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Single-ion bound states inS=1 Heisenberg antiferromagnetic chains with planar anisotropy
and subcritical exchange coupling
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Electron-spin-resonand&SR and magnetic-susceptibility data of single crystal ofQ®yHgN,),Ni(CN),,
an S=1 Heisenberg chain system with strong planar anisotidpyre presented. For sufficiently low mag-
netic field, the ESR spectrum is dominated (ayt)excitons as the elementary excitations from the singlet
ground state. When the field exceeds a certain critical vBlue4.5 T, the ground state changes into a fully
saturated ferromagnet, and magnons become the elementary excitations. An anomalous resonance line, ob-
served forB>4 T, is identified as the transition between one-magnon and single-ion bound states. Good
agreement exists between the ESR data and the corresponding theoretical predictions uBirenthéhe
nearest-neighbor exchandevalues obtained by the analysis of existing thermodynamic data. In addition, the
potential influence of in-plane anisotropy is discussed. The results are interpreted as experimental evidence of
single-ion bound states in &~ 1 planar Heisenberg chain with subcritical exchange coupling.
[S0163-182€09)00830-9

[. INTRODUCTION employing the continuum approximation. Recently the dy-
namical properties of antiferromagnetic chainsctdssical
The static and dynamic properties of one-dimensionakpins with on-site easy-axis anisotropy, taking into account
magnetic systems have been the subject of theoretical arlmbth nonlinear effects and the discreteness of the media, have
experimental interest for a few decadeShe experimental received renewed attentidrin contrast, for over ten years,
studies of the nonlinear spin dynamics in magnetic chain®apanicolaou and co-worké&rs have investigatedjuantum
with planar anisotropy were stimulated by several theoreticaspin chains with strong planar anisotropy.
considerations. For example, using the continuum limit, the The energy spectrum of quantum spin chains in a strong
equation of motion of &lassicalplanar Heisenberg chain in magnetic field perpendicular to the easy plane has been stud-
a transverse magnetic field may be mapped to the sinded by Papanicolaou and Psaltakiapart from the common
Gordon equation which is known to possess linear solutionexchanged-coupled bound magnons, they predicted the pres-
(spin wave$ and nonlinear solutiongsoliton. The sine- ence of single-ion bound states. Initially, the properties of
Gordon equation has been widely used for the analysis ofingle-ion bound states were calculated for the case of easy-
inelastic neutron scatterirfgspecific heaf,and nuclear mag-  axis ferromagnet¥ According to the detailed theoretical
netic resonandestudies of compounds which proved to be study’ of the electron spin resonan¢ESR response ofS
good realizations of the theoretical model systems. Howevers1 chains possessing a larBephase(which is character-
the quantitative agreement between the data and the corrized by supercritical planar anisotropy bfJ>1, whereD
sponding theoretical predictions was often unsatisfactory duandJ represent the single-ion anisotropy and exchange cou-
to the approximations necessary for making the mapping tpling, respectively, the existence of these novel quantum
the sine-Gordon model, namely uncertainties were generatestates should enable the observation of a transition between
by neglecting out-of-plane anguantumfluctuations and by the one-magnon states and the single-ion bound states.

0163-1829/99/6@®)/41706)/$15.00 PRB 60 4170 ©1999 The American Physical Society



PRB 60 SINGLE-ION BOUND STATES INS=1 HEISENBERG . . . 4171

In this paper, we report interesting experimental results 3 -
and a complete analysis of preliminary dataf the material D/J=75,B=0
Ni(C,HgN,),Ni(CN),, commonly known as NEN&*4The
data are from a study of the temperature dependence of the
intensities of selected ESR resonance lines and of the mag-
netic susceptibility of single crystals. Earlier experimental
studies of the thermodynamic properties of NERRzf. 14
revealed that the compound can be considered aS=ah
antiferromagnetic Heisenberg chain in a lafgghase with
planar anisotropyD/kg=6 K and D/J=7.5. For larged
systems in zero magnetic field the concept of excitons and
antiexcitons[ hereafter abbreviated dantiexcitong as out
of easy-plane fluctuations from the singlet ground state was

proposed in a strong-coupling thedrfhe specific heat cal- 1 /\
culated in the dilute exciton approximation is in good agree-

two-exciton continuum

Energy (D)

ment with the low-temperature data of NENEThis result (anti)exciton
stimulated further extension of the theoretical model by in-
volving the interactions betwedantiexcitons and the effect I A, B

of in-plane anisotropy induced by orthorhombic therm
E[(S9)?—(9)?%].% The subsequent analysis of the experi-

mental data reinforced the identification of NENC as&n 0
=1 Heisenberg chain system with strong planar and weak - 0 1L
in-plane anisotropy® In the present work we show that ESR k

data of NENC can be successfully analyzed in the frame-

work of the theoretical modélThe results strongly support ~ FIG. 1. The energy-level schenten units of D) for a S=1

the existence of single-ion bound states in NENC. antiferromagnetic chain with planar anisotropy and subcritical ex-
change interactio®/J=7.5 in zero magnetic field. A and B denote

the k=0 transitions from the singlet ground state to the excitonic
Il. SPIN DYNAMICS OF LARGE- D SYSTEMS IN and antiexcitonic states, respectively.

MAGNETIC FIELD

boundary’ At this crossover, the ground state ceases to be a

o ] ] singlet, and the model dfant)excitons is no longer valid.
In a magnetic field applied parallel to the hard axis, an

S=1 Heisenberg antiferromagnetic chain may be described
by the HamiltoniaR

A. Exciton regime

B. Magnon regime

In sufficiently strong magnetic fields, i.e.gugB

L >gugB=D+4J, the spins are flipped into the direction
H=JZ Si-Si+1t DZ (Slz)2+g,uBBE S (1)  of the field, and the ferromagnetic ground state is obtained.
: : ! In this regime, magnons become the elementary excitations.

in which D/J>1. For magnetic fields sufficiently low with In the'D/J—mo I'.m't’ a one-magnon state Is qbtameq by d?'
respect toD, the ground state of the Hamiltonidd) is a creasing the azimuthal spin value by one_unlt ata given site.
disordered éinglet characterized by an exponential decay (;I%wo-magnon states can be constructed either by reducing the
; : . o azimuthal spin by two units at a single site or by reducing
the correlation function and a finite excitation gap appears,

above the ground-state energy. The first excited state is aIts value by one unit at two different sitédl). If the ex-

7 : . e cghange interaction is taken into account, apart from the two-
2;§=1 doublet corresponding to excitons)(and antiexci- magnon continuum, two kinds of bound states will appear.

tons (). Higher excited states involvinge, ee, andee  States of typél) are single-ion bound states. These states are
pairs form either unbound states falling into the two-excitoncharacterized by a very weak dispersion even for intermedi-
continuum or bound states whose dispersion branches appegg values ofD/J, and their dispersion branch is located
at the boundary of the Brillouin zone. The excitation spec-ghove the two-magnon continuum. States of typpdenote
trum of Hamiltonian(1) for D/J=7.5 in zero magnetic field common exchange-coupled bound states emerging from the
is illustrated in Fig. 1. For low magnetic fields, i.@ugB  continuum at the zone boundary. The corresponding energy
<gugB.1~D—2J, the ground state remains a singléthus  diagram for magnetic field parallel to the hard axis, when
the ESR spectrum will be dominated ty=0 transitions g, B=3D andD/J=7.5, is illustrated in Fig. 2.

from the ground state to thi@ntjexcitonic state at the reso- Above B.,, the ground state orders ferromagnetically, as
nance frequencieBwa~D+2J+gugB andwg~D+2J  mentioned previously. Consequently at zero temperature and
—gueB. The higher-order transitionge.g., e—ee, &  at k=0, ém=1 transitions between the ferromagnetic
—ee, ...) are responsible for the observed finite linewidth ground state and the one-magnon states result in the reso-
and possibly a mild temperature-dependent frequency shifiance frequencytw.=gugB—D (line C in Fig. 2.° Pro-

of the maximum of the intensity. FagugB.;~D—2J, the  cesses withbm=1 at finite temperature involve the transi-
crossover between the antiexcitonic dispersion branch antibns between one-magnon and two-magnon states. A closer
the energy of the ground state occurs at the Brillouin-zondook at Fig. 2 suggests that the signal from both transitions
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" ' ' ' tural studies performed at room temperattfréhe structure
D/J=175, gu,B=3D is built up of neutral chains running along tkeaxis. The
repeating unit is— [Ni(C,HgN,),—NC—Ni(CN),— CN]—,
and two distinct nickéll) sites are present. In the
[Ni(CN),]2~ anion, the nickel is in a square planar configu-
| ration being bonded to four cyano groups through C atoms.
D D’ This nickelll) ion is diamagnetic. In thgNi(C,HgN,),[>*
cation, the nickéll) is in a distorted octahedral configura-
4tk i tion, where four N atoms from two £ElgN, molecules are in
two-magnon continuum f[he basal pla_n_e and two N atoms frqm the cyano groups are
in apical positions. This nickél) ion is paramagnetic. The
chain is therefore made @&=1 octahedral nickéll) ions
linked by diamagnetic square planar N®li(CN),—CN
units. The chains are well insulated with no bonding between
2r /\ . them. It should be mentioned that the local anisotropy axes

ma in adjacent chains are slightly tilted with respect to the
gnon T ST : .
axis:“ Consequently, it is impossible to orient an external
C 1 magnetic field parallel to the local anisotropy axes of all the
sites.

6 single-ion bound states -

Energy (D)

O 1 . n 1
- 0 4
k For experimental studies of the frequency vs field dia-
FIG. 2. The energy-level schenta units of D) for a S=1 gram, the magnetic fi(_eld was applied gpproximately parallel
antiferromagnetic chain with planar anisotro/J=7.5, and in a {0 one of the local anisotropy axes &xis). The ESR spec-
magnetic field above the spin-flop regimgusB=3D). Line C  trometer was described elsewhéteOn the other hand, the
denotes th&=0 resonance transition between the magnetic groundemperature dependence of the intensity was studied in mag-
state and the one-magnon state, while D ariddBnote thek=0 netic fields parallel to the chain ax&sto ensure an equal
andk= 7 transitions from the one-magnon to the single-ion boundcontribution from both kinds of chains. This experiment was
states, respectively. performed on a transmission type spectrometer capable of
mm- and submm-wavelength ranges in magnetic fields up to
(i.e., from the one-magnon state into the exchange-coupleti6 T and at the temperatures +.80 K. The single crystal
bound state and into states in the continliwill be roughly ~ was nominally 1.X0.5x 0.3 mn¥, and the Voigt geometry
superimposed on the C line, thereby contributing to itswas employed. In order to detect the real shape and absolute
broadening. On the other hand, the transition from the onevalue of the absorption with a minimum of the experimental
magnon to the single-ion bound state is clearly distinguisherror, amplitude modulation was used.
able from the C line. Since this transition can occur any-
where in the Brillouin zone where a resonance condition is C. Susceptibility
fulfilled, a resonance band>( D’ lines in Fig. 2 will ap-
pear instead of a sharp resonance. The width of DIz
band at low temperatures was calculated to the third order
perturbation theory, yieldirg

B. Electron spin resonance

Magnetic susceptibility measurements of NENC single
ocfrystals were performed in a commercial superconducting
quantum interference device magnetometer using crystals
weighing approximately 45m.g. The crystals were glued to

232 33 weighing paper using GE 7031 varnish and placed in a gel-
h(wp—wp)=4)— — — —, (2)  cap which was held in a straw. The contribution of the back-

D p2 ground, which was measured independently, did not exceed
20% of the total signal and has been subtracted from the

A 3 ; experimental data. In the experimental runs, the magnetic
+(2J4/D)+(J°/D°) are the resonance frequencies of the

" , “field of 100 mT was oriented parallel to theandc axes.
transitions between the one-magnon state and the single-ion

bound state ak=7 and k=0, respectively. Finally, when V. RESULTS AND DI ION
combined with the values dd andJ that are derived from - RESULTS Scussio

the analysis of the thermodynamic quantities, the theoreti- Figure 3 shows the resonance frequencies vs magnetic
cally calculated frequency vs field diagram may be compareffeld obtained at 4.2 K in the nominal frequency range

where fAwp=D+gugB and #%wp =D+gugB—4J

with the experimental results. 200—400 GHz forB approximately parallel t@ and the
corresponding theoretical predictidn®r D/kg=6 K, D/J
[l. EXPERIMENTAL DETAILS =7.5, andg=2.29. It should be mentioned that fBi/c the

double-resonance structure observed above 12 T disappeared
and only one resonance line remained. This effect has been
The material NENC crystallizes in the monoclinic spaceindicated before by studying the angular dependence of the
group P21h, a=7.104(3) A, b=10.671(3) A, ¢ resonance$t Even though the NENC resonance spectrum
=9.940(2) A, B=114.642)°, Z=2 as revealed by struc- possesses more complicated structure than predi¢tedex-

A. Crystal structure of NENC



PRB 60 SINGLE-ION BOUND STATES INS=1 HEISENBERG . . . 4173
400 ,@150_, T T T T L
[ =
ﬁ L =3
300 o
st §100¢
> I > L
o 200 = [
& 2 s50F [°
D L _9 [
g 100 | 1 = ]
[T L ] 0|.,-..‘|....|....|....|....|‘.
0 I vt P N 0 5 10 15 20 25
0 B,5 B, 10 15 Temperature (K)

Magnetic field (T
9 (M FIG. 5. Temperature dependence of the integrated intensity of

FIG. 3. The comparison between the experimental and theorethe anomalougDD’) line studied at 404 GHz, maximum of the
ical results. The ESR datmpen circles were obtained at 4.2 K, absorption intensity corresponding to 10.3 T, wihic. The full
with B approximately parallel ta. The theoretical predictions for line represents the simplified theoretical fit as discussed in the text.
the exciton and magnon regiméfll lines A, B, C, D, and D)
were calculated usin@/kg=6 K, D/J=7.5, as derived from the
analysis of the thermodynamic resu{8ef. 14 andg=2.29. Full
circles correspond to resonances at 404 GHz, 4.2 Kfiar.

surroundings of the Ni ions as discussed above.

The DD’ line also shown in Fig. 4 has a different tem-
perature dependence of the intensity. Below 10 K the inten-
sity decreases with the decreasing temperaee also Fig.
perimental data reflect the main features of the model re5). This behavior indicates a transition between excited
markably well. The extrapolation of the frequency-field de-states. The position and slope of this Dlihe suggest that it
pendences of the resonance lines observed below 4 Tan be ascribed to the transitions between one-magnon states
suggests the existence of two different excitation frequenciegnd single-ion bound states as follows from Figs. 2 and 3.
in zero magnetic field. This fact, together with the angularThe comparison of the half-widths of the E and Dlnes
dependence of the resonance lines above 12 T, may indicapgovides insight into the different nature of both transitions
the presence of two slightly different positions of théNi  (Fig. 4). Unlike the E line for which transitions from the
ions in the octahedral surroundings in NENC. ground state adt=0 are proposed, a transition at any firlite

The most important features of the experimental resultyalue, for which the resonance condition is fulfilled while
shown in Fig. 3 is the appearance of the anomalous ressweeping the magnetic field, will contribute to the Dihe.
nance line located in the Dband(henceforth referred to as Thus the half-width of the DDline should be significantly
DD’ line) and the E line. The resonances at 404 GHd larger than that of E line. As seen from Fig. 5, the half-width
circles were obtained foB||c, whereas the other frequen- of the DD’ line is approximately 1 T 430 GH2. On the
cies(open circles were taken withB approximately parallel other hand, the theoretically calculated value of the width of
to z. This results show that in NENC tilted local anisotropy the DD’ band is about 2 T, when usinQ/kg=6 K and
axes do not significantly influence the resonance positions.D/J=7.5. This discrepancy could be ascribed to the pres-

The temperature and the field dependence of the 404 GHance of in-plane anisotropy indicated by the observation of
resonances foB|c are shown in Fig. 4. The intensity of the the E line? The subtle effects associated with the presence of
E line decreases with increasing temperature indicatingn-plane anisotropy were demonstrated during the reanalysis
ground-state excitations. According to Fig. 2 it can only be aof the thermodynamic quantitiés,where the incorporation
k=0 ground-state excitation to the single-ion bound stateof a finite E term in the calculation significantly reduced the
Such a transition is forbidden in a model assuming only plavalue ofJ while leavingD practically unchanged. As can be
nar anisotropy and exchange coupling. However, the transseen from Eq(2), decreasing thé value causes the narrow-
tions may arise from the combined effect of in-plane anisoting theDD' band.
ropy and exchange couplifgBelow 7 K, the double peak The temperature dependence of the integrated intensity of
structure of the E line may be ascribed to the two differenthe DD' line is shown in more detail in Fig. 5. This depen-
dence could be theoretically calculated using both density of

FIG. 4. The comparison of the shapes of E and’ D&sonance

Magnetic field (T)

lines studied at 404 GHz fds|c.

states for the magnon bran¢see Fig. 6 in Ref. Pand the

£ 34r 16K] transition probabilities. Since the latter quantities are not
; 3.2r 19K] known a simplified fit was made considering only e 0
3 30} 4.1 KA andk= 7 transitions(indicated by D and Din Fig. 2) be-
5 ”g ] cause for thesé values the substantial contribution to the
é sl WK integrated intensity can be expected due to the enhanced den-
2 26 ﬂ}( sity of states. The magnitudes of the gaps of one-magnon
g i o states ak=0 andk= 7 were calculated using the aforemen-
F 24 ’W“’/\/ 34K , 9!
E oD ] tionedD, J, andg values, and 404-GHz radiation frequency.
1 n 1 1 1 y
2-24 5 P 10 12 The calculation yielded 217 and 92 GHz fke=0 andk

=1, respectively. Using the Boltzmann statistics and the

obtained values of the gaps the experimental data of the in-
tegrated intensity were fitted, the relative intensity contribu-

tions of the transitions d&t=0 andk= 7 were taken as the
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o6l L B L L direction, namelyg =2.25, D/kg=5.5 K, E/kg=1.5 K,
3t 1 J/kg=0.01 K for B\|c and g, =2.23, D/kg=6.5 K, E/kg
E05r ] =0.15 K, J/kg=0.12 K for B|b.

E 0.4 .

2031 N V. CONCLUSION

% 02r ] In summary, the position, slope, and temperature depen-
§ 0.1 ] dence of the anomaloy®D’) resonance line and the pres-

@ ool , ) | ] ence of the E line strongly suggests that these are the transi-

5 10 15 20 tions between the one-magnon and the single-ion bound
states and the ground-state excitation to single-ion bound
states, respectively. However, as was demonstrated by the

FIG. 6. Temperature dependence of the susceptibility of NENCQobservation of the additional E line as well as by the suscep-
measured in a magnetic field parallel to thaxis (circles and the  tibility studies, finite in-plane anisotropy and the tilted local
b axis (squares Dashed lines represent the theoretical predictionsanisotropy axes do not allow for more detailed studies in
for both directions using=2.29, D/kg=6.3 K,E/kg=0.9 K, and NENC. More specifically, we assume that the aforemen-
J/kg=0.15 K, as obtained from the analysis from powder susceptioned structural features of the material prevent the obser-
tibility data (Ref. 19. The results of the independent fits of both vation of the theoretically predicted double peak structure in
data sets are denoted by the solid and dotted lines. See the text fffe anomalous resonance DDine. Consequently, the
a more detailed discussion and the values of the parameters. possibility of synthesizing another compound of the

Ni(X),Ni(CN), class, i.e., a system with a tilt-free orienta-
fitting parameters. As can be seen in Fig. 5 for the ratio 3:tion of the local anisotropy axes and a weaker in-plane an-
a good agreement with the experimental data was obtainegotropy, is under investigatioff. In addition, the detailed
It should be noted that the contribution from the enhancedjuantitative description of all the observed resonance lines
density of states dt=0 andk= could also be discerned requires the incorporation of in-plane anisotropy into the the-
from the irregular shape of DDin Fig. 4. oretical modef Since, according to our knowledge, mag-

In addition, the presence of the in-plane anisotropy, asetic excitations inS=1 planar Heisenberg chains in the
well as the effect of the tilted local anisotropy axes, may alsaspin-flop regime B;; <B<B,.,) have not been theoretically
be detected in magnetic susceptibility studies using singlstudied yet, the presented results might stimulate a theoreti-
crystals. At present for large- systems, the susceptibility is cal investigation of the excitation spectrum of these systems
the only quantity in which a finite magnetic field has beenin the aforementioned field range. Finally, it would be inter-
incorporated into a theoretical description along with finiteesting to conduct analogous experimental studies uSing
values ofJ, D, andE. In the experiment, the magnetic field =1 planar Heisenberg ferromagnets aBe 1 Heisenberg
was oriented parallel to the andb axes, while the theoret- chains with easy-axis anisotropy, since single-ion bound
ical predictions incorporatin®, J, andE are available for states have also been predicted in these systéms.
fields parallel and perpendicular to the hard axis. The com-
parison between the experimental data and the theoretical ACKNOWLEDGMENTS
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