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Local Enhancement of Antiferromagnetic Correlations by Nonmagnetic Impurities

George Balster MartinsMarkus Laukampg, José Rierd,and Elbio Dagottb
'National High Magnetic Field Lab and Department of Physics, Florida State University, Tallahassee, Florida 32306
%Instituto de Fsica Rosario, Avenida 27 de Febrero 210 bis, 2000 Rosario, Argentina
(Received 16 October 1996

The local enhancement of antiferromagnetic correlations near vacancies observed in a variety of
spin systems is analyzed in a single framework. Variational calculations suggest that the resonating-
valence-bond character of the spin correlations at short distances is responsible for the enhancement.
Numerical results for uniform spin chains, with and without frustration, dimerized chains, ladders,
and two dimensional clusters are in agreement with our conjecture. This short distance phenomenon
occurs independently of the long distance behavior of the spin correlations in the undoped system.
Experimental predictions for a variety of compounds are briefly discussed.  [S0031-9007(97)03060-3]

PACS numbers: 75.10.Jm, 64.70.Kb, 75.50.Ee

Studies of ladder compounds continue producing fasciwhich have been studied independently in the literature,
nating results. In addition to the discovery of a spin gapmay have a simple common explanation. The unify-
in undoped even-leg ladders [1], superconductivity at highng picture relies on the resonating-valence-bond (RVB)
pressure in $iCay;3,6Clhs Oy 54, With two-leg ladders and  character of the spin correlations at short distances for a
chains in its structure, has been recently reported [2]. Bothariety of Heisenberg spin systems where the nearest-
properties, predicted by theoretical arguments [3], indicateeighbor (NN) interaction, regulated by a couplihg is
a close interplay between the spin and charge degrees tife largest. Independently of the long distance properties
freedom leading to a rich phase diagram. More recentlyof the model, the small distance behavior, at least for small
the doping of ladders with nonmagnetic impurities (replacspin s, is dominated by the formation of short spin singlets
ing spin% Cu* by spin-0 Zi*) has revealed another sur- resonating in all their possible arrangements [13]. Actu-
prising property: The spin gap is rapidly suppressed as thally, RVB variational states have large overlaps with exact
Zn concentration increases, and an antiferromagnetic (ARJround states of finite clusters, even for 2D Néel ordered
phase is stabilized [4]. A similar behavior has also beersystems [14]. Corrections involve long singlets and triplets
observed in spin-Peierls chains [5], which have a spin gapith a weight decaying as the spin-spin distance grows.
produced by dimerization. The phenomenon is interest- In the case of a 1[3 = % chain, Figs. 1(a) and 1(b) il-
ing since a spin ordered state is generated by the randolastrate two arrangements of spin singlets that carry impor-
replacement of spins by vacancies, an apparently disordetant weight in the undoped ground state. Consider now a
ing procedure. These results have been recently addresseacancy introduced at site effectively cutting the chain
with one dimensional (1D) spin models using field the-if a NN spin Hamiltonian is used. In this situation con-
ory [6] and numerical techniques. Computational studiediguration Fig. 1(b) is replaced by Fig. 1(c) that contains
found that the AF correlations near a vacancy in dimerized
chains [7] and two-leg ladders [7,8] are enhanced withre- ;32 -1 0 1 2 3 4 o7 T
spect to the undoped case. It was conjectured that this [o-"—® €~ ¢—¢ &—¢ - .
cal enhancement may trigger the 3D AF orderin Zn-doped b) o o oo —o o -
dimerized chains and ladders. In-gap weakly interacting 0
S = % localized states were found near Zn [9]. However, -
the microscopic origin of the local AF enhancement near d)
a vacancy is still not intuitively understood.
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phenomena have been discussed in a variety of contexts: ¢ o4t
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(1) A staggered moment appears near a vacancy for 1D° ¢ ¢—® é o0
S = % Hel'senberg systems [10]; (2) the undlm.erlzed 1D g e 0 6 oo o . 1 2 3|'-14 5 6

S = 5 Heisenberg model has an enhanced spin structure -1l

factor S(7) near vacancies according to boundary confor+IG. 1. (a)—(g) Examples of spin singlets relevant for our
mal field theory and Monte Carlo (MC) simulations [11]; discussion (see text); (hfs(1,;) for a § = 3 Heisenberg
(3) near a vacancy injected into a 2D Néel ordered state, thigodel on a 128 sites chain calculated with DMRG. The

; ; en (full) squares are results with (without) a vacancy at site
z;[/as%g%r?fzin oment increases with respect to the “”dOp‘ga The inset contains the RVB variational results (see text)

. L for eight sites with OBC compared against exact results for
In this paper it is proposed that all these exampleshe same chain with OBC and PBC. 1 is the first site of the
of locally enhanced antiferromagnetism near a vacancyhain.
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a “free” spin. The NN exchange strongly favors the cou-
pling of this free spin with the spin at site 2. Then, con-
figuration Fig. 1(d) is equally probable, and the argument I )
can be repeated moving the free spin over large distances 04l T ometes
(spin-charge separation). The final dominant configura- ‘§ —a— opposite leg

" (d)

tion near a vacancy has the form shown in Fig. 1(e). The
key detail to understanding the AF enhancement is that in (b)
the absence of the vacancy the spin at 1 spends roughly
half the time coupled into a singlet with the spin at 2 and
the other half with the spin at 0, while with a vacancy the
spin at 1 forms a singlet most of the time with the spin at
2. Then, the 1-2 spin correlation is now enhanced. The
vacancy haprunedthe possible singlet configurations and ©
the spins next to it no longer “resonate,” but their singlet
partners are fixed by geometry. li-il

The same pruning of RVB states occurs when correcg|G. 2. (a)—(c) Spin singlets relevant for ladders and hyper-
tions to Figs. 1(a) and 1(b) are included. Consider a coneubic systems (see text); (d)s(i, j) for a two-leg ladder cal-
figuration with a singlet linking sites 1 and 4 [Fig. 1(f)]. culated with DMRG on & x 32 cluster. The open squares
Such a configuration produces the largest contribution téiangles) are spin correlations along the same (opposite) leg

the spin correlation at distance 3. As in the previous casé’,v here the vacancy is located, with a starting siteext to the

. - - . acancy. The full squares are results without vacancies. The
the spin at 1 divides its tendency to form singlets equallyacancy is located at the center of the cluster.

between sites 4 ane2. But when a vacancy is intro-
duced, only one possibility for the coupling of the spin . . .
at 1 with partners at distance 3 remains [Fig. 1(g)], en-CouPIed W'th Spins 2, 3, and 4 [Fig. 2(2)] [16]. _When
hancing the correlation at that distance. Again the nond Vacancy s mtroduged at site 2, now the spin at 1
magnetic impurity has pruned the singlet configurationd®r™Ms singlets only with two partners rather than three
increasing the AF correlations in its vicinity. The same ar—[F'_g' 2(b)]. Th's pruning of the RVB basis er_lhance_s the
gument applies for longer singlets, although moving awayPPin correlation at distance 1 along the chain, as in 1D.
from the vacancy the AF enhancement is reduced sincg9ure 2(d) contain€’s(i, j) for a two-leg ladder. Shown
eventually both Figs. 1(a) and 1(b) must dominate in thé*® the DMRG spin correlations both along the leg where

bulk. Results for the ground state staggered spin corrdl’€ vacancy is, and in the opposite leg. The results are
lation Cs(i, j) = (S; - S;)(—1)I*/, in the standard nota- in good agreement with previous calculations [8]. The

tion, calculated with density matrix renormalization group€nhancement is substantial only for same-leg correlations,

(DMRG) techniques [15], are shown in Fig. 1(h) for the @1d even in this case it is smaller than for the= ; .
Spin-% Heisenberg chain. The AF enhancement is Iargé:ha'n’_ in a-lgreement thh the picture dlscqssed before (i.e.,
(48% for the bond next to the vacancy). The effect can becounting I|r21ks the naive enhancement ratio wouldser
rephrased as an increasesitwr) as previously observed ladders vs; for chains). At distance 1 and for same-leg
by Eggert and Affleck [11]. We here confirm their re- correlations, the actual enhancement-iZ2%.
sults and provide a simple explanation for the origin of the Numerically, the short distance spin correlations
enhancement. smoothly interpolate between the results of chains and
To provide further support to these ideas, a RVB variatwo-leg ladders as the rung coupling, is reduced
tional calculation on a chain of eight sites with open boundwith respect to the chain coupling. As an example,
ary conditions (OBC) was performed. The state used is & Fig. 3(a) exact diagonalization (ED) [17] results are
linear combination of (a) the state with four NN singlets, shown forJ, /J = 0.5 using periodic boundary conditions
(b) all states with three NN singlets and one singlet of(PBC) and OBC. They suggest that the short distance AF
length 3, and (c) all states with two triplets of length 2 andenhancement of chains and ladders have a common origin
two NN singlets. The relative weights are fixed minimiz- independent of the long distance behavior of their spin
ing the energy. The spin correlations in this variationalcorrelations (power law vs exponential decay). Only the
state are also shown in Fig. 1(h) (inset). Contrasting th&ange of the Zn-induced disturbance is affected by the
results against exact calculations with OBC, it is clear thapresence of a spin gap. For example, due to spin-charge
such a simple state contains the main features observed separation in 1D, the = % state obtained by removing
the actual ground state of longer chains. one spin from an even site chain is uniformly distributed
The discussion can be easily extended to BIN- % over the chain [9]. However, near the vacancy the AF
Heisenberg models with a larger coordination numbercorrelations are, nevertheless, enhanced [Fig. 1(h)]. Thus,
Consider first a two-leg ladder. Snapshots of the spirthe short distance effect discussed here does not seem cor-
arrangement in the vicinity of an arbitrary site, e.g., 1,related with the presence ofsa= % localized state near
would show that this spin spends most of its time singlethe vacancy. To further confirm these ideas, correlations
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[ o =07 amzed " o) o7 that sites 1 and 2 next to the end are connected by a weak
52003  S=12chain | link. Figure 3(c) shows a large-84% enhancement of
Cs(1,2) compared with results for a ring. The reason is
that for a ring spins 1 and 2 are not much correlated since
each can form a strong bond with a neighboring spin, while
for an open chain the spin at 1 is free and strongly tries to
form a singlet with its neighbor regardless of the smaller
value of the coupling/(1 — &) in this link. Thus, the
relative enhancement is large. If the pattern of weak vs
strong bonds is shifted in one lattice spacing, then the AF
enhancement is smaller since the spins of the now strong
bond 1-2 are strongly correlated for both a ring and a chain
with OBC.

The local RVB picture presented here predicts that AF
512 348 enhancement should also occur in dimensions higher than

1, but with a strength reduced from the results in 1D. In

FIG. 3. Cs(i, /) obtained with ED for (a) a two-leg ladder general, a given spin of an hypercubic lattice would tend
with J, /J = 0.5 using PBC (full squares) and OBC (open fo form singlets with2 X D partners in the absence of a

squares). The correlations are measured from the edge (\)/acanc and with. X D — 1 partners when a vacancy is
a 2 X 10 cluster; (b) a$S = % chain with J,/J; = 0.3 and y P y

14 sites. Open squares denote results from the end of dfitroduced nextto it [as exemplified in Fig. 2(c) fbr =
open chain, while full squares are results for a ring. The2]. The ideal enhancement factbrwould be F ~ (2 X
inset shows RVB variational results with the same stateD)/(2 X D — 1), but it is certainly reduced by the in-
used in Fig. 1(h). Open (ful) squares are exact results withy|ysion of corrections beyond NN singlets. In Fig. 4(a),
open (periodic) boundary conditions. The triangles denote th?)s(i,j) for a (tilted) square cluster of 26 sites is shown

variational predictions; (c) a dimerizeti= 1 chain with OBC, : ; ; ; ; _
14 sites, andlr/J; = 0.2, & = 0.03. | i< the first spin on with and without a Zn impurity. The relative enhance

the chain. The inset contains RVB results on an eight-site opef1€Nt at distance 1 along an axis away from the vacancy
chain. The symbols are as in Fig. 3(b). The first link in theis ~11%, i.e., smaller than in 1D, as predicted. Our

chain near the edge is “weak.” picture does not depend on the presence of long-range
order, as exemplified by calculations 6%(i, j) for the
frustrated/; — J, 2D Heisenberg model with a vacancy.
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foraJ, — J, chain (/, being a next to NN coupling) were
calculated varying/,/J;, from 0 (no gap in the ground

state) to the exactly solvable point 0.5 (dimerized gapped °% ~ #-mww = @1 b ] 016 n
state). A smooth interpolation between the two regimes sya,=00 & E\ 1o 1??

was observed at short distances [see, e.g., Fig. 3(b), which. *f ]
includes a RVB variational calculation]. As the Znimpu- 5 ~———p—p| [ Rmerizd o
rity density grows, the short distance effects will eventu- ~ **[
ally govern the behavior of the system, and the tail in the
spin disturbance becomes irrelevant. 08}  _m—2p pure) )
The analysis of models for CuGe®@equires a special ~00—20 (t impurity)
discussion. Here a dimerization occurs at low tempera- o

0.10

0.08

3,4,=05

tures [5] which will be represented by a modulation of Z 0.04
the original NN exchange using(l = 6)S; - S;, with © o2} —_— i 1 002
6 ~ 0.03 [18]. Note that a more proper description of ~a | 1
CuGeQ requires the inclusion of phonons to generate the  og5 T 55 T i—i—looo
dimerization dynamically. However, the model used here -1l

is sufficient for our qualitative studies. The—) sign cor- _ _ !
responds to “Strong” “Weak") Ilnks The addltlon Ofanext FIG 4. CS([,_]) on a 26-sites tilted square ClUSte.r Calc.ulated
NN interaction/,/J; ~ 0.2-0.3 is also needed in CuGgO W'tca;?ﬁcyo?eig (tf#g) ssi?euar:git dt%nc:ﬁz rsgggi C‘;V'ti? (F‘J"r’ggggp
[18]. Based_qn the RVB picture discussed before it yvoulc@orremions at distances /2, 2, and~/3 away from the
not be surprising that AF enhancements of short distancghpurity are shown; (b) The same as (a) but introducing
spin correlations will also appear in Zn-doped spin-PeierlgrustrationJ,/J; = 0.5; (c) Alternating contribution to théocal
chains. In fact, we found the surprising effect that the enspin correlationss; (see text and Ref. [11]) for& — J, — &
hancement in this case is the largest among the family dfiede!l withJ>/J, = 0.2 andé = 0.03 using DMRG on a chain

models studied here. As an example, consider the resulfgfstﬁg ?(')trejsz Vl'tg 2%% (gﬁe{r‘]:’ qsl;irqis)éh;g? f#]" ;&lﬁagzséeasre

of Fig. 3(c), obtained exactly on a finite chain with OBC. 16 states are kept in the DMRG method, and the end of the
The pattern of strong vs weak links considered here is sucthain is at site 0.
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Figure 4(b) actually shows an AF enhancement near thsupport of the Conselho Nacional de Desenvolvimento
vacancylarger at J,/J, = 0.5 (where the long-range AF Cientfico e Tecnolégico (CNPg-Brazil).
order is suppressed) thanjayJ; = 0.0 (~31% vs~11%
for the correlation at distance 1). A smooth connection be-
tween the two results was observed numerically, and thus
once again the local AF enhancement seems caused by t - . :
RVB character of the short distance fluctuations indepen'ﬁ] M. Azuma, Z. Hiroi, M. Takano,.K. Ishida, Y. Kitaoka,
. - Phys. Rev. Lett.73, 3463 (1994); D.C. Johnstoet al.,
dently of the long distance properties of the model. Phvs. Rev. B35, 219
- . : ys. Rev. ) (1987).

It is also possible to predict thle strength of the enhance-[z] M. Uehara, T. Nagata, J. Akimitsu, H. Takahashi,
ment for models with spin§ > 5. Consider first a 1D N. Mori, and K. Kinoshita (to be published).
chain. In the limit ofS — <, the zero temperature ground [3] For a recent review, see E. Dagotto and T.M. Rice,
state is antiferromagnetically ordered and the picture based Science271, 618 (1996).
on RVB singlets is no longer useful. In this limit the [4] M. Azuma, Y. Fujishiro, M. Takano, T. Ishida, K. Okuda,
presence of a nonmagnetic impurity is irrelevant for the M. Nohara, and H. Takagi (to be published); M. Nohara,
spin correlations which remain of maximum strength. As- - Takagi, M. Azuma, Y. Fujishiro, and M. Takano (to be
suming a monotonous crossover frafn= % to § = oo, published).

. C. [5] M. Hase et al., Phys. Rev. Lett.70, 3651 (1993); S.B.
a Zn-induced enhancement 6% (i, j) for all S would be Oseroff et al., Phys. Rev. Lett.74, 1450 (1995): L.P.

expected, but of decreasing magnitude gsows. Indeed, Regnaultet al., Europhys. Lett.32, 579 (1995); J.-P.
forasS = 1 chain the spin correlation at distance one near  Renardet al., Europhys. Lett30, 475 (1995).

an end is~16% larger than in the bulk [10], an enhance- [6] H. Fukuyama, T. Tanimoto, and M. Saito, J. Phys.

ment smaller than folS = % [18]. Thus, the vacancy- Soc. Jpn.65, 1183 (1996); H. Fukuyama, N. Nagaosa,
induced antiferromagnetic enhancement seems to occur in M. Saito, and T. Tanimoto (to be published); N. Na-
any dimension D and spifi, but the effect is the largest gaosa, A. Furusaki, M. Sigrist, and H. Fukuyama (to be
for 1D S = 1 systems where quantum fluctuations are _ PuPlished).

[7] G.B. Martins, E. Dagotto, and J. Riera, Phys. Revo8

crucial. .
. . . 16 032 (1996); T-K. Ng (to be published).
The results obtained in this paper allow us to make pre- 8] Y. Moto(me ,\% Katoh gN(. Furulfawa and)M. Imada (to be

dictions for the NMR spectra of a Valrlety of compounds published); M. Sigrist and A. Furusaki (to be published);
similarly as done before for 103 = 5 chains [11,20]. H.-J. Mikeska, U. Neugebauer, and U. Schollwick (to be
In Fig. 4(c) thealternating part of the local spin corre- published); Y. lino and M. Imada (to be published).
lations §; = 3" (S7S}) (proportional to the local suscep- [9] A. Sandviket al. (unpublished).
tibility ;) is shown. Herg) represents the expectation [10] S. Miyashita and S. Yamamoto, Phys. Rev.4B, 913
value in the lowest energy state of the subspace of spin (115932? (Eggjorensen and lan Affleck, Phys. Rev4®
one, which would contribute tg; as the temperature or ‘ _
an external magnetic field is increased from zeXarf the [11] S. Eggert and I. Affleck, Phys. Rev. Le#5, 934 (1995);

. . . L Phys. Rev. B46, 10866 (1992).
singlet ground state of a finite lattice would trivially van-

. ! . ) : [12] N. Bulutet al., Phys. Rev. Lett62, 2192 (1989).
ish). The figure shows that both dimerized and undimer 13] P.W. Anderson, Mater. Res. BuB, 153 (1973).

ized chains have a nonzero local staggered magnetizatiqm] E. Dagotto and A. Moreo, Phys. Rev. 3B, 5087 (1988):

near vacancies. In the former the enhancement is concen-  F. Figueiridoet al., Phys. Rev. B41, 4619 (1989); S.

trated in the vicinity of the impurity, while in the latter it Bacciet al., Phys. Rev. B44, 285 (1991), and references

is spread over all the chain due to spin-charge separation therein.

in excellent agreement with Ref. [11]. NMR experiments[15] S.R. White, Phys. Rev. Let69, 2863 (1992).

should detect a broadening in their spectra associated wilf6] Actually, the 1-2 singlet is more probable than 1-3 and

this effect in several compounds such as CuGe®t a 1-4 due to the characteristics of the two-leg ladder ground
; ; ; 3]. This detail is not qualitatively relevant here.

more speculative level, the AF enhancement discussed state [

this paper may be responsible for the transition to a 3[?7] E. Dagotto, Rev. Mod. Phy$6, 763 (1994).

. : . . . 18] J. Riera and A. Dobry, Phys. Rev. Bl, 16098 (1995),
Néel order state in Zn-doped dimerized chains and lad* and references therein.

ders [7,8] . Note, however, that this effect may depenq;g) we observed that the AF enhancementSin= 1 chains

on the strength of the (small) coupling between the struc- s not restricted to Haldane ground states with= :

tures discussed here, and thus may vary appreciably from  states localized at the edge of open chains, but it occurs

compound to compound. even in gapless ground states obtained by the addition of
We thank S. Eggert, |. Affleck, and N. Furukawa for = 22i)(Si + Si+1)* to the NN Heisenberg Hamiltonian.

useful discussions. E.D. is supported by Grant No. NSF[20] M. Takigawa, N. Motoyama, H. Eisaki, and S. Uchida (to

DMR-9520776. G.B.M. acknowledges the financial be published).

3566



