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The combined effects of hole doping and magnetic dilution on a lamellar Heisenberg antiferromagnet are
studied in the framework of the frustration model. Magnetic vacancies are argued to remove some of the
frustrating bonds generated by the holes, thus explaining the increase in the temperature and concentration
ranges exhibiting three-dimensional long-range order. The dependence ofah&eieerature on both hole
and vacancy concentrations is derived quantitatively from earlier renormalization-group calculations for the
nondilute case, and the results reproduce experimental data with no new adjustable parameters.
[S0163-18209)51046-1

Since the discovery of highz superconductors much ef- strongly ferromagnetic, causing a canting of the surrounding
fort was invested in the investigation of the effect of dopantsCu moments with an angle which decays with the distance
on the magnetic properties of the parent compoundss 1f. The frustrating bond thus acts like a magnetic
La,CuQ, (LCO) and YB3CuwOq (YBCO). It is now well  dipole/° As argued in Ref. 5, similar dipolar effects also
established that even a very small dopant concentratiorgrise when the hole is localized over more than one bond.
which introduces a concentrationof holes into the Cu@  The frustration model also predicted a magnetic spin-glass
planes, strongly reduces the dleéemperatureTy. In LCO,  phase forx>x.,’ as recently confirmed in detail in doped
doped with strontium or with excess oxygen, the antiferro-LCO and YBCO>''~*3Furthermore, the model successfully
magnetic long-range ordglAFLRO) disappears at a hole reproduced the local-field distributions observed in nuclear
concentrationx,~2% ! while in YBCOx.~3.5%2%In con-  magnetic resonanceMR) experiments? In earlier work,
trast, the effect of Cu dilution by nonmagnetic Zn is muchGlazman and loselevi¢h analyzed the planar nonlinear
weaker. As in percolation, the AFLRO persists at Zn concenmodel with random dipolar impurities, assuming that the di-
tration, z, as large as 25%. pole moments are annealed and expanding/in In Ref. 5

Recently, Heker et al* studied the phase diagram of we generalized that analysis, treating the dipoles as
La,_,Sr,Cu,_,Zn,0,, and found surprising results: It ap- quenched. The two calculations coincide to lowest ordes in
pears that the vacancies introduced by Zn doping weaken tHaut our renormalization-group analysis allows a calculation
destructive effect of holesintroduced by the Sron the of Ty all the way down to zero at., supplying a good
AFLRO. For example, in a sample witt=15%, the critical interpolation between these two limits.
concentrationx. of the holes is approximately 3%, i.e., In what follows we summarize that theory, with emphasis
larger than in vacancy-free LCO. Also, at=0.017 the Nel on the changes necessary for including the Zn vacancies. We
temperature has maximumas a function ofz, implying a  argue that the main effects of the vacancies enter in two
reentrant transition. To explain these phenomena,ckier  related ways. First, the concentratiarof the Zn vacancies
et al. measured the variable range hopping conductivity inrenormalizes the concentration of frustrated bonds; when a
their samplegat temperatures lower than 150 K all samplesCu ion is missing from(at least one end of a “frustrated”
were insulators and showed that Zn doping lowers the lo- bond, then this bond is no longer acting like a “dipole.” The
calization radius of the holes. Their qualitative conclusionprobability to find a bond without vacancies on both ends is
was that as the holes become more “mobile,” their influence(1—z)2, and therefore the effective concentration of “dipo-
on Ty increases. However, so far there has beemumanti- lar” bonds is equal to
tative understanding of the combined dependencéd pfon
both x andz y=x(1-2)%. (1)

In this paper we present a quantitative calculation, WhiChSecond, when one Cu ion at an end of a hole-doped bond is

reproduces all the surprising features of the function . : :

. X replaced by Zn, then the strong antiferromagnetic couplin
Tn(x,2). Our theory extends an earlier .CaICUIathWh'Ch .beF;ween th):a spins of the secor?d Cu and of%he hole 0?1 tf?e
treated the effects of quenched hole doping on the AFLRO Ir?)xygen will form a singlet, which is equivalent to a magnetic

Str-doped Lt(h:O |.e.aialculatedﬂ,\,(x,t(r)1). TbheTsa:;ef patrham— vacancy also on the second Cu. Hence the holes increase the
eters were then used 1o réproduce the obse ¥ed) for the number of vacancies, turning their effective concentration
bilayer Ca-doped YBC®.Here we reproduce the full func- into

tion Tn(X,2), with practically no additional adjustable pa-

rameters. _ _ v=2[1+2x(1-2)]. 2
Our theory is based on the frustration mo@ethich ar-

gues that when a hole is localized on a Cu-O-Cu bbhid, In what follows, we shall concentrate on the regime

effectively turns the interaction between the Cu spins<0.03, where the dependencewobn x is very weak.
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Following Ref. 5, we describe the system by the Hamil-which give the leading behavior, and approximate prefactors.

tonian For doped LCO, the results were given for two separate re-
gimes:
H=H,+Hy, 3
2
where H, is the nonlinear sigma model (NtM) Hamil- §2D/a=C1)\°'8exp{§) 8

tonian in the renormalized classical regiSnepresenting the
long-wavelength fluctuations of the unit vecta(r) of anti-  for t<A, and
ferromagnetism. In the presence of short-range inhomogene-
ity, this Hamiltonian can be written as

ja=Cyexp| 27| 1-[1-2| 9
éapla=Cyexp 3N T 9)
1
Hvz_f drp«(r) >, (9in,)2. (4)  for t>\. Here,a=3.8 A is the lattice constant, and the co-
2 Nz efficientsC, andC, may have a weak dependencetand
L _ ; ~on\. In Ref. 5 the data on La,SrLCuQ, were fully de-
Herei=1,...dandu=1, ... A run over the spatial Car %c_:ribed by the constant values - 0.74 andC,= 0.5.

tesian components and over the spin components, respe . ; ,
tively, d;=aldx;, and the effective local stiffnegs(r) is a The three-dlmenspna(BD) Neel temperature was then
derived from the relation

random function. The spatial fluctuationSps(r) of this
function are & correlated: [ Spg(r) Sps(r')]=Kao(r—r'"), 2

¢ aé5p~1, (10
where [ ...] means quenched averages. Simple power
counting arguments shdwthat K is irrelevant in the representing the appearance of 3D AFLRO due to the weak
renormalization-group sense. Therefore, we can replaceelative spin anisotropy or the weak relative interplanar ex-
ps(r) in Eq. (4) by its quenched average(v)=[p4(r)]. change coupling, both contained in the parameteCom-

Hq is constructet? to reproduce the dipolar canting of the bining Egs.(8) and(10) thus yields anv-dependent value for
spins at long distances. Denoting lgr,) the unit vector the critical value\., above which AFLRO is lost. This value
directed along the frustrating bondrat and byM,m(r,) the  should give the critical line for all<<\. Using the undoped
corresponding dipole momefivherem(r,) is a unit vector ~ value a~10"*!, Ref. 5 estimated..~0.37. Assuming that
giving the direction of the dipole, andl, is its magnitudg  « is independent of eithey and v, this yieldsy.=\./A

we have ~0.019, where we have used the valde=20 found for
slightly doped LCC. Combining this with Eq(1), we thus
find
Hd:ps<v>f dr fi(r)-ain, (5)
' 0.019
with X~ m (11

showing an increase of the antiferromagnetic regime with

fi(r)= El o(r=rpMai(rym(ry), ®) increasing. At z=0.15, this would predict,~0.026, some-
what lower than the observed value-8%). This discrep-
where the sum runs only over doped bonds which frustratancy could result from various sources. For example, dilu-
the surroundingnamely have both Cu ions presgnt tion may affect the nearest-neighbor exchange energy in the
As argued in Ref. 5, the renormalization-group procedureplane,J, more strongly than the interplanar interaction or the

generates an effective dipole-dipole interaction between thanisotropy. This would imply that increases witlz.

dipole moments{m(r)}, which is mediated via the canted = Combining Eqs(9) and(10), one finds that fot> X\, the

Cu spins. At low temperatureé these moments develop very critical line is given by

long ranged spin-glassy correlations, and may thus be con-

sidered frozen. Hence, we treat all the variahlgsa(r,), tn(N) BA

andm(r;) as quenched, and we have tn(0) Nl—(1—3B>\)1’3’ (12
[Fiu(DF,(r")]=N5,,6;6(r—r"). (7)  where

Herex=Ay, A=M?2Q/d, whereQ=[me(r)], and the effec- 1 )

tive dipole concentratioly replaces the parametgrused in B=—-In(aCy)= tn(0)" (13

Ref. 5.

With these assumptions, we have now mapped our probA/e next look at the dependence ®f; on x for fixed z
lem to that treated in Ref. 5. We can thus take over thdgnoring the weak dependence wfon x in Eq. (2), ps is
results from there, andiy(x,z) should be equal to the &  assumed to depend only an(the relative error inpg from
temperature derived there for hole concentragaand stiff-  neglectingxin Eq. (2) is less than 3% In that casep drops
ness constanig(v). out of the ratio on the left-hand sid¢.HS) in Eq. (12),

The renormalization-group analysis of the Hamiltonianwhich becomes equal t®y(x,z)/Tyn(0,2). The right-hand
(3) (Ref. 5 found the two-dimensional antiferromagnetic side (RHS) of that equation now depends only an=Ay
correlation lengthé,p as a function of the two parametdars =Ax(1—2z)?, reflecting a universality of the plot of
=T/ps and\. The results contain exact exponential factors,Ty(x,z)/Ty(0,2) versus the rescaled variabye=x(1—z)2.
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FIG. 1. The universal plot oTy(x,2)/Ty(02) versusy, based FIG. 2. Ty(x,2)/Ty(0,0) versusz. The full, dashed, and dash-

on Egs.(11) (for t<\) and (12) (for t>\). Symbols are from  qqtteq fine represent Eq16), for x=0.018, x=0.017, andx

experimentsz=0: empty circles(Ref. 4, full circles (Ref. 19,  _( 016, respectively. The circles are experimental data, from Ref.
crosseqRef. 12, and trianglegRef. 3); z=0.15: starqRef. 4. 4. for Sr concentration 0.0170.001.

Note that this universal plot, which should describe thelNe
temperature for many values af requires no new param-
eters; all the parameters are known from the limit0. In
fact, it is worth noting that the RHS of E¢L2) depends only
on the combinatiolB\, so that it should also apply to other
lamellar systems with different values Bf resulting from Tn(X,2) ABy
different values ofx. Figure 1 presents the universal plot of Tn(0,0) =(1-3.201) 1—(1—3ABy)1’3'
Tn(X,2)/Tn(0,2), from both Egs.(12) (for t>\) and (11)

(for t<\). This theoretical curve is then compared with vari- Figure 2 shows the dependenceTgf(x,z) on the dilutionz,

ous experiments, for both=0 andz=0.15. Itis satisfactory  given by the above equation, for three concentrations of
to note that except for one point, the data from the latter ar¢,gjes. The theoretical curve for=0.018 reproduces very
indistinguishable from those for the nondilute case, confirmyya; the observed maximum in the dependence ~ of

ing our universal prediction. . Tn(X,2)/Tn(0,0) onz The experimental points were mea-
For comparison of the dependence of y(x,2) with ex- g, ;red at a nominal Sr concentratigr: 0.017+ 0.001.

quantum corrections t@g, or to thez dependence oB.
Substituting Eqs(14) and (15) (also replacing by v) into
Eqg. (12), we have

(16)

periments, it is more convenient to scal(x,z) by  aApimportant prediction of the theory is the high sensitiv-
Tn(0,0).  For that purpose, we need the ratiojy of the maximum to the hole concentration. The maximum
Tn(0.2)/Tn(0,0). Theoretically, Eq(13) yields exists only atx sufficiently close tox., and disappears at
lower x. It would be interesting to check this prediction ex-
perimentally.
Tn(02)  tn(02)ps(z)  B(0) ps(2) In conclusion, we found the combined effect of hole dop-
T(0.0  ty(0.0p0)  B(2) pe(0)’ (14)  ing and magnetic dilution on the long-range order in lamellar

Heisenberg antiferromagnets. We showed that dilution weak-
ens the destructive effect of the holes on the AFLRO. The
critical concentratiorx. increases with dilution, and the de-
endence ofly on vacancy concentration reveals a maxi-
um, if the hole concentration is sufficiently close xg.

These findings are in quantitative agreement with the experi-

ment. Furthermore, the experimental data for the two con-
Tn(0,2) centrations agree with each other even better than with the
TN(0,0 ~1-3.2 (19 theoretical curve, demonstrating the validity of the scaling
x—x(1—2)? beyond any theory. We note that the consis-
tency of our theory with the experiments, with no new ad-
justable parameters, supports the validity of the frustration
model.

where the wealk dependence dB(z) may result from such
a dependence of either or C, in Eq. (13). According to
Refs. 4 and 17, the experimental data fit the linear depern:
dence

up toz=0.25. At low concentrationg<0.10, this is in good
agreement with the % expansion resul p(z)/ps(0)=1

—3.14, if one uses the approximatidd(z)~B(0) in Eq.

(14). At higher concentrations the ratjg,(z)/ps(0) in the This project has been supported by the U.S.-Israel Bina-
classical limit decreases with dilution approximately astional Science Foundation. A.A. also acknowledges the hos-
ps(2)/ps(0)=1—3.14+1.57%2 8 i.e., slower than the ex- pitality of the ITP at UCSB, and the partial support there by

perimental Ty (z)/Ty(0). This discrepancy can be due to the NSF under Grant No. PHY94007194.
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