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Energy Structure of a Finite Haldane Chain in Y,BaNijosMg( 0405 Studied
by High Field Electron Spin Resonance
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This Letter presents the fine structure of energy levels for the edge states of a Haldane chain. In order to
investigate the edge states, we have performed high field and multifrequency electron spin resonance
(ESR) measurements of finite length S = 1 antiferromagnetic chains in Y,BaNij¢sMg( ¢4O05. Owing to
the high spectral resolution by high fields and high frequencies, observed ESR signals can be separated
into the contributions of the finite chains with various chain lengths. Our results clearly show that the edge
spins actually interact with each other through the quantum spin chain and the interaction depends on the
chain length N. This N dependence has been obtained experimentally for the first time, and shows that the
correlation length ¢ in the real system is somewhat larger than that calculated by a simple Heisenberg

model.
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Low dimensional quantum spin systems often have dis-
ordered spin liquid states due to quantum fluctuations.
Such a spin liquid state is coherent over the macroscopic
length scale, while the state differs from a classical ordered
state. One dimensional (1D) antiferromagnetic (AFM) spin
systems with S = 1 have attracted much attention, since
Haldane conjectured that a 1D AFM Heisenberg chain with
integer spin would have an energy gap between the ground
state and the first excited state [1]. The Haldane system
belongs to such quantum spin systems and has a unique
ground state. The ground state of a Haldane chain can be
well described by the Affleck-Kennedy-Leib-Tasaki model
[2]. In this model, the S = 1 states are described as two
S = 1/2 states and the ground state corresponds to a
valence-bond-solid state where each S = 1/2 forms a sin-
glet with the nearest neighbor belonging to the adjacent
site. If the chain is broken (i.e., open boundary conditions),
two effective S = 1/2 spins are created, one at each end of
the finite chain [3]. The direct experimental evidence of the
existence of such effective S = 1/2 spins was given by the
electron spin resonance (ESR) on Ni(C,HgN,),NO,(CIO,)
containing magnetic or nonmagnetic impurities [4—6].

Y,BaNiOs, which has an orthorhombic structure with
lattice parameters a = 3.76, b = 5.76, and ¢ = 11.32 A
[7], is known as a model substance for the Haldane system,
and the Ni?* chains run along the a axis. The intrachain
exchange interaction J and the Haldane gap have been
estimated to be about 280 and 100 K, respectively, from
the magnetic susceptibility and the inelastic neutron scat-
tering measurements [8—12]. The single-ion anisotropy
parameters |D| ~ 0.039J and |E| ~0.0127J were also
evaluated from the neutron scattering measurements
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[11,12]. In this compound, the presence of S = 1/2 states
has been tested by studying specific heat and ESR of
defects [13—16]. And the results of the specific heat and
K-band (24 GHz) ESR measurements for doping with
nonmagnetic impurities have been explained by the finite
chain model [15,16]. In this model, the substitution of
nonmagnetic ions for Ni provides a simple break in the
chain, and then produces an ensemble of finite length chain
segments. When the chain length N is sufficiently larger
than the correlation length ¢ for the Haldane chain, the
effective S = 1/2 spins at the chain ends are nearly free.
However, when N is comparable to 2¢, the interaction
between them is considerable. This interaction produces
a ferromagnetic dimer for odd N or an AFM dimer for even
N. Batista et al. introduced the low-energy effective
Hamiltonian

H. = Eo(N) + [Ja(N) + DB(N)]0X0| + Dy(N)S?

+ Ey(N)(S: — S5} — mpy BrgH"S”, (1)
mv

where Ey(N), a(N), B(N), and y(N) are functions of N, x,
v, and z correspond to the b, ¢, and a axes, S is the spin
operator for the dimer, |0) is the singlet state, and g~” is the
gyromagnetic tensor [16]. They computed the functions of
N by using the density-matrix renormalization group
(DMRG) technique with E = 0, and then they showed
that the main peak and characteristic secondary peaks
appear in ESR spectra [16]. However, the experimental
results are not convincing at all to support their finite chain
model. The ESR measurement was done only at K band
and only 4 secondary peaks were observed. Furthermore,
the agreement between experiment and theory was not

© 2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.95.117202

PRL 95, 117202 (2005)

PHYSICAL REVIEW LETTERS

week ending
9 SEPTEMBER 2005

satisfactory. Secondary peaks can appear for other reasons
such as crystal defects [13], interaction through the impu-
rity site, or magnetic impurities. Therefore, it is necessary
to verify that the secondary peaks originate from the finite
chains by measuring the frequency dependence of the
signals. In addition, N for the observed secondary peaks
and the parameters D, E, and y were not determined. It is
also important to obtain parameters experimentally and
compare them with calculations.

Recently, impurity-induced edge states have been
studied intensively by microscopic measurements such as
neutron scattering and NMR [17-20], because these states
reflect the underlying features of the quantum spin sys-
tems. The interaction between edge spins and the N de-
pendence of the energy states predicted by the Hamiltonian
(1) are directly related to the spin liquid nature of the
Haldane system. Therefore, it is of interest to study the
energy states for a finite chain and their N dependence.
Although the result of the inelastic neutron scattering
measurements for the edge spins was explained by the
finite chain model consistently [19], the neutron scattering
measurements did not show direct evidence for N depen-
dence, because the measurements could not separate the
contributions of individual finite chains. In this Letter, we
present the fine structure of energy levels for the impurity-
induced edge states in the 1D S = 1 Heisenberg antiferro-
magnet Y,BaNigosMg 0405 obtained through high field
and multifrequency ESR measurements. Owing to the high
spectral resolution by high fields and high frequencies [21],
observed ESR signals are well separated into the contribu-
tions of the N-length chains. Our ESR results show that
the edge spins for a finite Haldane chain in
Y,BaNijpgsMg( 0405 actually interact with each other
through the finite chain and the interaction depends on
the chain length N. And then, we determine the effective
single-ion anisotropy parameters Dy(N) and Ey(N) from
N =1 to 27 precisely. The N dependence of the energy
states of the edge spins contains direct and precise infor-
mation about £.

High field ESR measurements of the single crystal of
Y,BaNig gsMg 0405 have been performed in the tempera-
ture range from 4.2 to 80 K using the pulsed magnetic field
up to 15 T. The details of our experimental setups can be
found in Refs. [21-24]. The samples were grown by the
traveling-solvent floating-zone method [25]. The size of
the single crystal used in our experiment is about 3 X 4 X
5 mm>.

Figure 1 shows the ESR spectra for various frequencies
at 4.2 K in the magnetic field B parallel to the ¢ axis. A
prominent absorption line is observed at the slightly lower
field side of the 1,1-diphenyl-2-picrylhydrazyl (DPPH)
marker at each frequency. In addition, many small second-
ary peaks are observed all over the spectra. Such main peak
and some secondary peaks are reported in Ref. [16]. In the
previous report, however, the ESR measurements were
performed only at K band, and there was no direct evidence
that observed secondary peaks really originated from the

edge spins of the finite chains because observed secondary
peaks are limited. In our measurements with the high field
and high frequencies, the secondary peaks are observed
very clearly and are separable from each other. Further-
more, the frequency dependence can be discussed in our
measurements. Frequency dependence measurements are
essential for determining the origin of ESR signals. From
these results, as shown later, the main peak and secondary
peaks can be assigned to the contributions of large N
chains and small odd N chains, respectively. For example,
the contributions of N-length chains are labeled N(=
1,3,5,7) for 210 GHz in Fig. 1. Similar measurements
were also performed for B || a and B || b, where the promi-
nent main peak and small secondary peaks were also
observed.

Figure 2 shows the frequency-field diagrams for the a, b,
and ¢ axes. These diagrams are obtained by taking into
account all separable peaks in observed spectra. The reso-
nance points for the main peak are on the straight lines that
cross the origin. The main peak should correspond to the
effective S = 1/2 spins at the chain ends for large N
chains, because the resonance mode for the main peak
has no influence of D and E terms. From the slopes of
the dashed lines, g%, g®?, and g values are estimated to
be 2.25, 2,18, and 2.16, respectively. These values of the
main peak are quite consistent with those in Ref. [16]. On
the other hand, the resonance points for secondary peaks
are well explained by the Hamiltonian (1). Here, as an even
chain has a singlet ground state |0), which has the energy
Ja + DB(a, B <0), the signals for the transitions be-
tween the triplets of even chains decrease with decreasing
temperature. Therefore, ESR signals from odd chains are
dominant at low temperatures. According to the
Hamiltonian (1), an odd chain is described as an S = 1
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FIG. 1. ESR spectra for various frequencies at 4.2 K in the
magnetic field B parallel to the ¢ axis.
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spin with effective single-ion anisotropy parameters D7y
and Ey. The energy levels for such an § = 1 spin in the
magnetic field are shown in Fig. 3. There are three possible
ESR transitions for each direction and they are labeled as
a;, b;,and ¢; (i = 1,2, and 3). In general, the transitions as,
b3, and c3 are forbidden. In the present case, however, the
transitions as, b3, and c; are possible due to the mixing
between the [11), |10), and |1 — 1) states through Dy and
Evy. In Fig. 2, the thick solid lines are calculated with
Dy = —897K, Ey = —2.98 K, and the g%, g"*, and
g¢¢ values obtained above, and are labeled as a;, b;, and
¢; corresponding to those in Fig. 3. As shown in Fig. 2,
these thick lines form the set of the resonance modes that
corresponds to the resonance for the S = 1 spin with the
largest |Dy| and | Ey| values. Here, the DMRG calculation
showed that y(N) decreases with increasing N [16].
Therefore, the S = 1 spin with the largest |Dy| and |Ey|
corresponds to the chain with N = 1, that is, the single Ni
spin lying between Mg impurities. The consistency be-
tween the anisotropy parameters obtained in our measure-
ments and those obtained in Y,BaNiOs [11,12] is very
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FIG. 2. Frequency-field diagrams for the applied field B along
different directions (a) B || a, (b) B || b, and (c) B || c. The solid
and open circles represent the resonance points for the main peak
and secondary peaks, respectively. The dashed lines indicate the
resonance modes for free S = 1/2 spins.

good. We believe that the signals with Dy = —8.97 K
and Ey = —2.98 K correspond to N = 1, because the
Dy and Evy are close to the anisotropy parameters in
Y,BaNiOs, and we could not find signals with more large
|D7y| and | Ey| values in the measurements of the frequency
region up to 420 GHz.

As shown in Fig. 2, the data of all other secondary peaks
can also be indicated by the thin solid lines. These lines are
calculated with various D7y and E7y, which are in the ranges
of —1.08 to —7.00 K and —0.36 to —2.32 K, respectively.
Because y(N) is expected to decrease with increasing N
and to approach zero, the resonance modes should ap-
proach the gapless mode as increasing N. Here, the gapless
mode corresponds to that of the main peak, which is
considered to be due to free S = 1/2 spins at the chain
ends for large N chains. From these fittings shown in Fig. 2,
it is clear that the low-energy edge states for the Haldane
chain in Y,BaNij¢sMgy 0405 are well described by the
Hamiltonian (1). As a result, we obtain the single-ion
anisotropy parameters as a function of N. Here, it should
be noted that the fitting parameter is only y(N). Figure 4
shows the obtained y(N) values. In our measurements,
v(N) are evaluated up to N = 27. For N = 29, absorption
lines are difficult to distinguish from each other due to the
limit of our experimental resolution, and they contribute to
the main peak as large N chains. The y(N) values obtained
by our experiments are compared with those calculated
from the DMRG method with £ = 0 [16]. As shown in
Fig. 4, the N dependence of y(N) obtained experimentally
is qualitatively consistent with that obtained by the calcu-
lation. However, there is a small disagreement; that is, the
experimental y(N) value is somewhat larger than the cal-
culation value for large N. This result shows that the
correlation length ¢ in the real system is somewhat larger
than that in the model used in Ref. [16]. In the pure
Heisenberg model, ¢ is estimated to be about 6 [3,26—
28]. The precise ¢ value can be obtained from our result by
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FIG. 3. Energy levels for a § = 1 spin with D = —8.97 and
E = —2098 K in the applied field B along different directions
@ B lla, (® Bl b,and (c) B || c.
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FIG. 4. N dependence of y(N). The solid circles and open
triangles represent y(N) obtained by our experiment and calcu-
lated in Ref. [16], respectively.

comparison with a more sophisticated model, but this is a
future problem.

In the above analysis, we consider only the odd chains.
However, the same number of the even chains exists in the
system. The edge spins are considered to be free S = 1/2
spins in large even N as well as large odd N, because the
singlet gap is also expected to decrease rapidly and to
approach zero with increasing N. In this region, we cannot
distinguish between contributions of odd and even chains
to the spectrum. For N = 2 and 4, the singlet gap Jo + D3
is very large due to the large J(= 280 K), so that at low
temperatures we cannot observe the even chain signals
corresponding to the chains of N =2 and 4. For6 = N =
10, we can observe the signals coming from the excited
triplet by increasing the temperature above 4.2 K. The
temperature dependence of these signals can be explained
by considering the singlet gap Ja + D calculated in
Ref. [16]. For 12 = N, the signals can be visible in the
spectra at 4.2 K, because the singlet gap is comparable with
4.2 K. However, these signals of even chains are still
weaker than those of odd chains. In this situation, the
signals for odd chains overlap with the signals for even
chains. Consequently, it is difficult to specify the signals
for even chains clearly. It should be noted that some addi-
tional peaks, which are indicated by arrows in Fig. 1, are
observed. A crystal of Y,BaNiOs often has a mosaic
structure due to small tilts of ¢ axes. Therefore, these
signals originate from a small domain whose c axis slightly
tilts from that for the main part of the sample.

It should also be noted that the signal intensity decreases
with increasing N for the odd chains as shown in Fig. 1.
Assuming the random distribution of Mg, the proportion of
the N length chain is proportional to 0.96". Therefore, the
decrease of the intensity is due to the distribution proba-
bility. However, the excited levels also affect the intensity,
if the energy separation between an excited level and the
ground state is comparable to the temperature. Further-
more, the ESR transition probability should also depend on
N. Consequently, the N dependence of the integrated in-
tensity cannot be explained by a simple model.

In summary, we have performed high field and multi-
frequency ESR measurements of finite length S = 1 AFM
chains in Y,BaNijosMg 04O5. By using the high field and
high frequencies, we have succeeded in observing the ESR
signals from finite chains with various chain lengths sepa-
rately. And then, we determined D7y and E7y for each odd
N. The N dependence of Dy and Evy provides direct
information about the correlation length ¢ and shows that
¢ in the real system is somewhat larger than that calculated
by a simple Heisenberg model. A more sophisticated
model is necessary for explaining the experimental result.
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