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Triplet spin resonance of the Haldane magnet PbNi,V,04 with interchain coupling
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Spin resonance of the triplet excitations is studied experimentally in the Haldane magnet PbNi,V,0Og. The
absorption spectrum has features of spin S=1 resonance in a crystal field, with all three components, corre-
sponding to transitions | = 1)=|0) and |-1):51), being observable. The resonance field is temperature depen-
dent, indicating the renormalization of excitation spectrum in the interaction between the triplets. Magnetic
resonance frequencies and critical fields of the magnetization are consistent with a boson version of the
macroscopic field theory [J. Affleck, Phys. Rev. B 46, 9002 (1992); A. M. Farutin and V. 1. Marchenko, Zh.
Eksp. Teor. Fiz. 131, 860 (2007)] [JETP 104, 751 (2007)] while they contradict the fermion version and the

previously used approach of noninteracting spin chains.
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The inorganic dielectric PbNi,V,0g, with the magnetic
structure formed by chains of Ni** (S=1) ions, exhibits a
Haldane-like ground state.!” This quantum collective spin
state is characterized by the absence of ordered spin compo-
nents and by the energy gap, which separates magnetic exci-
tations from the singlet ground state. Because of the energy
gap, this kind of spin-liquid state is stable in the presence of
weak anisotropy and interchain exchange. This differentiates
chains of S=1 ions from S=1/2 spin chains, which are
known to order due to interchain exchange. In PbNi,V,Og,
the anisotropy and interchain exchange reduce the Haldane
gap, and the system is close to the critical point of the quan-
tum phase transition from a spin-liquid to an ordered easy-
axis antiferromagnet.’ Besides, the spin-liquid phase may be-
come unstable at the critical magnetic field, corresponding to
the vanishing of the energy gap of triplet excitations. In the
exchange approximation, the critical field value H,. and the
energy gap A are related by a simple relation guguoH, =A.
The influence of the single-ion anisotropy on the Haldane
state was analyzed theoretically by the exact diagonalization
for finite chains,* by a perturbative approach,*> and by mac-
roscopic field-theory methods.® In the magnetic field range
far below H,, all models result in the same energy levels,
parametrized by the main gap, one or two anisotropy con-
stants, and g factor. The perturbative description of excita-
tions in the Haldane chain appears to be identical to that of
an isolated spin S=1 in a crystal field.” Extrapolated to the
field of spin-gap closing, for the uniaxial case, the perturba-
tive approach yields critical fields at the orientation parallel
or perpendicular to the crystal axis:

ShpmoH =01,  gupmoH,, = VAA |, (1)

where A | is the gap of S,==*1 triplet components with the
momentum of 7, and A is the gap of S.=0 triplet compo-
nent.

The effect of magnetic field on the spectrum of the
Haldane system was studied experimentally for
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Ni(C,H¢N,),NO,(ClO,4). The spin gap, however, remained
nonzero in that case due to the staggered g tensor.?
PbNi,V,0y is a convenient model system to study the influ-
ence of three-dimensional (3D) correlations and anisotropy
on the spin gap in a magnetic field, because this compound
demonstrates an anisotropic critical field, a spin-liquid be-
havior below the critical field, and a field-induced 3D anti-
ferromagnetic ordering above H.,.°

The perturbative approach of noninteracting Haldane
chains [formula (1)] was used'® for PbNi,V,Oq to derive the
energy gaps from the critical field values. Further, intrachain
and interchain exchange integrals were found by fitting the
inelastic neutron scattering intensity at fixed spin-gap
values.!>19 Nevertheless, the extrapolation of the perturba-
tive approach to high fields may be doubtful. While it is
justified by the exact diagonalization of the finite chain
problem,* the bosonic version of the macroscopic field-
theory treatment® shows different results near the critical
field. This model implies an interchain coupling of nearly a
critical value, causing the 3D order. Another macroscopic
theory, considering a general case of a spin-gap magnet with
the field-induced 3D ordering, was developed in Ref. 11. The
source Lagrangian and the critical fields in the bosonic
model of Ref. 6 and in the macroscopic theory'!' are identi-
cal. The results of the fermionic model of Ref. 6 are close to
the perturbative theory. Probably, the divergency of the re-
sults of the bosonic model from the perturbative curves near
the critical field should be ascribed to fluctuations, which are
suggested to be suppressed (e.g., by 3D coupling) in the
boson model of Ref. 6 and in Ref. 11. The study of magnetic
resonance spectra along with the magnetization curves
should allow one to check the validity of the above models.
In this Rapid Communication, we study the triplet excita-
tions by means of the high-frequency electron spin resonance
(ESR) spectroscopy, which enables one to measure directly
the frequencies of the transitions between triplet sublevels.
We recover the splitting of the zero-field energy gap from
ESR experiment and relate it to the difference between the
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FIG. 1. (Color online) Pulse field magnetization of the aligned
sample of PbNi,V,0g. Solid curves, experiment; dashed straight
lines, extrapolations to determine H. | .

critical fields H,, and H,. The observed splitting of triplet
sublevels strongly contradicts the perturbative relation (1).
At the same time, the spectrum of triplet excitations is well
described by macroscopic models, implying 3D ordering at
the critical field.®!! Thus, the interchain coupling should be
important for the magnetic excitations.

We used ceramic samples of PbNiV,0Og4 prepared as de-
scribed in Ref. 12 and samples aligned by a magnetic field,
prepared following Ref. 1, with the orientation of the tetrag-
onal axis (c axis) of crystallites parallel to the aligning field.
Magnetization curves taken by the pulse technique are
shown in Fig. 1. The critical field values derived from these
curves are woHy=19%0.5 T and wyH,., =14+0.5 T, which
are well consistent with the data of Refs. 1 and 9. The ESR
spectra were measured both for ceramic and aligned samples
as microwave transmission vs magnetic field dependences.
Magnetic field was created by a 16 T cryomagnet. Micro-
wave signal in the range 70—500 GHz was generated and
detected by means of the vector network analyzer from the
ABmm system at the KYOKUGEN Center.

A typical ESR signal of an aligned sample and its evolu-
tion with temperature are presented in the main panel of Fig.
2. At the temperature above 35 K, there is a single ESR line,
corresponding to an exchange-narrowed Ni’* ESR signal
with g-factor value of 2.23. On cooling the sample, the ab-
sorption at this resonance field diminishes and, in addition,
there appear three ESR lines (marked as A, B, and C) apart
from the high-temperature position. At low temperatures, the
lines A—C disappear again and a residual absorption in the
range 8.6—10.5 T (g=1.9-2.2) is observed, with the maxi-
mum at 8.8 T (g=2.2). The intensity of this low-temperature
signal grows with defect concentration!? and, thus, can be
attributed to defects and impurities. It grows on cooling, like
the ESR of paramagnetic impurities, and corresponds to the
increase of the magnetic susceptibility at low temperatures
(not shown here). On the contrary, as mentioned above, lines
A-C vanish below 7 K. The drop of the intensity of lines A
and B may be followed in the main panel of Fig. 2, while
line C at this frequency is superimposed with ESR of defects
at 10.5 T. However, it can be resolved by changing fre-
quency, as shown in the lower inset of Fig. 2. Then it is clear
that this component also disappears on cooling below 4 K.
The resonance fields H,, Hg, and H of the lines A, B, and C
are temperature dependent, as shown in the upper inset of
Fig. 2. The increase of signals A—C with heating between 7
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FIG. 2. (Color online) 275 GHz ESR spectra of a PbNi,V,04
aligned sample measured at different temperatures for H perpen-
dicular to the alignment axis. Upper inset: Temperature dependence
of the ESR fields A, B, and C. f=275 GHz. Lines are a guide for
the eye. Lower inset: 150 GHz ESR of a ceramic sample.

and 25 K is consistent with the rise of temperature activated
susceptibility.! This corresponds presumably to the thermally
activated population of triplet excitations. The separated
lines A-C are distinctly seen in the temperature range
15-20 K: at lower temperatures, the intensity is weak be-
cause of the spin gap, and at higher temperatures, all signals
merge into a single line.

The ESR absorption curves of the ceramic and aligned
samples at close frequencies are given in Fig. 3. Dashed
arrows near the curve of the ceramic sample mark the bound-
aries of the absorption band; A, B, and C denote the reso-
nances appearing with heating. In contrast to ceramic
samples, aligned samples show resonances at positions B and

275 GHz, aligned sample,
Hlc, T=15K

transmission
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T=20 K i
I
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FIG. 3. (Color online) 300 GHz ESR spectrum of a PbNi,V,0q
ceramic sample at T=20 K (lower curve) and 275 GHZ spectrum of
an aligned sample (upper curve).
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FIG. 4. (Color online) Frequency-field diagram of the thermally
activated magnetic resonance of aligned samples at H L ¢ and of
ceramic samples. Triangles and squares present experimental data
for resonances marked by A, B, and C. Lines are model calcula-
tions. Solid circles, noted by curved arrows, represent the extrapo-
lations to 7=0.

C, which exceed the defect peak placed between them. The
resonance fields H,, Hp, and H, taken at different frequen-
cies, are plotted in Fig. 4. No absorption signal correspond-
ing to the singlet-triplet transitions is observed.

The absorption, appearing with heating (lines A—-C), cor-
responds approximately to the known ESR spectrum of §
=1 ions in an axial crystal field (see, e.g., Ref. 7). For a
uniaxial crystal, this ESR spectrum consists of three reso-
nance lines corresponding to the transitions | = 1)< |0) with
AS.=*1 and |-1)5|1) with AS.= *2. The resonance fields
for a frequency f may be described in terms of a single-ion
anisotropy constant D, which contributes to the Hamiltonian

with the term DS‘? At 27 f> D, two of the resonance lines,
corresponding to AS.= = 1, are on both sides of the free spin
resonance field uoHo=27hf/gug and the distance between
these two lines is 2D/gup for Hllc and approximately
D/gup for H L c. The third line corresponds to a two-
quantum transition, which is forbidden at H ¢ and naturally
has a smaller amplitude. For a powder (ceramic) sample,
there should be a band of absorption instead of sharp reso-
nance lines, the whole bandwidth is 2D/gup, and the
maxima of absorption are near the resonance field of crystal-
lites with ¢ | H because of their largest statistical weight (the
field interval between maxima is again D/gug. The detailed
analysis of powder sample ESR is given in Ref. 13. In the
case of the easy plane anisotropy, the intensity of the lower
field maximum is larger than that at the upper one because of
a higher population of the lower spin sublevels. For the case
of the easy-axis anisotropy, the relation between intensities
should be inversed. The triplet character of the spectrum and
the increase of the intensity with heating indicate that lines
A-C are due to thermally activated triplet excitations of
PbNi,V,0s.

By applying the above consideration of a spin S=1 in a
crystal field, we conclude that the effective anisotropy of the
triplet excitations is of the easy plane type (D,;>0). Ac-
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FIG. 5. (Color online) Triplet sublevels in a spin gap magnet
with woH,., =14.0 T and uoH,=19.0 T, calculated by the perturba-
tive method (Ref. 4; thin lines) and in macroscopic models (Refs. 6
and 11; thick lines). Vertical segments present the observed transi-
tions at f=300 GHz.

cording to Ref. 4, Dy~ —2D; thus, the single-ion constant D
should be negative, which agrees with the easy-axis aniso-
tropy of the impurity induced ordered phase.!> The maxima
of the absorption are separated by approximately 3.5 T,
which corresponds to D, p=guguo(Hc—Hp) =110 GHz
(hereafter, we assume g=2.23, as proved by ESR at T
>35 K). The leftmost absorption line demonstrates a char-
acteristic frequency-field dependence (Fig. 4), with the as-
ymptote f=2gugptoH/27h, marking a two-quantum transi-
tion with AS.==*2. At H 1 c, its zero-field limit should be
equal to the zero-field splitting of the triplet components,’
i.e., D,g. The observation of this absorption at the frequency
of 150 GHz directly indicates that the splitting of the triplet
sublevels by the effective crystal field is less than or about
150 GHz.

The perturbative approach yields by Eq. (1) the zero-field
gaps A;=320*10 GHz and A, =590 = 10 GHz. The corre-
sponding splitting of 270 GHz is twice as large as estimated
from the observed ESR lines. Alternatively, the energy levels
of the triplet excitations can be calculated within the boson
model.®!" The details of calculations are given in Ref. 13.
For D,;;>0, the gaps are related to the critical fields as fol-
lows:

gt = Ay, gupuoH =A . ()

From the critical field values, we get here A
=440*x10 GHz and A =590%10 GHz. The splitting of
150 GHz agrees much better with the experimental results.
The calculated triplet sublevels for perturbative and boson
macroscopic models are presented in Fig. 5. Here, the critical
fields are locked to the observed values. The difference in A
values, calculated in two models, occurs mainly due to the
very steep field dependence of the lowest sublevel near H,. |
given by macroscopic models. It should be noted that in low
fields, i.e., far from the critical point, all models would dem-
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onstrate identical results when they lock on the same energy
gaps at H=0.

The frequency-field dependence for the case H L c that is
calculated in a perturbative approach and in the models of
Refs. 6 and 11 is presented in Fig. 4. It should be noted that
no fitting parameters are used here, the value of zero-field
splitting, D,;=A | = Ay, is taken from critical fields via rela-
tion (2). The resonance fields were taken at T=15 and 20 K,
while critical fields are measured at 4.2 K. Thus, we have to
extrapolate the observed resonance fields to zero tempera-
ture. The temperature evolution of the ESR spectra, which is
analogous to that shown in Fig. 2, was followed for the fre-
quencies 150, 275, and 475 GHz. The resonance fields, ex-
trapolated to 7=0, are shown in Fig. 4 by solid circles,
pointed by arrows. The data, extrapolated to zero tempera-
ture, lie on the model curve within the experimental error.
Note that the energy levels predicted in Refs. 1, 2, and 10,
by using the model in Ref. 4 (D,;=270 GHz and A,
=590 GHz), do not correspond to the above experimental
data to any extent.

The temperature dependence of the triplet ESR field ob-
served in the present work may probably be attributed to the
interaction between the triplets, analogous to the spin-wave
frequencies in conventional ferro- and antiferromagnets,
which are known to be renormalized with the excitation of
magnons (see, e.g., Refs. 14 and 15). The temperature depen-
dence of the triplet excitation spectrum was observed also for
the dimer spin-gap compound TICuCl,.'¢ An alternative rea-
son for the temperature dependence of D, and the triplet
excitation spectrum may be the change of the correlation
length with heating. However, according to experiments,'’
the correlation length is reduced only by 20% at the tempera-
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ture of half the intrinsic Haldane gap 0.41J, as in our case.
Apparently, this may not substantially change the effective
anisotropy constant of triplet excitations. The excitation of
the triplets apart from the bottom of the spectrum may not
also change the position of the absorption maxima, despite
having a smaller D, As noted in Ref. 6, the influence of
higher energy excitations will result in an asymmetric form
of the ESR lines, but not in the shift of the absorption maxi-
mum.

In conclusion, the ESR spectrum of triplet excitations in a
Haldane magnet PbNi,V,04 demonstrates a temperature de-
pendence, probably due to the interaction between the exci-
tations. The low-temperature ESR of triplet excitations is
satisfactorily discribed without fitting parameters, using the
experimental values of critical fields. The relation between
the critical fields and energy gaps corresponds to the boson
model of Ref. 6 and macroscopic theory,'' and contradicts
the fermion model of Ref. 6 and isolated chain calculations
of Ref. 4. This supposedly indicates a strong influence of the
3D correlations on the spectrum of excitations in
PbNi,V,0g.
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