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%'e have observed successive magnetic phase transitions in a La2Co04 single crystal by neutron
scattering measurements. Antiferromagnetic long-range order of the La2Ni04 type, z[100],
S[100], is observed with Neel temperature T~ =275 K in the orthorhombic (Cmca) phase. As
the temperature is lowered, a first-order phase transition to a new tetragonal phase is found at
T2 —l35 K. This structural phase transition is accompanied by a Co + (S = —, ) spin rotation or

flip in the Co02 plane which results in a new spin structure with the spin direction 8 perpendicu-
lar to s, the propagation vector of the antiferromagnetic structure. The spin direction itself of
this phase cannot be determined uniquely due to the tetragonal symmetry and indeed the most
likely structure is noncollinear. In contrast to the 5= 2 Heisenberg system La2Cu04, well-

defined, two-dimensional Ising critical phenomena are observed and the two-dimensional spin
correlations at T & T~ are almost entirely elastic.

I. INTRODUCTION

Extensive neutron scattering studies on pure and Sr-
doped LaqCu04 compounds' have been carried out
since the discovery of superconductivity in La2 —„-
Ba,Cu04. . These studies are important for our under-
standing of the superconductivity, first because they have
evinced a large energy scale for the in-plane exchange
couplings between Cu + spins, and second because they
have also revealed various new and interesting properties
characteristic of the spin- —, , two-dimensional (2D),
Heisenberg antiferromagnet. In order to elucidate further
the possible relationship between the dynamical spin [luc-
tuations and the superconductivity, it is necessary to refine
our understanding of the magnetism in such lamellar ox-
ide systems. Most importantly, in order to understand
which properties are unique to the S = —,

' 2D Heisenberg
nature of La2Cu04 it is essential that one investigate the
magnetism of isomorphous oxides with transition metals
other than Cu.

A neutron scattering study of La2Co04, one of the iso-
morphous compounds of La2Cu04, was initiated using the
pulsed neutron source at the National Laboratory for
High Energy Physics (KEK) in Japan. In these measure-

ments, a structural phase transition from orthorhombic-
to-tetragonal symmetry was found around T =135 K with
decreasing temperature. As will be discussed below, in
further measurements at Brookhaven National Laborato-
ry, we discovered two magnetic phases as well as a new
tetragonal structure qualitative1y diA'erent from the high-
temperature tetragonal one. In the early stages of this
work, we were informed of a similar structural change to a
tetragonal phase observed in ceramic La2 —,Ba„Cu04.
Also, at the beginning of our study, we learned of the ex-
perimental results of magnetic neutron scattering mea-
surements carried out on La2Ni04. Therefore, we are
now able to compare in more detail these three isomor-
phous systems with Cu, Ni, and Co ions. As we shall dis-
cuss below these ions have, respectively, S = 2, S=1, and
S= 2.= 3

The structure of these compounds is determined in good
part by the MO& octahedra and their tilts (M represents a
3d metal). Summarizing the previous studies, we show
schematically in Fig. 1 the temperature dependence of the
in-plane lattice constant. The high-temperature tetrago-
nal phase (I4/mmm) transforms to a lower temperature
orthorhombic one (Cmca) at T =T~. This phase transi-
tion has been found to be caused by the softening of one of
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FIG. 1. Schematic illustration of the temperature depen-
dence of the lattice constants in the MO2 plane for an La2MO4
compound.

FIG. 2. Two types of spin structures and the tilt of octahe-
dron in the orthorhombic La2MO4 compound. Closed, open,
and hatched circles denote M, 0, and La atoms, respectively.

the zone-boundary TO modes which is doubly degenerate
in the tetragonal phase. ' The second tetragonal phase
below T2 is less well understood. However, in the analo-
gous system (CH3NH3)2MnC14 structural studies give the
space group as P42/ncm; this is characterized by a rota-
tion of the octahedra about a tetragonal axis. Recently,
the softening of the second rotational mode of the oc-
tahedron has been proposed as the driving mechanism for
this phase transition from Crnca to P42/ncm symmetry.

Neutron scattering studies performed on these lamellar
transition-metal oxides have so far revealed two types of
antiferromagnetic spin structures in the orthorhombic
Cmca phase; one is the La2Cu04 type, z [100],
S[001] "and the other is the La2Ni04 type, z[100],
S[100],where S and z denote the spin direction and anti-
ferromagnetic propagation vector, respectively. zll [100]
follows from the fact that a (c and the basic interplanar
interaction is antiferromagnetic; these two spin structures
are illustrated in Fig. 2. The structures are interchange-
able by a rotation of the spin by 90' about the b axis. Re-
cently, however, a slight cant of the spin towards the b
axis by —0.17' has been determined for the Cu com-
pound' ' due to the antisymmetric exchange interaction
which originates from the tilt of the octahedra. ' A mag-
netic phase transition at high magnetic field to a structure
with z[010], S[001] has been both predicted and observed
for the Cu compound. '

The temperature dependence of the static magnetic sus-
ceptibilities is similar in both La2Cu04 (Refs. 13, 15, and
16) and in at least one sample of La2Ni04 (Ref. 17),
where a pronounced peak has been observed at Tlv when
the external field is applied perpendicular to the M02
planes. The sha'rpness of the peak as well as the phase
transition temperature T~ itself is very sensitive to devia-
tions of the oxygen content from stoichiometry. The an-
tisymmetric interaction combined with the temperature
dependence of the 2D spin-correlation length can quanti-
tatively explain the susceptibility peak of the Cu com-

pound around T~. ' The peak observed in La2Ni04
remains unexplained, although it is possible that in the ac-
tual sample studied the magnetic structure was of the
La2Cu04 type.

In the Co compound, the susceptibility measurements
published to date have been performed only for powdered
samples and are rather inconclusive. A sharp peak at 405
K and a broad hump centered around 500 K have been re-
ported. ' ' The former is sensitive to the oxygen content
and observed only in the crystal with higher oxygen con-
tent. On the other hand, the latter is almost independent
of the oxygen content. The authors interpreted these two
peaks in terms of 3D antiferromagnetic order and 2D spin
correlations, respectively. Alternatively, a possible transi-
tion between the high-spin (S = —', ) and the low-spin state
(S=

2 ) of the Co + ion has been proposed as an explana-
tion of the change in the slope of the inverse susceptibility
observed around 400 K.

In this paper we present neutron scattering measure-
ments performed on a La2Co04 single crystal which clari-
fy a number of the salient issues. The format of this paper
is as follows. Following a brief description of the experi-
mental technique (Sec. II), the structural phase transition
at T2 is reported in Sec. III. The successive antiferromag-
netic transitions are surveyed in Sec. IV. In Sec. V we
discuss the spin state of the Co2+ ion in this compound as
well as the relationship between the spin structure and the
low-temperature tetragonal phase.

II. EXPERIMENTAL TECHNIQUE

A single crystal of La2Co04 was prepared by a
Boating-zone method from stoichiometric powder material
synthesized by the coprecipitation method. ' This method
is known to yield more homogeneous and stoichiometric
specimens than those obtained from the direct calcination
of the mixture of La203 and CoO in vacuum. The melting
and annealing were done in a CO/COq atmosphere in or-
der to preserve the oxygen stoichiometry. An x-ray
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powder-diffraction analysis revealed no impurity phase in
the single crystal. Although we did not determine the pre-
cise concentration of oxygen in the present crystal, the lat-
tice constants determined by x-ray diffraction (crystal 6
in Table I) are in excellent agreement with those of
stoichiometric crystal (crystal F in Table I). '

The neutron scattering measurements were carried out
using the triple-axis spectrometers H4M, H9, and H7 at
the Brookhaven High Flux Beam Reactor. The crystal,
which has dimensions of 4 mm in radius and 10 mm in
height, was mounted with an a* (or c ) axis vertical in an
Al can in which He gas was contained as a heat ex-
changer. The Al can was attached to the cold finger of a
liquid-N2 fiow cryostat. Because of the twin structure in
the orthorhombic phase, the a* and c* axes are super-
posed. For measurements in the low-temperature phase,
the Al can was remounted with b* vertical to allow scans
in the tetragonal a*-c* reciprocal-lattice plane. Different
energy incident neutrons together with different horizon-
tal collimations were utilized to optimize the various types
of measurements. In order to eliminate contamination by
higher-order neutrons, a beryllium filter cooled down to
77 K or a pyrolytic graphite filter was inserted in the in-
cident or the scattered neutron beam path. The tempera-
ture of the crystal was monitored by a platinum resistance
thermometer and controlled to within ~0.1 K.

Before considering the actual data, it is essential to un-
derstand the distribution of Bragg points in the recip-
rocal-lattice plane. In Fig. 3 we show the nuclear and
magnetic Bragg reflections in an a*(c*)-b* reciprocal-
lattice plane of the orthorhombic twin structure. The

open and closed circles denote the primary and superlat-
tice nuclear reflections, respectively, while the triangles
show the magnetic Bragg reflections. In the Ni- (Cu-)
type structure, the spin direction is along a* (c*) and
parallel (perpendicular) to the scattering plane for one of
the twin crystals shown by closed triangles and perpendic-
ular (parallel) to the other shown by the open ones.

III. CRYSTAL STRUCTURE

Previous measurements ' ' show that the room-
temperature lattice constants of LazCoo4 in the ortho-
rhombic phase vary drastically for different crystals as
shown in Table I. Among the samples studied, the present
crystal 6 has the maximum orthorhombic distortion. In
Fig. 4 we show the temperature dependences of the lattice
constants a, b, and c in our crystal. At T2-13S K, a
first-order structural phase transition occurs with discon-
tinuous changes in a and c but not in b. We performed
high-Q resolution measurements (BQ=0.013 A ' full
width at half maximum) in the tetragonal (H, K,O) zone
below T2 and confirmed the tetragonality of the low-
temperature phase. As will be described in the next sec-
tion, this phase transition is accompanied by a change in
the magnetic structure. However, the transition does not
go to completion; in both phases there remains a small
amount (-5%) of the residual orthorhombic (tetragonal)
phase in the low- (high-) temperature one, which prohi-
bits an accurate refinement of the structural parameters.

We performed 0-20 scans to measure the integrated in-
tensities of several Bragg peaks including superlattice and
magnetic ones above (T =150 K) and below (T =80 K)
T2. Above T2, as shown in Fig. 5, these intensities are
well described by the structural parameters of Cmca ob-
tained from the previous study on crystal J in Table I
where the angle @ of the tilt of octahedron is about 0.8
Here, we adjusted the parameters to increase the angle @
as required by the larger orthorhombic distortion. The tilt
angle @ of —10 obtained in this analysis is about 2.5
times larger than that of the Cu compound (@-4.2'). A
similar, albeit less drastic, diff'erence is found for the or-

TABLE I. Lattice constants of La2 — COO4+y.
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FIG 3. Recip.rocal a*(c*) b* planes superposed by th-e
twinned structure. Open and closed circles denote nuclear and
nuclear superlattice reAections, respectively. Open and closed
triangles denote magnetic reAections with the spin directions
perpendicular to each other (see text).

A'
Bb
Cc

Ec
Ff
6
H
I
J
K

5.473
5.484
5.471
5.476
5.493
5.474
5.4733
5.525
5.474
5.488
5.470

'La I.83Co04.
La ~.83Co03.875.

'La I.83CoO3.75.

5.538
5.550
5.606
5.526
5.543
5.614
5.6064
5.599
5.530
5.490
5.530

La2Co04. ~ ~.

'La2Cu04. 10.

'LaqCo04. 00.

12.57 (Ref. 25)
12.67 (Ref. 25)
12.65 (Ref. 25)
12.650 (Ref. 19)
12.684 (Ref. 19)
12.648 (Ref. 19)
12.656 (Ref. 22)
12.64 (Ref. 23)
12.65 (Ref. 23)
12.548 (Ref. 26)
12.55 (Ref. 24)
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thorhombic distortion in the two compounds: (c —a)/
(c+a) 1.3X 10 for the Co compound (150 K) and
0.71 x 10 for the Cu compound (10 K).

Below T2, the observation of the superlattice reilections
requires a tetragonal unit cell with in-plane dimensions
J2 x J2 of those of the high-temperature tetragonal struc-
ture (I4/mmm). A quantitative structural refinement
shows that the space group P42/ncm is likely for this
phase although our data are too sparse to make a unique
assignment.

FIG. 4. Temperature dependence of the lattice constants of
La2Co04. The hatched region shows the mixed phase of the
tetragonal and the orthorhombic structure.

IV'. SUCCESSIVE PHASE TRANSITIONS

In Fig. 6 we show the overall temperature dependences
of the magnetic Bragg peak intensities at the (100) and
(011) reciprocal. lattice positions (see Fig. 3) and those at
"oA' Bragg" points along the 2D magnetic ridge of
(O, K, I ). Figure 6(a) clearly shows the successive phase
transitions in this system. Above T~, where there is no
3D magnetic order, we observe magnetic quasielastic
scattering corresponding to the 2D spin correlations in the
Co02 planes, similar to those observed previously in many
2D systems. Between T2 and T~ (hereafter we call this
region phase I and the region T & T2, phase II), the spin
structure is found to be identical to that of La2Ni04 with
v[100], S[100]. Around T2, a crossover of the intensities
of [011]and [100] takes place. In phase II, the magnetic
Bragg intensities for peaks which are uncontaminated by
nuclear superlattice scattering can be explained by assum-
ing a La2Cu04-type spin structure (Table II) i[100],
S[001]. It is noted that the Cu-type spin structure can be
constructed from the Ni type by a 90 spin rotation or a
flip of the spin on half of the Co02 planes. As we shall
discuss in Sec. V, because of the tetragonal symmetry,
more general noncollinear structures derived from the
La2Cu04 structure are also allowed by the data. The
magnetic moments of the Co + ions are identical in both
phases within the experimental resolution. We find for
the moment a value of (2.9+ 0.1)p~ which corresponds to
that of Co2+ in the high-spin state (S= 2 ) assuming
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FIG. 5. The calculated and the observed nuclear intensities of
our La2Co04 single crystal in the high-temperature orthorhom-
bic (Cmca) phase. Open circles denote superlattice reflections.

FIG. 6. (a) Temperature dependences of the (1,0,0) and
(0, 1,1) peak intensities and (b) those at the "off Bragg" points
of (0,1.2, 1) and (0,0.8,1) on the 2D magnetic ridge (O,K, I ).
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Phase II (T=80 K)
Iobs Ical

Phase I (T-150 K)
Iobs I'al

100
011
120
031
140
051
160
300
013
033
071
340

103
20.5
95.9
50.3
a

58.8
a

49.8
b
b

49.8
a

104
16.0
92.2
50.5
70.7
49.8
50.0
46.0
0.9
6.2

36.0
34.6

& 2.4
100
39.8
84.2
60.9
73.7

40.7
33.4
49.0

8.5

0
100
39.6
82.2
53.6
61.4
44.0
0

45.0
39.9
40.4

7.7

'Superposed by superlattice reflections.
bContaminated by residual (Ni-type) phase.

g=2. We note that this moment is reduced from its bare
value by zero-point effects. The true value is probably
closer to (3.25 ~ 0.15)pg, a value somewhat larger than
3pz and consistent with the XY-like symmetry of the
Co+s ipin. The Q dependence of the magnetic Bragg in-
tensities also follows the magnetic form factor of the
Co2+ ion determined by CoO.

th
The Ni-type spin structure persists in the residual
orhombic structure in phase II. On the other hand

or-

t
er an, in

he res&dual tetragonal phase in phase I, there appears to
be no magnetic long-range order.

In phase I we observe a dramatic hysteresis in the mag-
netic intensities when we reenter this phase by heating the
crystal from phase II. The peak intensities of the magnet-
ic Bragg reflections are considerably reduced compared
with those obtained on cooling. This missing intensity ap-
pears as strong diffuse scattering along the b direction,
that is, in the form of a 2D rod. The huge difference of
the scattered neutron spectra between heating and cooling
processes is shown in Fig. 6(b). This thermal hysteresis
entirely disappears in the vicinity of T~. This hysteresis
undoubtedly derives from stacking faults in the La2Co04
magnetic structure which are generated at the first-order
transition on heating from phase II to phase I. These
stacking faults then anneal out near T~.

From the temperature dependence of the (011) Bragg
intensity (Fig. 7), we determined the Neel temperature
T~ to be 274.7+ 0.6 K. As noted above, for T & T~, the
system exhibits 2D fluctuations. As shown in Fig. 8(a),
along the 2D magnetic ridge (O,K, I), significaitt 2D in-
tensity is observed with little indication of 3D short-
range-order eff'ects. The latter become observable onl
near T~. For scans across the ridge, we observe well-
defined peaks (Fig. 9) corresponding to a long 2D spin
correlation length. In La2Cu04, an unusually high inelas-
ticity is associated with these 2D spin Auctuations. ' No
such eff'ect is observed in La2Co04. Indeed, as shown in
Fig. 10, the energy spectrum of the constant-Q scan on the
ridge is very sharply peaked around BE=0. La2Co04

TABLE II. Observed and calculated relative intensities of
magnetic Bragg reAections at T 80 K (phase II) and T 150
K (phase I).
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FIG. 7. Integrated intensity of the (011) magnetic reAection
near TN, the solid line is the result of a least-squares fit to a sim-

p e power law with a Gaussian distribution of Neel temperatures
as discussed in the text.

—oo

dco S (Q2D, M ) .S-(Q2D) =

Here Q2D is the component of the momentum transfer
in the MO2 planes. When the energy integration of Eq.
( ) is properly performed within the static approximation,
the intensity of a double-axis scan with the scattered neu-
tron momentum kf perpendicular to the 2D magnetic
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also exhibits a clear contrast to La2Cu04 in the tempera-
ture dependence of the instantaneous 2D correlation func-
tion [S(Q2D)],
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the longitudinal component of the spin correlations be-
cause the spin direction is parallel to the scattering vector.
This demonstrates that the spin correlations in this com-
pound are dominated by the longitudinal Ising com-
ponent.

All of the above features are in contrast to the behavior
observed in La2Cu04. In the Cu system the fiuctuations
are highly inelastic, have at least A'Y symmetry, and show
no obvious divergent behavior at T~. We assume that this
is because of the predominant 2D, S= —,', Heisenberg
character of LaqCu04 and the fact that the transition to
long-range order is driven by the interplanar coupling
rather than the Ising anisotropy.

Finally, we show in Fig. 7 the results of a least-squares
fit of a simple power law, I=A (1 —T/T~ ) ~, convoluted
with a Gaussian distribution jexp[ —(AT/oT) ]/ of Neel
temperatures. Clearly, the simple power law with an ap-
propriately "smeared" TN describes the data quite weil.
The best-fit parameters are crT =0.7 ~ 0.2 K and P =0.20
~0.02. The latter may be compared with P=0.125 for
the 2D Ising model, 0.14+' 0.01 in KiNiF4 and
0.16~ 0.02 in Rb2MnF4. Thus the behavior is closer to
2D than 3D (P=0.33) in character, although the inter-
mediate value for P suggests that the measurements span
the crossover regime from 3D to 2D behavior.

0—
I

0.950 1.000
H ( r. l, u. )

1,050

plane provides S(QqD). The peak intensity S(Q2D =0) on
the ridge shows a very sharp peak at TIv in good accord
with the observed critical behavior in the typical 2D Ising
systems such as K2CoF4, K2NiF4, and La2Ni04.
The 2D Ising character also manifests itself in the intensi-
ty profiles of the scans across the ridge (Fig. 9). For small
E, we observe a peak centered around the (O,E, 1) ridge
but not the (I,E,O) ridge; for the latter we cannot detect

3.5 Ef 60 —40-60-40-80 T= 277K (Tg+2g)
I
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I

I

0) 150—
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O 100—
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50—
UJ 0
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—0.2 0 0.2
ENERGY TRANSFER (meV )

I

0.4

FIG. 10. Energy scans around 2D magnetic ridge (O,K, I ) in
the constant-Q mode.

FIG. 9. Elastic transverse scans across the 2D magnetic ridge
at K =0.2 (a), 0.8 (h), and 4.5 (c).

V. DISCUSSION

The present measurements show that the majority of
Co ions stays in the divalent high-spin states in both phase
I and phase II. We did not detect Co + ions due to the
excess oxygen or lanthanum deficiency within our experi-
mental resolution (-6%). Also, there is no high-
spin-low-spin transition between 77 and 290 K as was
predicted from one of the uniform susceptibility measure-
ments on a powder sample. These results are, however,
consistent with the model proposed from systematic stud-
ies of the transport properties and the lattice constants on
the La2 „Sr,COO4 single crystals. 223i There, all of the
Co ions in undoped La2Co04 crystal have been presumed
to be divalent and to stay in the high-spin state.

So far, there is only limited information on the spin
Hamiltonian relevant to the Co + ions in La2Co04. We
may, nevertheless, deduce a number of basic features from
our neutron scattering experiments together with results
from some preliminary single-crystal susceptibility mea-
surements. First, the bulk susceptibility between 300 and
440 K is characteristically 2D with the in-plane value
about 50% larger than that out of plane. This suggests
that the spins predominantly lie in the planes and, in the
absence of in-plane anisotropy, would be described by an
XY model. The in-plane symmetry is broken by the rota-
tion of the Co06 octahedra as in La2Cu04. However, in
the Co case the spin is parallel to the rotation axis and
hence also parallel to the antisymmetric exchange vector
D. This requires that either efFective crystal field or aniso-
tropic exchange effects control the in-plane anisotropy.
This intraplanar anisotropy clearly predominates over the
interplanar exchange interaction, hence accounting for the
2D Ising character of the phase transition.

As an aside, it should be noted that the S 2 character
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of the Co + ion means that electrons are removed succes-
sively from the d„2' ~2 d3 2 2 and d„~ orbitals. Thus the
intra-atomic Hund's rule coupling predominates over the
crystal field. This has an interesting consequence for
models of the electronic structure of La2Cu04.
Specifically, this hierarchy of the energy levels will serve
to stabilize holes in the nonbonding oxygen rr orbitals,
since it costs less energy to transfer a hole from the 0
site to the Cu + site through either a d„~ orbital or a
d3, 2 2 orbital. The relative e%ciency of the two possible
n orbitals will be determined by the relevant transfer in-
tegrals.

Next we discuss the low-temperature tetragonal phase.
As noted above, if we assume a collinear spin structure,
then the spins order in the simple La2Cu04 magnetic
structure illustrated in Fig. 2(a). However, a more ela-
borate noncollinear structure seems more likely. As noted
above, in phase I, the rotation of the Co06 octahedra
uniquely determines the spin direction. However, in the
low-temperature tetragonal structure which we assume to
have the P42/ncm structure, the octahedra rotate about
alternate tetragonal axes layer by layer. Thus the spin
direction may also rotate back and forth by 90 in alter-
nate layers. This spin structure is obtained simply by
combining coherently the magnetic structure shown for
La2Cu04 in Fig. 2(a) with the equivalent structure with
all spins rotated by 90 .

In summary, we have found successive antiferomagnet-
ic phase transitions in an La2Cu04 single crystal. The
La2Ni04-type spin structure in the high-temperature or-
thorhombic phase transforms to the La2Cu04 type by the
Co + spin rotation or flip within the plane in the low-
temperature tetragonal phase. A spin structure with spin

rotations alternating by 90 between the CoOp planes but
with the basic symmetry of the Cu-type structure is possi-
ble in this 2D Ising system.

From the point of view of lattice dynamics, two possible
rotational modes of the octahedron which result in a
tetragonal structure may go soft at the transition tempera-
ture. A rotation about c staggered along a corresponds to
the softening of the second mode proposed for the
structural transition of La2 „Ba Cu04 at T2. A twisted
rotation about [101] is another candidate for this structur-
al transition. These two types of modifications from Cmca
can be distinguished by the different behavior of any pos-
sible phonon softening at the transition and differences in
the possible intermediate orthorhombic phase. Thus to
understand phase II fully both a determination of the
space group and refinement of the structural parameters
for the low-temperature phase as well as a study of the
phonons associated with this phase transition are required.
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