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We have studied the magnetic coupling between the CuO2 planes in the antiferromagnetic(AF) phase of Sr-
and Zn-doped La2CuO4 by analyzing the spin-flip transition in the magnetization curves. We find that the
interlayer coupling plays a key role in the suppression of the AF phase, and that only mobile holes cause a
strong frustration of the interlayer coupling. Depending on the hole mobility, samples with identical Néel
temperature can have a very different interlayer coupling.
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All cuprate high-temperature superconductors are charac-
terized by a layered crystal structure. Key elements of this
structure are the CuO2 planes which are a prototype of a spin
S=1/2 two-dimensional(2D) Heisenberg antiferromagnet.
Insulating CuO2 planes, such as those in undoped La2CuO4,
exhibit a three-dimensional antiferromagnetic(3D AF) order,
while CuO2 planes doped with hole-like charge carriers, as
those in La2−xSrxCuO4, become superconducting.1 Both phe-
nomena, antiferromagnetic order as well as superconductiv-
ity, depend on a finite electronic coupling between the
planes.2 In this paper we focus on the doping dependence of
the interlayer coupling in the AF phase of lightly Sr-doped
La2CuO4.

In La2−xSrxCuO4 the 3D AF order is destroyed by a re-
markably small amount of 2% holessx=0.02d, which is in
sharp contrast to,41% in the case of the substitution of Cu
with nonmagnetic Zn.1,3 Since the suppression of the 3D AF
order by holes is a precondition for the occurrence of super-
conductivity, great efforts have been made to map each stage
of this process.1,4–6The Néel temperatureTN decreases from
325 K for x=0 to about 80 K forx=0.019 and then drops to
zero atx=0.02.1,6 At the same time forx*0.008 the so-
called spin freezing regime evolves at temperaturesT
&30 K.4,5 At x=0.02 this regime crosses over to the so-
called cluster spin-glass phase, which reaches into the super-
conducting phase that appears atx=0.06.1 Recent neutron-
diffraction experiments indicate that the spin freezing regime
and the spin-glass phase are closely related.7 In both phases
an incommensurate spin modulation was observed.7,8 Various
models were suggested to describe the suppression of the AF
order in La2−xSrxCuO4.

9–12 The frustration model assumes
that individual localized holes cause a frustration of the in-
plane and the interlayer coupling.9 In the finite-size scaling
model holes segregate into domain walls which limit the 2D
correlation lengthj2D~ÎTN.5,10

To find out the primary controlling parameter for the sup-
pression of the 3D AF order in La2−xSrxCuO4, we have stud-
ied the magnetic interlayer couplingJ' as a function of Sr
and/or Zn doping. Zn doping is used to reduce the mobility
of the holes and to introduce spin vacancies.6 As J' is about

five orders of magnitude weaker than the Cu-O-Cu in-plane
superexchange ofJ=135 meV, it is not possible to measure
it by neutron scattering. Instead, we have determinedJ'

from the spin-flip transition which can be induced forH ic
due to the Dzyaloshinsky-Moriya Cu-spin canting.13 Our
analysis of this transition shows that only mobile holes cause
a drastic suppression of the interlayer coupling. Codoping
with Zn recovers an interlayer coupling nearly as strong as in
pure La2CuO4 due to the localization of the holes. Most re-
markably, samples with identical hole concentration and
similar TN can have a very different interlayer coupling, de-
pending on the mobility of the holes.

The dc magnetizationMsHd of five polycrystals
La2−xSrxCu1−zZnzO4 (Table I) was measured with a vibrating-
sample magnetometer(VSM) with Tmax=290 K and Hmax
=14 T. Samples were annealed in vacuum(1/2 h, 800 °C),
their synthesis is described in Ref. 6.

La2CuO4 exhibits a collinear spin structure with spins
nearly parallel to theb axis.13 However, in the low-
temperature orthorhombic(LTO) phase of La2CuO4 the
CuO6 octahedra are tilted, which allows for Dzyaloshinsky–
Moriya (DM) superexchange. As a consequence, nearest-
neighbor Cu spins are slightly canted, which results in small
momentsMDM ic.13 Below TN the DM moments of adjacent
planes are AF ordered, but can be ferromagnetically aligned
in an external magnetic fieldH ic.13 The spin flip(SF) takes
place whenH acting on the AF ordered part of the DM
momentMDM

AF overcomes the interlayer coupling(left inset

TABLE I. Studied La2−xSrxCu1−zZnzO4 samples(see text).

Sr Zn
TN

(K)
HSF

(T)
MDM

AF

f10−3smB/Cudg
J'

smeVd

0 0 312 4.5(5) 2.7(3) 2.9(5)

0.011 0 222 3.6(3) 2.1(3) 1.7(5)

0.017 0 132 2.4(2) 1.2(2) 0.7(3)

0.017 0.10 134 3.9(4) 3.0(3) 2.7(5)

0 0.15 166 3.6(4) 3.4(3) 2.7(5)
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Fig. 2). Once MDM
AF sTd and the spin-flip fieldHSFsTd have

been extracted from theMsHd curves, the interlayer coupling
J' can be calculated from the low-temperature limit,13

MDM
AF s0dHSFs0d . S2J'. s1d

The analysis is complicated by the fact that the DM mo-
ments, which are of the order of,10−3 mB/Cu, cause the
MsHd curves to be nonlinear in the AF phase as well as in the
paramagnetic phase.13,14 As an example we show in Fig. 1,
MsHd of La2CuO4 sTN=312 Kd and La1.983Sr0.017CuO4 sTN

=132 Kd as a function of the reduced temperatureT/TN. In
the paramagnetic phasesT/TN.1d the nonlinear contribu-
tion can be described by a termMB which contains a Bril-
louin function for spinS=1/2 (details below). In the AF
phasesT/TN,1d the nonlinear contribution is always a com-
bination of MB and a termMSF which arises from the spin
flip

M = Hx0H + MB sT . TNd
x0H + MB + MSF sT , TNd J , s2d

wherex0H accounts for all linear terms. As one can see in
Fig. 1 the spin-flip termMSF is zero in the paramagnetic
phase, finite but small just belowTN, and dominant at lowT
(gray shaded area). Furthermore, one can see that in the Sr-
doped sample even at very low temperaturesMSF is signifi-
cantly smaller than in La2CuO4, while MB is larger, which
indicates the reduction of the AF order parameter by the
doped holes. Clearly visible is also the smaller critical field
HSF for x=0.017.

In a single crystal the spin flip causes a steplike increase
of MsH icd at H.HSF by MSF=MDM

AF . In a polycrystal the
crystallites are oriented randomly. From integration over all
directions we obtain the following field dependence ofMSF
for HùHSF:

MSFsHd =
1

2
MDM

AF f1 − sHSF/Hd2g. s3d

Obviously, in a polycrystalMSF converges toMDM
AF /2 for H

→`. A similar geometrical consideration for the paramag-
netic phase yields the phenomenological formula forMB,

MBsHd = MDM
NOE

0

p/2

tanhskH sinfdsin2 fdf, s4d

whereMDM
NO is the non-AF-ordered(NO) fraction ofMDM per

Cu spin. k=MDM
NON/ skBT+J'N2S2d is a phenomenological

expression withN=sj2D /ad2 the number of 2D correlated Cu
spins, which provides an estimate for the magnetic correla-
tion lengthj2D. f is the angle betweenH and the tilt axis of
the CuO6 octahedra, which is normal to the DM plane(inset
Fig. 2). Our analysis has shown thatMDM .MDM

AF +MDM
NO. A

neglect ofMB would lead to inaccurate values forMDM
AF , HSF,

and J', in particular whenMB*MSF. In the following we
focus on the spin-flip termMSF.

In Fig. 2 we showMSF=M −MB−x0H for La2CuO4 at
30 K, whereMB.0. For largeH, Eq. (3) yields a good fit to
the data(dashed line). Assuming a Gaussian distribution of
HSF in the polycrystal, integration of Eq.(3) overHSF yields
the solid line in Fig. 2 which perfectly fits the data in par-
ticular aroundHSF. The extracted parametersMDM

AF =2.55
310−3 mB/Cu and HSF=5.2 T are in fair agreement with
2.1310−3 mB/Cu and 5.3 T for a single crystal withTN
=240 K, if one takes into account the crystals lowerTN and
the fact that in single crystalsHSF is generally 0.5–1 T
larger, most likely because in polycrystals the correlation
length is limited by the grain size.13

With the developed tools we are now able to track the
temperature and doping dependence ofHSF, MDM

AF , andJ' of
the five studied samples(Table I). In pure La2CuO4 MDM

AF

increases monotonously with decreasingT, and extrapolates
to MDM

AF s0d=2.7310−3 mB/Cu [Fig. 3(a)]. Pure Sr doping
causes a drastic reduction ofMDM

AF . In contrast, in
La2Cu0.85Zn0.15O4, though TN is strongly reduced, at low

FIG. 1. Magnetization curvesMsHd of La2−xSrxCuO4 with x
=0 andx=0.017 at reduced temperaturesT/TN=1.05, 0.9, and 0.2
(see text). In the left panel only data forx=0.017 is shown since
1.053TN for x=0 is above the maximum temperature of our VSM
s290 Kd.

FIG. 2. Spin-flip termMSF=M −MB−x0H in La2CuO4 at 30 K.
(Dashed/Solid lines) fit according to Eq.(3) without/with Gaussian
distribution ofHSF. Left inset: Spin flip takes place whenH cosu ic
exceedsHSF. Only MDM

AF cosu iH contributes toMSF. Right inset: In
a polycrystalHSF,HmaxsdM /dHd.

HÜCKER, KLAUSS, AND BÜCHNER PHYSICAL REVIEW B70, 220507(R) (2004)

RAPID COMMUNICATIONS

220507-2



temperaturesMDM
AF per Cu atom becomes even larger than in

La2CuO4. Quite remarkably, a similar behavior is observed
for the Sr/Zn-codoped sample, where the twofold role of Zn
is to reduce the mobility of the holes and to create spin
vacancies.6

In La2CuO4 the spin-flip fieldHSF increases with decreas-
ing temperature and below 150 K becomes hysteretic, with
its mean value(3) saturating at 4.5 T[Figs. 3(b) and 3(e)].
Pure Sr doping strongly reducesHSF as well as the hysteretic
temperature range. In particular for the 1.7% Sr-doped
sample only forTø10 K a field hysteresis is observed. Both
Zn-doped samples show a relatively large field hysteresis
[see Figs. 3(c) and 3(d)]. Their maximum mean value for
HSF is smaller than in La2CuO4, but in view of their lowTN,
it is large when compared toHSF of La1.983Sr0.017CuO4. The
specific reasons for the hysteresis effects in La2−xSrxCuO4
are not well understood. However, its distinct presence in
La2CuO4 indicates that it is not an exclusive feature of the
spin freezing regime.

As one can see in Fig. 3(a), in La2CuO4 and for pure Sr
dopingMDM

AF decreases below 30 K. In the case of La2CuO4
we think that this effect is related to the large field hysteresis
of the spin-flip transition, which leads to strongly distorted
MsHd curves and makes it difficult to extract reliableMDM

AF

values at low temperatures. In contrast, in the 1.7% Sr-doped
sampleMDM

AF decreases between 30 and 15 K, whereMsHd is
reversible and the fits of high quality. We think that, here, the
effect is connected to the transition into the spin freezing
regime and indicates a decrease of the AF order parameter
s~MDM

AF d, which is consistent with results from neutron
diffraction.7 Obviously, the effect is absent in both Zn-doped
samples, which indicates that Zn causes a suppression of the
spin freezing regime in La2−xSrxCuO4.

Following Eq. (1), we show in Fig. 4 the temperature
dependence ofJ'

* =MDM
AF HSF/S2, which we call the effective

interlayer coupling, whereHSF are the mean values in Fig.

3(e). J'
* accounts for the effects of dopingsx,zd and tem-

perature and only forT→0 J'
* s0d=J', whereJ' is the av-

erage superexchange per Cu site(Table I), although one
should keep in mind that strictly speakingJ' is a local in-
teraction. In La2CuO4 we find J'

* s0d=2.9 meV, which is in
good agreement with 2.6meV for the single crystal men-
tioned above, if one takes its lowerTN but relatively high
HSF into account.13 As a function of Sr dopingJ'

* drastically
decreases, and forx=0.017 J'

* s0d amounts to only 25%
of the value in La2CuO4. In contrast, in
La1.983Sr0.017Cu0.9Zn0.1O4, which has exactly the sameTN,
J'

* increases steeply belowTN and reaches nearly the same
value as in La2CuO4. La2Cu0.85Zn0.15O4 behaves similarly.
The fact that in both Zn-doped samplesJ'

* s0d is about the
same as in La2CuO4 reflects Eq.(1), which says that ifJ' is
constantHSF has to decrease whenMDM

AF increases[cf. Figs.
3(a) and 3(e)]. To a certain extent the 15%sz=0.1d and 25%
sz=0.15d larger DM moments can be explained by an en-
hanced octahedra tilt angleF.15 Local strain around the non-
Jahn-Teller-active Zn sites might amplify this effect. We em-
phasize that a moderate increase of the DM interaction by Zn
doping only will have a small impact onJ' and certainly
cannot explain the drastic increase by a factor of 4 observed
for the two 1.7% Sr-doped samples.

Figure 4 is our major result. It shows that the mechanism
for the suppression of the 3D AF order is completely differ-
ent for pure hole doping(Sr) on the one hand, and nonmag-
netic impurity doping(Zn) as well as Sr/Zn codoping on the
other hand. In La2−xSrxCuO4 the hole mobility increases rap-
idly with increasingx, and just a small concentration of mo-
bile holes strongly reduces bothTN andJ'

* .6 Codoping with
Zn reduces the hole mobility6 and causes a drastic increase
of J'

* even if TN is low. In particular for the two samples

FIG. 3. Spin-flip parametersMDM
AF (a) and HSF (b)–(e) vs T in

La2−xSrxCu1−zZnzO4. Errors in Table I.(b)–(d) HSF for dH/dt.0
(upper branches) anddH/dt,0 (lower branches) as well as mean
value (3). (e) HSF mean values.

FIG. 4. Interlayer coupling in La2−xSrxCu1−zZnzO4. Errors in
Table I. Inset: Inverse correlation length vsT for both samples with
x=0.017. The solid lines are guides to the eye.
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with identicalTN and hole concentrationx the effect of dif-
ferent hole mobilities is apparent.

We start the discussion by showing that individual local-
ized holes cannot account for our observations. It is well
accepted that localized holes suppressTN much stronger
than Zn, because holes are located on O sites and ferro-
magnetically frustrate the antiferromagnetic Cu-O-Cu
exchange.9 In contrast, static spin vacancies do not perturb
the AF order of the surrounding Cu spins.16 To see this we
compare the 10% Zn- and 1.7% Sr-codoped sample with
localized holes with a,18% Zn-doped sample, which would
have the sameTN of ,135 K. It immediately follows that
1.7% localized holes suppressTN as effective as 8% Zn.
Hence, the in-plane ferromagnetic frustrations of localized
holes strongly reduceTN, but hardly affect the interlayer cou-
pling (Fig. 4). We conclude that a reduction of the interlayer
coupling in La2−xSrxCuO4 is connected to a high hole mobil-
ity.

In the following we will show that our observations can
be explained assuming dynamic magnetic antiphase bound-
aries forT*30 K and static forT&30 K. Evidence for static
antiphase boundaries in the spin freezing regime was re-
cently found by Matsudaet al.7 Below 30 K an incommen-
surate spin order was detected which coexists with the com-
mensurate AF order. Dynamic antiphase domains were
suggested12 to explain the drastic reduction of the AF order
parameter with increasingx for 30 K,T,TN. Our discus-
sion does not depend on a particular domain form or on the
formation of charge stripes. What is essential is that holes are
mobile, as only these holes can ferromagnetically frustrate
many Cu-O-Cu-bonds and are able to excite at least an-
tiphase boundary segments. In the presence of many of such
excitations a frustration of the interlayer coupling is inevi-
table, as two antiphased domains in one CuO2-plane gener-
ally cannot AF couple simultaneously to the adjacent plane.

The drastic reduction ofMDM
AF in La2−xSrxCuO4 with in-

creasingx for 30 K&T,TN can be explained by antiphase
boundaries, also. Only those regions of the CuO2 planes with
AF interlayer coupling contribute to the spin flip described
by MSF, while in regions with frustrated interlayer coupling
the magnetization of the DM moments contributes toMB. In
particular for the Sr-doped sample withx=0.017 the signifi-
cance ofMB at low T is obvious [Fig. 1(c)]. This clearly

indicates that in La2−xSrxCuO4 with increasingx weight is
shifted from MSF to MB, as the regions with AF interlayer
coupling, and therefore the AF order parameter, decrease.

According to our analysis, in the 1.7% Sr-doped samples
j2D at TN is about the same(inset Fig. 4). However, in the
sample with mobile holesj2D increases much slower with
decreasingT than in the Zn-doped sample with localized
holes. Hence, mobile holes seem to confinej2D, which is
consistent with the central idea of the finite-size scaling
model for the temperature range 30 K&T,TN.5,10 However,
in this model the spin freezing regime is associated with the
breakup of the domain walls when holes localize.5 In con-
trast, recent neutron-diffraction data give evidence of static
magnetic domain walls in particular in the spin freezing
regime.7

The additional reduction ofMDM
AF in the spin freezing re-

gime can be explained in terms of a static and more even
distribution of antiphase boundaries in the spin freezing re-
gime. Since the phase of the AF correlations changes byp
on crossing an in-plane antiphase boundary, a periodic ar-
rangement of such domain walls might result in a perfect
frustration of the interlayer coupling. The fact that in the
Zn-doped samples no drop ofMDM

AF below T,30 K is ob-
served, indicates that the localization of holes by Zn destroys
the incommensurate spin freezing regime and lifts the frus-
tration of the interlayer coupling. In Ref. 11 it was suggested
that Zn effectively removes frustrated in-plane bonds gener-
ated by holes. This static picture neglects that it is not favor-
able for a hole to go on the O site of a Cu-O-Zn bond, for
Zn2+ has a full 3d10 shell. In contrast, resistivity data sug-
gests that the hole mobility is reduced by impurity
scattering.6

In summary, we have presented evidence that the drastic
suppression of the antiferromagnetic phase in La2−xSrxCuO4
is associated with a magnetic decoupling of the CuO2 planes.
We concluded that the decoupling is induced by in-plane
antiphase boundaries excited by mobile holes. The impact of
localized holes as well as static spin vacancies on the inter-
layer coupling is weak.
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