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We present a 31P NMR study of the coupled spin 1
2 ladder compound BiCu2PO6. In the pure material,

intrinsic susceptibility, and dynamics show a spin gap of about ��35–40 K. Substitution of nonmagnetic Zn
or magnetic Ni impurity at Cu site induces a staggered magnetization which results in a broadening of the 31P
NMR line while susceptibility far from the defects is unaffected. The effect of Ni on the NMR line broadening
is twice that of Zn, which is consistent with quantum Monte Carlo calculations assuming that Ni couples
ferromagnetically to its adjacent Cu. The induced moment follows a 1 /T temperature dependence due to the
Curie-type development of the moment amplitude while its extension saturates and does not depend on
impurity content or nature. This allow us to verify the generically expected scenario for impurity doping and
to extend it to magnetic impurity case: in an antiferromagnetically correlated low-dimensional spin system with
antiferromagnetic correlations, any type of impurity induces a staggered moment at low temperature, whose
extension is not linked to the impurity nature but to the intrinsic physics at play in the undoped pure system,
from one-dimensional to two-dimensional systems.
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I. INTRODUCTION

Studying the effects of impurity substitutions in low-
dimensional magnetic systems is a productive method to re-
veal the magnetic properties of the pristine, undoped materi-
als as well as to probe the unusual and novel short-range
magnetic disturbance that a dopant/impurity might cause
around it. In particular, nuclear magnetic resonance �NMR�
experiments have been successful in unraveling the details
of the impurity-induced short-range and long-range effects
via measurements of the NMR line shapes and their depen-
dencies on temperature.1 A direct comparison with theoreti-
cal predictions of the ground-state properties is then possible.
The prominent systems which have been investigated are
the S= 1

2 �gapless� Heisenberg antiferromagnetic �HAF�
chain Sr2CuO3,2 the S= 1

2 �spin-gapped� spin-Peierls chain
CuGeO3,3 the S=1 �spin-gapped� HAF Haldane chain
Y2BaNiO5,4 the S= 1

2 �spin-gapped� two-leg ladder
SrCu2O3,5,6 etc. From the theory side, impurity-induced ef-
fects in low-dimensional antiferromagnets have been studied
quite extensively as well.7–15

Continuing in this endeavor, we have recently reported16

the occurrence of a spin-gap behavior in the two-leg ladder
compound BiCu2PO6 �BCPO�. This was confirmed by recent
neutron experiments.17 The most studied spin-ladder com-
pound �SrCu2O3� shows a very small coupling between lad-
ders accompanied by a very large coupling J=2000 K be-
tween the Cu spins in the ladder, i.e., it consists of almost
isolated ladders. BiCu2PO6 on the contrary shows a smaller
coupling in the ladder J=100 K but comparatively larger
coupling between the ladders.16,17 This allows to probe the
intermediate situation between isolated ladders and two-
dimensional- �2D-� Heisenberg AF planes which should help
understand how peculiar the ladder geometry is and what the

properties of such coupled ladders are. In this spirit, we re-
cently reported �SR and NMR results18 showing that even a
small amount of magnetic or nonmagnetic impurity induces
spin freezing at low temperatures. This behavior was shown
to scale remarkably well with that of other low-dimensional
systems, independent of their geometry, such as the isolated
ladder SrCu2O3, spin chains PbNi2V2O8, or Spin Peierls
chains CuGeO3.

Thus motivated, we have carried out an extensive 31P
NMR study on undoped BiCu2PO6 as well as BiCu2PO6 with
nonmagnetic Zn and magnetic Ni impurities doped at the Cu
site to further explore such universal impurity-induced fea-
tures. The NMR shift and spin-lattice relaxation rate provide
clear evidence for a spin gap in the undoped compound. Our
measurements clearly show an impurity-induced broadening
of the spectra at low temperatures in the doped samples
which is attributed to the staggered magnetization around an
impurity. This is further confirmed by quantum Monte Carlo
�QMC� simulations which demonstrate that this broadening
is due to the Curie-type development of an induced spin near
the impurity, whose extension saturates at low temperatures
such as in S=1 spin chains.4 Similar behavior is observed for
both magnetic Ni and nonmagnetic Zn impurities, implying
that both impurities induce a staggered magnetization with
similar extension, despite the fact that Ni S=1 is shown from
QMC to couple ferromagnetically to its neighboring
Cu S=1 /2 spins. These results show that impurities induce
the same type of �spatially� alternating magnetic moments on
the sites neighboring the impurity leading to an effectively
extended moment as in uncoupled ladders or spin chains.
The effective moment extension is controlled by the pure
magnetic correlation length which implies a universal
mechanism for a three-dimensional �3D� spin freezing at low
temperature.18
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II. TECHNICAL DETAILS

Polycrystalline samples of Bi�Cu1−xMx�2PO6
�M =Zn,Ni� were prepared by standard solid-state-reaction
techniques. While Zn shows complete solid solubility, Ni can
be substituted up to x=20%. The details pertaining to sample
preparation and characterization are given in Ref. 19. For the
purpose of NMR, we have mainly worked on samples with
x�0.03. 31P NMR measurements were done in a tempera-
ture range of 1.2–300 K. 31P nucleus carries a spin I=1 /2
with 100% natural abundance and gyromagnetic factor
� /2�=17.254 MHz /Tesla. Echo pulse NMR was used, with
typical � /2 pulse widths of 3 �s, delays between pulses of
80 �s, and a total repetition time of 100 ms at high tempera-
ture and up to a few seconds at low temperature when relax-
ation times get longer. The spectra were obtained by recom-
bining successive Fourier Transform of the spin-echo signal
obtained in a fixed field of 70 kOe by sweeping the fre-
quency. The NMR total shift K was obtained from the rela-
tive shift of the peak of the 31P NMR line with respect to that
in an H3PO4 solution used as a reference. The spin-lattice
relaxation time T1 was obtained using a standard saturation-
recovery procedure. The recovery was found to be single
exponential as expected for the I= 1

2
31P nucleus.

III. PURE BiCu2PO6

The temperature dependence of the magnetic susceptibil-
ity of our undoped BiCu2PO6 sample has been reported in
Ref. 16. We note that the bulk susceptibility will have differ-
ent intrinsic and extrinsic contributions which are generally
difficult to disentangle. In particular, analysis of low-
temperature data can be troublesome when a large Curie-type
term is present. In contrast, the NMR shift is insensitive to
the presence of small amounts of extrinsic impurities and it
measures the intrinsic spin susceptibility. The 31P nucleus is
indeed coupled to the copper spins via a supertransferred
hyperfine coupling Ahf via the oxygen �see Appendix for
details�. The NMR shift K consists then of two parts

K = Kspin + Kchem =
Ahf

NA�B
�spin + Kchem, �1�

where Kchem is the chemical shift, which could be measured
here in BiZn2PO6. Indeed, BiZn2PO6 shows no spin contri-
bution because of the absence of Cu but its structure and the
P orbitals are isostructural to those of BiCu2PO6. This en-
sures that the T-independent shift of only 10 ppm measured
in BiZn2PO6 is directly Kchem. This correction allows us to be
confident about the “zero” of the shift �left� axis in Fig. 1,
where the spin shift 31P Kspin is compared to the measured
susceptibility �bulk in undoped BiCu2PO6 as a function of
temperature T.

It is seen from Fig. 1 that K scales with �bulk. As was
anticipated, there is a difference between the behavior of K
and �bulk at low temperature which is due to the presence of
extrinsic contributions �as well as intrinsic defects/chain
breaks� in �bulk. On the other hand, K measures the intrinsic
spin susceptibility which shows no low-temperature upturn.
The prominent features of the temperature dependence of K

are twofold: �i� there is a broad maximum �at about 60 K�
which is a hallmark of low-dimensional magnetic systems
and �ii� there is a sharp decrease below the maximum with K
becoming small as T approaches zero due to a gap in the spin
excitations. Fitting the shift data at low temperatures to
K�T�=K0+A exp�−� /kBT� /�T which is valid for one-
dimensional �1D� spin-gapped systems,20 yields
�=37�5 K for the gap � /kB. The reason for a nonzero
residual value for K0 ��200 ppm� is not clear at present but
is not due to any chemical shift contribution as explained
here above.

The nuclear spin-lattice relaxation rate 1 /T1, which
probes the low-energy spin dynamics in a system, has been
known to provide important information in a variety of low-
dimensional spin systems such as the spin chain Sr2CuO3,21

the two-leg ladder SrCu2O3,22 the Haldane chain
Y2BaNiO5,23 etc. Our 31P 1 /T1 data �see Fig. 2� show an
activated exp�−�1/T1 /kBT� behavior as expected for a gapped
system and we find that �1/T1

=50�5 K. The T dependence
of 1 /T1 in one-dimensional spin-gapped systems20 is indeed
expected to follow 1 /T1	�T exp�−3� /2kBT�. Therefore, in

0 50 100 150 200 250 300
0

500

1000

1500

0 5 10 15 200

500

1000

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

K
sp
in
(p
pm
)

T (K)

pure BiCu2PO6

χ
bulk (10 -3

cm
3/m

olC
u)

FIG. 1. �Color online� Variation in the 31P NMR spin shift Kspin

�left axis� with temperature T is compared with that of the bulk
susceptibility �bulk �right axis� for undoped BiCu2PO6. The inset
zoom shows that Kspin decreases and levels off at a small value at
low T.
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FIG. 2. �Color online� The 31P nuclear spin-lattice relaxation
rate 1 /T1 is plotted as a function of the inverse temperature on a
semilog plot, for BiCu2PO6. The solid line is a fit to activated be-
havior as explained in the text. A few temperatures are shown on
the top axis to provide clarity.
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the kBT /�
1 limit, the leading behavior of � and 1 /T1 is
going to be exp�−� /kBT� and exp�−�T1 /kBT� respectively,
with �T1 /�=1.5. This ratio is consistent with our findings
within error bars. The deviation of 1 /T1 from the exponential
decrease at low T might be due to intrinsic defects. So, both
the static spin susceptibility and the dynamic relaxation rate
NMR measurements consistently demonstrate that the sys-
tem is spin gapped as expected in such a ladder geometry.6

IV. NMR STUDY OF THE IMPURITY EFFECTS

31P NMR spectra were measured for Ni- and Zn-
substituted BiCu2PO6 at various temperatures. Typical evo-
lution of the spectra is reported in Fig. 3. When temperature
is lowered, the spectrum shifts toward lower frequencies and
strongly broadens. When a local defect is created at a Cu
site, NMR enables one to measure the histogram of the local
fields both close to and far from the defect through 31P NMR
hyperfine coupling to all the Cu sites. As demonstrated in
various low-dimensional AF chains, ladders, or planes, the
center of gravity of the spectra, i.e., their shift, is propor-
tional to the spin susceptibility far from the defects.1 In con-
trast, any induced magnetism close to the impurity is re-
flected either in a broadening of the spectrum or in the
appearance of satellites in the wings of the spectrum. The
former is exactly the behavior observed in Fig. 3.

A. Susceptibility far from the defects

The 31P shift plotted in Fig. 4 is found almost identical for
substituted and pure materials. This is direct evidence that
the uniform spin susceptibility �0 far from the defects is
unaffected either by Zn or Ni. So the ladder spin gap esti-
mated to be 35–40 K in the pure compound remains identical
in the presence of impurities. A very slight increase in the
low-temperature shift is observed for Zn:2% �see the inset of
Fig. 4�. This could be due to the presence of some in-gap,
impurity-induced density of states but, given the experimen-
tal accuracy, the effect is too small to allow firm conclusions.

A comparison of the 31P NMR shift with macroscopic
susceptibility can be made, using the hyperfine coupling es-
timated in pure BiCu2PO6, as reported in the inset of Fig. 4.

At temperatures lower than that of the broad maximum,
down to T=25 K, the macroscopic susceptibility and the 31P
NMR shift both follow a similar decrease when decreasing
temperature due to the opening of the spin gap.

B. Induced staggered magnetization close to the defects

At temperatures lower than T=25 K, the NMR spin sus-
ceptibility far from the defects saturates to almost zero while
the macroscopic susceptibility diverges, typically as 1 / �T
+��. In the same low-temperature regime, the NMR line-
widths increase with a similar T behavior, as shown in Fig. 5.
This low-T Curie-type increase in macroscopic susceptibility
and the NMR broadenings signal the appearance of induced,
staggered, paramagnetic moments near each impurity. Both
effects scale with the impurity content as expected. Similar
features were observed in various compounds with nonmag-
netic or magnetic impurities, such as spin chains,2 spin
ladders,5 and 2D planes �high-Tc cuprates�.1,24

For a quantitative comparison, we first have to correct the
NMR linewidths for other sources of broadening. The inset
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FIG. 3. �Color online� 31P NMR spectra for 2% Zn-doped
BiCu2PO6 at various temperatures. The spectrum moves to smaller
shifts and broadens as temperature is lowered.
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FIG. 4. �Color online� The 31P NMR shift of BiCu2PO6 as a
function of T is not seen to be significantly changed by Zn or Ni
doping while the bulk susceptibility �right axis in the inset� has a
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FIG. 5. �Color online� The measured full width at half maxi-
mum �FWHM� of the 31P NMR spectrum is plotted as a function of
T for undoped, Zn-doped �1% and 2%�, and Ni-doped �1%�
BiCu2PO6. As seen in the inset, the FWHM scales with the shift,
except in the low-T region. This has been used to extract the
dopant-induced FWHM in the various samples, as explained in the
text.

IMPURITY EFFECTS IN COUPLED-LADDER BiCu2PO… PHYSICAL REVIEW B 81, 054438 �2010�

054438-3



of Fig. 5 shows that the linewidth and the shift scale with
each other above T=30 K, when the impurity effect is not
too large. It means that the NMR line has an intrinsic, small
width proportional to the shift. It is likely due to the random
orientation of the crystallites composing our samples and
which in turn gives rise to a distribution of the shift itself. We
used this scaling to extrapolate this “intrinsic” contribution
to the width down to T=0 and subtracted it from the full
linewidth. The resulting impurity-only contribution to the
width ��impurity is plotted on Fig. 6. As seen, it is sizeable
only at low-temperatures and scales well with the impurity
content, as expected. Note that a Curie behavior is also ob-
served for the width of the pure compound, which implies
that there are some intrinsic defects in the material such as
vacancies or other types of local disorders, as is usual in
these oxides.2 This allows us to estimate the typical amount
of such native defects to be about x=0.1–0.3 %, a value
which agrees well with macroscopic measurements reported
on the same samples.19

V. QUANTUM MONTE CARLO VERSUS NMR

QMC is a very precise tool to investigate localized mo-
ments physics in spin gapped materials such as spin
ladders,25 Haldane chains,4,26 or coupled ladders systems.27

Here, we employ Stochastic series expansions �SSE�
method28,29 to get a better understanding of how staggered
moments develop in a coupled-ladders model perturbed by a
finite concentration of spinless �Zn� or S=1 �Ni� impurities
and how this modifies NMR spectra.

A. Model

The starting point is a realistic model of AF-coupled spin-
1/2 ladders that we previously investigated in Ref. 18

H = �
�ij�

JlegS� i,j . S� i+1,j + JrungS� i,2j . S� i,2j+1 + J�S� i,2j+1 . S� i,2j+2

− g�BH�
i

Si
Z. �2�

This model30,31 displays a gapped valence bond solid �VBS�
phase when the interladder coupling J� is not too strong: for

isotropic ladders �Jrung=Jleg�, VBS is achieved whenever
J��J�

c with J� /J�0.314.30 Previous bulk studies16 on
BiCu2PO6 estimated J=Jrung=Jleg�100 K. Muffin-tin or-
bital calculations suggest the existence of an additional frus-
trating coupling along the ladders.16 We did not take this
possible frustration into account in our model, Eq. �2�, as we
focus on capturing semiquantitative features of the low-T
physics, i.e., a weakly coupled ladders system having a siz-
able spin gap. The system of coupled ladders with static
spinless impurities is depicted in Fig. 7. In BiCu2PO6, the
experimental spin gap ��35–40 K yields an interladder
coupling 0.1
J� /J
0.2 for the theoretical model under
study of Eq. �2�.18

Therefore this model is a good starting point to investi-
gate the effects of a finite concentration x of nonmagnetic
impurities on a gapped system of coupled ladders and try to
obtain NMR spectra from QMC calculations. We chose the
following parameters: J=10J�=100 K which implies a spin
gap ��37 K.

B. Simulated NMR spectra for Zn doping

To get NMR spectra from QMC simulations, we first im-
pose a finite magnetic field H=Jleg /10, corresponding to the
typical field used in the NMR experiments of about 7 T.
Using the standard directed loop SSE algorithm,28 we com-
pute the local magnetizations �Si

Z� for samples of size L�L
with x=2% of vacancies. Simulations are performed at vari-
ous temperatures T=5,10,20,40,60,80,100 K over an en-
semble of Ns independent disordered samples in order to get
a good statistic over the random doping process. As we are
interested in the distribution of local magnetizations �which
will map onto the frequency-dependent NMR spectrum as
explained below�, the number of Monte Carlo steps NMC
devoted to the measurement turns out to be a crucial quantity
since a high precision is required on each of the local ob-
servables �Si

Z�. We have checked that the statistical errors
decay such as 1 /�NMC /L2 �which is the square root of the
inverse number of MC steps per site�. Therefore, we per-
formed 1.6�107 measurement steps for square lattices of
size 32�32 in order to reduce the contribution from statis-
tical fluctuations in the distribution of local fields. Disorder
averaging has been performed over Ns=200 independent ran-
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FIG. 6. �Color online� The T dependence of the impurity-only
contribution to the width ��impurity is plotted for different samples.
The “intrinsic” width was subtracted from the measured FWHM as
explained in the text.
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FIG. 7. �Color online� Schematic for the model in Eq. �2� of
coupled ladders having three different couplings Jleg ,Jrung ,J�. Fo-
cusing in the gapped regime �Jleg=Jrung=10J��, the system dis-
plays a VBS ground-state illustrated by rung singlets. Each non-
magnetic impurity �black dots� breaks such a rung singlet and
releases a spin-1/2 degree of freedom that is exponentially localized
around the vacancy with an AF pattern.
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domly doped samples. At a given temperature T, local mag-
netizations �Si

Z� are computed for each randomly doped
sample. Once data from a sufficiently large enough number
of independent samples are obtained, a histogram of the
Knight Shifts P�Ki� can be drawn �see Fig. 8� with no addi-
tional free parameter, using Eq. �5� which relates the 31P
NMR shift and the local magnetizations.

While quite simple, the model in Eq. �2� captures quali-
tative and even semiquantitative features of experimental
spectra where one can observe �Fig. 8� shift and broadening
temperature dependences similar to the experimental ones.
As a first theoretical check, we have compared the T depen-
dence of the average shift position K�T� �which represents
the magnetic response far from the defects� with the spin
susceptibility of the pure system ��T� computed indepen-
dently with QMC on a pure system. These results are shown
in Fig. 9 where, as expected, a good agreement is observed
between theoretical K and �. Both K and � are also consis-
tent in magnitude and behavior with the experimental NMR
shifts �green squares� but show deviation from the experi-
ment at intermediate temperature around the maximum and
at higher temperatures. Such a discrepancy is attributed to
frustration effects, not included in our theoretical model,
which are known to reduce the maximum of �.32

C. Impurity effects from QMC simulations

The broadening of the local fields distribution is a direct
signature of the impurity-induced paramagnetic effects in a
magnetic field when the system is cooled down below the
spin gap �. This broadening is observed in the QMC spectra
at low T as seen in the inset of Fig. 8 where the full widths at
half ��1/2 and quarter ��1/4 maximum rapidly grow at low
T, in qualitative agreement with experiments �Fig. 6�. How-
ever, our simple 2D model does not allow for a direct quan-
titative comparison between QMC and NMR since frustra-

tion and, more importantly, finite-Tg 3D ordering are not
included in the model. Beyond these discrepancies, we can
discuss the general broadening mechanisms at play in the
real 3D material.

For T
�, exponentially localized induced moments start
to build up in the vicinity of each dopant. For a 3D system
the average moment profile displays the 3D localized form

�SZ�r��� = �− 1�x+y+zS0 exp	−
x

�x
−

y

�y
−

z

�z

 . �3�

Here �x ,�y ,�z are the correlation lengths for AF order in the
three spatial directions. They are, in general, all different due
to the anisotropy of interactions. The effect of the impurity is
to induce an effective moment of typical size S0 with a 3D
spatial extension V�	�x�y�z around the impurity. In the dilute
limit �V�
1 /x�, we expect the width of the local fields dis-
tribution to scale with the impurity concentration x, the typi-
cal size of the induced moment S0 and its 3D spatial exten-
sion V�

�� 	 xS0V��T� . �4�

This relation can be deduced intuitively in the following way.
The broadening is due to unresolved satellites corresponding
to the induced moments on spins close to the impurity. Their
intensity scales with x and their number scales with V�.
These are not resolved here because of the dimensionality
and hyperfine factor of 31P which averages over four sites.

Two main sources of broadening are therefore showing up
upon cooling of the system: a rapid growth of �i� the exten-
sion and �ii� the size of induced moments. �i� Regarding the
spatial extension V��T�, while a rapid increase is expected
below T��, a transient saturation regime appears before 3D
effects at lower T come into play, formally leading to a di-
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verging V��T� when T→Tg. Note however that strongly an-
isotropic effects are also expected, leading to a more compli-
cated T dependence of V��T�.

�ii� Concerning the typical size S0 of the induced mo-
ments, below the spin gap there is a free impurity spins
regime8 where the external field induces a Brillouin response
which leads to a Curie-type behavior S0	H /T, in the range
��T�H, and saturates at lower T. Note however that frus-
tration combined with random dilution may also lead to a
reduction in the effective moment at lower temperature.33

Taken all together, these various effects imply that the exact
temperature �and field� broadening of the NMR lines is a
quite subtle issue that will be investigated further in a future
work.

D. Comparison between Zn and Ni

We now turn to the difference between nonmagnetic Zn
and magnetic S=1 Ni-doped samples. As shown in Fig. 6,
there is roughly a factor of 2 between experimental NMR
linewidths ���Ni /��Zn=1.9�. However, the spatial extension
of induced moments does not depend on the magnetic nature
of the impurities as shown in Fig. 10. Indeed, such an exten-
sion is basically controlled at low-enough temperature by the
inverse bare spin gap 1 /�. Therefore this difference has to
come from the moment size itself S0. Such a conclusion is
also reached by the analysis of Curie tails performed in Ref.
19 where a reduced total moment of SZn

tot�0.35 and
SNi

tot�0.79�2.2SZn
tot is measured by macroscopic magnetiza-

tion.
In order to understand the physical origin of such an ef-

fect, we performed QMC simulations on a simple model of

isolated ladders and compared magnetization profiles for
Simp=0 or Simp=1 coupled to the bulk spins-1/2 with a cou-
pling J� that may be different from J �depicted on top of Fig.
10�. Results of such a computation are shown in Fig. 10 for
three representative cases: Simp=0, Simp=1 for an antiferro-
magnetic �AF� J��0 and a ferromagnetic �F� J��0 cou-
pling with Cu. As stated above, the induced moment exten-
sions are roughly identical: �Ni��Zn. However, the prefactor
S0 of the exponential decay does depend on the nature of the
coupling J� between Cu �S=1 /2� and Ni �S=1�.

The cases Simp=0 and Simp=1 for an antiferromagnetic AF
J� display similar behaviors �except a trivial parity effect: see
Fig. 11� since the ground state lies in the Sz=1 /2 subsector.
On the contrary, when Simp=1 is ferromagnetically coupled
to its neighboring spins 1/2, the ground state is in the sub-
sector Sz=3 /2 which leads to an enhancement of the magne-
tization profile, without changing the spatial extension �. To
go further, we have performed systematic QMC computa-
tions for the magnetization profiles on isolated ladders for
Simp=1 and various J� and compared the results to the Simp
=0 case. After performing an exponential fit, we get the am-
plitudes S0

Ni plotted in Fig. 11 versus J�. The experimentally
observed factor 2 is obtained here for a ferromagnetic cou-
pling J� of the order of J at least. Note that simulations are
performed on isolated ladders. In the real compound, we ex-
pect dimensionality and frustration effects to enhance corre-
lations and therefore S0, leading to a smaller absolute value
of J� to account for the experimental findings. While it is
hard to check these findings from simple quantum chemistry
arguments, we stress that frustration combined with a ferro-
magnetic coupling between Ni and Cu will naturally enhance
the effective moment amplitude around a Ni impurity.

Indeed, as schematized in Fig. 12, frustration which exists
in pure BCPO because of a second-neighbor AF coupling J4
between Cu would be removed here locally near Ni. Such an
effect will naturally enhance local moment amplitudes.
Therefore, while it is hard to get a precise estimate of how Ni
couples to the neighboring Cu in Ni-doped BiCu2PO6, the
QMC simulations and NMR experiment suggest a substantial
ferromagnetic coupling J� on the order of J.
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VI. DISCUSSION

We have shown that in the coupled spin ladder BiCu2PO6,
nonmagnetic and magnetic impurities both induce staggered
moments which develop below the spin gap. Their extension
is similar, only their amplitude differs because Ni couples
ferromagnetically to its neighboring Cu while Zn does not
couple at all. These results can be compared to similar stud-
ies in other low-dimensional quantum magnets.

In isolated spin ladders SrCu2O3, Cu NMR studies reveal
similar qualitative behavior: both Zn and Ni induce Curie-
type paramagnetic NMR broadenings which signal staggered
moments.5,6 But opposite to our case, Ni is found to induce a
broadening identical to Zn.6 In these isolated ladders, Ni is
indeed probably coupled to its adjacent Cu with an AF cou-
pling similar to that of the pure ladder, leading to same effect
than Zn. This contrasts with BiCu2PO6 where the likely fer-
romagnetic effective Ni-Cu coupling, in concomitance to
large interladders couplings and possibly frustration effects,
produces an induced moment larger for Ni than for Zn.
While qualitative results are similar in our study and Ref. 5,
interpretations are very different. In Ref. 5, it has been ar-
gued that the moment extension � depends on impurity con-
tent as ��1 /x. This would contradict our own interpretation
and QMC results where � is found to be independent of
impurity content and governed solely by the intrinsic corre-
lation of the pure ladder. But this ��1 /x conclusion comes
mostly from the data taken at a very small Zn content x
=0.1% where broadening is not scaling with impurity con-
tent anymore. However, at such small content, the pure line-
width and the impurity effect are so small that incertitude is
too large to determine the impurity-induced broadening
safely. All other data of Ref. 5 and all data reported in an
independent paper6 on same compounds are consistent with
our own interpretation of � independent of impurity content
and intrinsic to the ladder’s physics.

In spin S=1 Ni Haldane chains, the very same trends are
observed: both nonmagnetic Zn and magnetic S=1 /2 Cu at

Ni site induce similar exponentially decaying staggered mo-
ments, with same extension � and slightly different
amplitudes,4 � being here again identical to the pure correla-
tion length.

Finally, underdoped high-Tc cuprates such as
YBa2Cu3O6+y �0.4�y�0.9� can be considered as a realiza-
tion of a strongly antiferromagnetically correlated two di-
mensional Cu system even though they are also metallic.
Here again, both nonmagnetic Zn or magnetic Ni substituted
at Cu site of CuO2 two-dimensional S=1 /2 layers induce
similar staggered moments with the same temperature depen-
dencies but different amplitudes.1,24

Our results suggest a possible universal picture which
could apply to quantum antiferromagnetically coupled low-
dimensional systems, the BiCu2PO6 bridging the 1D physics
of spin chains and isolated ladders to the 2D physics of cu-
prates. Any nonmagnetic as well as magnetic impurity in-
duces a staggered moment at temperatures smaller than the
relevant energy scale �magnetic coupling and/or spin gap�.
This moment follows a Curie-type dependence which may
be affected if the extension � also depends on temperature.
Only the amplitude differs in the case of a magnetic impu-
rity, depending on the size and sign of the coupling between
this impurity and neighboring spins. The extension � is char-
acteristic of the intrinsic system and does not depend on
impurity content at small impurity content. At low-enough
temperature, because of the other residual 3D couplings
present in the compound, these induced extended moments
may interact enough to freeze in an antiferromagnet or a
cluster-type antiferromagnet, in a universal fashion as well.
This generic scenario needs to be further confirmed in other
low-dimensional systems with different geometries and cou-
plings. Precise understanding of how this generic 3D order-
ing takes place remains an open issue related to the impor-
tant question of criticality close to a transition, and needs
more theoretical and experimental effort.
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APPENDIX: HYPERFINE COUPLINGS IN BiCu2PO6

In this appendix, we demonstrate from NMR experiments
that each P nucleus is coupled through hyperfine coupling to
two Cu atoms of the adjacent ladder as shown in Fig. 14. The
total hyperfine coupling Ahf between one 31P nucleus and the
neighboring Cu, defined by Kspin=Ahf�Cu /�B �where �Cu is
the atomic susceptibility pertaining to each Cu�, is deter-
mined experimentally from Fig. 1 to be Ahf

tot=0.652 T. The
spin density largely resides on the Cu orbitals and an effect

J’ FJ’ F

J4 AF
No frustration

J’ AFJ’ AF

Ni

Ni

FrustrationFrustration

J4 AF
No frustration

J AF

J AF

FIG. 12. �Color online� Ni effect on the spin ladder in case of a
ferromagnetic �upper panel� or antiferromagnetic �lower panel� cou-
pling with neighbor Cu. For a J4 AF next-neighbor coupling, frus-
tration is removed by Ni for the ferromagnetic case.
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�in terms of an NMR shift� is felt at the 31P site due to a
hybridization of the P 4s orbitals with the Cu d orbitals via
the oxygen. We want to determine which hybridization actu-
ally contributes to this coupling. The various possible hy-
bridization paths between 31P and adjacent Cu are plotted on
Fig. 13. The band-structure calculations reveal that in the
global �crystallographic� coordinate system the Cu yz orbit-
als lie near the Fermi level so we focus on this orbital only
and its effective hybridization with P s orbitals.35 Because of
symmetry reasons, this hybridization along path labeled �
and � is zero. Therefore, each P is coupled to four Cu all
from the same ladder through the path is labeled a, as sche-
matically displayed in Fig. 13.

This results for each P nucleus at site i in a shift

Kspin
i = Ahf

per Cu��i−1,1
Cu + �i+1,1

Cu + �i−1,2
Cu + �i+1,2

Cu �/�B, �5�

where Ahf
per Cu=0.163 T is the hyperfine coupling between

one 31P and one Cu via path a. This can be checked experi-

mentally from the analysis of Zn substitution effect on the
31P NMR spectrum. When the temperature is much larger
than the gap opening, no induced moment is expected from
Zn substitution at the Cu site. For one Zn defect, the only
effect is the removal of one Cu and of its contribution to the
near neighbor �nn� 31P shift coupled to this Zn �Fig. 14�. If
each 31P is coupled to N Cu, the P nn to Zn should lead to a
distinct less shifted satellite line, with a shift

Knn =
N − 1

N
Kmain.

The relative intensity of this line is then directly linked to
the concentration x of Zn per Cu

Inn = Nx�1 − x�N−1Iwhole spectrum.

In the rare case where two Zn are adjacent, an even smaller
and less shifted 31P satellite line �noted with an asterisk�
should result with

Knn
� =

N − 2

N
Kmain

and

Inn
� =

N�N − 1�
2

x2�1 − x�N−2Iwhole spectrum.

α
β

a a
aa

ladder 1

ladder 2

P

Cu

FIG. 13. �Color online� The dominant hybridization paths be-
tween one 31P �in blue� and its adjacent Cu �in red� through oxygen
orbitals �in green� are represented. For symmetry reasons, there is
no hybridization via paths � and �.
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FIG. 14. �Color online� Hyperfine couplings between P �blue�
and Cu �red� are symbolized by the blue lines. In the presence of a
Zn, the P labeled i+3 and i+5 probe only three Cu.
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FIG. 15. �Color online� The 31P NMR line shapes for Zn-doped
BiCu2PO6 samples at 300 K. The shoulders are identified as arising
from 31P nuclei near the Zn as explained in the text.
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The 31P NMR spectrum at T=300 K plotted in Fig. 15
indeed displays these two reduced and less shifted satellites
in the presence of Zn. The measured satellite shifts Knn and
Knn

� are found reduced compared to Kmain by a ratio 0.7 and
0.4, respectively, which points to N between 3 and 4. But Zn
could slightly distort its environment and change the local
hyperfine couplings, which would in turn affect these ratios.
On the contrary, the intensities of these satellites plotted on
Fig. 16 depend only on the Zn concentration x which makes
it a more reliable quantity. A good agreement with N=4 is

found for both satellites with no adjustable parameter. This
unambiguously confirms that the picture depicted in Fig. 14
is correct, where each P is coupled to the four Cu of a single
ladder. The hybridization � between Cu d and P 3s orbitals at
play in the hyperfine coupling path a can be roughly esti-
mated using

Ahf
per Cu � �2Ahf

3s ,

where Ahf
3s �210 T.36 This leads to ��3%, which is reason-

able in view of ab initio estimates.35
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