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The temperature (1.8 & T & 400 K) and concentration (0 & z & 0.10) dependence of the magne-
tization and magnetic susceptibility of La2Cu~ M 04 with M =Zn and Ni have been measured.
The results are compared with the recent measurements of the concentration (0 & x & 0.10) de-
pendence of the muon spin rotation of Lag Cuq Zn 04. The antiferromagnetic order present in
La2Cu04, which is very sensitive to the introduction of impurities which create mobile holes (such
as Sr substitution of the La site), is much less sensitive t,o impurities which do not create mobile
holes in the Cu02 planes. The Neel temperature T~ is depressed rapidly with Zn doping and the
width of the peak in the susceptibility increases with 2:, and thus the peak becomes less well defined.
The depression of T~ in Ni-doped La2Cu04 and the increase in the width of the susceptibility peak
are less rapid compared to those in the Zn-doped material. We also study the influence of doping
on the metamagnetic behavior which is concomitant with the antiferromagnetism in these systems.

I. INTRODUCTION

Much of the recent research on the Cu-0 based high-T,
superconductors have been directed at studying the com-
mon salient features in their magnetic properties. One
important feature is that as the mobile charge carrier
density is decreased there is a concomitant suppression of
the superconducting transition temperature T, followed

by the appearance of a long-range three-dimensional (3D)
antiferromagnetic state. s The phase diagram reported
for these systems is partially responsible for the suspi-
cion that a pairing mechanism other than phonon me-

diated is operative in these systems. Most of this atten-
tion has been directed at pairing models originating from
a variety of approaches applied to the two-dimensional

(2D) Hubbard, t J, and other -related models. Gener-
ally these models rely on some type of magnetic inter-
actions to drive the charge carrier pairing responsible
for the superconductivity. Thus, it is critical to estab-
lish a more complete understanding of the unusual mag-
netic response displayed by the parent compounds, e.g. ,

La2Cu04 and the change of their magnetic response with
changes in carrier density and impurities.

The effect of both chemical and magnetic impurities
on conventional superconductivity has long been rec-
ognized for its contributions to the understanding of
conventional pairing and the interplay between mag-
netism and superconductivity. In high-T, oxides, sub-
stitutional studies have been done for Cu in both
La2Cu04 and YBa2Cus07 „(1:2:3),for Y and Ba sites
in 1:2:3and substitutional studies have been performed
where Ca is replaced by several of the rare-earth ions
in the Bi-based oxide superconductors. Some of the
most interesting effects have been obtained in Sr-doped

La2 Sr Cu04, z in studies where Zn is used to substitute
Cu in La2 ~Sr~Cu04 (Ref. 5) and 1:2:3materials, and
Pr-doped 1:2:3materials. 7 Small amounts of disorder in
the Cu02 planes, e.g. , the substitution of Zn + for Cu +
in both Laq ~Sr~Cu04 and 1:2:3,causes a rapid depres-
sion of T, along with a rapid increase in the resistivity as
T, ~ 0 due to a possible disruption of the Cu 3d—0 2p
hybridization. In Pr-doped 1:2:3and La2 ~Sr, Cu04, T,
is depressed rapidly due to a combination of p-hole Ailing

and/or magnetic pair breaking. While there have been
numerous studies focusing on the efFects of impurities on
superconducting properties, little is known about the ef-

fects of impurities on many of the normal-state properties
and, in particular, the long-range magnetic order phases
associated with these materials. s

Here, we report results of measurements of the mag-
netization and magnetic susceptibility of polycrystalline
samples of La2Cuq ~M 04 with M =Zn and Ni and
compare these results to recently reported behavior ob-
tained in muon spin rotation (p,SR) studies for Zn-doped
LazCu04. The La2Cu04 was chosen because of the
simplicity of the system as compared to 1:2:3, i.e. , the
latter has nonequivalent Cu sites. The pure La2Cu04
system is considered to be an excellent realization of
a two-dimensional spin-& quantum Heisenberg antifer-
romagnet with an unusually large in-plane Cu-Cu ex-
change coupling J 1500 K and with very weak ex-
change anisotropies. There is a weak antiferromagnetic
coupling between Cu02 planes which is about five orders
of magnitude smaller than the in-plane coupling. How-

ever, the presence of an antisymmetric spin-spin interac-
tion allowed by the broken inversion symmetry around a
planar Cu site (due to the rocking of the CuOs octahedra
in the material) gives rise to an interesting metamagnetic
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behavior. s In this paper we study the effects of replacing
the Cu atoms by Zn or Ni on both the antiferromagnetic
order and the metamagnetic behavior of these materials.
We find that the effects of these two substitutions are dif-
f .:ent and this is in part so because of the diferent local
spin environments in the CuOz planes created by these
two different atoms, while both Zn and Ni have small
effect on the charge of the CuOz plane. In particular,
Zn has a more significant eKect on the destruction of the
antiferromagnetic order and the metamagnetic behavior
as compared to that of Ni.

II. EXPERIMENTAL RESULTS
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FIG. 1. The M/H vs temperature for polycrystaQine sam-
ples of La2Cu04 at various Gelds.

Samples of average composition LaqCui ~M~04 with
M =Zn or Ni and 0 & z & 0.1 were prepared using a
two-stage dilution method (so as to produce greater ho-
mogeneity of the M cation throughout the ceramic), in
a manner similar to that described in Ref. 6, except that
the calcining temperature was changed to 1100'C. Pow-
der x-ray diffraction studies using Cu-Kcr radiation in-
dicated that the samples crystallized in an orthorhombic
structure for all z. The magnetization M(T) was mea-
sured using a Quantum Design superconducting quantum
interference device magnetometer for 1.8 & T & 400 K
and 0 & H & 5 T. The pSR experiments reported in
Ref. 9, were done at the stopped muon channel of the
Los Alamos Clinton P. Anderson Meson Physics Facility
using standard zero-field techniques.

First, we discuss our results on polycrystalline sam-
ples of undoped La2Cu04. In Fig. 1, we show M/H as
a function of temperature T for various values of the ap-
plied magnetic field H = 0.3, 0.7, 1.2 and 2.8 T. Notice
that M/H is significantly different for different values of
H. This is due to the metamagnetic behavior of these
materials, which is demonstrated in Fig. 2, where the
magnetization M as a function of H is shown for various
temperatures below and above the critical temperature
for antiferromagnetic ordering TN 250 K. Notice that
for a given value of temperature T & T~, there exists
a critical field H, (T) where there is significant devia-
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FIG. 2. Magnetization as a function of H for various tem-
peratures for pure LaqCu04.

tion from the straight line. This metamagnetic property
of LazCu04 has been observeds more clearly in single
crystals where it appears as a more pronounced jump in
M vs H. The critical field H, (T) has temperature de-
pendence: it is zero above TN and it is nonzero for any
T & T~. Notice that at T = 300 K (Fig. 2) the critical
field H, is zero while it attains a value around 3 —4 T
very quickly below T~. In Figs. 3(a)—3(c), we give the
derivative y(H) = &&( l, i.e., the susceptibility at a fi-
nite field H, as a function of H. Notice that, for example,
at T = 100 K (Fig. 3(a)], y(H) as a function of H is a
constant below H, 3.5 T (within some fiuctuations in
its value which we believe is due to noise), while there is
a systematic rise for fields higher than 3.5 T. We can use
this method to define the critical field. At T = 200 K
[Fig. 3(b)] the value of the critical field has decreased to
H, 2.5 T. As we approach the critical point TN ~ 250
K the signal to noise ratio decreases, while H, (T) de-
creases.

In Fig. 4, we give the temperature dependence of
the susceptibility measured at constant field H, namely

y(H) = &H(
l and it has been computed by subtracting

the measured values of the magnetization at the following
two values of the field: Hy = H +0.1 T (i.e., 0.1 T below
and above the desired value of H). At lower fields the
calculation of the derivative involves larger fluctuations
and noise. The solid line of Fig. 4 represents the results
of our extrapolation to zero-field susceptibility using the
formula that

y(H ~ 0) = y(0)+nHz.

Here, a linear term has been excluded because of the sym-
metry y(—H) = y(H). Our data for H = 1.0, 2.0, and
3.0 T follow this relationship. Notice that the peak in the
susceptibility shifts to higher temperatures by decreasing
H to zero.
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FIG. 3. Magnetization and its derivative with respect to H as functions of H for (a) T = 100 K, (b) T = 200 K, and (c)
T = 250 K for pure LapCu04.

First, we need to determine T~ from the susceptibility.
We have used the minimum of the second derivative of
y" = /zan(T)/BTz as a function of T to determine the
critical point. This assumes that the other contributions
to the susceptibility (i.e., from spins which do not par-
ticipate in the antiferromagnetic ordering), around the
critical temperature have a rather smooth (nonsingular)
temperature dependence. Thus, by taking the second
derivative, these contributions are eliminated and the sin-

gularity due to the antiferromagnetic ordering becomes
more pronounced giving rise to a minimum in y". In
Fig. 5(a), we give y"(T) measured for fields H = 1, 2, and
3 T. Notice that the presence of the metamagnetic be-
havior can underestimate the Neel temperature by about
20 K when a field of 3 T is used. We need to extract the
Neel temperature for various values of the field and tem-

perature and for several doped samples. This requires
a procedure which involves several measurements of M
versus H. We decided to use the following simpler but
somewhat less accurate method, which provides a good
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FIG. 4. Susceptibility g(H) = BM/BH as a function of T
measured for fields H = 1.0, 2.0, and 3.0 T. The solid line is
the extrapolation to H ~ 0 using the form given by Eq. (1).

T (K)
FIG. 5. (a) The second derivative of y with respect to T

as a function of T for H = 1.0, 2.0, and 3.0 T. (b) The second
derivative of M/H with respect to T as a function of T for
H = 0.7, 1.2, and 2.8 T. (c) Comparison of the minimum in
the second derivatives of y and of M/H with respect to T for
H 1.0 T.
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FIG. 6. M/H vs T for LaqCuq Zn 04 with x = 0.02
and 0.04 and for H = 0.5, 1.0, and 3.0 T.

estimate of TN with a small (about 2%) systematic er-
ror. In Fig. 5(b), we present the second derivative of
M/H with respect to T and in Fig. 5(c) we compare the
minima obtained from Bsy/BTs and from Bs(M/H)/BTs
at relatively low H 1 T. Notice that the minimum oc-
curs at approximately the same temperature: We find
that TN 250 K from g while M/H gives T~ 246
K. Thus, it appears that estimating TN from the second
temperature derivative of M/H only underestimates TN
by ~ 2'%%up. We shall use this simpler method to determine
the Neel temperature for the doped samples.

In Figs. 6(a) and 6(b) we present the measurements
of M/H for LaqCuq Zn, 04 and in Figs. 7(a) and 7(b)

FIG. 8. (a) The second derivative of M/H with respect
to T for LagCuq Zn 04 for x = 0.02 and H = 0.5, 1.0, and
3.0 T. (b) the same as (a) for z = 0.04.

for LasCuq Ni 04 for z = 0.2 and x = 0.4 and for
fields H = 0.5, 1.0, and 3.0 T. The main observation
is that the peak associated with the antiferromagnetic
order becomes less well defined upon doping. In addi-

tion, doping suppresses the value of the Neel tempera
ture. Another interesting efFect is that Zn suppresses the
antiferromagnetic peak more than the same amount of
Ni. In Figs. 8(a), 8(b), 9(a), and 9(b) we give the sec-
ond temperature derivative of M/H versus T for these
two compounds for the above two doping concentrations
to determine TN. Clearly the Neel temperature is sup-
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FIG. 9. (a) The second derivative of M/H with respect
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FIG. 10. Comparison of the various curves of M/H for
different doping fractions x for LaqCuq zn 04.

FIG. 12. The dependence of the Neel temperature T~
on z for ¹idoped (open circles) and Zn-doped (crosses)
La2Cu04 as extracted from the second derivative of M/H.
The open squares are the @SR results for Zn-doped samples
(Ref. 9).

pressed by doping. In Figs. 10 and 11 we compare the
results for M/H for La2Cui M 04 with M =Zn, Ni,
and z = 0.0, 0.02, 0.04, 0.06, 0.10. In Fig. 12 we present
the overall x dependence of TN determined from M/H
as discussed above. The open squares in Fig. 12 present
results for T~ for the Zn-doped materials as found by
the muon spin-rotation experiments (@SR).s Notice that
within error bars the results for the Zn-doped materials
from pSR agree with those obtained from M/H. The re-
sults obtained from M/H are systematically somewhat
lower than those determined by pSR; we believe that this
is due to the small systematic error introduced by the fact
that we use M/H to determine T~ and not the zero-field
susceptibility y. Again, notice that the effect of Ni on
T~ is much less significant as compared to that of Zn.

Another interesting question is the effect of doping on
the metamagnetism of these compounds. In Fig. 13(a),
we present M as a function of H for z = 0.04 Zn-doped
compound for various temperatures below Tjy ~ 200 K.
The straight lines are fits at low fields and they are drawn

as guides to the eye. Notice that M vs H at T = 110 K
has a clear metamagnetic transition with a critical field

H, 2 —3 T. The critical field increases by lowering
the teinperature while at higher temperatures the crit-
ical point cannot be determined in these samples. In
Fig. 13(b) we give the derivative BM/BH as a function
of H in order to determine the critical field H, (T) as dis-
cussed above. We notice the presence of a well-defined
H, 2 —3 T at T = 110 K and for T = 10 K H, 3
T; however, the signal is much weaker as we approach
TN. In the ¹idoped material [Figs. 14(a) and 14(b)] the
metamagnetic behavior is weaker and the departure for
the straight line much less clear.

CD

30

20

4. 8—
U)
(Q

CQ

3.8—

0.8
80

4
44

44
444

130 180 230
T(K)

I I [ I

c} X=0.O

v X=0 QP

280 330

10

0
Q)
(Q

M

6.5-
E
E

Z'
o

2. 5
0

'I i ~ f
J

1 l 1 i j ~ W I

Q
I I

0
ao aa (g)-

aa& Daaa a

VVVVV
V vvV V

V
V

oo~~~
000000 0 00 00000
ddddddddd ddddddddddddddd

I i i i s a i I i i i i ~ i I ~ I

1 2 3 4 5 EI

H (Tesla}

FIG. 11. Comparison of the various curves of M/H for
different doping fractions 2: for La2Cuq Ni 04.

FIG. 13. Magnetization and its derivative with respect
to H as functions of H for various temperatures for
LaqCuq Zn 04.
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III. DISCUSSION

H = ) J;~(S, S~)+ ) D;~. (S, x S~), (2)

where the summation is over nearest-neighboring Cu
spins, J;j = J for spins in a given Cuo~ plane, and
J;~ = J' for spins in different planes. The last term is

Several of the static and dynamical properties of the
undoped and stoichiometric material La2Cu04 have been
recently revealed. The picture emerging from these
studiess i~i2 is such that one needs a Hamiltonian which
includes a nearly isotropic 2D spin-z quantum Heisen-
berg antiferromagnet (AF) with interaction between Cu
spins emerging from the superexchange, mediated by the
intervening oxygen ions via virtual hopping processes in-

volving doubly occupied Cu sites. The strength of the
AF exchange interaction coupling J between spins on
the same Cu02 plane is large, J 1500 K, while the
plane-plane coupling is about five orders of magnitude
smaller. Because of the magnitude of the 2D spin correla-
tion length (hundreds of A.) at room temperature (which
is low temperature compared to J), a very small inter-
layer coupling is large enough to establish AF long-range
order at around room temperature and below. Looking
at the gaps in the spin-excitation spectrum with neutron
scattering, one is led to believe that the magnitude of
the anisotropies between the coupling of the components
of the spins is very small also. The most important per-
turbation which needs to be included is a Dzyaloshinkii-
Moriya (DM) antisymmetric term to explain the hidden
ferromagnetic behavior and the metamagnetic behavior
of the susceptibility. The Hamiltonian of the undoped
system is given by

the DM antisymmetric term which is allowed due to the
fact that certain crystal symmetries are broken because
of the slight rotation of the CuOs octahedra around the
Cu site. This can produce a canting of the spina away
from the plane of staggered magnetization by a small an-

gle 8 ~D;~ ~/J; thus a ferromagnetic moment pointing in

the direction perpendicular to the copper-oxygen planes
appears, and this can explain the behavior of the uniform
susceptibility and the magnetoresistance data of Thio et
at. The coupling JDM = ~D,~ ~, estimated from the angle
of the canted spina, was found to be small compared to
the antiferromagnetic coupling J (JDM/ J 10 ). How-

ever, it does play an important role in determining the
ferromagnetic like behavior of the susceptibility close to
the 3D Neel temperature. Because the planes are antifer-
romagnetically coupled the ferromagnetic moment of the
planes due to spin canting is canceled by the nearest-
neighbor plane. However, the plane-plane coupling is
very weak and at a finite value of an external field the
ferromagnetic moments of the planes line up, which is
the cause of the jump in the magnetization versus tem-
perature behavior of our data.

In mean field theory (MFT), the 3D Neel tempera-
ture is determined from the equation J'gzD(T~) = 1
where yqD is the staggered susceptibility of the Cu02
planes. At low temperatures yzD can be approximated by

(zD/k~T, where (2D is the 2D spin-spin correla-
tion length. Accurate studiesi~i of the pure 2D Heisen-
berg antiferromagnet suggest that (gD(T) C~e2 ~'~+

where Cg 1.0 A and p, 0.20J 300 K. There are
also theoretical studies of the 2D Heisenberg antiferro-
magnet doped with static randomly distributed holes. i4

In Ref. 14, it was found that the correlation length in-
creases less rapidly with decreasing temperature with es-
sentially the same functional form but with a prefactor
and spin-stiffness constant which depend on the doping
fraction z. In the case where the La site is doped with
Sr it has been experimentally found that the correlation
length and the Neel temperature are much more dramat-
ically affected. In both cases, the Neel temperature is
reduced because the 2D susceptibility is reduced and the
MFT equation y2D(Tiv) = 1/ J' is satisfied at lower val-
ues of T~. In addition, within MFT, the sharpness of the
peak in the total 3D susceptibility is entirely controlled
by the rapid variation with T of g&D(T). The latter vari-
ation depends on the rapid or slow variation of (zD with
T. The peak in our undoped samples is also sharp while
in the doped samples it becomes broadened and the Neel
temperature decreases with doping as explained above.
Thus, substitution of Cu by a different metal introduces
impurities and a different spin value on the Cu site. This
reduces the correlation length and makes its temperature
dependence weaker than that of the pure material and
this broadens the peak in the susceptibility very rapidly
with 2: (Figs. 10—11).

Our studies also indicate that purely magnetic or other
static impurities have much weaker effect on the depres-
sion of the Neel temperature with impurity concentra-
tion x than that of mobile holes. In the latter case it is
known that at x = x, 0.02 the AF long-range order is
destroyed; here, substitution of the Cu by another metal,
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with the same oxidation state as Cu, does not create ad-
ditional holes or electrons on the CuOq plane and it sim-

ply acts as a foreign spin or as an impurity that produces
less damage in the AF order. It does, however, limit the
correlation length on the copper-oxygen plane from thou-
sands of A. close to T~ to much smaller values. This effect
broadens the (hidden) ferromagneticlike peak in the sus-
ceptibility. The @SR and susceptibility measurements,
however, clearly show that AF long-range order exists up
to significantly large values of z.

As discussed earlier when the Zn or Ni atoms are in-

troduced in these compounds they both are in the same
oxidation state as that of Cu (i.e. , 2+). Thus, doping
with such atoms does not alter the charge excitations
in the Cuoz planes unlike the case of Sr doping. The
fact that the effect of Ni doping is less harmful to an-
tiferromagnetism than that of Zn. can be understood as
follows. Hund's rules indicate that the total spin of Cu2+

is z while that of Ni2+ and Znz+ are 8 = 1 and S = 0,
respectively. Thus, Ni doping introduces magnetic im-

purities with difFerent spin from that of the Cuz+ ion,

while Zn doping introduces nonmagnetic impurities. The
spinless Zn + ion does not interact antiferromagnetically
with the spin of nearest-neighbor (NN) Cu2+ ions in the
doped system. On the other hand the Ni + ion has spin
1 and thus it is antiferromagnetically coupled with the
NN Cu + ions via the superexchange interaction. The
disruption of the antiferromagnetic order by a nonmag-
netic ions is stronger than that produced by a magnetic
impurity such as Ni that couples to the other spins in a
similar way. This explains our findings, namely, that the
effect of the Zn doping is more dramatic (as compared
to that of Ni) on both the antiferromagnetic order and
the metamagnetic behavior. Therefore the present exper-
iments allow a cleaner study of the effect of pure magnetic
impurities since the effect of charge motion, which cou-
ples to the spin degrees of freedom strongly, is to a good
degree of approximation absent in these systems.

We are in the process of creating single crystals where
effects such as the metamagnetic behavior of these sys-
tems which depend strongly on the orientation of the
sample can be studied in a more quantitative basis.
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