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Mobility of holes and suppression of antiferromagnetic order in La22xSrxCuO4

M. Hücker, V. Kataev,* J. Pommer, J. Harraß, A. Hosni, C. Pflitsch, R. Gross, and B. Bu¨chner
II. Physikalisches Institut, Universita¨t zu Köln, D-50937 Köln, Germany
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We have measured the static magnetic susceptibility and the resistivity of Zn (0<z<0.25) and Sr (0<x
<0.03) doped La2CuO4. Our data clearly show that Zn impurities lead to an increase of the Ne´el temperature
TN in weakly hole doped compounds. This increase ofTN correlates with an increase of the resistivity. The
analysis of our data strongly suggests that the hole mobility is the most important source for the strong
suppression of antiferromagnetic order in La22xSrxCuO4 . @S0163-1829~99!50102-1#
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Doping of the parent compounds of high-temperature
perconductors with charge carriers has a pronounced in
ence on both the antiferromagnetic~AF! order and the elec
tronic transport properties. La2CuO4 for example is an
insulator with AF order below a Ne´el temperature ofTN

0

;300 K.1 In La22xSrxCuO4 ~LSCO! this long-range mag-
netic order is almost completely destroyed by doping
CuO2 planes with the small amount of;2% holes (x
;0.02).2 In contrast, a much weaker influence on the ma
netic order is observed when the Cu spin lattice is diluted
nonmagnetic Zn ions.3 In this case an impurity content a
large as 30–40% is required to destroy the AF order whic
in fair agreement with the theoretical predictions by the s
percolation theory for a two-dimensional~2D! square
lattice.4 In contrast the situation is less clear in the case
doping with charge carriers. While it is well known th
doped holes strongly disturb the antiferromagnetic bond
the CuO2 planes5 and that there is a strong coupling betwe
the hole motion and the AF correlations, the detailed mec
nism of the rapid suppression ofTN upon hole doping is
poorly understood. It has been argued that the strong
pression of AF order in lightly hole doped La2CuO4 is re-
lated to a segregation of the holes into quasi-o
dimensional, antiphase domain boundaries which lead to
in-plane anisotropy of the magnetic exchange.6,7 A similar
scenario has been recently derived from a comparative s
of Sr- and Li-doped La2CuO4.

8 In particular, it was pointed
out in this study that the magnetic properties do not corre
with the electrical transport properties.8 Based on this obser
vation it is argued that the strong suppression of AF orde
caused by the motion of AF domains which are surroun
by charged, antiphase boundaries, i.e., due to collective
phenomena.8

We have investigated in more detail the relationship
tween hole mobility and antiferromagnetic order by meas
ing the magnetic and electronic transport properties
La2CuO4 doped by both Sr and Zn in the AF phase. Here,
Zn doping is used to reduce the mobility of the holes int
duced by the Sr doping. Our data show a clear correla
between the degree of the hole localization and the magn
ordering temperatureTN . In particular, we find that Zn dop
ing increasesTN in lightly hole doped La2CuO4 due to the
localization of the charge carriers.

Using a standard solid state reaction9 four series of poly-
crystalline La22xSrxCu12zZnzO4 samples with different
PRB 590163-1829/99/59~2!/725~4!/$15.00
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nominal compositions were prepared: one with a fixed
content (x50.017) and various Zn doping (0<z<0.25),
and another with a fixed Zn concentration (z50.15) and
various Sr doping (0<x<0.03). For comparison we show i
addition results on La22xSrxCuO4 and La2Cu12zZnzO4, i.e.,
samples doped either with Sr (0<x<0.023) or with Zn (0
<z<0.25). To reduce the excess oxygen all samples h
been annealed for 72 h at 625 °C in pure N2 atmosphere.
Within a series of samples with identicalx (z) the differ-
ences of the Sr~Zn! content are smaller thanDx;60.001
(Dz;60.01). In order to obtain this necessary accuracy
the Sr content, a complete series of samples with differez
was prepared from the same mixture of La2O3 and SrCO3.
The error ofx was checked by measuringTN of different
samples with identical compositions~e.g., forz50!.

At low temperatures all investigated samples (x<0.03)
are insulators. It is well established that the electrical re
tivity in this nonmetallic regime is described within the var
able range hopping~VRH! model asr(T)}exp„(T0 /T)a

…,
where T0 is a characteristic temperature controlled by t
mobility of the holes and the exponenta depends on the
dimensionality of the VRH process.10 As shown in Fig. 1 the
resistivity r of La1.983Sr0.017Cu12zZnzO4 is well described
assuming an exponenta51/3 which corresponds to a two

FIG. 1. Resistivity of La1.983Sr0.017Cu12zZnzO4 plotted on a
logarithmic scale vsT21/3 for z<0.1 ~a! andz>0.1 ~b!. The char-
acteristic temperatureT0 is obtained from the linear fits to the dat
~solid lines!.
R725 ©1999 The American Physical Society
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dimensional hopping at elevated temperatures.11 The general
trend of r(x,z) as a function of doping is an increase wi
decreasingx and increasingz, respectively. In the case of 2D
VRH the characteristic temperatureT0 is related to the local-
ization radiusr loc of the holes via

T05
13.8

kBN~eF!r loc
2 , ~1!

whereN(eF) is the density of states at the Fermi energy10

Measurements of the electronic specific heat yield t
N(eF) does not vary significantly in the doping regime
our experiments.12 Therefore, we neglect a possible we
dependence ofN(eF) on x andz in our qualitative discussion
of the localization radiusr loc .

The values forT0
1/3 and the normalized localization radiu

r loc are summarized in Fig. 2. Let us first focus on the d
obtained for La1.983Sr0.017Cu12zZnzO4 shown in Figs. 2~a!
and 2~b!. A clear increase ofT0 , i.e., an increasing localiza
tion, is observed with increasing Zn doping. The localizat
radius r loc determined fromT0 using Eq.~1! strongly de-
creases with increasingz and saturates for Zn dopingz
*0.15.

The corresponding results forT0 andr loc for the samples
with fixed Zn contentz50.15 and variable Sr concentratio
x<0.03 are shown in Figs. 2~c! and 2~d! ~full symbols!.
With increasing Sr contentT0

1/3 (r loc) decreases~increases!,
i.e., the holes become more mobile. However, we stress
for this high Zn contentr loc stays small even for the large
Sr doping (x50.03). Indeed, our findings forz50.15 mark-
edly differ from the behavior in pure La22xSrxCuO4, i.e., for
z50, which is also shown in Figs. 2~c! and 2~d! ~open sym-
bols!. In the latter case there is a much stronger increas
the hole mobility (r loc) with increasingx.

FIG. 2. T0 and localization radiusr loc of La22xSrxCu12zZnzO4

normalized to the value found forx50.017 andz50 as a function
of Zn ~left! and Sr~right! doping. The solid lines are guides to th
eye. Values for La2Cu0.98Li 0.02O4 ~L! are extracted fromr(T) data
in Ref. 14.
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In the following we will show that this strong influence o
the Zn doping on the hole mobility as revealed from o
resistivity data clearly correlates with the magnetic prop
ties. In Fig. 3 the magnetic susceptibilityx is plotted for
some representative La1.983Sr0.017Cu12zZnzO4 samples with
a fixed Sr contentx50.017 and different Zn concentration
(0<z<0.25). The susceptibilities are similar to that of th
canted antiferromagnet La2CuO4.

13 The paramagnetic stat
at high temperatures is characterized by a Curie-Weiss-
increase ofx with decreasingT, followed by a well defined
peak which indicates the transition to AF order atTN . At
very low temperature a Curie-like upturn due to sm
amounts of paramagnetic moments~e.g., uncompensated C
spins! is visible. Without Zn doping,TN5125 K is observed
which is significantly belowTN of pure La2CuO4 due to the
Sr doping (x50.017). The remarkable feature of Fig. 3
the fact that additional Zn doping initially does not lead to
further reduction ofTN . In contrast,TN even increases up to
TN5144 K for z50.05. Only forz.0.05, TN starts to de-
crease again. Note that a large Zn concentration ofz.0.1 is
required to reachTN5125 K measured forz50.

A similar study of the influence of Zn doping onTN has
been performed forx50, i.e., for samples without dope
holes. A comparison of theTN obtained for these two sets o
samples is given in the phase diagram shown in Fig. 3~a!.
For x50, the well-known linear decrease ofTN(z) with in-
creasingz is observed. The distinction to our findings for th
lightly hole doped compounds is apparent. However, n

FIG. 3. Static magnetic susceptibility (H51 Tesla) vs tempera-
ture of La1.983Sr0.017Cu12zZnzO4 for different Zn doping. The dot-
ted line is a guide to the eye to emphasize the nonmonoton
dependence ofTN on Zn doping. The curves are displaced vertica
by 131024 emu/mol for clarity.
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that this difference reduces with increasing Zn content.
deed, for large Zn contentsz*0.15 the slopedTN /dz is
about the same for the two sets of samples. Thus, it is
dent from the measuredTN(z) dependences that for the ho
doped samples withx50.017 there is a kind of threshol
value z;0.15 for the Zn doping. Above this valueTN is
consistent with a simple spin dilution, whereas for sma
Zn doping there is an apparently different mechanism c
trolling TN for compounds with a finite hole content.

To obtain further insight into the effect of Zn and Sr do
ing on TN in La2CuO4 we have studied the susceptibility o
samples with a fixed Zn contentz50.15 and various Sr con
centrations in the range 0,x,0.03. The Ne´el temperatures
of these samples monotonously decrease with increasingx as
shown in Fig. 4~b! ~full symbols!. A quite remarkable resul
is obtained when comparing these findings to the w
known TN(x) dependence of samples without Zn dopi
@open symbols in Fig. 4~b!#. In the absence of holes, i.e., fo
x50, TN is much smaller in the Zn-doped compound
expected due to the dilution of the Cu spin system. Howe
the decrease ofTN with increasing Sr concentration is muc
weaker in the Zn-doped compounds and, finally,TN of these
samples is significantly larger than for the samples with
Zn doping. The extrapolated critical Sr content for whi
TN50 is as large asxc.0.033 for z50.15 and therefore
clearly exceeds the corresponding valuexc.0.02 of samples
without Zn. A comparison of these experimental findings
TN in Fig. 4~b! to the results of the resistivity measuremen
on the same samples shown in Fig. 2~d! indicates a relation-
ship betweenTN and r loc : a strong decrease ofTN with
increasingx seems to correlate with a strong increase ofr loc
which is only present forz50.

In order to clarify this relationship betweenr loc and TN
we consider again the series of Zn-doped samples wit
fixed Sr content ofx50.017. Both, the resistivity and th

FIG. 4. ~a! Néel temperatureTN as a function of the Zn conten
for samples withx50.017~d! andx50 ~s, L!. Error bars show
the scatter ofTN for different samples with identical nominal com
positions.~b! TN as a function of the Sr content for samples w
z50.15~d! andz50 ~s, L!. The solid lines are guides to the ey
The dashed line in~a! represents an extrapolation of the linear p
of the TN(x50.017,z) curve to smallz. Samples marked with~L!
are additionally doped by Eu which is irrelevant in the context
this paper.
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susceptibility data strongly suggest that one has to dis
guish two regimes of Zn doping. There is a strong dop
regime forz*0.15 where the degree of localization does n
change significantly as a function of the Zn content, i.e.,
mobility of holes is already reduced to its minimum. In th
doping regimeTN decreases linearly with the Zn contentz
which can be interpreted in terms of simple spin dilution.
contrast to that, the charge mobility is strongly affected
the Zn doping in the weak doping regimez&0.15 as signaled
by the strong decrease ofr loc in Fig. 2~b!. In the same range
of doping the unusual nonmonotonous change ofTN as a
function of the Zn content is observed@see Fig. 4~a!#. Hence,
in the low doping regime Zn doping plays a twofold role. O
the one hand it reducesTN due to the creation of static spi
holes in the Cu spin lattice~spin dilution!. However, on the
other hand it causes a localization of the mobile holes t
reducing the effect of Sr doping on the AF order. The sup
position of these two effects causes the nonmonoton
change ofTN with increasingz.

Subtracting the effect of spin dilution which is know
from the findings for La2Cu12zZnzO4 ~as well as from the
high Zn doping regime forx50.017! allows to determine the
suppression ofTN due to the mobility of the holes. The resu
is plotted in Fig. 5 which showsTN

Sr5TN(x,z)1@TN
0

2TN(0,z)# as a function of the Zn contentz for the samples
with x50.017. Here,TN

0 5292 K is the Ne´el temperature of
pure La2CuO4 andTN

Sr is the Néel temperature corrected fo
the influence of the dilution of the Cu spin lattice due to Z
doping. That is,TN

Sr represents the ordering temperature
‘‘hypothetical’’ exclusively Sr-doped samples (x50.017)
with different degree of hole mobility as measured byr loc .
From a comparison ofTN

Sr and r loc in Fig. 5 the crucial role
of the hole mobility for suppression of AF order becom
apparent. The strongreduction of rloc at smallz corresponds
well with a respective steepincrease of TN

Sr by more than 100

t

f

FIG. 5. Néel temperatureTN
Sr corrected for the influence of Zn

doping~d! ~see text! and normalized localization radiusr loc ~s! of
La1.983Sr0.017Cu12zZnzO4 vs the Zn content. Inset: separation of th
contributions of static holes and the mobility of holes to suppress
of TN . TN

0 denotes the ordering temperature of pure La2CuO4.
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K. In the limit of strong localization~largez! bothTN
Sr(z) and

r loc(z) tend to saturate. However, note thatTN
Sr is still by

about 40–50 K less thanTN
0 as illustrated in the inset of Fig

5. According to our analysis this remaining difference has
be attributed to the decrease ofTN due to quasistatic holes
This suppression which amounts to about 40–50 K fox
50.017 is still about three times stronger than that for a
content ofz50.017 in La2Cu12zZnzO4. The reason for this
stronger influence is obvious, since a doped hole on an o
gen site does not only dilute the spin lattice, but also cau
a ferromagnetic exchange between the adjacent Cu sp5

Nevertheless, only a small part of the decrease ofTN in
LSCO can be explained with the presence of quasist
holes. For a Sr contentx50.017 this fraction amounts to
about 1/4 of the total suppression~see inset of Fig. 5!. There-
fore our data show that the charge mobility plays the m
significant role in destruction of the AF order in LSCO wi
increasingx.

This main conclusion of our study seems to contradict
above-mentioned findings on Li-doped La2CuO4.

8 However,
also for Li hole doping the resistivity decreases strongly
small concentrations.14 From the resistivity data in Ref. 14
we have estimatedT0 and r loc for a Li content of 2%. The
results are included in Fig. 2. As expected the holes are
mobile than in LSCO. However, the localization radius in t
Li-doped compound is significantly larger than in the case
quasistatic holes for high Zn contents. According
La2Cu12yLi yO4 should be compared to La2-xSrxCu12zZnzO4
at intermediate Zn doping, where charge mobility is still t
main source of the suppressedTN . From the correlation be
tweenTN

Sr and r loc for the 1.7% Sr-doped samples shown
Fig. 5 andr loc of the 2% Li-doped compound we estimate
r
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Néel temperature ofTN.175 K. This value is in fair agree
ment with the measurements revealingTN.140 K,14 if we
take into account the slightly larger hole content in the
doped sample, i.e., 2% instead of 1.7%. This agreem
strongly confirms our data analysis in La22xSrxCu12zZnzO4

and, moreover, gives further experimental evidence for a c
relation between transport and magnetic properties in ligh
hole doped La2CuO4. In this respect our findings do not sup
port the conclusions in Ref. 8. According to our results th
is no apparent contradiction to the assumption that the
bility of individual holes determines both the electrical res
tivity and the suppression of the magnetic order.

In summary, the investigation of the static magnetic s
ceptibility and the electrical resistivity o
La22xSrxCu12zZnzO4 has revealed a clear correlation b
tween the antiferromagnetic ordering and the mobility of t
holes in these compounds. Localizing the holes by Zn dop
increasesTN and finally leads to a situation which is simila
to that in La2Cu12zZnzO4 where the AF order is only sup
pressed due to the dilution of the Cu spin lattice. From o
data we conclude that the hole mobility is the most import
source for the strong suppression of AF order
La22xSrxCuO4.
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