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We applied the high-field, high-frequency electron spin resonance (ESR) technique to study
the field-dependent behaviors of three representative examples of quantum spin chain. (1) In the
half-integer (S = 1/2) antiferromagnet Cu-benzoate, Cu(CsHsCOO),03H20, we observed rather
unusual temperature- and field-dependences of the shift and width of the resonance line. These
results are discussed in terms of the breather excitations predicted by Oshikawa and Affleck for
this compound. (2) For the integer (S = 1) antiferromagnet NDMAZ, Ni(CsH14N2)2N3(ClO4),
we observed various ESR modes both in the nonmagnetic Haldane phase (H < H.) and in
the magnetic high-field phase (H > H.) where H. is the critical field at which the Haldane
gap closes. From the frequency-field diagram and the temperature dependence of the signal
intensity, we discuss the possible origin of these ESR modes. (3) For S = 1/2 trimerized chain,
3CuClze2dioxane, we observed unique features of a composite spin system, such as a dynamical
process of the formation of S = 3/2 trimerized units from three S = 1/2 spins, as indicated by
the signal splitting into 3 lines at most depending on the frequency and gradual change of the

resonance fields with decreasing temperature.
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§1. Introduction

Quantum antiferromagnetism in low dimensional sys-
tems has been a subject of intense study in recent years.
Electron spin resonance (ESR) is a particularly sensitive
technique to probe characteristic low energy excitations.
In this seminar paper, we review our recent results of a
high-frequency and high-field ESR study on three rep-
resentative examples of quantum spin chains, performed
at low temperatures by combining pulsed magnetic fields
up to 30 T with radiation sources up to 1000 GHz.

§2. Half-integer (S = 1/2) quantum spin chain,
Cu-benzoate

Cu-benzoate, Cu(CgHs5COO),03H,0, has been con-
sidered as a good representative of S = 1/2 Heisen-
berg quantum spin chain (HQSC) with an antiferro-
magnetic coupling J = 8.6 K.!) Recent intensive mea-
surements of specific heat and neutron scattering, how-
ever, revealed rather unusual features of magnetic exci-
tations under the external field below 1 K.?3) Besides
the dynamical incommensurability expected for HQSC
in high magnetic fields, an unexpected field-induced en-
ergy gap Eq(H)xH?? in the magnetic excitation spec-
trum was observed at low temperature. It should be
noted that no three-dimensional (3D) magnetic ordering
was found in above measurements down to 0.1 K and
thus the observed features should be attributed purely
to the one-dimensional and dynamical character of the
system. Based on a field theoretical approach, a de-

scription was then proposed by Oshikawa and Affleck
(OA)*5 and, subsequently by Essler and Tsvelik.57)
They claimed that the field-induced gap is caused by the
effective staggered magnetic field acting between neigh-
boring spins in the chains and has a non-trivial power
dependence H?/? on the applied field H in agreement
with the experiments. It is rather well known from a gen-
eral argument based on the crystal symmetry that the
staggered field, being perpendicular and proportional to
the applied uniform field, is produced by the alternat-
ing g-tensor and the Dzyaloshinsky-Moriya (DM) inter-
action in some crystal symmetry.®) Most importantly, the
HQSC system subjected to the perpendicular staggered
field is well described by a quantum sine-Gordon model
on the basis of a low energy effective field theory. The
quantum sine-Gordon model is exactly solvable and, in
particular, its elementary excitation is known to consist
of soliton, antisoliton and their bound states which are
called ”breathers”.

The anomalies of the magnetic excitation were previ-
ously observed in the ESR measurements at low temper-
ature by Oshima et al. more than 20 years ago.?) Al-
though their explanation for the low temperature ESR
signals as the manifestation of the 3D ordering was not
compatible with the most recent results, their results
are recently reanalyzed in terms of the newly proposed
breather excitation.!® On the basis of the sine-Goldon
model, it is shown that the ESR intensity is dominated
by the breather mode in the extremely low tempera-
ture limit. This theoretical approach of ESR is, how-
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ever, restricted to low field (H<J) and low temperature
(T« J). In order to examine the predicted behaviors
and what happens in the high field limit, we extended
the ESR measurements to a sufficiently high field range
comparable or much larger than the exchange coupling,
i.e., H > J. If this picture can be applied to the real
system of Cu-benzoate, the anomalies of the ESR signals
should appear in the similar manner as observed by Os-
hima et al. even in relatively higher temperatures when
the condition T<FEg(H) is satisfied in high magnetic
fields. Thus it is very important to perform the ESR
measurements in the wide field and temperature ranges
by using the advanced technique of high frequency ESR
developed in these several years.
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Fig. 1. Examples of ESR spectra at (a) 190 GHz and at (b) 428.9
GHz for Hl|c. The closed triangles represent spinon ESR signal
(S) and first-breather ESR signal (B).

We observed rather unusual behaviors of ESR spec-
tra as a function of temperature and frequency. As
shown in Fig. 1, the signal S shifts to the lower field side
with decreasing the temperature when 7T'<J, accompa-
nied with the rapid broadening of the line width. As
the temperature is decreased further, a novel crossover
takes place as indicated by a double-peak structure at
the crossover regime (I'~Eg(H)). While the width of
the signal S increases continuously, the integrated inten-
sity of this signal decreases gradually. At the same time,
the new signal B appears in the low field side. The sig-
nals S and B coexist in some temperature region, and, in
this crossover regime, the spectral weight shifts gradually
from the signal S to the signal B. At the lowest temper-
ature (I' < Eg(H)), finally the absorption intensity of
the signal B becomes dominant. Of particular interest is
that the crossover regime depends on the frequency and,
consequently, on the field, as easily seen from the com-
parison between (a) 190 GHz data and (b) 428.9 GHz

data. In fact, the crossover appears when the temper-
ature is comparable to the field-induced gap. Since the
magnitude of the energy gap changes as Eq(H)xH?/3,
this crossover temperature also depends on the magnetic
field intensity as H2/3. This finding clearly indicates
that the crossover regime designates the boundary be-
tween the gapless high T-low H state (Eg(H)/T < 1)
and the gapped low T-high H state (Eg(H)/T > 1).
The drastic change of the ESR spectra is usually consid-
ered to be an indication of onset of the 3D ordering but
it is not the case for Cu-benzoate. The anomaly can be
explained in terms of the dynamical crossover between
the gap-less ”spinon” regime and the gapped ” breather”
regime. For a HQSC, a gapless spinon excitation devel-
ops due to the short-range correlation within the spin
chains when a temperature is much lower than J. In
this spinon regime, a drastic broadening of the ESR line
width is caused by a staggered field due to development
of the correlation length.!?) Actually, for Eq(H)/T < 1,
the theoretically predicted (H/T)? dependence of the
linewidth features well both the temperature and field
dependences of the linewidth of the signal S at differ-
ent frequencies. In the gapped regime, it is theoretically
proposed that the ESR intensity is dominated by the
breather excitations. Indeed, for Eq(H)/T > 1, we ob-
served a new signal B corresponding to the characteristic
excitations in the gapped state.
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Fig. 2. The plot of Eg(H) as a function of external field. The
closed and open circles represent the values obtained by the
present work. The crosses show the value determined by the
specific-heat measurements taken from Ref.[3]

In order to confirm that the signal B is certainly the
breather mode, we examined the frequency-field depen-
dence of the signal B at 0.5 K for different field orienta-
tions. The resonance field shifts to the low field side from
the conventional Zeeman mode and its frequency-field
curve exhibits the nonlinear field dependence, reflecting
the existence of the energy gap whose magnitude depends
on the field orientation in accordance with the angular
dependence of the field-induced gap. All these observa-
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tions, including the temperature and field-dependences
of the linewidth are consistent with the predicted behav-
iors.1® According to OA, the ESR frequency-field rela-
tion of the breather mode is given by

b =/ (gus H)* + Ec(HY, (2.1)

where v and g are the frequency of ESR and the g-value,
respectively. From this relation, we can determine the
Eg(H) straightforwardly by putting the experimental
values of v, H and g. The results are shown in Fig. 2,
together with the predicted field dependence H 2/3. Now
it is evident that the signal B is characteristic of the pre-
dicted breather mode and it is surprising that the eq.
(2.1) is valid in the wide field range including a high
field condition as gupH > 2J. Some of the results'!)
and more details'® will be published elsewhere.

§3. Integer (S = 1) antiferromagnet, NDMAZ

The ground state of Heisenberg antiferromagnetic
chains of integer spins is nonmagnetic.!® The low-
energy triplet excitation displays a quantum Haldane
gap Eg above the singlet ground state. These features
have been established experimentally, first in NENP
[Ni(C2HgN2)NO,(Cl04)].141®) Numerous ESR investi-
gations'720) have been performed on this prototypical
compound NENP. After some confusion, the observed
resonances are now interpreted as follows. Below the
critical field H., at which the spin gap closes, there ex-
ist two kinds of resonances designated as high- and low-
frequency ESR modes, corresponding to the transitions
between the triplet magnon excitations (at ¢ = m) and to
those induced from the ground state (at ¢ = 0). The lat-
ter resonances are nominally forbidden by selection rules
for ESR transitions, though it is considered that they
are allowed in NENP due to the existence of a staggered
g-tensor.21:22) Much less is known about the ESR transi-
tions, especially high-frequency modes, in the magnetic
high-field phase above H.. For H > H,. the system is
expected to be gapless when the staggered term is ab-
sent. The staggered term lifts the degeneracy between
the magnetic ground state and the first excited state in
the high field phase yielding a gap which increases with
H, as examined recently by intense study of the low-
frequency ESR mode.??)

In view of such complexity in the signal assignment, it
is certainly necessary to push the ESR measurements to
a much simpler system which has no staggered g-tensor.
In the present work, measurements are performed on
the single crystal of the new Haldane system, NDMAZ
[Ni(CsH14N2)2N3(ClO4)] which displays a Haldane gap
of ~20 K and has no staggered g-tensor.?¥) Various ESR
lines were observed below and above H.. Figure 3 shows
the frequency-field diagram of the ESR signals at 1.6 K,
4.2 K and 6.0 K, for three perpendicular field directions
along the a*, b and ¢ axes where c is parallel to the chain
axis. At the first glance, all signals are observed rather
continuously as a function of the external field. However,
a distinction is to be made between those signals below

and above the critical field H.. Here, we note that H,
is angular dependent and is known to be 20 T for H||a*,
18 T for H||b, and 12 T for Hl|c, respectively.
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Fig. 3. The frequency field diagram of the ESR signals at 1.6,
4.2 and 6.0 K, for three field directions along the a*, b and ¢
axes where c is parallel to the chain axes. The solid lines are the
calculated results for H||z, y and z, based on the energy levels
in the inset.

All the signals below H. are weaker than those ob-
served above H.. Moreover, their intensity decreases
with decreasing temperature, indicating that they are in-
duced from excited triplet states. Accordingly, they can
be attributed to transitions between the triplet excited
states. It is noteworthy that the low-frequency mode in-
duced from the singlet ground state is missing contrary
to the case of NENP, in agreement with the absence of
a staggered g-factor.

Above H., the signal intensity increases with decreas-
ing temperature, indicating that they are induced from
the ground state. It is remarkable that all the other strik-
ing features of the high-frequency modes such as shifts
of the resonance field towards lower fields and the occur-
rence of a sharp fine structure with decreasing tempera-
ture are common to those observed previously in NENP.
Therefore, it is now clear that these features characterize
the high-frequency ESR modes in the high field phase,
irrespective of the existence of the staggered field.

To analyze the frequency-field diagram, we use the en-
ergy levels proposed by Tsvelik.?®) To account explicitly
for the presence of the single-ion anisotropies D and F,
we introduce three distinct gaps at zero field, as Az, A,
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and A, between the ground state and the excited triplet
states at ¢ = m. The energy levels of triplet states for
H||z are given by

A, +A A, — A\
E.(H) = -Q—y + \/(g”,uBH)z—i— <—.2—__y> ,

Ap + A 2 (D — Dy
E,(H) = Ty - \/(QH#BH) + (Ty> .

E.(H)=A,. (3.1)

For H applied in another direction, the same expression
can be used, after a circular permutation is performed
in the indices x, y and z. The inset of Fig. 3 shows the
calculated energy diagram for H||z, as an example, using
the values of A, = 390 GHz, A, = 350 GHz, A, =770
GHz and g| = 2.2. Important spin-Hamiltonian parame-
ters J, D and E can be deduced from these gaps; that is,
041J = Eg = (Az+Ay+A,)/3, D = (A +Ay)/2—-A,
and E = (Ay —Ay)/2. The solid lines in Fig. 3 represent
the calculated frequency-field diagrams for the respective
directions. Below H,, the agreement with the experimen-
tal data are satisfactory for all directions except close to
H_. along the z axis. The deviation is, however, likely to
be explained in terms of a possible crossover effect due
to the level repulsion near the level-crossing point.

We now turn to the discussion of the high-frequency
modes above H.. Contrary with the modes below H.,
a remarkable discrepancy to the smoothly extrapolated
curves from low field phase can be seen for all the modes
above H.. At the same time, however, it should be noted
that a deviation from the extrapolation curves is almost
constant.

Although no definite interpretation for the high-
frequency modes of the high-field phase is known at
present, this parallel deviation tempts us to simply in-
troduce some bias field to explain a constant shift above
H.. The trial curves, assuming the traceless bias field
(H,, = 2T, Hy = 2T and H, = —4 T) for respec-
tive axes, are shown by the broken lines. It is worth
mentioning that the existing data for high-field phase
in NENP can be also consistently interpreted by intro-
ducing a bias field mentioned above. If this is a case,
it suggests that a character of the triplet magnon ex-
citations may not change so much at H. as far as the
field-dependent energy diagram is concerned, though the
ground state above H, is quite different from the non-
magnetic singlet state below H.. Much less is known
about the ground state excitations above H. and, thus,
more experimental and theoretical investigations are cer-
tainly required to extend the knowledge about the high
field phase in the Haldane systems.

§4. S =1/2 trimerized chain, 3CuCl;e2dioxane

An interesting third example is a composite spin sys-
tem, 3CuClye2dioxane (C4HgO3), in which ferromag-
netic trimers consisting of three S = 1/2 spins are
weakly coupled antiferromagnetically in one dimension.
A trimer has the S = 3/2 ground state due to a strong

intratrimer ferromagnetic interaction. Thus, the sys-
tem can be approximated by an S = 3/2 antiferromag-
netic chain at low temperatures. High field magnetiza-
tion at 1.5 K increases nonlinearly and saturates around
Hy = 15 T. The magnetization data show a remarkable
spin reduction, suggesting that a composite spin system
consisting of three S = 1/2 spins has more of a quantum

nature than does a genuine S = 3/2 system.?®)
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Fig. 4. Typical example of the ESR spectra at 110 GHz. The
inset shows the temperature dependence of the resonance field
of the signal F.

Figure 4 shows the typical example of the ESR spectra
at 110 GHz. At high temperatures, a single paramag-
netic signal P typical for Cu?* ions is observed but ESR
spectrum splits into 3 lines at most, depending on the
frequency as the temperature decreases. Below about 30
K a new signal G grows up at the low field side of the
signal P with a gradual change of the resonance field. As
the temperature decreases further below about 20 K, an-
other new signal F' appears at a quite different field. As
easily seen in the inset of Fig. 4, the resonance field of the
signal F rises more and more rapidly to the higher field
and the effective g-values, defined as gegr = hv/upH, de-
creases toward zero as the temperature approaches to 30
K like a compensation point in ferrimagnets.

Figure 5 shows the frequency-field diagram at 1.6 K
for these signals. It displays clearly the existence of a
characteristic gapped mode G with a finite energy gap
A =92 GHz at zero field. This signal merges at around
150 GHz into the paramagnetic branch P on the straight
line with a slope g = 2.2 starting from the origin. In ad-
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Fig. 5. The frequency-field diagram at 1.6 K. Three branches P,
G and F are designated.

dition, we see the ferrimagnetic branch F on the straight
line with a slope 2g/3 = 1.47 and we naively speculate
that the branch F continues smoothly toward zero at
lower frequency, as indicated by the broken line. The
characteristics of the signal F are very peculiar in the
sense that geg decreases toward zero both at about 30
K as a function of temperature and at low frequency as
a function of frequency or field, and has a fractional g-
value at low temperature and high frequency. The reason
why we named the F signal as the ferrimagnetic mode
is due to these peculiarities. The mentioned characteris-
tics resemble somewhat to the well-known ferrimagnetic
resonance.?”) According to the general theory of the fer-
rimagnetic resonance, the solution of equations of motion
for two coupled magnetic moments M and Mg leads us
to the following resonance equation,

hv = geguu H, (4.1)

where

get = g (1 — |Ms|/|Mal), (4.2)

when the natural relaxation of My is neglected and the
rapid relaxation of Mp is assumed. It should be stressed
that the above equation is not derived from the simple
ferrimagnetic model with stable sublattice magnetization
with same g-values and is applicable only for the dynam-
ical condition that Mp relaxes very rapidly. Interestingly
enough, this equation naturally explains the observed pe-
culiarities of the temperature and frequency dependences
of g-value: gesr is changeable from zero for |Mg/Ma| = 1
to g for [Mp/Ma| = 0, allowing the fractional value 2¢g/3
for IMg/Ma| = 1/3.

Now let us discuss the physical scenario of the above
observations. According to the theoretical calculation at
T = 0,28 the magnetization curve will exhibit the so
called 1/3 plateau when the intratrimer ferromagnetic
interaction Jg is not much stronger than intertrimer an-
tiferromagnetic interaction Jap, that is, for the ratio of
v = Jp/Jar less than about 3. It does mean the ex-
istence of the intermediate state of S = 1/2 with the
energy gap. It should be noted that this state is more
favorable in the finite system and in the finite field. At
a temperature much higher than Jg, the system behaves
simply as a collection of the paramagnetic S = 1/2 spins,
resulting in a normal ESR signal P which is exchange-
narrowed by Jr and Jar. With decreasing temperature,
however, the short range correlations develop within the
ferromagnetic trimers due to Jp and also between the
trimers due to Jap. In this circumstance, we imagine
the local magnetic cluster with finite length and expect
the relatively stable S = 3/2 entity and the less sta-
ble S = 1/2 entity for the condition of Jr > Jap. This
S = 1/2 entity just corresponds to the intermediate state
at T' = 0 mentioned above. Although 1/3 plateau was
not observed in the present case with v = 5, we still ex-
pect the existence of the excited state of S = 1/2 with
the finite energy gap and finite life time. From this sce-
nario, it is easy to identify the origin of the observed
three modes. The mode P is nothing but the Zeeman
transition between sublevels in S = 1/2 and S = 3/2
entities, the mode G the direct excitation of S = 1/2
entity which has the energy gap of A, and the mode F
the coupled mode of the stable S = 3/2 entity and the
less stable S = 1/2 entity, at least, at low temperature
and finite field. For high temperature or low field, both
S =3/2 and S = 1/2 entities are likely to be changeable
frequently and, thus, Mx = Mg, resulting in geg = 0.
What is surprising is the fact that the F mode remains
to be observed well above the saturation field H, = 15 T
at which the magnetization is saturated. It may suggests
that the excited S = 1/2 entity can still survive dynam-
ically even in the ferromagnetic saturated state due to
quantum fluctuations. These results of magnetization
and ESR studies are distinguishably different from those
for a real S = 3/2 antiferromagnetic chain and we sug-
gest that the difference in the excitation spectra of these
systems which have different degree of internal freedom
may be the origin of the interesting observation because
the ferromagnetic intratrimer interaction is not infinitely
strong.
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