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T. Nakano, M. Oda, C. Manabe, N. Momono, Y. Miura, and M. Ido
Department of Physics, Faculty ofScience, Hokkaido University, Sapporo 060, Japan

(Received 5 January 1994)

Magnetic susceptibility g and resistivity were measured in La2, Sr, Cu04. Enhancement of g due to a
ferromagnetic correlation, which is inherent in the orthorhombic phase at low Sr concentrations, disap-

pears at around x =0.05, near the margin of the superconducting regime. In superconducting samples
with 0. 1 ~ x ~ 0.2, y exhibits a broad peak at a temperature T,„. The T-dependent part of g, y'( T), fol-

lows a single curve F regardless of x when g' and T are normalized with the peak value g', „and T,„,as
has been reported. However, the present scaling curve F decreases much more at T « T,„ than the re-

ported one. The resistivity exhibits a T-linear dependence above a temperature T and deviates down-

ward from the T-linear dependence below T*. For x) 0. 1 the temperature T* agrees well with T,„,
indicating that the deviation from a T-linear resistivity is related to the decrease of y below T,„. On
the other hand, for x &0. 1 a large reduction of y is seen below —T* in the data up to 1000 K by Yosh-
izaki et al. , although no peak is seen in the y-T curve. The T dependence of g in La2, Sr„Cu& ~Zn~04
is also reported for x =0.16 and 0.22.

I. INTRODUCTION

The spin system of La2Cu04 at T) Ttv (-250 K) can
be treated as a two-dimensional (2D) S=—,

' Heisenberg
antiferromagnet. ' Neutron-scattering experiments have
shown that a 2D antiferromagnetic (AFM) correlation
develops among the Cu spins largely above T~ and its
correlation length grows up to -200 A at 300 K. The
uniform magnetic susceptibility y decreases with the de-
velopment of the 2D AFM correlation at high tempera-
tures. However, g upturns below -380 K because of a
weak ferromagnetic correlation, while it decreases again
below T~. Thio et al. have shown that the ferromagnetic
correlation originates from an antisymmetric exchange
interaction which appears in the orthorhombic phase of
this system below To =530 K. The long-range AFM or-
der of this system is suppressed drastically by doping of
holes into the Cu-0 planes. Neutron-scattering experi-
ments on lightly doped nonsuperconducting
Laz Sr„Cu04 crystals have shown that the spins of
doped holes are strongly coupled to the Cu spins and lim-
it the AFM correlation length such that the long-range
AFM order is not possible.

In superconducting Laz, Sr„Cu04 samples with

0.1 & x & 0.2, the magnetic susceptibility y decreases
gradually with lowering T after exhibiting a broad peak
at a temperature T,„. " It has been shown in the sys-
tematic studies by Johnston that the T-dependent part of
y, y'(T), follows the universal curve F regardless of x
when it is normalized with its maximum value y,„and
plotted as a function of the reduced temperature
T!T,„. The decrease of y below T,„has been under-
stood in terms of the 2D AFM correlation among Cu
spins. On the other hand, y in samples with x)0.2,
where the superconducting transition temperature T, de-

creases rapidly with increasing x, increases monotonical-
ly down to T, . ' It has been reported that the T

dependence of y for x ~ 0.2 can be reproduced by adding
a Curie term on the T-dependent term which follows the
universal curve F. ' '

At Sr concentrations (x=0.16) for optimum T„ the
resistivity p in the Cu-0 planes exhibits a linear depen-
dence on T over a wide T range from a high temperature
well above room temperature down to near T, . '

Nakamura and Uchida have recently shown in

La2 „Sr„Cu04 crystals with x =0. 1 and 0.12 that p devi-

ates downward below a temperature around 600 K from
a T-linear behavior at higher temperatures. ' The devia-
tion of p from T-linear behavior becomes marked in light-
ly doped nonsuperconducting samples. ' Similar
behavior in the T dependence of p has been also seen in
YBazCu, 07 &.

' In this system, the deviation from a T-
linear resistivity is associated with development of a gap
in this spin excitations. ' It is of great interest to clarify
whether the deviation from a T-linear resistivity in

Laz Sr„Cu04 is also related to the magnetic property.
In the present study, magnetic susceptibility and resis-

tivity were reexamined using well-characterized
Laz „Sr„Cu04 samples with 0&x &0.3. The doping ex-
periments for the in-plane Cu sites of high-T, cuprates
have revealed that impurities on the Cu sites strongly
inAuence the magnetic susceptibility; if impurities exist
on the Cu sites, they induce magnetic moments even
though they carry no magnetic moments themselves and
the magnetic moments give rise to a Curie-like contribu-
tion to the magnetic susceptibility. ' Therefore, stud-
ies on the magnetic susceptibility of high-T, cuprates
should be made using samples of high purity. It has been
also shown that impurities on Cu sites cause a decrease of
T, and a finite T-linear term (yT) of specific heat at
T« T, even if the impurity concentration is at a very
low level, and therefore the T, and y values of high-T,
cuprates are good indicators of sample purity. The T,
value of the present samples of around x =0.16 is compa-
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rable with the highest one reported so far and the T-
linear term of the specific heat is absent at T«T,
around x =0.16. These results indicate that the
amount of impurities on the in-plane Cu sites was ex-
tremely small in the present samples. Measurements of
magnetic susceptibility were also carried out on
La2 „Sr„Cu, ~Zn~OQ samples with x =0.16 and 0.22 in
order to study doping effects on magnetism and super-
conductivity.
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II. EXPERIMENTS

The La& „Sr„CuO& and La& „Sr„Cu, „Zn 04 sam-

ples were prepared using La&03, SrCO3, Cup, and Znp
powders of 99.995—99.999% purity. These powders
were mixed well and fired in flowing oxygen for 24 h in a
two-step procedure. First, the mixed powders were fired
at 1000-1075 'C by using a furnace with a small tempera-
ture gradient. These materials were reground well and
pressed into pellets, and refired in flowing oxygen. After
the firing, the pellets were cooled to 600'C and annealed
for 24 h, then slowly cooled down to room temperature.

Magnetic susceptibility was measured by using a Quan-
tum Design superconducting quantum interference de-
vice (SQUID) magnetometer. The magnetic susceptibili-
ty of the normal state was measured under a magnetic
field of 10 kpe in a T range below 550 K in both courses
of heating and cooling. There was no degradation of
samples due to oxygen deficiency at least in the T range
examined. In the measurements of diamagnetic suscepti-
bility below T„samples were cooled under a zero mag-
netic field down to 5 K or 2 K, and the diamagnetic sus-
ceptibility was measured by heating samples under 15 Oe.
Resistivity was measured by the conventional four-probe
dc method in a T range from 5 to -820 K. Electrical
contacts were made with indium stuck on the surface of
the sample below 350 K. In the measurements of resis-
tivity at high temperatures, Au lead wires were bounded
to the samples with heat-treated Au paste.

III. RESULTS AND DISCUSSION

200
T(K)

400 600

FIG. 1. Magnetic susceptibility y for the nonsuperconduct-
ing samples of La2 „Sr„Cu04 (x & 0.04). The dot-dash lines are
the linear terms extrapolated from high temperatures. The solid
lines for x =0.02, 0.03, and 0.04 represent the curves given by
Eq. (1).

range below T, . The first, second, and third terms in Eq.
(1) are introduced to describe the T-linear dependence of
y at high temperatures, the upturn of y below T, and the
steep increase at low temperatures, respectively. The
fitting to the experimental results is very good, as shown
in Fig. l. On the other hand, susceptibility g for x =0.05
can be reproduced very well by Eq. (1) without the
second term, as shown in Fig. 3. This result indicates
that the upturn of y [the second term Eq. (1)] no longer
appears in the sample with x =0.05. The Curie term in
the low Sr concentration range, which is very small but
causes the steep increase of y at low temperatures, is con-
sidered extrinsic for the present system, because the Cu-
rie constant depends on the sample preparation condi-
tions.

The spin system of La2Cu04 can be treated as a spin- —,
'

square-lattice Heisenberg antiferromagnet, and a tilt of

A. Nonsuperconducting La& Sr„CuO& for x & 0.05 600 I
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In Fig. 1, the T dependence of magnetic susceptibility

y is shown for the samples with x 0.04. Susceptibility

g of La2Cu04 exhibits a T-linear dependence in a T range
from -380 K up to the highest temperature examined,
but upturns below -380 K. The upturn of y is progres-
sively reduced with increasing x, although it is still
marked in the sample with x =0.02 where the long-range
AFM order no longer appears. Temperature T, at
around which y clearly deviates upward from the T-
linear behavior decreases with increasing x, as shown in
Figs. 1 and 2. Susceptibility y for x &0.015 greatly in-
creases below -60 K, much lower than T, .

The T dependence of g for 0.02~x &0.04 can be
reproduced by a phenomenological relation given by

400—
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La2 „Sr„Cu04
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0
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y(T) = AT B(T T, )+C/T+yo, ——

where A,B & 0 and the second term is defined in the T

FIG. 2. Dependences of T„TN, To, and T, on x in
La2 „Sr„Cu04. The x dependence of TN and To are from Refs.
2—4 and from Refs. 44—46, respectively.
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La2 Sr Cu04 the antisymmetric component J ' will
also decrease with increasing x, because J ' is expected to
be proportional to the orthorhombicity of the crystal.
However, it is found from the data for the lattice con-
stants in x-ray-diffraction experiments that the
orthorhombicity at 150 K in a sample with x =0.05 is re-
duced by 13' in comparison with that in La2Cu04.
This reduction is not enough to remove the upturn of y,
Ag, entirely in the sample with x =0.05. It is therefore
strongly suggested that the progressive reduction of hy
with increasing x is caused mainly through the reduction
of gzD, i.e., the 2D AFM correlation among Cu spins.

FIG. 3. Magnetic susceptibility y of La2 „Sr Cu04 for
x =0.05. The solid line represents the curve given by
AT+C/T+y .

the Cu06 octahedron in the orthorhombic phase below

To 530 K allows an antisymmetric exchange term in the
exchange Hamiltonian. Assuming nearest-neighbor Cu-
Cu spin interactions alone, the exchange Hamiltonian for
the orthorhombic phase may be written

(2)

with
Jaa 0 0

JNN Jbb Jbc

0 Jbc Jcc

where
~

J"
~

=
~

J"
~

)
~
J ~. Using Eq. (2) and taking the

very weak interplane AFM coupling into account, Thio
et al. have shown that the uniform susceptibility y at
T) TN is givenby

X Xo+Xo(2J"') X2D( 1+J~X2D) (3)

for an external magnetic field Hb parallel to the b axis.
In Eq. (3), X2D and Xo are the staggered and uniform sus-

ceptibilities of the 2D system with no antisymmetric ex-
change interaction, and J~ is the interplane AFM cou-
pling constant. The second term bX of Eq. (3) results
from the antisymmetric exchange interaction which ap-
pears in the orthorhombic phase. Equation (3) holds for
the b and c components of an external field, although go
and gzD are different between the b and c directions be-
cause of their anisotropies. On the other hand, the
second term b.X of Eq. (3) vanishes for the a component
of an external field. The uniform susceptibility g in the
ceramic samples whose crystal axes are randomized is
therefore given by an average of the susceptibilities for
the three directions. The second term b,X of Eq. (3), in-
creasing with the increases of gzD and J ', accounts for
the upturn of g below T, in La2Cu04, as has been shown
in the single crystals by Thio et al.

Equation (3) is applicable to the orthorhombic phase of
La2 Sr Cu04 as long as the Cu-spin system can be de-
scribed as a 2D Heisenberg antiferromagnet, although
the 2D AFM correlation among Cu spins, i.e., yzD, is re-
duced by holes introduced into the Cu-0 planes. In

B. Superconducting La2 „Sr„Cu04
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FIG. 4. Magnetic susceptibility y for the superconducting
samples of La2 „Sr CuO&.

In Fig. 4, the normal-state magnetic susceptibility y
is shown for the superconducting samples of
La&, Sr„Cu04, where the results below 50 K are omitted
to avoid effects of diamagnetism due to superconducting
fluctuations above T, . Susceptibility g for x &0.2 de-
creases with lowering T at low temperatures, while it
tends to be saturated at high temperatures or exhibits a
broad peak at a temperature T,„. Temperature T,„
decreases with increasing x. Yoshizaki et al. have sys-
tematically examined the T dependence of y of the
present system in a wide T range up to 1000 K." Our re-
sults for the T dependence of y reproduce their results
well within the common T range between both measure-
ments, although both results are different by a constant
value. According to their results for the g-T curve, a
broad peak is seen down to x =0.09, but below x =0.09
no peak is seen even at high temperatures of around 1000
K." In the samples with x & 0.09, it can be seen in their
data (Fig. 5) that susceptibility X decreases largely below
a temperature Tb, although the T dependence of y is al-
most linear and much weaker above Tb.

The y-T curves with a broad peak have the following
important property, as shown by Johnston; when the T-
independent part of g, y, is treated as a parameter and
the T-dependent part LX'(T)=X X) and T are—reduced
by the maximum value y' „and T,„, respectively, the
reduced X'(T), X'(T/T, „)IX',„, falls onto universal
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FIG. 7. T-dependent part of magnetic susceptibility y'( T) for
La 1 78Srp 22Cu04. The dot-dash and broken lines represent

y+( T) and a Curie term, respectively. The solid line is the curve
given by adding the Curie term on yF( T).
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FIG. 5. Magnetic susceptibility y for the superconducting
samples of La2 „Sr„Cu04. The closed circles show the data by
Yoshixaki et al. (Ref. 11).

curve I' regardless of x (Fig. 6). The T-dependent part of
g which follows universal curve F is hereafter referred to
as yz( T). On the other hand, susceptibility y for x )0.2
increases with lowering T over the entire T range exam-
ined. ' The T-dependent part of y for x &0.2 can be
reproduced by adding a small Curie term on the T-
dependent y'F(T), as shown in Fig. 7. The T dependence

La2 „Sr„Cu04

of g for x =0.2, exhibiting a broad peak, is also repro-
duced much better by taking a small Curie term into ac-
count. ' '" The value of T,„, the T-independent part y,
and the Curie constant C determined in the above analy-
ses are shown as a function of x in Fig. 8.

The spin susceptibility of La& „Sr„Cu04 has been
studied by means of ' 0 and Cu Knight-shift measure-
ments, and rather different T dependences of the
3Cu shift have been reported by different groups. 2 '

Results of the ' 0 shift for x=0.15, together with the
g'F( T) obtained in this study, are shown in Fig. 9, assum-

ing that the spin part of the ' 0 shift becomes almost
zero at T ((T, and that the hyperfine coupling constant
for ' 0 is 109 kOe/pz. The former assumption is plausi-
ble because the superconductivity is that of a spin singlet
one ' ' and the T-linear term of the speci6c-heat capaci-
ty vanishes at T && T„indicating that the spectral weight
of the excitation spectrum is almost zero at E=0. 4 The

800

0
60-

~,

0~, 0

4 r'
0
o

o

0 ~~ ~.Oo ~—~

0

2

1

0

—0

0 2
~&max

0.14 ~ 0.24
0.15 ~ 0.26

Universal Curve F
I I

40-
E

I

C)
20-

U

a2-xSrxCUO4

/
/

/
I

/

0

FIG. 6. y'(T)/y' versus T/T, „ for the superconducting
samples of La& „Sr„Cu04. The arrow shows the value of
g'(T)lg', „at T=O K predicted by theoretical works and nu-
merical calculations (Refs. 33-35). The solid line is the univer-
sal curve F obtained by the present study. The inset shows that
the present universal curve decreases much more largely at
T && T,„ from the previous one (the broken line) (Refs. 5 and
8).
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FIG. 8. Dependences of T,„,y, and C on x in the super-
conducting samples La2 „Sr„Cu04. The diamonds are the Cu-
rie term determined from fitting of y(T) for x ~0.05 to the phe-
nomenological relation [Eq. (1)] in Sec. III A.
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o x=0.15 (K. Ishida et al.}
~ x=0.24 (G.—Q. Zheng el al. )
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400

FIG. 9. Comparison between y+(T) and "0Knight shift for
x=0.15 and 0.24. The open and closed circles are the "0
Knight-shift data for x =0.15 and 0.22, respectively (Refs. 28
and 29). The solid lines are the yF{T) curves.

hyperfine coupling constant of 109 kOe/ps for '70 is
smaller by 20 kOe than that obtained by Ishida et al. ,
but very close to that for ' 0 in YBazCu307 &. In Fig.
9, the T dependence of the ' 0 shift is also shown for
x =0.24, together with the yz(T) curve determined in
this study. The hyperfine coupling constant for ' 0 was
taken to be the same as that for x =0.15 because it is usu-
ally independent of x, and the ' 0 shift at 0 K was as-
sumed here to be 0.076% because of absence of data for
the ' 0 shift at T & T, . It can be noted in Fig. 9 that the
T dependence of gz( T) is in good agreement with that of
the ' 0 shift in both samples. The agreement for the
sample with x =0.24 gives support to our analyses for
the y-T curves carried out on the basis of an idea that the
susceptibility y for x &0.2 consists of yF(T) and Curie
term. The T dependence of the Cu shift reported by
Ohsugi et al. can be also fitted to that of the ' 0 shift,
i.e., y~(T), for x =0.15 and 0.24 above T„but it deviates
seriously below T, .

Johnston has shown that the shape of y'F(T) is in good
agreement with the result given by the high-T series-
expansion calculations for a spin- —, square-lattice Heisen-

berg antiferromagnet within the T range T & 0.7T,„,al-
though the effective moment per Cu ion and the superex-
change coupling between the in-plane Cu spins are both
largely suppressed with increasing x. Furthermore, the
value of yz(T) at 0 K obtained by Johnston reduces to
-40% of gm, „, consistent with the theoretical predic-
tions for a spin- —, square-lattice Heisenberg antiferromag-
net. ' It was therefore suggested that the decrease of
g'F(T) at T & T,„could be due to the development of a
2D AFM correlation among the spins localized on the Cu
sites. Our previous data also supported the above result
obtained by Johnston. ' However, the present gz(T)
decreases much more at T « T,„ the previous one; the
present value of y~(T=O), estimated by extrapolating the
data to 0 K, is less than 20%%ui of y', „,as shown in the in-
set in Fig. 6. As noted in Sec. I, impurities on the in-
plane Cu sites of high-T, cuprates induce magnetic mo-
ments even though they carry no magnetic moments
themselves, and the magnetic moments give rise to a
Curie-like contribution to the magnetic susceptibili-
ty. ' The present samples are expected to contain an

extremely small number of impurities on the Cu sites, as
also noted in Sec. I. It is therefore suggested that the pre-
vious samples ' ' ' would contain the magnetic mo-
ments induced by impurities on the Cu sites more than
the present samples. This result indicates that the
exceeding reduction of y~(T) at T && T,„,which is hard
to be understood in terms of the development of an AFM
correlation in a 2D Heisenberg antiferromagnet, is intrin-
sic to the superconducting La& Sr, Cu04 system. A
possible explanation for the exceeding reduction of g'F( T)
at T « T,„ is that a kind of spin-singlet state might de-
velop below —T,„.

I I I I I + I I
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FIG. 10. Temperature dependence of resistivity for
La& „Sr,Cu04. The broken lines show linear extrapolations of
the high-temperature data.

C. Resistivity of La& „Sr„Cu04

The T dependences of resistivity p of La& Sr Cu04
are shown in Figs. 10(a) and 10(b). The present results
for the p-T curve are consistent with those reported by
Takagi et al. ' Resistivity p of the samples with x & 0. 16
exhibits a T-linear dependence above temperature T',
but deviates downward below T' from the T-linear
behavior. Temperature T* decreases with increasing x.
The downward deviation of p from a T-linear behavior is
progressively reduced with increasing x, and becomes un-
clear above x =0.16 around which T, reaches the max-
imum value of this system. In the samples with x ~0.2,
the T dependence of p follows a concave function of T
even at high temperatures of around 800 K. ' ' ' It has
been shown by Nishikawa, Takeda, and Sato that Hall
coefficient RH of this system increases with lowering T
and tends to be saturated at low temperatures, while at
high temperatures it is or tends to be independent of T.
The increase of RH is progressively reduced with increas-
ing x and becomes rather small at x =0.16, which is very
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similar to the behavior in the deviation from a T-linear
resistivity.

As noted in the preceding section, magnetic suscepti-
bility g has a broad peak at T,„above x =0.09 and tem-
perature T,„decreases with increasing x below x =0.2.
In Fig. 11, temperature T* at around which p starts to
deviate from T-linear behavior, together with T,„, is
plotted as a function of x. It is clear in this figure that
both the characteristic temperatures T* and T,„agree
well with each other for 0.09&x &0.16. On the other
hand, below x =0.09 no peak is seen in the g-T curves
examined up to T=1000 K by Yoshizaki et al. ,

" al-
though the large deviation of p from T-linear behavior is
observed below T' lower than 1000 K. However, it
should be remembered that y decreases greatly below Tb
as seen in their data (Fig. 5). For a low Sr-concentration
range below x =0.09, temperature T* agrees well with

Tb, as shown in Fig. 11. Therefore, the deviations from a
T-linear resistivity observed in both x ranges below and
above x=0.09 of La& „Sr,Cu04 are related to some
changes in the magnetic property.

As seen in Fig 11, the. x dependence of the characteris-
tic temperatures in the p-T and y-T curves becomes
stronger above x =0.09, where the y-T curve is charac-
terized by an existence of a broad peak and scaled by the
single curve I regardless of x. According to neutron-
scattering experiments, above a Sr concentration near
x =0.09 an incommensurate modulation appears in the
wave-vector dependence of the magnetic excitations, in-
stead of an AFM one which is inherent at low Sr concen-
trations. It is therefore considered that the magnetic
property and/or the electronic state of La2 „Sr,Cu04
drastically changes at around x =0.09, suggesting that
the origin of the reduction of g below T* may be
different between both x ranges below and above
x =0.09.

Similar behaviors in the T dependence of p have been

La2 „Sr„Cu04

seen in YBa2Cu307 &.
' The resistivity p in the deoxy-

genated crystals of T, =60 K deviates below a tempera-
ture of around 300 K from a T-linear behavior. The tem-
perature at which p starts to deviate from a T-linear
behavior decreases as the hole concentration is increased
by oxygenation, and p in the fully oxygenated crystals of
T, =90 K exhibits a T-linear dependence in a wide T
range just above T, . In this system, the deviation from a
T-linear resistivity is associated with development of a
gap in the spin excitations (hereafter referred as a spin

gap) which has been suggested by NMR relaxation rate
and neutron-scattering experiments. ' According
to these experiments, in the 60-K crystals the formation
of a spin gap becomes apparent at -200 K much higher
than T, . The temperature at around which the spin-gap
formation becomes apparent decreases as the hole con-
centration is increased by oxygenation, and the formation
of a spin gap is no longer seen in the normal state of the
fully oxygenated 90-K crystals where the deviation from
a T-linear resistivity is no longer seen. It has been con-
sidered in YBa2Cu307 & that the development of a spin

gap suppresses magnetic fluctuations and leads to reduc-
tion of electron scattering by the magnetic fluctuations. '

The uniform susceptibility y of the 60-K crystals tends to
be saturated at high temperatures above —300 K and de-
creases with lowering T. ' The decrease of g at low
temperatures is suppressed with increasing hole concen-
tration by oxygenation, and y is almost independent of T
in the 90-K crystals. ' Such a hole concentration
dependence of the decrease of y is quite similar to those
in the deviation from a T-linear resistivity and in the de-
velopment of a spin gap. As mentioned above, the devia-
tion from a T-linear resistivity in La2, Sr Cu04 is also
accompanied by the decrease of y as in YBa2Cu307
However, it should be noticed in La2 Sr Cu04 that the
deviation from a T-linear resistivity is suppressed more
rapidly with increasing hole concentration than the de-
crease of y below T* and is not seen for x )0. 16 through

y still decreases greatly below T,„. The relation be-
tween the magnetic property and the deviation from a T-
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o T~a„(Yoshizaki et al. )
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x=0.16 (a)

0.2

FIG. 11. Dependences of T,„, Tb, and T on x in
La& „Sr„Cu04. The triangles are T,„determined from the
fitting of y'(T) to the universal curve F. The open circles and
diamonds are T,„obtained by the present study and by Yosh-
izaki et al. (Ref. 11), respectively. The squares are the tempera-
tures Tb below which a large reduction of y is seen in the data
by Yoshizaki et al. (Ref. 11).

x=0.22 (b)

20 40
T(K)

FIG. 12. Diamagnetic susceptibility of
La2 Sr„Cu& „Zn~04. (a) for x=0.16 and (b) for x=0.22.
The superconducting transition temperature T, is defined as
shown in the inset.
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FIG. 13. Dependence of T, on y for the

La& x Sr„Cu, y Zny 04 samples with x =0.16 and 0.22.

linear resistivity in La& Sr„Cu04 is rather complicated
compared with that in YBazCu307 200 400 600
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D. Zn-substituted samples of La& „Sr„Cu04

In Fig. 12, the diamagnetic transition curve of super-
conductivity is shown for La& ~ Sr~ Cu& „Zn~04
(x=0. 16 and 0.22). The transition temperature T, is
defined here by extrapolating the steepest part of the
transition curve to the zero level (the inset of Fig. 12) and
plotted as a function of y in Fig. 13. It should be noted
that T, decreases markedly with increasing y, as has been
reported. ' ' ' Magnetic susceptibility y at T) T, is
shown for Zn-substituted samples in Fig. 14. In the Zn-
substituted samples for x =0.16, the broad peak in the
g-T curve shifts to a lower temperature as y is increased,
and y for y =0.02 upturns below -50 K. The upturn of
y at low temperatures becomes more prominent as y is in-
creased, and the broad peak in the y-T curve is no longer
observed for y =0.04. As shown in Fig. 15, the T depen-
dence of y in the Zn-substituted samples can be repro-
duced by adding a Curie term on gF(T), as in the
La~ Sr, Cu04 samples with x ~ 0.2. The Curie constant

FIG. 15. T-dependent part of magnetic susceptibility y'(T)
for the La& „Sr„Cu& yiny04 samples with x =0.16 and 0.22.
The dot-dash and broken lines represent yF(T) and a Curie
term, respectively. The solid line is the curve given by adding
the Curie term on yF(T).

C, T,„,and y', „determined in the present analyses are
plotted as a function of y in Figs. 16 and 17. In the Zn-
substituted samples with x =0.16, the values of T,„and
y', „decrease with increasing y, while the Curie constant
increases. These values also decrease with increasing y in
the Zn-substituted samples with x =0.22, although their
dependences on y are rather weak in comparison with
those for x =0.16.

It has been reported that the g-T curve of
LaI szsro IsCu, M O~ (M =Ga, Zn, Ni, and Co) is

reproduced by adding a Curie-Weiss term, instead of a
Curie term, on a T-dependent term which follows a
universal curve. The universal curve used in their
analysis is the same as that obtained by Johnston. How-

ever, the y dependence of T,„ is qualitatively in agree-
ment with the present result, though y dependences of
y~„and C cannot be compared because of absence of
their data.

I
I 1 I I

La- „SrxCLI),Zn, . O&

60-

40- '
ng p

)0

I

200 600
0 0.02 0.04 0.06

T(K)
FIG. 14. Magnetic susceptibility g of

La& Sr Cu& yZn„04 samples with x =0.16 and 0.22.
the FIG. 16. Dependence of C on y for the

La& Sr„Cu& y Zn, 04 samples with x =0.16 and 0.22.
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La2 „Sr„Cui yZny04
x=0.16 (a)

4 S' ~max
~ x'

0 I

x=0.22 (b)

- 200
E

0

tronic structure around Zn atoms. In the
La& „Sr Cu& „Zn„04 sample with x=0.16, the local
magnetism around the Zn atoms will follow the Curie law
instead of universal curve F. This change in local rnagne-
tism can account for the reduction of g',„ in the Zn-
substituted samples. On the other hand, the y depen-
dence of g',„as well as T,„ is rather weak in the
La2 ~Sr„Cu, ~Zn~04 sample with x =0.22. In the re-
gion for x )0.2, Zn-doping effects on magnetism may be
rather different from those for x &0.2.

E
I

C&

~ E

0

2- - 200

- 100

'0 0.02 0.04 0.06

FIG. 17. Dependences of T,„, y', „, and g on y for the
La2 Sr„Cu& „Zn~04 samples: (a) for x=0.16 and (b) for
x =0.22.
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I

1

0.5-

The T,„and y', „values decrease with increasing y in

La2 „Sr„Cu, Zn 04 (x=0.16), as mentioned above.
The T,„value of the sample with x =0.16 and y =0.05
is almost the same as that for the La, s3Sro, 7Cu04 sample

(Figs. 8 and 17). Therefore, the comparison of gz(T) be-

tween the two samples is interesting for studying Zn-

doping effects on magnetism. In Fig. 18, g'F(T) is shown

for these samples. It is evident in Fig. 18 that the g',„
value of the Zn-substituted sample is much smaller than
that of the nonsubstituted sample. This fact suggests that
the regions of a sample whose magnetism follows the
universal curve F may decrease in Zn-substituted sam-

ples. It has been found in studies of speci6c-heat capacity
that the superconductivity of Laz „Sr„Cu, ~Zn~04
(x =0. 16 and 0.19) is destroyed locally around Zn
atoms, which accounts for the decrease of diamagne-
tism in the Zn-substituted samples (Fig. 12). Such a local
destruction of superconductivity must be accompanied by
a drastic change of the local magnetism and/or the elec-

IV. SUMMARY

Magnetic susceptibility y and resistivity p were mea-
sured on well characterized samples of La2 „Sr,CuO~
and the Zn-substitution effects on the magnetic suscepti-
bility and the superconductivity were also examined in
La& „Sr„Cu, „Zn 04 (x=0.16 and 0.22). The results
are summarized as follows.

(1} The upturn of y, which results from the develop-
ment of 2D AFM correlation and the appearance of an
antisymmetric exchange interaction in the orthorhornbic
phase, was observed in a low Sr-concentration range.
The upturn of y was progressively reduced with increas-
ing x and disappeared above x =0.05, indicating that the

development of 2D-AFM correlation among the Cu spins
is greatly suppressed above x =0.05 near the margin of
the superconducting regime.

(2} In the superconducting La& „Sr„CuO~ samples
with 0.1(x (0.2, the T-dependent part of y, y'F(T),
which exhibits a broad peak y', „at T,„and follows a
universal curve F regardless of x, was found to be greatly
reduced to a value of less than 20% of y',„at T ((T,„.
A kind of spin singlet state might develop below —T,„.

(3) It was confirmed that in the La2 „Sr„Cu04 samples
with x ~ 0.2 the T-dependent part of y contained a small
Curie term in addition to yF(T). The Curie constant in-

creased with increasing x and T, decreased greatly with
the increase of the Curie constant.

(4} The downward deviation of p from a T-linear
dependence, which is evident at low Sr concentrations,
was observed below a characteristic temperature Tb or
T,„ in the y-T curve; for x &0.09 y decreases greatly
below Tb,

"while for x )0.09 y exhibits a broad peak at
T,„. The deviation from a T-linear resistivity was large-

ly suppressed with increasing x and was unclear at
x =0.16 at which T, reached the maximum value in the
present system.

(5) The T-dependent term y for the Zn-substituted

samples was reproduced by adding a Curie term on the
T-dependent part which follows universal curve F, as in
the La2 „Sr,Cu04 samples with x &0.2. %ith increas-
ing Zn concentrations, the values of y', „and T,„de-
creased, while the Curie constant increased.

200
T(K}

400 600
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