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Evidence of quantum criticality in the doped Haldane system Y2BaNiO5
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Experimental bulk susceptibilityx(T) and magnetizationM (H,T) of theS51 Haldane chain system doped
with nonmagnetic impurities, Y2BaNi12xZnxO5 (x<0.08), are analyzed. A numerical calculation for the
low-energy spectrum of noninteracting open segments describes well experimental data above 4 K. Below 4 K,
we observe power-law behaviorsx(T);T2a and M (H,T);T12a f a(H/T), with a (,1) depending on the
doping concentrationx. This observation suggests the appearance of a gapless quantum phase due to a broad
distribution of effective couplings between the dilution-induced moments.
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The past two decades have seen a resurgence of int
devoted to macroscopic quantum phenomena in Heisen
antiferromagnets~HAF!. A current issue in this field con
cerns the interplay between quantum spin fluctuations
quenched ~i.e., time-independent! disorder in one
dimension.1 A simple nontrivial model to address this issu
is the one-dimensional~1D! HAF with spins S51, which
has a Haldane gapD'0.4J and a short correlation lengthj
'6 in its spin-liquid ground state (J is the nearest-neighbo
exchange parameter!.2,3 In this system, the disorder in th
form of site depletion leads to interesting quantum pheno
ena due to the creation of two effectiveS51/2 spins on the
opposite edges of a segment, near the vacancies.4,5 The in-
clusion of weak magnetic bonds across the spin vacan
induces bond disorder and causes departure from sim
finite-size behaviors. In this case, some recent theore
works, for theS51 chain with variable nonmagnetic dopin
found a quantum~zero-temperature! phase transition from
the Haldane phase to a 1D random-singlet~RS! phase in
which effective spins are coupled into singlets over all len
scales.6,7 On the experimental side, however, this proble
has been very little explored from the point of view of qua
tum criticality. While it is known that someS51 diluted
compounds can sustain paramagnetism down to low t
perature, most of the existing experimental studies aime
confirm the existence ofS51/2 end-chain states or to reve
the internal structure of these end states.4,8 A noticeable ex-
ception is the recent observation of a 3D long-range or
~LRO! caused by nonmagnetic doping in PbNi2V2O8.9 This
Haldane system shows, however, substantial interchain in
actions, so it is almost critical towards the formation of
LRO in the absence of intentional disorder.

In this work, we examine the effects of nonmagnetic do
ing on the bulk magnetic responses in theS51 quasi-1D
HAF Y2BaNiO5. We chose this well-characterized syste
because of the rather high value of its main energy scalJ
'280 K, and the very small value of the interchain couplin
uJ' /Ju,1023.10 Furthermore, it has a simple orthorhomb
crystal structure11 and a small single-ion anisotropy (D/J
'20.04, E/J'20.01).10 A weak nonmagnetic doping in
Y2BaNiO5, which is realized by substituting Zn21 or Mg21
PRB 620163-1829/2000/62~5!/2998~4!/$15.00
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ions for theS51 Ni21 ions, yields new magnetic states b
low the Haldane gap (D'100 K! with no sign of LRO down
to very low temperature.12–14 Recently, the low-temperatur
specific heat of Y2BaNi12xZnxO5 (x50.04) and the
electron-spin-resonance spectra of a series of Mg-do
compounds have been quantitatively explained by an ef
tive model that describes the low-energy spectrum of non
teracting openS51 chains.15,16 These results and the rece
NMR experiments in Ref. 8 are strong indications of t
existence ofS51/2 end-chain states. In the present work,
analyze new susceptibility and magnetization data
Y2BaNi12xZnxO5 with 0.04<x<0.08. Above 4 K, the
simple model of noninteracting segments used in Refs.
and 16 describes well the data. Below 4 K, however,
observe a regime with divergent power-law behavior, wh
is similar to that observed in some doped semiconductor17

Our results support the existence of a zero-temperature
less phase due to randomness in the effective bond distr
tion that is reinforced by the interchain interactions. T
low-energy effective model for this phase resembles a 2D
3D RS state.

Figure 1 shows the linear susceptibilitiesx(T) measured
with a commercial superconducting quantum interferen
device magnetometer for a series of polycrystalline samp
of Y2BaNi12xZnxO5 (x50, 0.04, 0.06, and 0.08! that were
prepared through standard solid-state reactions11. The results
obtained for the nominally pure sample compare well w
those in the published literature.12 At low temperatures,x(T)
is well fitted by the sum of aT-independent termx0, a Curie
law, and a thermally activated term withD'100 K ~see Fig.
1!. The sum of the activated part and the constantx0
'1024 cm3/mol is negligible below 15 K. The low-
temperature susceptibility~below 10–15 K! for x50 is
mainly due to the Curie contribution that corresponds
1.4% of freeS51/2 spins per formula unit. This Curie be
havior can be interpreted as coming from natural crystal
fects and a weak excess oxygen. The main effect of the
tentional nonmagnetic dilution is to increase drastically
low-temperature upturn inx(T), as is evident from Fig. 1.
This indicates the existence of paramagnetic moments wh
2998 ©2000 The American Physical Society
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amount is related to the doping concentration. The beha
of x(T) is, however, qualitatively the same, regardless of
level of dilution. The data for the doped compounds we
first analyzed with a modified Curie-Weiss law,x(T)5x0
1C/(T2u), between 1.9 and 15 K. A small phenomen
logical u'20.6 K was required to describe the data. T
dependence of the Curie constantC as a function of the Zn
doping is shown in the inset of Fig. 1. At low doping, th
observedC value is that for twoS51/2 spins per nonmag
netic impurity. At highx, however, the Curie constant shou
be that for one half of a spin—1 per Zn since a short segm
with an odd~even! number of spins behaves as aS51 (S
50) ‘‘molecular’’ entity at low temperature and the numb
of odd chains is half the total number of chains. This te
dency seems to be observed~see Fig. 1!. We have also mea
sured the magnetizationM (H,T) for applied field up to 5 T.
For all samples,M (H,T)2x0H shows a non-Brillouin be-
havior and is smaller than twice the Brillouin function fo
oneS51/2 spin per Zn.

To go further in our analysis, we have compared the
perimental data with a theoretical model based on the pic
of noninteracting segments as described hereafter. The
ergy spectrum of finite segments described by theS51
Heisenberg Hamiltonian is characterized by four low-ene
states, a singlet, and a triplet.3 It corresponds to the existenc
of a coupling between the twoS51/2 edge spins, which ma
be antiferromagnetic~AF! or ferromagnetic~F!. The energy
difference among these levels decreases exponentially
the length of the chainN, as (21)Ne2N/j, and already for
chains of a few lattice sites, these four states are separ
from the rest of the spectrum by an energy of the order of
Haldane gap3. Therefore at temperatureT and magnetic en-
ergiesmBH much lower than the Haldane gap, the magne
and thermal properties of a system composed of segmen
several lengths are completely described by the energ
these four states and the matrix elements of the magne

FIG. 1. Magnetic susceptibility versus temperature,x(T), for
Y2BaNi 12xZnxO5 (0<x<0.08). The solid line is a fit forx50
with x5x01C/(T2u)1A(D/T)1/2e2D/T. The sum of the first and
third terms is shown as a dashed line. Inset: the doping depend
of C as described in the text. Data from Ref. 12~open circle! and
Ref. 14 ~square! for Mg-doped Y2BaNiO5 are included for com-
parison. Solid and dashed lines show the result assuming tha
impurity creates two freeS51/2 spins and one half of aS51 spin,
respectively.
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tion operator in this reduced subspace. We have calcul
these quantities using the density-matrix renormalizati
group ~DMRG! method. The resulting Hamiltonian that de
scribes the low-energy properties of a segment including
triplet u1,Sz& and the singlet stateu0& is

He f f5E0~N!1@Ja~N!1Db~N!#u0&^0u1Dg~N!Sz
2

1Eg~N!~Sx
22Sy

2!2mB(
na

HaganSt
n , ~1!

whereE0(N), a(N), b(N), andg(N) are functions of the
chain lengthN ~determined from the DMRG data!. The va-
lidity of the last term has been verified explicitly by calc
lating the matrix elements ofSt

1 , andSt
2 for all chains. The

magnetic-moment operator is2¹HHe f f , and to compare
with experiments in polycrystalline samples, we have av
aged its expectation value over all possible orientations
the crystal. Also, a distribution of chain segments cor
sponding to a random distribution of defects was assume16

Figure 2 shows the comparison between the measu
x(T)T products forT,12 K and a numerical solution ob
tained by taking the values of the dopingx andx0 that best
fit the data for 2 K,T,12 K. All the other parameters wer
held fixed at the values deduced from previous works:10,16

J5280 K, D/J520.039,E/J520.013,gx5gy52.17, and
gz52.2. The fitted values ofx (x50.041, 0.060, and 0.074!
are close to the nominal concentrations, and the fittedx0
remains in the expected range (x051.031024 to 1.9
31024 cm3/Ba mol!. Taking into account that uncertaintie
in the above parameters affect the theoretical curve, the
cess of the anisotropic model of noninteracting segment
explain the data above 4 K is noticeable. Note that for the
cases with nominal concentration of Zn,x50.06 and x
50.08, a decrease of the order of 5% or less in the actux
used, would improve considerably the fitting above 5 K, b
increase the differences between theory and experimen
the low-temperature part. Instead, because of the diffe
rate of change of both curves, it is not possible to obtai
good fit for T,4 K by small changes ofx or other param-

ce

ne

FIG. 2. xT versus T plot for Y2BaNi12xZnxO5 (0.04<x
<0.08) in the range 1.9–12 K. Error bars are of the order of
sizes of the symbols. The solid lines show the fits with our num
cal solution, as described in the text. The dashed and dotted
are for the two freeS51/2 spins prediction and a numerical calc
lation neglecting the single-ion anisotropy, respectively, forx
50.06.
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eters. A good agreement between the experimental mag
zation @M (H,T)2x0H# and the numerical data above 4
~not shown! is also achieved using the parameters require
describe the susceptibility data. This noticeable agreem
confirms the existence of theS51/2 end-chain excitations
Note that an accurate description of the experimental d
needs to consider both, a random distribution of defec16

and the effect of the single-ion anisotropy,15,16 which is
stronger for shorter segments.

However, below 4 K, the experimental data deviate fro
the predictions of the above described model. An analysi
the susceptibility shows that, in the vicinity of 4 K, there is
crossover to a sub-Curie power-law regime,@x(T)2x0#
;T2a with a50.83, 0.79, and 0.76 forx50.04, 0.06, and
0.08, respectively~see Fig. 3!. The susceptibility data for the
Mg-doped compound Y2BaNi0.959Mg0.041O5 in Ref. 14 also
obey a power-law form witha50.73 ~see Fig. 3!. This be-
havior cannot be reproduced by the model of noninterac
segments. Besides, in previous studies of specific heat
electron spin resonance, while excellent agreement was
tained above 4 K, a discrepancy was also found below
temperature and interpreted as the onset of interchain in
actions not taken into account in this model.15,16 The ob-
served power-law form ofx(T) is reminiscent of some
random-exchange Heisenberg systems for which the AF c
plings between nearest-neighborS51/2 spins are random in
their magnitude, such as insulating phosphorous-doped
con ~Si:P!.17 Bhatt and Lee have proposed a theoreti
method to explain the properties of Si:P.18 Within this ap-
proach, the spin pairs with the strongest AF bonds freeze
inert singlets, leaving behind a new ensemble of active sp
with a renormalized distribution of exchange, and the qu
tum fluctuations drive the whole system into a ground st
consisting of random local singlets~RS phase!. The behavior
of the susceptibility,x(T);T2a with a,1, follows from a
divergent power-law distribution of the renormalized e

FIG. 3. Power-law scaling of the magnetization,@M (H,T)
2x0#/T12a5 f a(H/T), for Y2BaNi12xZnxO5 (0.04<x<0.08) in
the range 1.9–4 K with data taken every 0.1 K. The values ofa are
determined from the susceptibilities. The solid line is the theoret
expression off a(H/T) from Ref. 17 forx50.06. Inset: Double-
logarithmic plot of @x(T)2x0#T versusT for Y2BaNi12xZnxO5.
Data for Y2BaNi0.959Mg0.041O5 in Ref. 14 are shown as open dia
monds.
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change,P(J);J2a. A scaling of the magnetization has bee
also predicted and experimentally observed17

M (H,T)/T12a5 f a(H/T). A similar scaling is, in fact, very
well obeyed by our data below~but not above! 4 K using the
a exponents determined from the susceptibility. Figure
shows a plot of@M (H,T)2x0H#/T12a versusH/T for each
of the three samples studied. All the data for each sample
different magnetic fields and temperatures, lie on a sin
scaling curve, which is, however, different from the expre
sion of f a(H/T) calculated on the basis of the Bhatt an
Lee’s solution for Si:P.17 This is illustrated in Fig. 3 for
Y2BaNi0.94Zn0.06O5.

These power-law behaviors show that the picture of
ideal 1D anisotropic Heisenberg noninteracting chain bre
down below 4 K, and that additional interactions play a ro
From simple arguments based on perturbation theory,
expects that the dominant interchain interaction is a coup
J'b

betweenS51 spins lying in nearest-neighbor chain
along theb direction, perpendicular to the chain axisa. A
calculation using the cell perturbation method givesJ'b

'0.2 K.19 This interaction should be at least an order
magnitude larger than that between two spins on the s
atomic chain, with a Zn atom in between. As discussed
more detail in Refs. 15 and 19,J'b

induces an effective

interaction J8 between S51/2 end-states of neighborin
chains along theb direction, the magnitude and sign o
which depends on the detailed position of the defects. T
maximum absolute value ofJ8 is of the order of 10J'b and it
should decay exponentially with the distance along the ch
between the defects. Since the interaction betweenS51/2
defects lying in differentab planes is expected to be at lea
an order of magnitude smaller, the physics in the range
K,T,4 K seems to correspond to a 2D array ofS51/2
spins, with randomF and AF interactions coming from ex
ponentially decaying intrachain and interchain couplings.

In agreement with this, the spin-glass behavior obser
below 3 K in Ca-doped systems Y22yCayBaNiO5 indicates a
dimensionality higher than one in the system at a l
temperature.14,19 For a 2D or 3DS51/2 model with random
AF interactions, Bhatt and Lee obtained a power-law beh
ior with a(,1) depending on the doping concentration18

This result is consistent with our observations but, as m
tioned above, we obtain a different scaling function for t
magnetization. This might be due to the presence of effec
F coupling in Y2BaNi12xZn xO5. Our results can also be
compared to a recent theoretical work in which the spin
chain with an AF coupling across nonmagnetic impurities
mapped onto a bond disordered spin-1/2 chain.6 Within this
1D approach, the Haldane state is found to be stable to w
dilution. For sufficiently strong randomness, however, t
system flows towards a 1D RS phase with diverging cor
lation length. In this gapless phase, the form of the lo
energy asymptotic behavior ofx(T) is independent of the
level of the disorder,x(T);1/(T ln2 T). In the Haldane
phase, there is a Griffiths gapless region wherex(T) varies
asT2a with a(,1), which is dependent of the details of th
randomness. It is unclear, however, whether a similar ph
ics should be valid or not when interchain coupling is turn
on.20 Furthermore, the form of the asymptotic behavior
x(T) is not known for a 2D or 3D RS phase.1 If there were

l
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no interchain couplingJ' , the low-energy model for
Y2BaNi12xZnxO5 with 0.04<x<0.08 would be the 1D RS
phase depicted in Ref. 6 since the bond across a Zn is
pected to be much weaker than the average coupling betw
theS51/2 edges within a segment.15 From our observations
it is tempting to say that theH/T variable in the scaling of
M (H,T) indicates a Tc50 critical point and that
Y2BaNi12xZnxO5 has a quantum critical ground-state ev
for the smallest dopingx50.04. From the theoretical poin
of view, the detailed explanation of the observed power-l
behaviors remains open.

Interestingly, a similar singular behavior has been d
closed for twoS51 1D HAF compounds, namely, AgVP2S6
and Ni~C2H8N2!2NO2ClO4 ~NENP!, on nominally pure
samples.21 A broad distribution of couplings between th
dilution-induced moments and quantum fluctuations dri
J
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s

Y2BaNi12x ZnxO5, and perhaps other real systems as w
towards a ground state that resembles a random vale
bond-state. This is in contrast with the LRO observed
PbNi2V2O8.9 Therefore, there is no universal behavior und
nonmagnetic doping in realS51 1D HAF substances. De
tails of the topology of the magnetic interaction lattice a
probably crucial in determining the way the Haldane phas
destabilized by the quenched disorder.
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