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Muon-spin-rotation studies in single-crystal Sr,CuOzC12
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We report zero-field muon-spin-rotation studies on single crystals of Sr2Cu02Clz between 5 and

300 K. Magnetic order below the Neel temperature is observed, and the results are compared with

those of neutron diffraction measurements. The temperature dependence of the muon precession
frequencies exhibits properties characteristic to two-dimensional spin- —, systems with a dominant

Heisenberg interaction and very small anisotropy. The splitting of the muon precession frequency
below 60 K indicates either a magnetic phase transition or a change in the p+ site. By comparing
the observed static internal field with the calculated dipolar field from Cu'+ moments in the crystal
we found that the moun sites are located near the center of CuOz planes.

I. INTRODUCTION

Since the discovery of high-T, superconductivity in
La, »Bao»Cu04, ' there has been considerable interest in
layered Cu02 materials. To date, all insulating parent
compounds of the planar cuprate superconductor exhibit
long-range antiferromagnetic order. Sr2Cu02C12 is a lay-
ered perovskite with the body-centered-tetragonal
(14/mmm ) K2NiF4 structure. ' Recent neutron
diffraction and magnetic susceptibility studies have
shown that Sr2Cu02C12 orders magnetically, with a
three-dimensional antiferromagnetic structure (spin —,)

similar to that found in La2CuO&. As shown in Fig. 1(a)
the structure contains Cu02 planes, a common feature to
all high-T, cuprates. In Sr2Cu02C12 however these layers
are separated by puckered SrC1 rocksalt layers, which
leads the c-axis parameter to be 20% larger than in other
cuprate compounds. Comparison with Nd2CuO~ [Fig.
1(c)], the parent compound of electron-doped supercon-
ductor (Nd, „Ce,)2Cu04, shows that both systems
lack apical oxygens. This effectively results in a net posi-
tive charge around the copper atoms and thus electrons
may be attracted to these sites. The Madelung potentials
for introducing an electron at copper sites in Nd&Cu04
and Sr2Cu02C12 are much lower than in other cuprate
materials, such as La2Cu04. This similarity between
Nd2Cu04 and Sr2Cu02Clz suggests that Sr2Cu02Clz is a
candidate for electron doping. To date, however, there
has been no success in creating a superconductor based
on this system.

In La2Cu04, an orthorhombic distortion contributes to
the effective anisotropic exchange interaction between the
spins on adjacent Cu02 planes. The Neel temperature
T~ of La2Cu04 is very sensitive to detailed stoichiometry
of oxygen. ' In Nd2Cu04, neutron and p SR (Ref. 9)

0 e
~ CU

I
() 0

I
c ~o

o
'

I
0 I

c ~ o Sr
La

Q 9
Q cl

(b) (c)

FIG. 1. Crystal structures of (a) Sr&CuO, C12, (b) La2Cu04, (c)
Nd, Cu04. The arrows on coppers indicate the spin direction.
In Nd2Cu04, two spin-Aip transitions are at the centered
copper.

studies have revealed a successive spin reorientations at
T-75 and 35 K. With a larger separation between Cu02
planes, Sr,Cu02Clz provides a good example for investi-

gating the two-dimensional spin- —,
' system.

In this paper we report muon spin rotation and relaxa-
tion studies of single crystals of Sr2Cu02C12. The temper-
ature dependence of the muon spin precession frequency
indicates that the magnetic properties of this system
show features characteristic to 2D spin- —,

' Heisenberg an-

tiferromagnets with an additional very small anisotropy
energy. In p+SR, the determination of muon sites in a
substance is important. The muon sites are studied by
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comparing the observed local field at the muon site with
calculation of dipolar fields from the Cu + moments. In
LazCu04 and Nd2Cu04, the muon sites are likely near
the out-of-plane oxygens. In SrzCu02Clz we show that
the muon sites are located around the center of the four
oxygen atoms in the Cu02 plane.

II. EXPERIMENTAL ASPECTS

The principle of the @+SR technique has been de-
scribed previously. ' In a zero-field p+SR experiment, a
beam of —100%%uo polarized muons is focused on a target
sample. After stopping almost instantaneously at inter-
stitial sites, each muon precesses in the internal field at a
frequency v=y„H,„,(y„=13.554 MHz/kG). When the
muon decays, the decay positron is emitted preferentially
along the muon spin direction. As a result, the accumu-
lated positron time histograms allow one to monitor the
muon spin evolution.

Figure 2 illustrates the experiment configuration. Sin-
gle crystal specimens, each approximately 5 X 5 X0.5

mm, were prepared as described in Ref. 2. The mosaic
sample composed of several single crystals were mounted
in a He gas Bow cryostat with their c axis aligned paral-
lel to the beam direction. We used the low energy (28
MeV/c) "surface muon" beam obtained at the M15 and
M20 muon channels at TRIUMF (Vancouver). To inves-
tigate the direction of the internal field, the spin polariza-
tion of incident muons was rotated with a Wien filter ei-
ther parallel or perpendicular to the c axis [configurations
(a) and (b) in Fig. 2]. The positron detectors were placed
forward/backward or upward/downward of the sample
volume, with respect to the initial muon spin direction.

The number of positrons detected in the opposing
counters (for example, F and B stand for forward and
backward) is given by

NF(r) =NFexp( t /r„)[1+AF—P(t)],
Ns(t) =Nsexp( t /r„)[1——A~P(t) j,

where o.'=NF /Nz is a geometrical factor, generally cz —1.
Thus the spin evolution is deduced from positron histo-
grams.

III. RESULTS

Figur= 3 shows the time spectra of the muon polariza-
tion A(t) observed in SrzCu02C12 in zero field at several
temperatures. For both initial muon polarization direc-
tions, spin precession is clearly seen. Fourier transforms
(Fig. 4) show that there are two high frequencies present
at low temperature (T(60 K), and one frequency be-
tween 60 and 250 K. Therefore, the p+SR data are ana-
lyzed with the approximation

n

A ( t ) =g A, exp( b,; r )—cos(co; t +P)

+ A „„„exp(—A„,„t), (4)

where A; and A „,„arethe asymmetries of oscillating and
nonoscillating components; co;/2n =v, is the muon pre-
cession frequency; 6, and h„,„arethe relaxation rates;
n =2 for T (60 K, and n = 1 for T ~ 60 K.
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where NF' and NB are the counting rates ~v=2. 2 I s is
muon lifetime, AF and A~ denote the initial decay asym-
metry (usually A =0.2-0.3), P(t) is the muon spin po-
larization as a function of the time t. Assuming AF = A~
we define the corrected asymmetry A(t) proportional to
muon polarization P(t) as

NF(r) aN—~(r)A(r)= = AP(r),
NF(t)+aNs(t)
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FIG. 2. Schematic view of the ZF-p+ SR experiment
configuration. The polarized muon beam is identified by I and
the decay positrons are detected by counters: (a) EF and EB, (b)
EU and ED.
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FIG. 3. Corrected asymmetry from counters EI' and EB.
The solid curve is from the fit of Eq. (4).
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FIG. 5. Muon precession frequency vs temperature. A split-
ting is found around 60 K. Inserted in the upper-right corner is
the temperature dependence of magnetization. A peak is found
around 50 K.

Figure 5 illustrates the temperature dependence of the
muon precession frequency. The frequency is sharply re-
duced above 250 K; the oscillating component totally
disappears around 270 K. This is consistent with the
neutron experiments which found Tz =250 K on similar
crystals. The disappearance of the oscillating signal" is
due to the transition to the paramagnetic phase occurred
at Neel temperature (TN=260+10 K). Below 250 K,
long-lived oscillations in muon spin polarization are
characteristic of static magnetic order.

At low temperatures ( T~0 K), the precession fre-
quency is centered around 16 MHz (equivalent to a field
of 1.2 kG at muon site), which is much higher than that
in La2Cu04 (Refs. 7 and 12) (-5 MHz). The curve

splits into two lines below 60 K. This may be from either
an intrinsic effect of possible spin reorientation in
Sr2Cu02C12 or alternatively the effect due to possible
change of the muon sites at low temperatures. Neutron
studies have not detected any structural transition from
the tetragonal I4/mmm. However, our measurements
on magnetic susceptibility (with an applied field H =3 T
as shown in the upper-right corner of Fig. 5) exhibit a
peak present around 50 K. This peak is only observed
when the field is parallel to the c axis, and exhibits hys-
teresis between field-cooled and zero-field-cooled mea-
surements. This may suggest that the splitting is caused
by some intrinsic changes in Sr2CuOzC12 rather than by a
muon site change.

Below Tz, roughly 60%%uo of the p+ polarization is seen
in the oscillating signal when P(0)llc and 33% when
P(0)j.c. The ratio of the polarizations is 1.8+0.3 indicat-
ing that the internal field is essentially parallel to the ab
plane. This can be explained as follows. Since the sam-
ples are tetragonal, there will be at least two magnetic
domains in the sample. In addition, the equivalent a-b
axes were not oriented. Therefore, on average, there is
the same probability of finding the internal field along a
and/or b axes. If the internal field lies in the ab plane,
the oscillating component in the case of P(0)llc will be
twice as large as that in P(0)lc. As H, (the component of
field along c axis) increases, the ratio will decrease from 2
to zero. The nonoscillating component 3„,„,corre-
sponding to roughly 20%%uo of the polarization when

P(0)llc, arises from either a nonzero field component
parallel to the initial muon spin polarization or an
effective zero field at the p+ site. To distinguish between
these two possibilities in P(0)llc, we applied a weak trans-
verse field (WTF-20 G) on the samples [Fig. 2(a)]. We
observed that muons precessed in this field with an ampli-
tude of being roughly equal to A„,„.This indicates that

3„,
„

is mainly due to muon sites with zero local field.
There is no contribution in the WTF results from sites
with H, llP(0): again, we found that the high internal
fields have very small c component. The zero field sites
account for approximately 20% of all stopped muons:
they may come from either (a) zero internal field at sym-
metric muon sites in the antiferromagnetic phase or (b)
background (such as muons hit on Al behind sainples).
Since the samples are pure single crystals, it is unlikely
that macroscopic regions without static spin ordering ex-
ist in the specimen. Below 60 K, from our fits, the rela-
tive amplitudes of the two high-frequency signals are ap-
proximately equal. Thus the related muon sites corre-
sponding to these signals may be crystallographically
symmetrical.

Complementary to neutron scattering, p+SR provides
a short-range probe in real space, and is a superb tool for
detecting static magnetic order. ' In ZF-p+ SR, the
muon precession frequency v„directly reAects the mag-
netic field distribution at muon sites. In most nonmetal-
lic magnetic systems, the perturbation caused by p to
the magnetism of the host material is known to be
minimal. Then we can expect v„(T) to follow the sublat-
tice magnetization as v„(T)~ M, ( T) as long as the muon
site in the crystal is not altered. In neutron experiments,
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To quantitatively compare the experimental results

with theoretical predictions we adopted a quasi-
Heisenberg model described by a Hamiltonian:
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FIG. 6. Reduced sublattice magnetization vs reduced tern-
perature in Sr2Cu02C12 and La2Cu04.

one measures the intensity of an antiferromagnetic Bragg
peak, which is usually proportional to M, as
Iz(T) oc M, (T). In Fig. 6 we compare the present p, +SR
results with neutron studies. We notice that a remark-
able difference exists between the curvature of v„(T)of
)u+SR and t/Iz(T) of neutron diffraction. A similar
difference was found in LazCu04. By comparing the
La2Cu04 data obtained from neutron diffraction, '

p, +SR, NQR, ' as well as Mossbauer effect, " we found
that the agreement among the latter three techniques is
much better than with neutron diffraction (Fig. 6). As
discussed in Ref. 6, this difference may be understood as
resulting from the sensitive dependence of the Bragg peak
intensity Iz on the spatial correlation length of the or-
dered spins. In addition, neutron results could be subject
to the extinction effect. In contrast, @SR or NMR or
Mossbauer effect probe the local magnetic field from a
few nearby Cu spins as a pointlike probe. In this sense,
these three techniques have an advantage over neutron
scattering in measuring the temperature dependence of
M, ( T).

NN

where the subscript u (d) labels spins on "up" ("down")
sites in the ordered phase, the first summation runs over
all nearest-neighbor spin pairs, and a small uniaxial an-
isotropy field H ~ stabilizing the magnetically ordered
state up to the Neel temperature. (There is no long-range
spin order in purely two-dimensional Heisenberg sys-
tems. ) The solutions by Lines' using a random-phase
Green's function approximation for the temperature
dependence of the sublattice magnetization show that the
reduced magnetization M, ( T)/M, (0) goes to zero as tem-
perature tends to T~, and is also affected by the anisotro-
py D =gp~H~ /4sJ normalized to the exchange interac-
tion. As D decreases, the system becomes relatively un-
stable, which leads to a smaller Tz, and a sharp reduc-
tion in Ms(T)/M, (0). Figure 7 shows the comparison
between p SR data and results from this model calcula-
tion for 5= —,

'. The data are reduced with v„(0)=16
MHz, T~-=265 K. We notice that @+SR data are far
different from the molecular field Brillouin curve, and are
close to the case of D —10 '. This demonstrates that
Sr2Cu02C12 is a two-dimensional magnetic system with
very weak anisotropy field. %'e also notice that for both
p+SR and neutron experiments, the magnetization in
Sr2CuOzClz is reduced faster than in La2Cu04. This can
be qualitatively explained by a smaller anisotropy in
Sr2CuO~C12. In orthorhombic LazCu04, there is some
small effective exchange interaction between the Cu mo-
ments on the adjacent Cu02 planes which defines their
relative spin orientations and thus contributes to the an-
isotropy energy. This is absent in Sr,Cu02C12 with a
tetragonal crystal structure.
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IV. COMPARISON %'ITH 2D HEISENBERG MODEL

At low' temperature, M, (T) is mainly reduced by the
thermal excitation of magnons. In a quasi-two-
dimensional spin Heisenberg system, there is much
higher density of states for low energy magnons than in
three dimensions. Thus the temperature dependence of
M, (T) should be different from the Brillouin curve for
completely three-dimensional systems. The rapid reduc-
tion in both v„and Iz ( T) at low temperatures in

SrzCuOzC12 suggest a quasi-two-dimensional magnetic
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FIG. 7. Comparison M, derived from v„with 2D Heisenberg
model in Sr2CuO, C1..
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V. MUON SITE IN CRYSTAL

The p+SR data have yielded the magnitudes and direc-
tions of the internal magnetic fields of Sr2Cu02C12 at the
muon sites as discussed above. In ZF-p+SR the local
field is given by,

'
H) Hd;p+Hhpf where Hd; is the di-

polar field from the Cu +, and Hhpf is the hyperfine field
due to the finite electron spin density at the p+ site.
Since the hyperfine field is likely to be very small as in the
case of La2Cu04, the fields have been calculated from a
sum of dipolar contributions:

—p, + 3(gc n;)n;
Hd, p(R„) ~R„—, (6)
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FIG. 8. Contours of dipolar magnetic fields in the Cu02
plane. The arrows at the corners of the square are the Cu'+
spins and oxygen anions are located in the rniddle of the sides.

where p is the effective magnetic moment of a Cu + cat-
ion, n; is the unit vector from the muon to the Cu + ion
at r, , and R„is the considered muon site. Because of the
r dependence, effective contributions to the local field
come only from those Cu + moments in several nearest
cells. The fields were evaluated over a radius around 50
A with average lattice parameters a =3.975 A, c =15.62
A. The ordered moment has been measured by neutron
diffraction (@=0.34+0.04ps/Cu +) and magnetic sus-

ceptibility (@=0.6ps/Cu +). The values are approxi-
mately the same as those in La2Cu04 (Ref. 12)
(0.5-0.6pz ). Therefore we assumed )u( 1~0K )

=0.5pz /Cu + in our calculation of dipolar fields.
Figure 8 shows the magnetic dipolar field contours on

the Cu02 plane. The field is relatively stable near the
center of the plane, but changes rapidly around the oxy-
gen (Ho=0 G) and copper sites. The field lies in the
plane, and is of the order of 1 kG. Out of the plane, the
field is much smaller (e.g., Hc, =170 G), and becomes
zero on the diagonal line: x +y =1,z =0.25, etc.

The p+ probe locations in planar cuprate materials
have not received extensive study. It has been suggested
that muons may be localized at anion vacancies, ' ' or

other symmetrical sites. ' Since Sr2Cu02C12 has a
tetragonal structure, and muon sites depend only on the
electronic structure, the muon sites should be symmetri-
cally located in a structural unit cell. However, the mag-
netic field in the cell has lower symmetry [i.e.,
H(x, y, z)WH(x, 1 —y, z)]. Therefore the single muon ro-
tation frequency implies that the muon sites should be at
some symmetrical locations (i.e., x =0, —,

' and/or y =0,
—,'). In Sr2Cu02C12, there is only single frequency above
60 K, and the magnitude and direction of the local field
have been determined experimentally. Based on these re-
sults, the sites are searched by the restrictions

[H(x,y, z) H(x, 1 —y, z)]—/H ~ 1%,

H = 1.2 X ( l.0+0.2 )kG,

H, /H ~ 20%%uo

fhjs leads to three possible muon locations near (a) the
dashed cross in the center of the Cu02 plane (d„o~ 0.&

A, Fig. 8); (b) on the line between Cu + and apical Cl
with a distance of d„c,=1.2 A to Cl site, (c) on the side

of Cu02 plane with a distance of d„&=0.35 A to oxy-

gen site. Case (c) is unlikely, since the distance between
p+ and the nearest oxygen in this case in much smaller
than the p—0 bond length of about 1 A.

At low temperatures there are two muon precession
frequencies. From previous discussions, the frequency
splitting may be due to spin reorientation. However, we
fail to find the splitting in both cases (a) and (b), except
for the unlikely case with the coexistence of two ine-
quivalent domains with different spin structures. At the
moment, it is not possible to develop a successful model
for the frequency split below 60 K if we assume the
above-mentioned high-symmetry sites (a) and (b) and spin
reorientation. Multiple muon spin precession frequencies
at low temperatures have been observed in several other
insulator magnetic systems, such as a-FezO, (Ref. 21) or
YFe03. The frequency splits in these materials were as-
cribed to metastable muon sites ' and/or to change of
muon sites in the different temperature regions. It is also
possible to consider muon sites with lower symmetry in
the Cu02 plane other than (a) and (b). For example, if
the muon site is on the diagonal line in the CuOz plane,
there are two muon precession frequencies. Above 60 K,
the muon site may be changed to some higher symmetric
sites like (a) and (b): resulting in only one frequency.
Such a muon site change could provide alternative way of
explaining the frequency split at low temperatures.

The internal field at the muon sites in Sr2Cu02C12 (1.2
kG) is much higher than those in La2Cu04 (400 G) and
Nd2Cu04 (300 and 140 G). Since the crystal structures
and the ordered moments in these systems are similar,
the difference must be due to different p+ sites. By ap-
plying similar consideration to La2Cu04 and Nd2Cu04,
we find the muon sites in both systems are near the planes
containing the out-of-plane oxygens or apex oxygens, and
are more likely close to these oxygens to form p—0
bond. The difference in the muon sites can be explained
by the replacement of the apex 0 by Cl in
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Sr2CuO&C12. Because of the reduced ionic charge of Cl
the site near the apex Cl is no longer as attractive to the
p+ as that near 0 in terms of the electrostatic energy.
Then it seems reasonable that the predominant muon
sites move to the Cu02 plane containing the 0 ions.

VI. CONCLUSION

Magnetic order in single crystals Sr2CuOzC12 was ob-
served in the ZF-@+SR experiment below T&=260 K.
The temperature dependence of the muon precession fre-
quency exhibits properties characteristic to the two-
dimensional spin- —, magnetic system with a dominant
Heisenberg interaction and very small anisotropy. The
smaller anisotropy in this system than that in La2Cu04 is
consistent with the tetragonal structure of Sr2Cu02C12.
The substitution of Cl for the apex oxygens leads to some
different features than those in La&Cu04, such as larger
c-axis parameter, smaller Madelung potential at copper
site for introducing an electron, and different muon sites.
The comparison of muon sites among Sr2Cu02C12,
La2Cu04, and Nd2Cu04 suggests a possible evidence that

muon sites are closely associated with the oxygen atoms
in the oxide superconductors. The splitting of v„ob-
served at low temperature indicates either the existence
of spin reorientation or changing of the muon sites. Fur-
ther works by polarized neutron scattering can test the
assumption of spin reorientation.
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