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Microscopic model for a class of mixed-spin quantum antiferromagnets

J. V. Alvarez! Roser Valentt and A. Zhelude%*
Fakulta 7, Theoretische Physik, University of the Saarland, 66041 Saekeny Germany
2Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6393
(Received 12 February 2002; published 26 April 2002

We propose a microscopic model that describes the magnetic behavior of the mixed-spin quantum systems
R,BaNiOs (R=magnetic rare earfhAn evaluation of the properties of this model by quantum Monte Carlo
simulations shows remarkable good agreement with the experimental data, and provides insight into the
physics of mixed-spin quantum magnets.
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Low-dimensional(low-D) quantum magnetism remains Ni-R coupling. In the present work we abolish the MF/RPA
at the forefront of condensed-matter research for almost twgamework and constructraicroscopicmodel forR,BaNiOs
decades. This is primarily because this field deals withcompounds. We then employ this model in a systematic first-
simplemodels of magnetism that demonstrate a broad spegsyinciples numerical study of these interesting materials.
trum of complexquantum-mechanical phenomena of a gen- |5 gorder to construct the microscopic model we will use
eral and fundamental nature. The simplicity of the Hamllto-the available experimental results to design an appropriate

hians involved, as WG.’” as the Iow_d|men5|onallty, Oftendescription for the magnetic ions and interactions in the sys-
allow accurate theoretical and numerical treatments. On th m: (i) A good understanding of the Ni subsystem can be

othgr hand, the .d|scover'y of real IoMmaterl_als allows ex- drawn from the known properties of,BaNiOs, a material
perimental studies for direct comparison with theory on the

guantitative level. A particular area of great recent interest ig" here t.h € nlagnenc rare earfchs have_ been replaced by non-
the coexistence of “quantum” and “classical” properties in Mmagnetic Y. The yttrium nickelate is an almost perfect
systems composed of weakly coupled quantum spin chain@hysical real|zgt|on of a Haldane gap antiferromagnet.
One good example is the interplay between continuum anf/€utron-scattering _da]t%‘ShOW a large gap oA~10 meV
spin-wave dynamics in gapless quasi-one-dimensionAnd welljcharactgrlze.d Haldane excitations. _Thls suggests
(quasi-1D Heisenberg systems such as KGURef. 1) and that the intrachain Ni-Ni exchange coupling in the chains
BaCuwSi,O,.2 At the focus of the present work is a more running along the axis has to bd~25 meV. Furthermore,
complex phenomenon: the seemingly paradoxical coexistthere is no evidence of 3D long-range order even at the low-
ence of 3D magnetic long-range order and 1D quantum ga@st temperatures. Any residudirect coupling between the
excitations in rare-earth nickelates with the general formulachains, both irb andc directions, is smaller than the critical
R,BaNiO; (R=magnetic rare eani* value necessary to establish antiferromagnetic order at low
R,BaNiOs species have two types of spin carrigBs=1  enough temperaturés!? This critical value depends qua-
Ni?* ions form distinct antiferromagnetic chains running dratically on the gap, and it is expected to be large in this
along thea axis of the crystal structure. If these chains werefamily of nickelates due to the magnitude of the gap. There-
perfectly isolated, they would be a classic example of &ore, we will consider thedirect Ni-Ni interchain coupling
Haldane antiferromagnet with no long-range order even aitrelevant for a physical description of the material.
T=0 and a gap in the magnetic excitation spectrunong- (i) When Y, located between the chains, is completely
range ordering that occurs R,BaNiO; at low temperatures substituted by a magnetic rare eaf) the system orders
is driven by the magnetis=% R®' ions, positioned in- antiferromagnetically. The N# temperature is typically
between the chains. 3D magnetic order involbesh R smaller than the gap energy. For example, in the dase
and N2* spins. What is particularly interesting, though, is =Nd, Ty=48 K and A~11 meV (~127 K)* In the
that Haldane-gap excitations associated with the Ni chainparamagneticphase T>Ty), the Ni-chain excitations in
persistin the ordered state andoexistwith conventional R,BaNiOs are virtually indistinguishable from those in the
order-parameter excitationispin waves By now, a wealth  yttrium compound at the same temperature, implying that
of experimental data on sever@,BaNiO; compounds has very little should change in the model of tf&=1 chains
been accumulatett® Most theoretical work, however, was while the ordering should be driven by some kind of ex-
based on a simple mean-fidldllF) (Ref. 4) or random phase change NiR that induces anndirect coupling between the
approximation(RPA) (Ref. 7) treatment of the interactions chains.
between Ni-chain and-rare earth subsystems. The existing (iii) In the magnetically ordered phase, the staggered
numerical studies were aimed at calculating the “bare” prop-magnetization of the Ni sublattice has @s-0 saturation
erties of the Ni chains, needed to complete the MF/RPAvalues of (1.0—1.6)5 per ion in all theR,BaNiO; studied
equationg While the MF/RPA approach turned out to be anto date*'*®These values are clearly smaller than the clas-
extremely useful tool in understanding the basic physics insical result 2ug. This observation signals that the model
volved, it has numerous intrinsic limitations, particularly for describing these compounds has to properly retain the quan-
dilute (R;_,Y,),BaNiOs systems, or in the case of strong tum fluctuations in the ordered phase.

0163-1829/2002/68.8)/1844175)/$20.00 65184417-1 ©2002 The American Physical Society



J. V. ALVAREZ, ROSER VALEN'I:I, AND A. ZHELUDEV PHYSICAL REVIEW B 65 184417

(iv) Unlike Ni-R interactions, that are vital in order to S=1/2
induce a static magnetization on the Ni sites belby di- O o—( —=o© O O Q O
rectR-R magnetic coupling can be disregarded in our model.
Indeed, the ordering temperaturesRaBaNiOs; compounds
are typically several tens of K. The direct coupling strength C) 'e) () o) () 'e) () 'e)
between rare earths in insulators is much weaker, usually o
the order of 1 K. This is due to the fact that in rare earth
species the magnetielectrons are strongly localized, which (O—o—)—o0—)—o0—)r—o0
prevents efficient superexchange coupfifiginlike the case
of Y,_,CaBaNiOs;,""~* where doping with Ca introduces =1
hole carriers in the Ni chains, this localized nature of r—o— y—o— r—o—( r—o
f-electrons in the rare-earth keeps e 1 chains free from
charge carrieré

(v) In the crystal structure ofR,BaNiO;, the site- (/ O { J)—™©° () o { —©
symmetry forR®" is very low. As a result, for each rare- J
earth ion the degeneracy of its magnetic multiplet is lifted by
crystal-field effects. To investigate the low-energy part of the Q O O o] O o Q o]
spectrum we only need to consider the lowest-energy orbita Jc Jc
levels. In the case of the rare earth being a Kramers ion with
half-integer total angular momentuthwe shall model the FIG. 1. Microscopic model folR,BaNiOs. The large circles

magnetic rare earths by effectige= 3 (pseudaspins. In or-  denoteS=1 Ni spins, and the small circles denote the 3 R

der to decide about the type of coupling between the Ni angpins.J and J. are the Ni-Ni and the NR exchange couplings

R sublattices, we rely on the experimental observation of théespectively.

absence of dispersion in the crystal field excitations associ-

ated with R®" ions! This fact suggests that the coupling that can be directly compared with the available experimen-
between thér and Ni sublattices is very anisotropic and cantal data and which, in some cases, are not accesible for other
be approximated by an Ising-type term in the Hamiltonian. approaches like the MF/RPA approximatidnor the zero

With all the ingredients above, we now propose thetemperature density-matrix renormalization-gralMRG)
Hamiltonian calculation® These magnitudes aré) magnetizations in

both sublattices(ii) Neel temperatures, angii) correlation

, , lengths and gaps in both subsystems.
H :‘]iEj S.2iS+1.2 +JC% Si2i(Siz -1t Si2j+ 1) Before discussing the results, we present a brief technical

description of the numerical work and data treatment. QMC
with J and J, both positive. The first term il is aS=1  simulations are performed in finite lattices; therefore, an ex-
Heisenberg model along the Ni chains, the second is ahaustive finite size analysis of the results is necessary to
Ising-like coupling with strength), between theS=1 Ni  compare with real experiments. We used periodic boundary
ions and thes=3 magnetic moment in the rare earth. The conditions. The magnetizatiqiM) was computed by directly
indexi runs along the chain direction afdn the direction ~measuringM| in order to avoid the averaging between con-
perpendicular to the chains. A sketch of the model is showifigurations around the two ground states of the model in the
in Fig. 1. WhenJ.=0, H should reproduce the physics of ordered phase, and by using the relafiér lim _..[M|. We
the Y,BaNiO;, i.e., basically independei®=1 chains. considered for this extrapolationd L lattices of sizeL =8,

We have studied this model numerically with the quantum16, 24, 32, 48, and 64 spins. The di¢gemperature was then
Monte Carlo(QMC) method using a quantum cluster algo- determined by using the Binder paraméfewnhich is the
rithm, the loop algorithnf! This method allows for an effi- fourth cumulant of the order parameter distribution. A}
cient sampling of the configuration space giving a specifi¢dhis cumulant is independent of the size of the system, apart
prescription of how to perform global updates in quantumfrom subdominant corrections. We have observed that for
systems. Such updates involve clusters of spins with a size ofalues ofJ, smaller than~0.1J these corrections are due to
the correlation length. The Hamiltonian we studied is notthe anisotropy in the scalinge., different numbers of spins
frustrated, and does not show the sign problem. All the Boltin the a and ¢ directiong. We have checked this point by
zmann weights can be taken positive after the conventionatudying systems with different sizés,=32 and 48 spins
rotation around the axis of all the spins in one of the two andL.=24, 32, and 48 spins. For values Jf~0.3 and the
sublattices of theS=1 system. The difficulty in reaching precision needed for comparison with the experimény,
extremely low temperatures is a drawback of the QMCcan be computed by extrapolation from isotropic lattices.
method when one is interested in characterizing exoticThe statistical error bars are always smaller than the symbol
ground states, mostly near quantum critical points or stronglgizes in all the figures presented. We measured all the mag-
frustrated systems. None of these cases affects our calculaitudes in 16 Monte Carlo steps after thermalization. We
tions, since our main goal is to compare with experimentahave used unitgig=kg=%=1.
results at temperatures, as we will see, perfectly accesible for The staggered magnetizations obtained from the QMC
the QMC method. We have measured various magnitudesomputations for both the nickeM;) and rare-earthNIg)
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FIG. 2. My (squaresandMg (circles vs T. Open symbols are
the results obtained with the model Hamiltonian Jg=0.313, and
filled symbols are the experimental data. Both magnetizations are
given in units ofug, and have been rescaled with respect to the
saturation values 1 and 0.5, respectively.

sublattices are in good agreement with the experimental ref\[

sults for NgBaNiOs; (Ref. 4 for a suitable choice of the Ni 0.4 ng:g; i
model parameters in the Hamiltonian. For instance, for a AT=0.03

value of the transverse coupling=0.31], we have that +71=0.04
Mi(T—0)=0.79 that corresponds to the value dgfob- 0z ’)‘fkg-gg ]
served experimentally. The Metemperature for this value a DMRG (ref. 7)

of J. is Ty=0.163). We can take the gap in a singi=1

chain, A=0.41Q), and compute the ratio between the two 0 : . :

main energy scales in the system A/T, . We observe that 0 0.1 0.2 0.3 04
r is very similar in the materialr(=2.59) and in the model H =2J M

(r=2.51). In Fig. 2 we present the temperature dependencc Ni ¢ R

of the staggered magnetizations in tBe 1 (open squargs
_1 : :

ands=3; (open circles sublatticesMy; and Mg, respec- .. jing constan, . The solid lines correspond to the function Eg.

tively, for the selected value af; obtained from the QMC (1) () M vs the “effective field on the Ni subsystem induced by

simulations. The magnetization results have been rescalqfl, (Ref. 4 for variousT values. The squares correspond to the
with respect to the maximum saturation values, i.e., 1 for theyMRG results(Ref. § at T=0.

S=1 system and 0.5 for the=3 system. The results can be
compared with the experimental magnetic moment in the N'|\/|R as a function ofM; for various values ofl.. We ob-

(filed squares and Nd systemdfilled circles.* Note the  serve that the behavior of the magnetizations is well repro-
good agreement between the theoretical and experimentgliced by the function

results at low temperatures. We also observe that the stag-
gered magnetization in tHe= 1 sublattice is nearly tempera- Mg=Mj,tanh aBMy;), (1)
ture independent fof<Ty/2. At T=40 K, the NgNiBaOs
undergoes a magnetic structural transiftorand therefore where 8=1/kgT, M, is the effective moment of the rare-
we expect only qualitative agreement with our model at tem-earth ion, andx is a linear function ofl. in the range 0.09
peratures neary . <J.<0.5] as observed from our QMC results. Equatidn
Both sublattices behave qualitatively differently in the or- can be obtained by a mean-field approach, as shown by Zhe-
dered phase. While in the Ni sublattice the reduction of thdudev et al* These authors considered that the behavior of
staggered magnetization by purely quantum fluctuations ithe R,BaNiOs compounds in the ordered phase could be
important, theR sublattice is fully saturated to the classical described in terms of 8= 1 chain of Ni ions in a staggered
valueMz=0.5 atT=0. magnetic field induced by the=1 magnetic rare-earth ions
In order to understand the origin of the ordered phase oéind, reciprocally, the otherwise free spsis 3 see the mean
this quantum model we have studied the relation between thigeld produced by the neighborir§=1 chains.
magnetizations in both sublattices for different values af The excellent agreement between this mean-field ap-
In Fig. 3@ we show a plot of the QMC results &< Ty for ~ proach and our QMC results indicates that our microscopic

FIG. 3. QMC results fofa) Mg vs M for various values of the
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FIG. 5. Temperature dependence of the fitting parame(a)
FIG. 4. Inverse correlation length vs temperature for the Ni-in Eq. (2) for the Ni subsystem.
chain subsystenicircles, the R subsystem along (squarey and
for a singleS=1 chain(triangles. Solid lines correspond to the law is the spin-excitation velocity. The correlation length is com-
£ 1~(T-Ty\)Y2 At higher T, the Ni subsystem behaves like a puted in all the cases by fitting the z-component of the spin-
HaldaneS=1 chain. spin correlation function to the l&k

model also fulfills the property of viewing the effect of the O
staggered magnetization on the rare-earth ions as an effective (SESH)|=A exp( _) |~ 7 2)
magnetic field on the Ni subsystem, and vice versa. In Fig. §
3(b) we show the relation betweeM ; and the staggered
magnetic field induced b g obtained by our QMC calcu- (A and » are fitting parameteydirectly in a lattice of 64
lations for variousT values. The extrapolatiom—0 repro- X 64 spins and fod.=0.18 to keepl'y andA well separated
duces the DMRG results for orfe=1 chain in a staggered in energy. NeaiTy, the critical modes become gapless and
magnetic field aff=0 obtained by Yuet al® Since the R we observe how the gap closes in both subsystems following
sublattice is fully polarized af=0 no rescaling is necessary a lawé 1=K (T—Ty)*2 Kiis the only free parameter in the
to compare our data with the DMRG results. The quality offit presented in Fig. 4 by the solid line, sin€g is computed
the fits in Fig. 3a) and the data collapse in Fig( suggests independently. As the temperature increases, the correlation
a technical procedure to extrapolate QMC data down to zer#ngth in the Ni subsystem approaches the correlation length
temperature. This procedure is obvious for magnetization§f & single chain.
but could be extended for other thermodynamic magnitudes The behavior ofy is completely different in both sublat-
for Hamiltonians similar to the one proposed here. tices. While in theR sublattice the correlation function
In the context of the effective field interpretation, an (S;Sf) can be fitted with»=0 for all the temperatures
analysis of the temperature dependencMafobtained with ~ showed in Fig. 4, in the Ni sublatticg approaches the value
our QMC simulations indicates that, thouiyh, saturates to 0.5 in Eq.(2) as the temperature is reduced in the paramag-
the classical value af=0 (see Fig. 2, as expected if we netic phase. We have analyzed this behavior and observed
consider this subsystem as a sublattice of free spins in théat the temperature dependencegfT) in the spin-spin
presence of an external field, this behavior cannot be reprgsorrelation function Eq(2) is very similar to that ofy in a
duced by a purely classical mean-field model in Bigub-  single chain in which Eq(2) shows a slow crossover from
lattice, namely, the mean field just proportional to the mag-n»=3 at T=0, more preciselyS;S/) is then described by
netization in theR sublattice and independent of the Ni the modified Bessel functioi,,?® to =0 whenT>A 2®
magnetization. This fact signals that quantum fluctuations imThe temperature dependencesgfT) is shown in Fig. 5.
the Ni sublattice are essential to describe the magnetization The picture arising from the study of the spin-spin corre-
in the R sublattice. lation functions is that the modes becoming gapless at
We now discuss the spatial spin-spin correlations in thecan be described at a mean-field level. Moreover, since both
paramagnetic phase. In Fig. 4 we plot the inverse of thehe value of the correlation length and the power-law correc-
correlation lengti¥ ! along the Ni chainscircles and along  tions to the exponential behavior are very similar for the Ni
the R chains parallel to the Ni chainsquaresfor T<A/2.  subsytem and for an independe®#=1 chain, we can con-
For comparison, we preseét ! in a singleS=1 spin chain  clude that the modes remaining gapped in the system are
(triangles. In this range of temperatures it is well known that very much like the conventional Haldane excitations.
the correlation length in th&=1 chain is¢=#c/A, wherec In summary, we have shown that QMC calculations based
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on the proposed microscopic model are able to reproduce thee limit of smallx, where the MF model becomes totally
observed behavior oR,BaNiOs mixed-spin quantum anti- inadequate.

ferromagnets remarkably well. They provide a solid numeri- |t js a pleasure for us to acknowledge discussions with C.
cal basis for the MF/RPA model, and make additional pre-Gros, F. Mila, and H. Rieger. Oak Ridge National Laboratory
dictions regarding the magnetic nature of both spin specieg managed by UT-Battelle, LLC for the U.S. Department of
that go beyond the simplistic picture of a MF/RPA model. Energy under Contract No. DE-AC05-000R22725. R.V. ac-
We hope that the proposed approach will be particularly useknowledges financial support from the Deutsche Forschungs-
ful in the study of dilute R,Y,_,),BaNiOs compounds in gemeinschaft.
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