contributions give rise to the secondary peaks
etal. pomtgd .OUt the pOSSIbI|!ty that a smal! fraction of mentioned above. The location of these peaks are related to
ethylene diamine complexes in NENP acquire charge

: . A e effect of anisotropy on chains with different lengths. In
structural defects induced by Zn doping. As it is not UnCOM-his way, these secondary peaks constitute clear evidence
mon that structural defects induce a paramagnetic behavighat the observed spectrum is originated by the end states of
in organic compounds, they propose that similar EPR meahe 1D NiQ; chains and not by paramagnetic impurities.
surements should be performed onB&Ni; ,AOs (A a Y ,BaNiOs has an orthorhombic crystal structure with the
nonmagmetic iopnwherex is more easily calibratedEPR is  Nj2+ (S=1) ions arranged in linear chains with a nearest-

|l3
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neighbor antiferromagnetic superexchange couplngdhe T T T T T
interchain couplingl, is at least three orders of magnitude 0'0- o °°°°:;233““"'"1
weaker, making this compound an ideal 1D antiferromag- 0.2 o zgﬂ .
netic chain. While each Ni atom is surrounded by six O 04l ° Wi Evenchains ]
atoms in near octahedron coordination, the true site symme- 1 o -:A ° o
try is Dy, . Neglectingd, (the effect of which will be dis- 06 . A =B i
cussed later the appropriate Hamiltonian for a chain seg- 084 a Ay .
ment of lengthN between two Mg impurities 812 10]an 1
H=2 {3881+ D(S)?+EL(S)?~ (7]} G
0.8—- A Odd chains
~ g B'gMS, (1) o6 ° @ ]
nv . ] .2A n B

wherez is along the chain axis$; is the total spin, ang*” 0.4 :-ﬁA Ay 1
is the gyromagnetic tensor. Recent estimates based on fits of 0.2 o .é% i
the Haldane gapén x, y, andz directions measured by . °oc,00'"=unu 1
inelastic neutron scattering, indicale-280 K, D~ —0.039 0.0 °00008888ss0Y
J, andE~ —0.0127 J*! As Y,BaNiOs has a Haldane gap 0 10 20 30 40 50
~100 K% the spin wave contribution to the EPR is neg- N

ligible at 2 K. In this temperature range, EPR is dominated

by the effect of the defects. For this reason, it is necessary to FIG. 1. Numerical coefficients of the effective Hamiltonian Eq.

solve accurately the low energy spectrat10 K) of H for ~ (2) as functions of the chain length.

all values ofN to be able to explain the observed EPR ex-

periment. whereEy(N), a(N), B(N), and y(N) are functions of the
The lowest energy states of E(Ql) are a spin singlet, chain lengthN, determined from the DMRG data reproduc-

which we denote a)), and three components of a split spin ing exactly the four lowest energy levels fiér=0. The num-

triplet (|1S7)). The energy ofl11) is the same as that of bersa(N), B(N), and y(N) are represented in Fig. 1. The

|1—1) due to the time-reversal symmetryldf By means of  validity of the last term of Eq(2) has been verified explicitly

the DMRG method, we have calculated the energy of thesby calculating the matrix elements &, and S; for all

four states for aIN<40 andE= 0. The difference of energy chains.H.¢; determines the thermodynamics of the system at

e between any pair of eigenstates decays exponentially ttemperatures well below the Haldane gap.

zero with increasindN. This behavior allows us to extrapo-  Assuming a random distribution of defects, the probabil-

late the energies to all values Nf>40, and demonstrate that ity of finding a Mg atom at any sitefollowed by N Ni sites

the S=1/2 spins at the end of the chains are also asymptotiand another Mg atom at site- N+ 1 is clearlyx?(1—x)",

cally free in the presence of anisotropy. This issue is easy twherex is the concentration of M¢gmissingS=1 Ni sping.

understand considering th&t= 1/2 spins cannot be affected Thus, the probability per Mg impurity of finding a segment

by anisotropy due to time-reversal symmetry. At this level, itof N Ni atoms isx(1—x)N. Then, the EPR signal intensity

is important to remark that the two er®F 1/2 spin excita- |(X,w,T) per impurity is

tions, which are localized at the end sites in the VBS, have a

finite localization length ~6 sites for the pure Heisenberg

model®~® Therefore, while they are nearly free for large 1(x,0,T)= > x(1-x)VIy(w,T), (€)

(N>1) open chains, the interaction between them is consid- Nt

erable when the length of the chais comparable to 2 \yhere| (w,T) is the EPR signal intensity of a segment of

This interaction splits the tw&=1/2 states into a singlet |ength N described byH.(;. This intensity is given by the
(ground state for eveN) and a triplet(ground state for odd  fg|iowing expression:

o

N) .14
The difference between any two energies of the above 4
mentioned low-energy states is linearnand the quadratic In(w,T)o 2 |<,3|s.n|a>|2e—Ea/T5(w_ Eg+E,),
corrections are negligib® This widely justifies the validity ap=1
of perturbation theory to first order iD. Then, by symmetry (4)

we can also include the ter®,E[(S")?—(S)?] to first or-
der. Thus we find the following low-energy effective Hamil-
tonian including the triplet1S,) and the singlet stat®):

where|a) are the eigenstates &f (or Hq¢f) for the N-site
chain, n is the direction(orthogonal toB) of the applied
microwave magnetic field. The delta distributions have been

Hetr=Eo(N)+[Ja(N)+DA(N)]|0)(0| replaced by Lorentzian functions with a finite width to simu-
late the effect of interactions not included in Eg) and the
+Dy(N)SI+Ey(N)(S—S]) experimental resolution. The effect of increasing the param-

eter which controls the width of the Lorentzians is to
vy broaden all peaks, but the main peak is much more sensitive
_ B~gt , 2 ¢ y
MB% 9" @ to this change.
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245l 0Odd Chain Even Chain

=1

‘;1 0 i FIG. 3. Diagram which shows the effect on the triplet states of

= 1 an applied magnetic fielB in the x direction in the presence of the

H 2

E, 0.5 i anisotropy ternt; .

[

R ——— Then, chains larger than 40 site&(N)<g°ugB] contrib-
251 .. Experiment © ute to the main peak centered 7ab=g°°ugB. For chain
2.0} —— Theory lengths between 15 and 3Q,(N) is of the same order as
15[ x=0.02 g°°ugB givin_g rise to some seconda}ry peak§ at higher and

i lower energies tharg®“ugB. A(N) is negative for odd
1.0 ; -

L | chains and positive for even ones, so the peaks on the left
051 . side with respect to the main peak come from even chains
0.0 =—dlmmm Ty -

s while the ones on the right side are produced by odd chains.
0 2500 500%&?33;;) In Fig. 2(c) we have also plotted the absorption curve corre-
sponding to no anisotropyd(=E=0). As is expected from

FIG. 2. Comparison between the experimental and theoreticdi’€ @nalysis given above, no feature is observed apart from
EPR spectra for three different concentrations of Mg, in the absenck® main peak. We also note that the weight of the secondary
of interchain coupling. The values gf®=2.254, g°=2.177, and  Peaks is bigger for larger doping concentratior=0.02).
g°c=2.165 are taken from Ref. 13. The parameters of the Hamil-This is due to the fact that at larger doping, the probability of
tonian(Eq. 1) are taken from neutron-scattering experimeisfs.  finding shorter chains increasgsee Eq.(3)]. The discrep-

10 and 1}. J=280 K, D=-0.039 J,E=—0.127 J. The arrows ancy between theory and experiment at smafléparticu-
indicate the positions of the secondary peaks. larly 0.002 might be due to uncertainties in the actual con-
centration of impurities?

In Fig. 2 we show the experimental d&téor | (x,T) with The calculated spectra are very sen_sitive to the vglues of
three different values ok (x=0.002, 0.006, and 0.02) at D and_ E. However the _best agr(i}zlr?ent is obtained using the
T=2 K and compare them with the calculations. The uni_expe_rllmental values given above.” In order to shpw Fhe
form magnetic field points in thex (or c) direction, while sensitiveness of the spectra to these parameters, in Fig. 4 we

the direction of the microwave field is=z (or a). The width -——

000 12500 15000

and intensity of the Lorentzians corresponding to each tran- 254 .
sition have been adjusted considering the main peak. These 20_‘ a)
are the only adjustable parameters. The integrated intensity is al D/J=0.039 ]
determined by. The most prominent feature of Fig. 2 is the 1.5- EA=0.015 |

main peak at around 8000 G which is related to very long
chains for which the splitting induced by the anisotropy
terms is much smaller thag®°ugB. Surrounding the main
peak there are some secondary peaks which correspond to
the chains for which the magnitude of the anisotropy split-
ting is of the same order ag°ugB. In order to clarify the

last statement, let us consider the simplest cage=o0. The ]
splitting A(N) (between thes’=0 and theS*= +1 state$ 204 - Experiment

induced by the anisotropy ter@S2 (D<0) for odd and Theory D/J=0.030
even chains is represented schematically in Fig. 3. With re- 1.5 x=002 E/=0.0127
spect to these latter states, a uniform magnetic fiedong ]

Intensity (arb.units)

the x direction (perpendicular to the chaipsdoes not shift 1'0'_

the S,=0 state[(|11)—|1—1))/\2] but mixes|10) and 054

1/J2(]11)+|1—1)) giving rise to a splitting between the 1

lowest triplet states T; and S,=0: S(N)=A(N)/2 00— 1

+ V[A(N)/2]%+ (g%°ugB)?. The application of a microwave 0 2500 5000 7500 10000 12500 15000

magnetic field along the direction of the chains will induce B (Gauss)
transitions between these two states giving rise to resonant FIG. 4. Same as Fig. 2 fox=0.02 and(a) D=0.039 J,E
peaks wherfiw= 5(N), w being the microwave frequency. =0.015 J;(b) D=0.030 JE=0.0127 J.
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plot the spectrum fox=0.02 and two different sets of pa- the secondary peaks and the corresponding small reduction
rameters. of their maxima. As a consequence, the agreement between
The position of the different peaks is well reproducedtheory and experiment slightly improves for the peaks near
within an error of 1000 G 1 K (the spike at around 8500 G 6000 G and 12500 G.
is a calibration featude This error is of the same order of ~ In conclusion, by solving the low-energy spectrum of a
magnitude as the interactions neglected in our thédryis ~ Heisenberg HamiltoniarH which includes experimental
important to note that there are no fitting parameters chang@ial and planar anisotropy, we have reproduced in detail the
ing the positions of the secondary peaks. This agreemea;w-t_emperature EPR data measured igB¥Ni, _,Mn,Os
shows clearly that the secondary peaks of the EPR spect ar different concentr_aﬂons of Mg. It is important to remark_
are originated by the effect of spatial anisotropy on chaindhat there are no fitting parameters to reproduce the posi-

with lengths between 15 and 40 sites. Due to experimentd{ons of the differint peaks in the EPR specaese results
difficulties at very low fields, there is an artificial cutoff be- CONfirm that theS=1/2 end chain excitations, which are as-

low 2500 G. ymptotically free for large chain segments, are experimen-
In Ref. 6, we have included the interactions betweerfd!ly observed. The fact that we have been able to fit all
chain segments in order to reproduce the specific heat meR€aks with this model indicates that te=1/2 feature ob-
surements of Ref. 9 at zero magnetic field. Because of this, R€7ved by EPR experiments is unambiguously an end-chain
is important to determine how sensitive the calculated EPFEXCitation, ruling out any other possibility. Summarizing, the
spectra are to the inclusion of these interactions. The origifc”R experiments can be interpreted in terms of end states of
and the magnitude of thig’ interchain interaction is ex- 2an anisotropic Heisenberg model, and the discrepancies
plained in Refs. 6 and 15. Since a calculation of all possiblé"bom the existence of spin 1/2 excitations without classical
J's and their effect on a 20or 3D) topology is a formidable ~2nalog are removed.
task, we model the effect af’ considering a collection of ~ we thank C. Saylor for the experimental data. K.H. and
chain segments with effective 1D topology with exchangeC.D.B. are supported by CONICET, Argentina. A.AA. is
interactionJ’, coming from a uniform distribution between partially supported by CONICET. K.H. thanks the Max-
—Jhax and J;,,. We obtain that the inclusion of realistic Planck Institute PKSDresden for computational facilities.
values ofJ’ has no effect on the position of the peaks. TheThis work was supported by PICT 03-00121-02153 of
only effect ofJ’, as might be expected, is a broadening ofANPCyT and PIP 4952/96 of CONICET.
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