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The results of experimental studies of the magnetic and thermodynamic quantities and ESR data of a
magnetic chain compound NiggHgN,),Ni(CN),-H,O are reported. The system is identified asSmnl
planar Heisenberg antiferromagnetic chain with subcritical exchange coupling and strong in-plane anisotropy.
The influence of in-plane anisotropy is discussed with respect to the validity of a theoretical model proposed
for S=1 Heisenberg chains with strong planar anisotropy. The analysis suggests that in-plane anisotropy
should be considered in any attempt to find a compound potentially located at the boundary between the
Haldane and larg® phases.

Antiferromagnetic quantum spin chains have been thén-plane anisotropy on the magnetic properties of ldbge-
subject of intense theoretical and experimental studies sincgystems which may be located in the vicinity of the boundary
Haldane’s prediction about the difference between the intebetween the Haldane and larBephases. To this end, we
ger and half-integer spin chaihdnteger spin chains were studied the ESR spectrum, specific heat, susceptibility, and
predicted to possess an energy gap which persists in the prggagnetization of Ni(GHgN,),Ni(CN)4- H,O (hereafter ab-
ence of a weak easy-plane anisotrdpybut is expected to breviated as NBYCwhich we identify as arB=1 Heisen-
vanish at a critical value of the anisotropy constBt=J,  berg antiferromagnetic chain with strong in-plane anisotropy
whereJ is an exchange coupling constarilevertheless, a (E>|J|). The analysis of the experimental results suggests
gap of a different nature reappears above the critical valughat the low temperatureTe=|J|/kg) predictions of the
and is present in both antiferromagnetic and ferromagnetiaforementioned strong-coupling model rapidly deteriorate
chains. For systems with strong planar anisotréihye so-  with increasingg/D ratio.
called largeD phaseg, the concept oflantjexcitons as the The material NBYC crystallizes in the orthorhombic
elementary excitations from the singlet-ground state was prospace grougPbcnwith cell parametersi=14.067(1) Ab
posed in the framework of a strong-coupling thedrjhe  =10.1759(7) A, c=15.755(1) A. The structurésee Fig.
exciton dispersions proved useful for the calculation of thel) consists of infinite zigzag chains containing two kinds of
specific heat at very low temperatures within a dilute-excitorNi2* ions. The N ion in the[ Ni(CN),]?~ anion is square
approximation. This result was applied for the analysis of theplanar coordinated and thus diamagnetic. The'Non in the
specific heat of Ni(gHgN,),Ni(CN), (hereafter abbreviated [Ni(C;gHgN,),]?>" cation is paramagnetic and is located in
as NENGQ.* These results stimulated the extension of thethe center of the distorted octahedron. Since the distance
theoretical model to provide predictions which would go be-between the magnetic i ions is about 10 A, the direct
yond the low temperature region and would involve the ef-exchange interaction will be of a minor importance. Never-
fect of external magnetic field and in-plane anisotrdfy theless, reminiscent of the structure of NENC, superex-
which is typically present in real systemJhe correspond- change can occur via the bridging units of
ing theoretical predictions were in turn used for the reanaly—CN-Ni(CN),—NC-. It should be noted, that the exchange
sis of NENC specific heat and susceptibility data which re-bridge is straight and consists of five nonmagnetic atoms,
inforced the identification of NENC as &~ 1 Heisenberg therefore, according to Goodenough-Kanamori rules, weak
antiferromagnetic chain with strong planar and weak in-antiferromagnetic coupling can be expected. Although the
plane anisotrop$.In this report, we discuss the influence of separation between the chains is comparable to the distances
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FIG. 2. Temperature dependence of magnetic specific heat of
NBYC (circles. The dashed line denotes the numerical prediction
of Blote (Ref. 12 using D/kg=1.45 K, andD/J=1, while the
solid line represents the prediction of the mo¢Ref. 5 using the
values of the parameters given in the inset. The dotted dashed line
denotes the Schottky contribution witlD/kg=3.5 K, E/kg
=1.9 K. Inset: Low temperature specific heat data of NBYC
(circles compared with the theoretical prediction of mo¢eEf. 5
(solid line) and dilute exciton approximatiafashed ling See text
FIG. 1. Crystal structure of NBYC. Diamagnetic nickel atoms for more detailed discussion.

(Ni1) are coordinated by four cyano groups, while paramagnetic 5 . . .
nickel ions (Ni2) are located in the center of slightly deformed +bT’, whereaT* describes the high-temperature behavior

nitrogen octahedror(@—(c) represent cell axes. of the magnetic §pecific Ijeat3 whiber® represents th.e Iow-.
temperature lattice contribution of structurally anisotropic

between the paramagnetic ions within the chain, more comsystems as proposed by Bloembergen and Miedénfar
plicated interchain superexchange paths are expected to &@-2 K<T<6 K, a least-squares fit yielde=1.93 J K/mol,
low the formation of well-isolated magnetic linear chains inb=5.82x10"2 JK™° !/mol, andc=2.52. As a result, the
this compound. A detailed characterization of the NBYCmagnetic specific heal,, is characterized by a round peak
structure will be reported elsewhete. with a maximum value of 3.5 @K mol) at T,,,=1.05 K

The specific heat of two powdered samp(845 mg and  (Fig. 2). The magnetic entropy was calculated numerically in
1.05 g was studied in the temperature range from 100 mK tahe measured temperature region and standard approxima-
6 K using the dual-slope methbéh a commercial dilution tions were used to cover the whole temperature interval. The
refrigerator. To cover the whole temperature interval, acalculation yielded 8.76 @ mol) which is close to the the-
RuO, thermometer was used for the measurements from 100retical valueR In(25+1)=9.13 J/(K mol) for aS=1 sys-
mK to 2 K, while an Allan-Bradley resistor was used for the tem. The broad maximum, together with the absence »f a
measurements from 2 to 6 K. The thermometers were calianomaly down to 100 mK, indicates a high degree of short
brated against commercial Lake Shore thermometers. Th@nge order in this system. Ti®&, was compared with the
experimental accuracy of the measurements was about 6%umerical predictions of Ble*?> where onlyD and J were
For NBYC, the specific heat of the thermometer, heater, anéhvolved. The best agreement between the numerical predic-
varnish(GE 7031 can be safely neglected in the aforemen-tions and the experimental data was obtained wbékg
tioned temperature range. The susceptibility and magnetiza=1.45 K andD/J=1 (Fig. 2). The resultanD/J ratio sug-
tion of a 141 mg powder sample were measured in a comgests that NBYC should be located near the boundary be-
mercial SQUID magnetometer. The sample was glued to &ween the largdd and gaplesXY phases? However, the
piece of weighing paper using GE 7031 varnish and wasign of the obtained exchange coupling constant is in contra-
placed in a gelcap which was held by a straw. A magnetiaiction with what can be expected from the crystal structure.
field 100 mT was applied during the susceptibility run, andin addition, subsequent ESR studies did not reveal the pres-
the background contribution of the varnish, gelcap and stravence of an energy gap with a correspondingly low value. In
is negligible below 20 K. The ESR experiment was per-the ESR spectra, one can distinguish two different kinds of
formed with a powder sample and transmission spectromresonancegsee inset of Fig. 3 which correspond to the
eters using backward wave oscillatbesd Impatt and Gunn branchesA and B in the ESR frequency-field dependence
oscillators as microwave sourcts. (Fig. 3). From the temperature dependence of the resonances,

Since NBYC represents a magnetic insulator, only theone can conclude that the main contribution is from ground
magnetic and lattice contributions to the total specific heastate excitations. Therefore, we considered the observed
are considered in the present discussion. The lattice contriesonances as transitions at fheoint. In the first approxi-
bution was subtracted by finding the temperature regiomation, the ESR data were analyzed using a single-ion
where the data may be fit by the equati@{T)=aT 2 Hamiltonian:
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FIG. 3. Frequency-field dependence of the magnetic resonance Temperature (K)

in powdered NBYC. Circles are indicating the field of maximum

absorption(solid and open symbols correspond to measurements at FIG. 4. Susceptibility data of powdered NBYC. The solid line
1.5 and 4.2 K, respectively Solid lines represent the prediction represents the theoretical prediction of modBlef. 5 Inset: Field
obtained in the single-ion approximation. Inset: The 134 GHz transdependence of the magnetization of powdered NBYC studied at 5 K
mission spectrum at 1.5 K. Experimental data are denoted by opefeircles, 10 K (squareg 20 K (triangles. The corresponding theo-
circles, while the solid line corresponds to a calculation as devetical predictions obtained in single-ion approximation are denoted
scribed in the text. by solid lines.

- 72 1 This result supports the assumption of the existence of a
H=b Z [(S)7=3S(S+1)] weak exchange coupling between paramagnetfc’ Nons.
Consequently, more detailed o;nalysiscm was carried out
* X\2_ (QY)2 2B using the theoretical predictiohwith D, J, andE taken into
TE Z LS~ (S)71+ gusS B, @ account. In the high-temperature region, the specific heat
data can be satisfactorily described with the valueB tz
whereD* andE* correspond to the effective splitting of the =2.55 K, |J|/kg=0.2 K, andE/kg=1.5 K. The reason-
energy levels at thd' point. The shape of ESR line was able agreement of th® andE values, as obtained from the
calculated by integrating the contributions of all orientationsanalysis of the ESR and the reanalysis of @)g data, sup-
of single crystals in a magnetic field using a procedure apports our assumption about the subcritical exchange coupling
plied in the analysis of magnetic resonance in NENC andand the significant influence of in-plane anisotropy. Even
TMNIN.**** For all contributing excitations, the difference though the model is valid up t®/|J|=2.5 whenE=07°
of occupation numbers and the transitions matrix elementtghere is an apparent disagreement at low temperatures where
were taken into account. In order to obtain reasonable quanhere is a kinklike anomaly on the ascending side of the
titative agreement, it was necessary to include in-plane arspecific heat. In order to clarify whether the resultingJ,
isotropyE into the analysis. The best fit of the shape of ESRandE parameters are still appropriate for NBYC or whether
line yieldedD*/kg=2.2 K, E*/kg=0.9 K, andg=2.05. the predicted anomaly is an artificial artifact of the model,
Since the absorption maximum corresponds to the resonandiee susceptibility and magnetization of NBYC were experi-
when the external magnetic fieBlis parallel to thex axis, = mentally studied. The behavior of the susceptibility data
the frequency-field dependence in Fig. 3 was analyzed usin@Fig. 4) in the temperature range from 2 to 20 K is not
the single-ion model foB|x. The remarkable feature of the characterized by a round maximum typical for anisotropic
observed frequency-field dependence is a small slope dfleisenberg chains. Furthermore, a plateau characteristic for
branchB which corresponds tdam=2 transitions. In high Heisenberg chains with subcritical exchange coupling was
fields, the increase of this branch is expected to bp B not observed down to 2 K. Nevertheless, considering the
(see solid lineB in Fig. 3. However, the experimentally results of the ESR and specific heat analyses, the suscepti-
observed slope deviates somewhat from the theoretical exility data were evaluated using the theoretical prediction
pectation. This behavior might be ascribed to the powdewhich incorporated, J, andE. In the fit, theg factor was
nature of the specimen, but further ESR studies performeéixed to be 2.05 as obtained from ESR analysis. Using this
with larger single crystals are required to verify this conjec-approach, it was found that the susceptibility data can be
ture. Considering the ESR analysis as discussed atityye, well described usind/kg=2.5 K, E/kg=1 K, andJ/kg
was reanalyzed, using only andE, to verify the presence of =—0.4 K. The field dependence of the magnetization was
the exchange coupling in the studied system. The fitting oktudied at 5, 10, and 20 Knset of Fig. 4. Since the corre-
the specific heat data in a single ion approximation yieldedponding theoretical prediction for the magnetization is not
D/kg=3.5 K andE/kg=1.9 K. However, as can be seen in available, the data were analyzed within the single-ion ap-
Fig. 2, the quantitative agreement between the data and thigroximation using thé andE values as obtained from sus-
corresponding Schottky contribution is unsatisfactory, everceptibility analysis andy from ESR. The small systematic
though the positions of the maxima coincide reasonablydeviation between the theoretical predictions and experimen-
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tal data may be attributed to neglecting the exchange cou-leisenberg chain with subcritical exchange coupling and
pling and to the powdered character of the sample. The goostrong in-plane anisotropy. From the analysis of the experi-
agreement of th®, J, andE parameters, obtained from the mental data, the criticaD/|J| ratio, below which the theo-
analysis of the ESR and the thermodynamic data, suggeststical treatmenitremains valid, is shifted to higher values
that, at low temperatures, the region of validity of the theo-With increasing in-plane anisotropy. The presence ofkhe
retical modef is shifted significantly to higheb/|J| ratios ~ term can lead to significant renormalization of tend|J)|

with increasinge/D ratio. For completeness, we also studiedParameters, even for relatively higb/[J| ratios. Conse-
the influence of the in-plane anisotropy on the reliability of duently, the presence of in-plane anisotropy should be con-
the calculation of the low-temperature specific heat in the>dered in attempts to find a system located at the boundary
dilute approximation. For NENC, it is noteworthy that incor- etween the Haldane and larBephases.
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