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In order to understand physical properties of the field-induced phase of a spin-gap system, we performed
high-field and multifrequency electron-spin-resonance (ESR) measurements on single crystals of the S=1
quasi-one-dimensional Heisenberg antiferromagnet, namely, the Haldane magnet, Ni(CsH4N,),N3(PF), ab-
breviated as NDMAP. This compound has an energy gap (Haldane gap) at zero field and one of the excited
triplet branches goes down on applying magnetic fields, resulting in the gap closing at a critical field H,. around
5 T that is slightly different depending on the field direction. First, we studied the angular dependence of spin
excitations below 14 T. Two sets of resonance modes caused by two types of Ni** chains in NDMAP are
observed. These data are analyzed by comparing with a phenomenological field theory (PFT). The experimen-
tal results between H, and about 12 T are well fitted with the calculated ones by the PFT, but the fitting above
12 T is not satisfactory. Therefore, we studied spin excitations at much higher magnetic fields up to about 55
T. Several ESR signals are observed above H,. for each crystallographic axis, and one or two of them survive
in the high-field region above about 15 T. One mode approaches a paramagnetic resonance line at high fields
and the other mode broadly changes with magnetic fields. These modes fit well with the conventional antifer-
romagnetic resonance modes with biaxial anisotropy. This result suggests that the quantum fluctuations are
suppressed by strong magnetic field and the spin excitations change from a quantum nature to a classical one

in high magnetic fields.
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I. INTRODUCTION

Quantum spin systems defined as low dimensional [one-
dimensional (1D) or two-dimensional (2D)] antiferromagnets
with a small spin value have attracted a number of
condensed-matter scientists in the last few decades' because
they exhibit interesting phenomena, e.g., an energy gap in a
one-dimensional antiferromagnet originated from a many-
body quantum effect,>® magnetization plateaux due to a
quantum origin,*7 and high T. superconductivity.®-!* Re-
cently, considerable attention has been paid to the field-
induced phenomena of the quantum spin-gap systems such
as the S=1/2 weakly coupled antiferromagnetic dimer,'~'4
the S=1/2 antiferromagnetic two-leg spin ladder,'> the §
=1 bond-alternating 1D antiferromagnet,'®'® and the S=1
1D Heisenberg antiferromagnet (HAF), namely, the Haldane
magnet.'”

In these spin-gap systems, the ground state is a singlet and
the first-excited one is a triplet at zero magnetic field. The
energy of one of the triplet branches decreases with increas-
ing magnetic fields, and the singlet-triplet gap closes at a
critical magnetic field H,. which corresponds to a quantum
phase-transition point. Interesting physical behavior is ex-
pected in the field-induced phase above H,. For example, in
TICuCl; which is one of the S=1/2 weakly coupled antifer-
romagnetic dimer systems'!'~!* and in (CH,),CHNH;CuCl;,
abbreviated as IPA-CuCl;,° which is regarded as the S
=1/2 two-leg spin ladder,'> the long-range order (LRO) ap-
peared above H,. at low temperatures is interpreted as a
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Bose-Einstein condensation (BEC) of magnons.'> The S=1
1D HAF is expected to show Tomonaga-Luttinger liquid be-
havior above H. when the system has an axial symmetry in a
magnetic field.>! Thus, physics in the field-induced phase is
one of the interesting topics in recent studies on quantum
spin systems, and the low-energy physics near H, has been
studied extensively. Elementary excitations between H,. and
H,, where H, is the saturation field, have not been clearly
understood neither theoretically nor experimentally.

Recently, spin excitations of TICuCl; well above H,. were
reported, and the spin excitation modes near H, survive in
very high magnetic fields.?? It is known that these spin exci-
tations are expressed by using a bond-operator model in
which the ground state is described by a linear combination
of a singlet and a triplet.”> We are interested in physical
properties above H, of another spin-gap system, namely, the
S=1 1D HAF, and the purpose of this study is to make clear
the difference in physical properties between these two sys-
tems. Ni(CsH4N,),N;(PF), abbreviated as NDMAP, is one
of the S=1 quasi-1D HAF compounds and this compound
shows the field-induced LRO above H, at low temperatures.
Hence, this Haldane magnet is suitable for the study of the
field-induced phase above H..

The present paper is organized as follows. In Secs. II and
I, physical properties of NDMAP and our experimental ap-
paratus are introduced. Then, we describe the experimental
results of electron-spin-resonance (ESR) measurements, fol-
lowed by the analyses of the results and discussion. Section
VI is devoted to conclusions.

©2009 The American Physical Society
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FIG. 1. Crystal structure of NDMAP. There are two types of
chains denoted as chain 1 and chain 2.

II. PHYSICS

Single crystals of NDMAP were synthesized according to
the method reported by Monfort et al.?* Figure 1 shows a cut
view of the crystal structure of NDMAP at 293 K.2> This
compound crystallizes in the orthorhombic system (space
group Pnmn) with lattice parameters a=18.046 A, b
=8.705 A, and ¢=6.139 A at 293 K. The Ni** ions are
bridged by azido ions forming chains along the ¢ axis and the
chains are well separated by PF,~ anions. The Ni** ions are
surrounded by nitrogen atoms and the principal axis of Ni-Ng
octahedron is tilted from the ¢ axis by ¢=16° toward the a
axis. It is important to note that Hllc is not an axisymmetric
field configuration for NDMAP. In addition, there are two
types of chains, denoted as chain 1 and chain 2 as shown in
Fig. 1, and the tilt direction changes chain by chain. The Ni
sites in the chain, however, are crystallographically equiva-
lent, so that no staggered component of the magnetic mo-
ments is retained.

The temperature dependence of magnetic susceptibilities
of NDMAP was reported and a broad maximum was ob-
served around 40 K for the field directions parallel and per-
pendicular to the chain.!” Below 40 K, the susceptibilities
decrease steeply toward zero. These are characteristics of a
low-dimensional antiferromagnet with a spin gap above a
singlet ground state. The susceptibility data are analyzed by
using the spin Hamiltonian for the S=1 1D HAF expressed
as

H=I2S; S+ D (S~ pp2 S8 H. (1)

where J is the nearest-neighbor exchange constant along the
chain, §; the S=1 spin operator at the ith site, D the single-
ion anisotropy constant, up the Bohr magneton, g the g ten-
sor, and H the external magnetic field. The following param-
eters were obtained by the fitting J/kz=30.0 K, D/J=0.3,
81=2.10, g, =2.17, where g and g, are the g values parallel
and perpendicular to the chain, respectively.!”

The temperature dependence of the heat capacity (C,) of
NDMAP was measured in applied magnetic ﬁelds.'9p No
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FIG. 2. Magnetic field-temperature (H-T) phase diagram of
NDMAP (Ref. 19). The vertical lines at 1.3 and 1.5 K represent the
temperatures of the pulse and the static field ESR measurements,
respectively.

anomaly in Cp was observed in zero magnetic field down to
0.6 K. With increasing fields, a sharp anomaly was observed
above H, and the position of the anomaly does not depend
largely on H for Hllchain (Hllc) but that moves to high-
temperature side for H 1 chain (H L c¢). The positions of the
anomaly are plotted on the magnetic field vs temperature
(H-T) plane as shown in Fig. 2. The sharp anomaly of the
heat capacity usually indicates the LRO. Thus, this com-
pound shows the phase transition at a field Hyro that de-
pends on the temperature and the direction of external mag-
netic field. The value of Hjrq at 7=0 corresponds to the
critical field H,. and the spin-gap between the ground state
and the first-excited states closes at H.. The low-T and
low-H regions below the boundary indicate the Haldane dis-
ordered phase, and the region above the boundary represents
the LRO phase in its respective field direction. When H is
applied parallel to the ¢ axis, an XY symmetry is nearly
retained, but for H perpendicular to the ¢ axis, an XY sym-
metry is broken and an Ising anisotropy is produced. It is
known that the phase-transition temperature of an Ising sys-
tem is higher than that of an XY system for a given space
dimensionality. Therefore the boundary of the LRO phase
depends on the direction of the external magnetic field. It
was mentioned that the change in entropy at the phase
boundary is only about 1% of the total entropy expected for
the S=1 spin system, indicating that the large quantum fluc-
tuations remain in the field-induced long-range ordered
phase.”

The heat-capacity measurements in magnetic fields up to
32 T and at temperatures down to 150 mK were performed
by Tsujii et al.?” They estimated that the H. is about 4 T for
Hllc and about 6 T for Hlla. In addition, they observed an
anomaly around 14 T only for Hllc. They speculated that this
anomaly is a kind of spin rotation around the direction of the
applied field parallel to the spin chain.
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Chen et al?® reported the results of elastic neutron-
scattering experiments of NDMAP. A striking result of their
work is that for a magnetic field applied perpendicular to the
chain axis, the high-field phase is no longer a three-
dimensional (3D)-ordered state, but it has predominantly the
two-dimensional spin correlations. Scans perpendicular to
the bc plane reveal that the scattering intensity is concen-
trated in Bragg rods along the [1, 0, 0] direction, rather than
Bragg peaks. The rod nature of the magnetic scattering im-
plies that static spin correlations along the a axis are absent
in the system and that magnetic ordering occurs only within
individual bc planes. From this neutron experiment, we ob-
tain new information above H,.. When the magnetic field is
applied along the ¢ axis, this compound is driven into the 3D
LRO. On the other hand, when the magnetic field is applied
along the a axis, the correlation along the a axis does not
well grow and the system exhibits a 2D short-range order
(SRO).

Inelastic neutron-scattering (INS) experiments at zero and
nonzero magnetic fields were performed by Zheludev and
co-workers?®3Y and the intrachain exchange constant was de-
termined to be J=2.6 meV. Exchange coupling along the b
axis is considerably weak (J,/J=~107%) and that along the a
axis is very weak and undetectable (|J,/J| <107*). Magnetic
anisotropy in NDMAP is predominantly of single-ion easy-
plane type with D/J=0.25. These values are very similar to
those of the analytical results of the magnetic susceptibility.
In addition, there is a weak in-plane anisotropy term
E(Si—Si). As a result of these anisotropy effects, the degen-
eracy of the Haldane triplet is fully lifted at zero field and the
gap energies are evaluated as A;=0.42(3) meV, A,
=0.52(6) meV, and A;=1.9(1) meV. Correspondingly, the
critical fields are strongly dependent on the field
orientations.?%-3

Figure 3 shows the frequency versus field diagrams of the
ESR resonance fields at 1.5 K and the INS peaks at 30 mK
and some calculated results for (a) Hlla and (b) Hllc. The
solid circles and the open squares are experimental data of
the ESR and the INS, respectively.??-3! The vertical dotted-
dashed lines indicate H,. and the hatching area above H,
corresponds to the field-induced phase. The vertical dashed
line for Hlla corresponds to the anomaly of the heat capacity
at 1.5 K. Figure 3 clearly shows the Zeeman split of the
triplet branches below H, and reopening the gap above H.,.
Below H,, the triplet was observed by the INS experiments.
The ESR branch below H,_ is attributed to the transition
within the lowest two branches of the triplet. One mode of
the triplet reaches the ground state at H,. and the gap reopens
above H,. Then, three modes are observed above H, for Hlla
and Hllc except the lowest ESR mode for Hllc. NDMAP
does not drive into the LRO phase for Hllc at 1.5 K, but it
drives into the LRO phase at about pyH; ro=9 T for Hlla as
shown in Fig. 2. We stress that the ESR resonance mode for
Hlla does not show any anomaly around Hjgp.

In the LRO state or well-developed SRO state, the spin
excitations can be treated in terms of a spin-wave approxi-
mation and only two excitation modes for two sublattice an-
tiferromagnets are defined. This compound shows the LRO
with a collinear spin structure above H,. at low
temperatures,”® but we cannot explain the excitation modes
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FIG. 3. Frequency versus field diagrams of spin excitations ob-
served by the INS (Ref. 29) and the ESR (Ref. 31) and theoretical
curves for (a) Hlla and (b) Hllc. The solid circles and the open
squares indicate experimental data of the ESR and the INS, respec-
tively. The solid lines and the dotted lines show the results of a PFT
reported by Ref. 33 and calculated data of a simple singlet-triplet
model assuming the extrapolation of excitation modes below H..

above H,. by the conventional spin-wave theory. These spin
excitation modes are similar to those observed in the weakly
coupled antiferromagnetic dimer TICuCl; and the S=1/2 an-
tiferromagnetic two-leg spin ladder IPA-CuCl;. The spin ex-
citation modes in NDMAP are calculated by using a phe-
nomenological field theory (PFT) reported by Kolezhuk*
and obtained good agreement between the experiment and
the theory?>3! near H,. The anisotropic part of PFT is further
modified by Miyazaki et al® to treat a spin-reorientation
transition at high fields. In Figs. 3(a) and 3(b), the solid and
dotted lines show the results of PFT (Ref. 33) and a calcula-
tion of a simple singlet-triplet model, respectively. In the
latter case, we assume that the excitation modes arise from
the branches extrapolated from the singlet and the triplet be-
low H,. In Figs. 3(a) and 3(b), both calculations show con-
siderably good agreement with experiments near H,.. It is
interesting that the naive singlet-triplet model roughly repro-
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FIG. 4. (Color online) Photograph of probe head of the cryostat
for sample rotation and image of the microwave path and the
sample rotator.

duces the experimental result near H.. The disagreement of
spin excitations between the calculations and the experiment
becomes large at high magnetic fields. This result suggests
that the origin of the spin excitations above H, in NDMAP
must be changed by the magnetic field. Therefore, in order to
understand the details of physical properties above H., we
have performed multifrequency and high-field ESR measure-
ments beyond the frequency-field range reported so far on
single crystals of the S=1 quasi-1D HAF compound
NDMAP.

III. EXPERIMENTAL SETUP

We have used two types of ESR measurement systems for
this study. The choice of the measurement system depends
on the range of the frequency and the magnetic field. One of
the ESR measurement systems is composed of a vector net-
work analyzer and a superconducting magnet which covers
the frequency up to 700 GHz and the magnetic field up to 16
T. Above this frequency and field range, another ESR mea-
surement system, which is composed of a pulse magnet and
microwave sources such as a FIR laser and Gunn and back-
ward oscillators, was utilized.

A. Static field ESR setup

The magnetic field can be swept up to 14 T at 4.2 K and
up to 16 T at 2.2 K with a superconducting magnet (Oxford
Instruments, UK). An insert [variable-temperature insert
(VTI)] is used to change the temperature of the sample space
from 1.5 to 300 K. The temperature of the sample is mea-
sured by using a calibrated cernox resister thermometer
placed close to the sample and is controlled by a heater of
Manganin wire. We use a vector network analyzer (MVNA-
8-350, AB Millimeter, France) with high-frequency ESA-1
and ESA-2 extensions. Microwaves are introduced into the
sample with a cryostat which is made of light pipes with the
diameter of 8 mm. A thin stainless-steel jacket is used to
avoid the noise from a bubbling of liquid helium. The mi-
crowaves for the frequency from about 30 to about 700 GHz
can be generated almost continuously.

Figure 4 shows the probe head of the cryostat for sample
rotation in magnetic fields. The sample is rotated by using a
worm gear and we can change the angle between a crystal-
lographic axis and the direction of the external magnetic
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field. The microwaves transmit from one side to another side
by using two 45° mirrors. This cryostat can be used for all
frequency range as mentioned above. Usually, a sample is
put on a brass sample holder and fixed with vacuum grease
or a silver paste. Since the sample holder has a hole, we can
detect the microwave through the sample. This cryostat en-
ables us to measure the angular dependence of spin excita-
tions of a target compound at frequencies up to about 700
GHz.

B. Pulsed-field ESR setup

Submillimeter waves at a frequency from about 500 GHz
to about 7 THz are generated with a FIR laser and those at
the frequency below 500 GHz are obtained by using several
Gunn oscillators and backward wave oscillators (BWOs). A
pulsed magnet can generate magnetic fields up to about 55 T
with the duration time of about 7 ms.>* The magnetic field is
measured as the time derivative of magnetic field with a field
pickup coil. The magnitude of the magnetic field is obtained
by integrating the curve of dH/dt. ESR measurements at low
temperatures down to 1.3 K were performed by pumping
liquid “He. As well as the static field ESR system, micro-
waves are introduced to the sample via light pipes with the
diameter of 4 mm and a thin stainless-steel jacket is used
because of the same reason as before. ESR signals are de-
tected with an InSb hot-electron bolometer (QMC Instru-
ments Ltd.).

IV. EXPERIMENTAL RESULTS

First, we show the experimental results of ESR measure-
ments near H_ region. Then we describe the results of high
magnetic field region (H> H,). As mentioned above, the ex-
perimental results near H. were obtained by utilizing the
static field ESR measurement system and the data in high
magnetic fields were taken by using the pulsed-field ESR
measurement system.

A. Spin excitations near H, region

As mentioned in Sec. TI, there are two types of Ni%*
chains in which each tilt direction of the principal axis of
Ni-Ng octahedron is different. In Figs. 5(a) and 5(b), the
relation between the crystallographic axes, the principal axes
of Ni-Ny octahedron, and the external magnetic field (H) are
shown. The z; and z, directions represent one of the principal
axes of Ni-Ng octahedron in two kinds of chains and ¢
shows an angle between the ¢ axis and the z,(z,) axis and is
about 16°. The 6 is an angle between the ¢ axis and the
direction of the external magnetic field in the ac plane, and
the 6,(60,) shows the angle between the z,(z;) axis and the
direction of the external magnetic field. The ¢ in Fig. 5(b) is
an angle between the a axis and the direction of the external
magnetic field in the ab plane.

The frequency-field dependence of spin excitations below
14 T for Hlla and Hllc was reported in Ref. 31. Thus, we
investigate angular dependences of these spin excitations to
get additional information on spin excitations above H, and
to clear the relationship between the spin excitations and the
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FIG. 5. Relation between the crystallographic axes and the ex-
ternal magnetic field in (a) the ac plane and (b) the ab plane.

crystal structure. From the neutron-scattering experiments, it
was reported that the two types of chains in NDMAP behave
independently against the external magnetic field.* In addi-
tion, Ref. 33 showed an interesting H—6; (i=1,2) phase dia-
gram of the sublattice magnetization at zero temperature,
where the 6; stands for the angle between the external mag-
netic field and one of the principal axes of Ni-Og octahedron
in the two types of chains. According to that study, a spin-
flop-like transition was expected for 6;,~0.17.33

The angular 6 dependence of the ESR spectra was mea-
sured at four different frequencies of 200.0, 300.0, 404.1,
and 505.1 GHz, and the angular ¢ dependence was measured
at 200.3 and 300.4 GHz. Here, we only show the results of
200.0 and 505.1 GHz for the 6 dependence. Figures 6 and 7
display the typical angular € and ¢ dependences of the ESR
spectra of NDMAP.

Figure 6(a) shows the angular # dependence of ESR spec-
tra at 200.0 GHz in the ac plane. There are two sets of
angular dependent ESR signals reflecting the two kinds of
chains in NDMAP. The signals for one set are denoted as a;
and B; and those for another set are denoted as «, and (.
The principal axis of the a; or «, signal is deviated by about
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20° from the a axis, which is the same as that for the prin-
cipal axis of the B8, or 3, signal. The signal of @, near the ¢
axis is very weak. At 300.0 GHz, similar angular dependence
to that at 200.0 GHz was observed. Angular dependent ESR
signals for two sets denoted «;(«,) and B,(/3,), correspond-
ing to the same notation signals at 200 GHz, shift to the
high-field sides. At 404.1 GHz, we only observed the angular
dependent ESR signals «;(a,). The signals denoted B,(3,)
must be out of the measurement range. Figure 6(b) shows the
angular 6 dependence of ESR spectra at 505.1 GHz in the ac
plane. The results at 505.1 GHz are very similar to those at
404.1 GHz except observing new signals denoted as 7y
around 6 T which is insensitive to the magnetic field direc-
tion. The signals of «; and «, are clearly observed at most of
the angles. These results suggest that the signal intensity be-
comes strong with increasing magnetic fields and frequency.

The existence of the angular dependent signals symmetric
to the a axis suggests that each different kind of chain in
NDMAP behaves independently against the external mag-
netic field, which is consistent with the results of the INS
experiment.® This independent behavior of the two kinds of
chains is very interesting because the signals around the a
axis were observed in the LRO phase at 1.5 K, which means
that cooperative behavior is expected.

The angular ¢ dependence of ESR spectra at 200.3 GHz
in the ab plane is shown in Fig. 7(a). The angular ¢ depen-
dent signals denoted as & and the nearly angular independent
signals denoted as 7 were observed. In the ab-plane rotation,
we did not observe the signal sets symmetric to the a or b
axis like in the ac-plane angular dependence. The separation
of the signals & near the a axis must be caused by the inad-
equate sample setting. Figure 7(b) displays the angular ¢
dependence of the ESR spectra at 300.4 GHz in the ab plane.
Another mode denoted as { is visible in this figure. The
intensity of the signals { is weaker than those of the signals
& and 7). The separation of the signals # near the a axis must
be caused by the same reason as observed at 200.3 GHz.
Since the two types of chains in NDMAP are equivalent
against the external magnetic field in this rotation, we expect
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FIG. 6. Angular 6 dependence of ESR spectra at (a) 200.0 GHz and (b) 505.1 GHz at 1.5 K.
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FIG. 7. Angular ¢ dependence of ESR spectra at (a) 200.3 GHz and (b) 300.4 GHz at 1.5 K.

no separation of the signals in the angular s dependence. The
resonance fields in the 6 versus H and the ¢ versus H planes
are shown in Figs. 8 and 9, respectively.

B. Spin excitations in very high magnetic fields from H,

The spin excitations in high magnetic fields up to about
50 T for Hlla and Hllc were reported.’® In this section, we
show the ESR spectra in high magnetic fields up to about 50
T for Hllb and compare the results of the spin excitations for
different crystallographic axes. The configuration of HIlb
corresponds to another H 1 chain configuration. The typical
ESR spectra are shown in Figs. 10(a) and 10(b). The mag-
netic field was corrected by the ESR standard signal (g
=2.0036) of diphenyl-picrylhydrazyl (DPPH). Figure 10(a)
shows the ESR spectra below about 500 GHz and two strong
signals are denoted as B-1 and B-4. The B-4 signal is
broaden with increasing frequency. Similar behavior of the

signal near 400 GHz was found for Hlla (not shown). The
ESR spectra above about 500 GHz are shown in Fig. 10(b)
and three signals are denoted as B-1, B-2, and B-3. The
intensity of the signal B-1 is stronger than those of the sig-
nals B-2 and B-3. The linewidth of the B-1 signal becomes
large above about 1000 GHz. Similar behavior was observed
in the ESR spectra for Hllc, but we see the change in the
linewidth more clearly for Hllb. The frequency versus field
diagrams of ESR resonance fields for three crystallographic
axes are shown in Figs. 11(a)-11(c). The data indicated by
the filled triangles for Hlla and Hllc below 14 T are taken
from previous experiments in a steady field at 1.5 K reported
by Hagiwara et al.3' The open diamond symbols in Figs.
11(a) and 11(c) are the results of the INS experiments re-
ported by Zheludev et al.?® The large and small signals are
indicated by filled and open symbols, respectively. The
strong signal for each axis approaches to each paramagnetic
resonance line with increasing magnetic fields. The slopes of
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the A-2, B-2, and C-2 branches are nearly twice of the g
value of each axis and these signals disappear at about 15 T.
The behavior of the A-4 signal is similar to that of the B-4
signal. Since we do not have any good submillimeter-wave
sources operating at around 500 GHz for the pulsed-field
ESR experiment, the connection between the modes A-5 and
A-1 or A-3 is not clear.

V. ANALYSIS AND DISCUSSION

We apply two theoretical methods to analyze the experi-
mental results of spin excitations in NDMAP. First, we ana-
lyze the spin excitations observed in a magnetic field below
14 T by using a PFT. It is known that the PFT explains well
the experimental INS results in NDMAP near H,.. Then, we
analyze the experimental data observed in high magnetic
fields above about 15 T by using a conventional antiferro-
magnetic resonance (AFMR) theory because quantum fluc-
tuations are expected to be suppressed by strong magnetic
fields.

A. Analysis of spin excitations near H,

It was reported that the PFT calculations done by
Kolezhuk and co-workers*>3! reproduce well the INS and
the ESR experimental results of NDMAP. Recently, the PFT
calculations were modified by Miyazaki et al.33 They care-
fully treated the anisotropy in higher order terms and ob-
tained a Lagrangian as follows:

1 1
L= 2 {T[(&t¢i)2 - U,'2(07x¢i)2] - 2%(’1 X ¢)i(7t¢i
1=X,y,2 i i

- U2(¢) - U4(¢s 5,¢)} s (2)

where ¢ is the staggered order parameter, which is related to
the sublattice magnetization, m; is the phenomenological pa-
rameters, v is the characteristic velocity, and & is the external
magnetic field. The quadratic and quartic parts of the poten-
tial are given by

L ' ! ! ! ! ! ! | T
H/b T=13K j 504.6 GHz H//b T=13K ! ! 1623.4 GHz
- — — — v
W . \/
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FIG. 10. Frequency dependence of ESR spectra of NDMAP at 1.3 K for HIlb (a) below about 500 GHz and (b) above about 500 GHz.
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Us(d) =2 {mid)? - ,,%,(" X ¢>?}, (3)
Uy(p.d,p) = Ew ¢2+2x1,,¢ = F;

- E N ,,‘LFF (4)

F=-0,p+h X ¢. (5)

The modification has been introduced only in U, to treat
the anisotropy more appropriately. If we set ;=\, Ny ;=N\,
and \,;=N\,, we obtain the quartic potentlal obtained by
Zheludev er al.?® Note here that \, ; is a symmetric tensor,
)\2,11_)\2,11

The transition from the Haldane phase to the ordering
phase is triggered by static nonzero solution, ¢*), where
@ is a solution where the static part of the potential U, has
a minimum. This transition is characterized by the change in
the sign of its second derivatives. Two kinds of transitions,
namely, transitions from the Haldane phase to the xz phase
and to the y phase, are possible depending on € which is the
angle between the ¢ axis and the direction of external mag-
netic field. Here, the xz and the y phases are named by the
appearance of sublattice magnetization in the xz and the yz
planes, respectively.

The excitation energies are obtained by the equation of
motion for three small fluctuations around the static solution
obtained. If the secular equations are linearized, three exci-
tation modes and their energies are obtained.>}

The phenomenological parameters m;, m;, \; (i=1,2,3),
Niij» and N, ;;, were chosen so that their PFT calculation
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reproduce the magnetic field dependence of the excitation
energies observed by the INS and the ESR experiments in
magnetic fields. Parameter values as well as a detailed dis-
cussion on the parameters for PFT can be seen in Ref. 33.

Using the parameter values given in Ref. 33, we analyze
the experimental data of the angular dependences of ESR
resonance fields below 14 T. Figures 8(a) and 8(b) show the
comparison between the experiment and the calculation in
the ac plane at 200.0 and 505.1 GHz, respectively. It is ob-
viously seen that the experimental results are satisfactorily
explained by the PFT calculations.

We notice that the agreement between the experiment and
the PFT calculation is not good above 12 T near Hlla. One of
the reasons of this disagreement may be the applicable mag-
netic field range of the PFT calculations because the PFT
calculations are obtained under an assumption that the mag-
netic field is not far from H,.. The PFT calculations also
predicted the phase transition at a critical angle 6,,%* but we
could not observe any anomalies around .. This disagree-
ment between the experiment (1.5 K, no LRO) and the cal-
culation (0 K, LRO) must be caused by whether or not the
system is ordered.

The comparisons of the angular ¢ dependence of the ESR
resonance fields in the ab plane at 200.3 and 300.4 GHz with
that by the PFT calculations are shown in Figs. 9(a) and 9(b).
The mode denoted as 7 at 200.3 GHz is roughly explained
by the PFT calculation, but the same mode at 300.4 GHz and
the mode denoted as ¢ are not reproduced by the calcula-
tions. This disagreement may be caused by the phenomeno-
logical parameters determined from the fittings of the data
for Hlla and Hllc.

B. Analysis of spin excitations in high magnetic fields
above 15 T

The characteristic excitation modes in Figs. 11(a)-11(c)
are roughly divided into three magnetic field regions: I, II,
and III. The boundary between I and II is the critical field H,.
which is indicated by the broken vertical line, and the bound-
ary between II and III is denoted by H* which is indicated by
the dotted-broken vertical line. Since the energy gap between
the singlet and the triplet is open below H., we expect to
observe ESR signals from the transitions within the triplet
states in region I. We observed the ESR signal corresponding
to the transition between the lowest two triplet branches. In
the field-induced phase above H,, several resonance modes
were observed in region II. In this region, we add some high-
est mode data up to about 1000 GHz to the previously re-
ported ones. The highest mode has nearly twice the g value
of the intrinsic value of Ni2* ion for each direction, and the
signal intensities of the modes decay with increasing mag-
netic fields and disappear around 15 T. The large signals
denoted as A—1, B—1, and C-1 in Figs. 11(a)-11(c) survive
above H* and approach their paramagnetic lines at high
fields. The signal intensities of the modes A—-3, B-3, and
C-3 are very weak. Since we have no submillimeter wave
sources around 500 GHz, the connection of modes between
regions II and III for Hlla is not clear. But it can be smoothly
connected the modes between regions II and III for H|lb and
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Hllc. The mode C-3 might be the signal from an impurity,
and this signal must be hidden by the large signal A—1 and
B-1 for Hlla and HI b, respectively. The modes A—4 and
B -4 were broadly field independent.

An anomaly in specific heat around 14 T was reported,?’
but this anomaly was only observed for Hllc. Thus, it is
difficult to relate the anomaly of the specific heat to the
boundary between regions II and III. Spin-reorientation tran-
sition of the field-induced LRO phase was proposed for the
origin of this anomaly by Miyazaki et al.3* It should be noted
that NDMAP is not driven into the LRO phase at 1.3 or 1.5
K for Hllc, but is driven into the LRO (or 2D SRO) phase
around 9 T at this temperature for Hlla. Therefore, the
anomaly observed in the specific-heat measurement for Hl ¢
could not be observed in the ESR measurements.

A spin reduction has been reported in the neutron-
scattering experiment in the LRO phase above H..>* Hence,
quantum fluctuations, which must be suppressed at high
magnetic fields, affect this system even in the LRO phase
above H,. For Hllc, the system does not enter the LRO phase
at 1.3 K, but a short-range order must be well developed in
high magnetic fields. For H L ¢, this compound is driven into
the LRO or 2D SRO phase at 1.3 K. As described in Sec. II,
the field direction changes the symmetry of the system. Usu-
ally, quantum fluctuations in a system with Ising symmetry
are weaker than those in a system with XY symmetry. Thus,
quantum fluctuations must be weak for the H L ¢ and it is
expected that classical antiferromagnetic behavior appears
above H,, but we found that the ESR modes between H,. and
H* are different from those expected in a classical antiferro-
magnet. Only two resonance modes are expected for the two
sublattice antiferromagnet systems. Therefore, we suppose
that a change from a quantum state to a nearly classical one
occurs at H* for each crystallographic axis. Accordingly, we
analyze the ESR signals observed at high fields above H* in
terms of conventional AFMR modes. The conventional
theory of AFMR for two sublattices is summarized in Ref.
37. NDMAP has an axial single-ion anisotropy D>0 and a
very small anisotropy in the xy plane. Thus, the AFMR
modes with biaxial anisotropy at high magnetic fields above
H* in NDMAP can be expected. The AFMR modes in Ref.
37 are applicable in the low magnetic field region and not at
high magnetic fields. Hence, the AFMR modes up to high
magnetic fields reported in Refs. 38 and 39 were used in the
analyses of the AFMR modes above H* in NDMAP. The
AFMR modes up to the saturation field are given as follows:

(1) Hllx (easy axis) and H>H (Hp is a spin-flop field),

2
(ﬂ) =H-C, ©)
Y
w2
( ;2> =(C,-C)) = (C4— C3)H?, (7)

(2) Hlly (second easy axis),

2
(9—') “H+C,, (8)
Y
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Wy 2
—= - C - C4H2’ (9)
Y
(3) Hllz (hard axis),
(O8] 2
— =H2+ C2, (10)
Y
2
(&> =C, - GH, (11)
Y
and
Cl =2HA1HeX? (12)
C2=2HA2Hex7 (13)
H
Cy=71t, (14)
2Hx
H
Ci=71%, (15)
2H,,

where H,, is the exchange field and H,; and H,, the ortho-
rhombic anisotropy fields (H,; <Hj,). The definitions of
these parameters are shown below:

EMB
== 16
=" (16)
J 2
=Z—2(—>, (17)
(g,U«B) N
N
M0= 5 g/“(‘BS’ (18)
H.,=AM,, (19)
K,
Hyy=—, 20
Al M, (20)
K,
Hy,=—, 21
=i e

where 7 is Planck’s constant divided by 277, A the molecular-
field constant of the two sublattices, N the number of mag-
netic ions, z the number of neighboring site, and K; and K,
the anisotropy constants for the second easy axis and the
hard axis, respectively.

These equations are extracted under the assumption of
H.>H,,, H,, which is realized in NDMAP. The resonance
modes denoted as w,,, ®,,, and w,, show the softening at the
saturation magnetic fields H,=2H,,. We fitted the experi-
mental data in high magnetic fields by using these AFMR
modes and the calculated data are plotted with solid (above
H*) and dotted (below H*) lines indicated by w,; and w,, for
Hlla, oy, and w,, for HIlb, and w,; and w_, for Hllc in Figs.
11(a)-11(c), respectively. Satisfactory agreement between
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the experiment and the calculation in the high magnetic field
region is obtained. The following parameters are used to cal-
culate the AFMR modes: wyH =41 T, uoH,;=0.46 T, and
moH»=3.08 T using S=1, J/kz=30.5 K, g,=g,=2.17, and
g.=2.2. The parameters, except for H,, and H,,, are very
close to the values reported in previous experiments on
NDMAP.!*2%31 Tt is known that the saturation field of the
S=1 IDHAF is H,=4J/(gug). Accordingly, u,H,=82 T is
estimated with J/kz=30 K.

The strong signals denoted as A—-1, B—1, and C-1 ap-
proach the paramagnetic resonance lines at high magnetic
fields and these are well explained by the AFMR modes
denoted as w,;, w,;, and w,;. In addition, the signals A—4 for
Hlla and B—4 for H||b approach the AFMR mode indicated
by w,, and w,, in high magnetic fields, respectively. Unfor-
tunately, there are no microwave sources in our facility to
observe the signals corresponding to the w, mode. Conse-
quently, these results suggest that the quantum fluctuations
are suppressed and the spin excitations of NDMAP at high
fields can be expressed by the conventional AFMR modes.

C. Discussion

To discuss the spin excitations in NDMAP, the experi-
mental results are compared to those of other spin-gap com-
pounds such as TICuCl; and IPA-CuCl;. Below H,, the en-
ergy states of these spin-gap materials are described by a
similar singlet-triplet picture. The ground state is a singlet
and the lowest excited states are a triplet. The triplets are
split by magnetic fields and the spin excitations were ob-
served by the INS measurements.'*!32° The observed spin
excitations show similar behavior between these three com-
pounds except the single-ion type anisotropy effect which
comes from the difference of the magnetic ion in these com-
pounds. The magnetic ions in TICuCly and IPA-CuCl; are
Cu?* jons (S=1/2), but those in NDMAP are Ni** ions (S
=1).

The energy gap between the singlet and the lowest triplet
closes at H, which corresponds to a quantum phase-
transition point. At low enough temperatures and above H,,
these compounds exhibit a LRO because of the weak inter-
dimer or interchain interactions. Since large quantum fluc-
tuations are expected in the vicinity of H,., the low-energy
dynamics must be strongly influenced by the longitudinal
oscillations of the ordered magnetic moments. This suggests
a difference between the dynamics of the field-induced or-
dered state and that of a conventional antiferromagnet.
Therefore, the low-energy dynamics of the field-induced
LRO state near H,. cannot be described by the conventional
spin-wave formalism, even at 7=0 K.

The spin excitations in the spin-gap systems were dis-
cussed by Kolezhuk and Mikeska*® in terms of the hardcore
boson approximation, and they concluded that the magnetic-
field dependence of the triplet excitation energies changes at
H, from gugHS, to gupH(1-S,), where S,=*1,0. Thus,
two modes have a gap above H,. and the difference of the
slope of these modes is twice. For the S=1 quasi-one-
dimensional antiferromagnet, Affleck*' studied the spin exci-
tations above H, for an axial symmetric case and an axial
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symmetry-breaking case. In the case of the axial symmetry,
two modes were calculated and one mode is gapless and the
other one has a gap above H. For the axial symmetry-
breaking case, two spin excitation modes have a gap above
H.. Hence, we know that anisotropy plays a very important
role in the energy states above H..

The spin excitations between these compounds in the vi-
cinity of H, are well explained by the above interpretations.
In fact, two spin excitation modes with different slopes
which correspond to g and 2g of the magnetic ion of each
compound were observed above H,. by the INS measure-
ments in these compounds.'®!*4243 Accordingly, the exis-
tence of the higher-lying spin excitations with the slope of g
and 2g is one of the common characteristics in the quantum
spin-gap systems. The anisotropy affects the lowest excita-
tion mode. In TICuCls, the lowest excitation mode has a gap
and it was observed by the ESR measurements.** The small-
est field-induced gap in TICuCl; is explained by
Dzyaloshinski-Moriya-type anisotropy and magnetoelastic
effects.*> The lowest excitation mode in NDMAP also has a
gap that is caused by a low symmetry due to the single-ion
anisotropy in this compound. On the other hand, the energy
gap of the lowest excitation mode in IPA-CuCl; was not
observed by the INS measurements.*>*3 The observed gap-
less mode in this compound was interpreted as the Goldstone
mode associated with the spontaneous breaking of rotational
symmetry due to magnetic ordering,* but the small gap may
not be observed by the INS measurements because of the
low-energy resolution.

As mentioned in Sec. I, the spin excitations observed in
TICuCl; were analyzed in terms of a bond-operator model
which explained well the experimental results in high mag-
netic fields.??>?? In this bond-operator model, the ground state
is described by a linear combination of the singlet and the
triplet, which changes continuously from a pure singlet char-
acter at H, to a pure triplet state at the saturation field. This
implies that the number of nearly noninteractive triplet mag-
nons increases with the field above H.. Then, the excitation
mode with a slope of 2g was interpreted to be a consequence
of the triplet pair-creation process according to the bond-
operator model. We suppose that the excitation modes in the
vicinity of H,. observed in NDMAP and IPA-CuCl; arise
from a similar origin to that in TICuCl; and the difference in
excitation modes between these compounds must be caused
by the alteration of interactions among the magnons with
increasing magnetic fields.

Two higher-lying excitation modes with slopes of g and
2g show different behaviors between these compounds with
increasing magnetic fields. The spin excitations in TICuCls
in magnetic fields up to about 50 T were reported. These two
gapped modes are robust against magnetic fields?> and are
different from excitation modes in a conventional antiferro-
magnet. This reflects the effect of strong coupling in the
antiferromagnetic dimers. On the other hand, in NDMAP, the
2g excitation modes denoted as A-2, B-2, and C-2 in Figs.
11(a)-11(c) were only observed between H, and about 15 T
and the signal intensity of the mode decreases with increas-
ing magnetic fields. In IPA-CuCl;, it was also reported that
the intensities of two higher-lying modes observed by the
INS measurements were suppressed with increasing fields,*
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which is similar to that in NDMAP. This can be caused by
some similarities, i.e., 1D characteristics, between S=1/2
two-leg antiferromagnetic spin ladder and the S=1 1D HAF.
Broadly speaking, the basic picture of the states near H.. is
similar to each other between these spin-gap systems. The
ground state near H, corresponds to the dilute triplet mag-
nons system (dilute Bose gas). The density of triplet mag-
nons could be small and the interactions among the magnons
must be negligible in the vicinity of H,., and thus the spin
excitations in these compounds show similar behavior. In the
high magnetic field region (H> H,), however, the triplet
magnons are condensed and interactions among the magnons
are thought to be largely different between these systems.
Therefore, a change in the lifetimes of the magnon excita-
tions, which are dependent on quantum fluctuations as de-
scribed in Ref. 45, and a variation in the energy dispersion
would be expected. While three dimensional weak couplings
exist among dimers in TICuCl;, NDMAP has strong intrac-
hain couplings. This difference must reflect the spin excita-
tions and the growth of the three-dimensional correlation
among magnons. The suppression of quantum fluctuations at
high magnetic fields causes spin-wave-like energy states in
NDMAP. Accordingly, we observed characteristic modes de-
noted as A-1, B-1, C-1, A-4, and B-4 in Figs. 11(a)-11(c) in
the high magnetic fields and these modes are well explained
by the conventional AFMR modes. Consequently, we con-
clude that in NDMAP, a change in the spin excitation modes
from noninteractive magnon states, affected by large quan-
tum fluctuations, to interactive magnon states is observed.

VI. CONCLUSIONS

We performed ESR measurements on single crystals of
the S=1 quasi-1D HAF compound NDMAP in magnetic
fields up to 55 T and at frequencies up to about 2 THz. First,
we examined the angular dependence of spin excitation
modes at the vicinity of H, and found that two types of
chains in NDMAP behave almost independently against the
external magnetic field and these resonance fields are consid-
erably explained by the PFT calculations. Disagreement be-
tween the experiment and calculation was found at high
magnetic fields above 12 T.

We found that the spin excitation modes above 15 T are
well explained by conventional AFMR modes with biaxial
anisotropy. One of them for each principal-axis direction ap-
proaches the paramagnetic line and the other mode shows the
field dependence with a gentle slope. On the other hand,
between H. and about 15 T, we observed spin excitation
modes similar to those in other spin-gap systems. Accord-
ingly, these results suggest that the spin excitations in ND-
MAP change from excitations by nearly noninteractive mag-
nons, which are largely affected by quantum fluctuations, to
those by interactive magnons under suppression of quantum
fluctuations in high magnetic fields. Finally, we compared
the results with those of the S=1/2 weakly coupled antifer-
romagnetic dimer TICuCl; and the S=1/2 two-leg antiferro-
magnetic spin ladder IPA-CuCl; and discussed the difference
in spin excitations between them above H..
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