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Electron-spin resonance and ferromagnetism in a copper oxide: La4Ba~Cn~o, o
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The electron-spin resonance (ESR) of a copper oxide La4Ba»Cu»O&o, which shows a ferromagnetic
transition at around 5 K, has been studied. The ESR spectra show a narrowing with decreasing
temperature that is characteristic of the ferromagnetic exchange interaction. The ground state of
the Cu + d hole in the La48a»Cu»O&0 compounds is described by the wave function d», and it

agrees with the results deduced from the structure. The origin of the ferromagnetism is that the d-

hole orbits of the ground state are alternately orthogonal to the nearest-neighbor ones.

There have been several reports on anomalous fer-
romagneticlike behaviors, such as a positive divergence of
the magnetic susceptibility at a finite temperature in
high-T, copper oxide superconductors. For example, it
has been reported that Na-doped LazCu04 prepared in an
inert gas atmosphere exhibits superconductivity below 30
K with an unknown ferromagneticlike transition at about
10 K. ' Until now, the origin of such anomalies has not
been clear. Moreover, the observed anomalies have
sometimes been attributed to technical problems in the
magnetization measurements, such as inhomogeneity of
the external field and an unsuitable size of the samples.

We have recently observed a similar ferromagneticlike
behavior in the low-temperature magnetization of
LaBa2Cu307 y prepared in a reducing atmosphere. Be-
sides the anomalous magnetization, we have found a very
large magnetic signal in the specific heat at low tempera-
ture where the magnetic transition occurs, which means
that an unidentified ferromagnetic object surely exists in
our samples. Then we started the search for its origin.
Making reference to the report by Ghandehari et al. that
LaBa2CU307 y was decomposed into barium cuprate and
La&Ba2CuzO&0 (the 4:2:2 phase) when it was sintered un-
der a He atmosphere, we found that the La4Ba2Cu20&0
compound was the origin of the ferromagnetism observed
in the LaBa2Cu307 system. According to Ref. 4, the
effective magnetic moment of the 4:2:2 phase from the
Curie-Weiss plot and the saturation magnetic moment
are 1.66 pz/Cu and 0.95 pz/Cu, respectively. These mo-
ments indicate that almost all Cu +

—,
' spins participate in

the localized-type ferromagnetism of the La4BazCu20&o
compound.

The 4:2:2 phase in the La-Ba-Cu-0 system was first
synthesized by Michel and Raveau in 1981 and its struc-
ture was analyzed with x-ray powder diffraction by them.
This compound has the same stoichiornetry as the green
phase (the 2:1:1phase) of the Y-Ba-Cu-0 system, but its
structure and magnetic properties are different. The
2:1:1phase is orthorhombic with space group Pbnm(62)
and an antiferromagnetic transition at about 28 K. The
4:2:2 phase is a tetragonal insulator with space group
P4/mbm(127) and its color is not green but dark brown.

Among the copper compounds in which Cu + ions show
a magnetic ordering, ferromagnetic ordering is very rare.
The K2CuF4 compound crystallizing into a K2NiF4-type
structure is one of the most interesting ferromagnetic
ones. In this paper, we report an ESR investigation to
clarify the relationship between ferromagnetism and the
special crystal structure of the La4BazCuz0, 0 compound
with reference to the Cu ferromagnet K2CuF4.

The La4Ba2Cu20&o compounds were prepared by con-
ventional solid-state reaction from the mixture of high-
purity La~03, Ba02, and CuO powders. The La203
powder was preheated at 1000 C for 10 h in air, because
La&03 is highly hygroscopic. The mixed powders were
calcined at 900'C for 10 h in air. They were ground and
pressed into disks, and sintered at 1000'C for 10 h in air.
The crystal structure was characterized by pulsed neu-
tron powder diffraction. The results of the analysis gives
support to the model that has been proposed by Michel
et aI. Our detailed structure analysis has been published
elsewhere. The result of the electron probe mi-
croanaiysis (EPMA) showed that our samples were essen-
tially the single phase of the 4:2:2 compound. The static
magnetization was measured by a SQUID magnetometer.
The ESR measurement was carried out with an X-band
(9.097 GHz) spectrometer in the temperature range of
4.2—300 K and a Q-band (35 GHz) spectrometer at room
temperature. The ESR sample in the form of fine powder
was sealed to avoid humidity and freezing oxygen.

The inverse electron spin susceptibility per molar Cu +

ion of the 4:2:2 phase gz ', which was determined by ESR
signal intensity as a function of temperature, is shown in
Fig. 1(a), and that of the static magnetic susceptibility
yM' is shown in Fig. 1(b). The absolute value of ys was
corrected by using the Cu + signai of CuSO4-5H20 as a
reference. The thus determined value of yz agrees well
with the yM in the whole temperature range. As shown
in Fig. 1(a), a slight kink anomaly in the temperature
dependence of y&

' is observed around 80 K. The line
which was extrapolated from the data above 80 K
crossed the abscissa at a negative temperature point,
which suggests an antiferromagnetic interaction. But
below 80 K, the Curie-Weiss plot showed ferromagnetic
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FIG. 1. The temperature dependences of the inverse molar
suscePtibilities for La48azCuzOlp. (a) The inverse electron sPin
susceptibility yz and (b) the inverse static susceptibility gM .

FIG. 2. The ESR powder spectra of the La4BazCuzO&p at 300
K. (a) X band (9.097 GHz) and (b) Q band (35 GHz).

behavior with a Curie temperature Of about 5 K. In Fig.
1(b), the temperature dependence of y~' shows the same
behavior as g& '. There may be a phase transition at
about 80 K, about which it is still unknown whether it is
magnetic or structural. From the inverse susceptibility
g~' below 80 K, the Curie-gneiss plot fitted to the data
yields a ferromagnetic transition at Of =5.2 K. Below
5.2 K, the measured susceptibility gM shows a sharp up-
turn and then a positive divergence. The effective Bohr
magneton p,z's derived from the slope of yz

' and yM'
are 1.41 pz/Cu and 1.54 pz/Cu, respectively. If the es-
timated localized moment is assigned to every Cu atom,
these values of effective moment are smaller than the
theoretical one (p,tr= &3) assuming the complete
quenching of the orbital angular momentum, and are also
smaller than that reported in Ref. 4 (1.66 p~/Cu) due to
the existence of an impurity phase which was observed by
x-ray diffraction in the 4:2:2 sample prepared in this
study.

The typical X-band and Q-band ESR spectra of the
4:2:2 phase at room temperature are shown in Figs. 2(a)
and 2(b), respectively. Ganguly et al. reported that there
was another weak structure in the ESR spectra of the
4:2:2 phase at around g=2.23 besides the feature shown
in Fig. 2, and they suggested that the g tensor had three
different components. ' They explained that this weak
structure was caused by imperfections in the square pla-
nar Cu04, i.e., displacement of a copper ion from the

plane of the oxygen ions. According to our neutron
diffraction study, the square planar Cu04 is rectangular
with dimensions 2.660X 2.762 A and a copper ion
placed at the center of the plane of the oxygen ions. In
our refinement, such a deviation was not observed. The
weak structure at around g=2.23 may be caused by the
barium cuprate impurities. " The Q-band spectrum
shows the characteristic features that the Cu + ion in the
4:2:2 phase has the uniaxial g tensor, although the Cu site
point symmetry is orthorhombic, which suggests that the
g tensor has three different components. But this
orthorhombicity is far smaller as compared with the an-
isotropy along the 1oca1 principa1 axis perpendicular to
each CuO4 plane. Hereafter we make an assumption that
the local crystal field of the cations can be approximated
by a uniaxial one.

The temperature dependence of the g values and the
half-width of the resonance peak AH are shown in Fig. 3.
At room temperature, the g, and the g, values are 2.133
and 2.037, respectively. The g, value gradually decreases
with decreasing temperature and has a minimum value at
10 K, which is slightly higher than Of. The g, value is
constant in the temperature range from 300 to 20 K.
Below 20 K, it begins to increase with decreasing temper-
ature. The half-width of the resonance peak AH de-
creases from room temperature to 10 K, and this narrow-
ing is characteristic of the ferromagnetic exchange in-
teraction. Below 10 K, the AH shows a sharp increase,
which is influenced by the internal magnetic field caused
by the thermal Quctuation near the transition tempera-
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FIG. 3. The temperature dependences of the g„g, values and
the half-width of resonance peak 50 for La48a2Cu20&0.

ture. There is no reproducibility in the ESR line shape
below this temperature region. If the single crystal is
used for measurements, the AH should be decreased even
below 10 K. In the temperature dependence of the AH,
an anomalous feature shows a slight hesitation in decreas-
ing at around 60—80 K where y&

' and g~' show kink
anomalies.

In the BaCuOz Oz sample, " the g value of the perpen-
dicular to the principal axis g, ( =gi) is smaller than that
of the parallel to it g, (=g~~). In the polycrystalline
4:2:2-phase sample, however, if the g, and the g, are as-
signed to g~ and g~~, respectively, the magnitudes of gJ
and

g~~
are reversed, i.e., the g~ is larger than that of the

parallel g~~. According to ordinary ligand field theory,
there is a relationship between the g value anisotropy and
the orbitals of d holes in the ground state. If the apex
anion-cation distance is elongated along the principal axis
from the isotropic octahedron, the orbital of the d hole is
d 2 2-like, and its g factor has a relation of

g~~ &g& &g„
because the

g~~
and the g~ are expressed as

g =g, —8A/5

d~„d,„,and d i i orbits for the d configuration, respec-

tively. ' On the other hand, if the octahedron shrinks
along the principal axis, the ground-state orbital becomes

32-2
d ' ' and the g factor has a relation of g~ &

g~~ =g, .
From the observed ESR signal in Fig. 3, the g, is larger

than the g„' therefore, the ground state of the d hole of
the Cu + ion in the 4:2:2 phase seems to be described by
the d» orbital. According to the structural analysis of
Michel et al. and our neutron powder diffraction study
of the 4:2:2 phase, the square planar Cu04 groups are so
isolated that one square planar Cu04 is orthogonal to the
nearest-neighbor Cu04, as shown in Fig. 4. The Cu04
plane is parallel to the e axis and perpendicular to the ab
plane. In the case of the Cu04 plane, the ground state of
the d hole of the Cu + ion is expected to be described by
the wave function of d», which is not consistent withx -y '

the ESR results. This inconsistency can be resolved if the
exchange coupling is taken into account. '

The top view of the unit cell with the Cu + d-hole or-
bitals in the ground state is illustrated in Fig. 4. The g
values perpendicular and parallel to the local principal
axis are denoted by g~ and g~~, respectively. When the
field is applied parallel to the c axis, the system responds
at a field corresponding to H =fico/2gip, ~, because both
spins at the inequivalent Cu sites have the same g~ value.
On the other hand, when the external field is applied per-
pendicular to the c axis, and the response frequencies are
different for the inequivalent Cu spins, and the resonance
occurs at different external fields corresponding to both
g ~ and g ~~.

When the exchange interaction acts between a
pair of inequivalent ions and its magnitude exceeds the
difference of Zeeman energy, two resonance lines amalga-
mate each other with increasing exchange interaction.
Finally they are combined at the center of the two reso-
nance lines. Therefore, it is straightforward to deduce
the formula of the g tensor as g, =(gi+gI~ )/2. For the

g.W
and

gi =ge 2A, /6i (2) o La

0 0
6 8a

b(= a)

=a

where g, =2.0023, k is the negative spin-orbit parameter
(for Cu + ion; —828 cm '), b,o and b, i are the crystal-
field-splitting energies between d„and d 2 2 orbits and

FIG. 4. Top view of the crystalline structure of
La4Ba2Cu20». The orthogonality of the orbitals of the Cu + d
hole is illustrated.
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Of =2zJS(S+ l )/3k, (3)

where Of is the Curie temperature, z is the coordination
number, S is the quantum number of spin, and k is the
Boltzmann constant. The value of J was obtained as 2.6
K by using z=4 and S =

—,'. Here it is instructive to com-
pare the 4:2:2 phase with a typical Cu ferromagnet
KzCuF4. In KzCuF4, the orbital ordering occurs due to
the Jahn-Teller effect; then the ground state of the d or-
bital of the Cu + ion is also described by the alternately
orthogonal orbitals d» and d». Under this condi-

tion, the ferromagnetic exchange interaction works be-
tween the spins of KzCuF4. It is similar to the case of the
4:2:2 phase.

It is important to consider the magnetic anisoiropy
which causes the axis or plane of easy magnetization.
Since there is no one-ion anisotropy for 5 =

—,
' Cu + spin,

experimental values g, =2.133 and g, =2.037 at room
temperature, the local principal values of the g tensor can
be calculated as gI =g, =2.037, gI~ =(2a, —g, )=2.229.
From the g~ and the g~~ values, the ground state of the
Cu + d hole in the 4:2:2 phase is described by the wave
function d», and this agrees with the results deduced

X

from the structure. By using the values of the g ~ and the

g~~„ the crystal-field-splitting parameters Ao and 6& are
calculated as 29500 cm ' (3.66 eV) and 44900 cm
(5.56 eV), respectively.

When the d-hole orbits of the ground state are orthog-
onal to the nearest-neighbor copper one as shown in Fig.
4, only the potential exchange interaction acts between
the Cu ions. There is no strong antiferromagnetic kinetic
exchange due to the nonexistence of oxygen between Cu
ions. On the other hand, although the d-hole orbitals of
the ground state between the nearest-neighbor interlay
Cu ions are not orthogonal, the exchange interaction is
also expected to be ferromagnetic. Because the Cu ion
between the interlayer is distant, the d-hole orbits of the
ground state have almost no overlap. Therefore, it is
reasonable to expect that the whole exchange interaction
which acts between spins of the Cu " ion is ferromagnet-
ic. The magnitude of the exchange interaction J is es-
timated from the formula by the molecular field approxi-
mation:

the higher-order anisotropic exchange and the dipole in-
teraction cause the magnetic anisotropy. The former is
expressed by A, J/6 and this value is estimated as 2—3
mK for the 4:2:2 phase using the value of J in Eq. (3). On
the other hand, the latter value is estimated as 2—30 mK,
which is one order of magnitude larger than that of the
anisotropic exchange interaction. If the 4:2:2 phase has
two dimensionality, the plane of the easy magnetization is
the ab plane. In this case, the spin system can be de-
scribed as Heisenberg-like, but near the Curie tempera-
ture it has an XY-like character because the effect of the
isotropic energy is enhanced by the number of spins in
the large ferromagnetic cluster in the fluctuation region.
A similar situation occurs in the magnetic anisotropy in
KzCuF4. Its spin system is described by the XY model in
the fluctuation region near the Curie temperature and
shows the Kosterlitz-Thouless transition, ' which has re-
cently become interesting in the field of granular super-
conductivity because both XY model and granular super-
conductor belong to the same universality class. It has
not been determined experimentally yet which type of an-
isotropy is realized in the 4:2:2 phase. It will be clear
after some detailed measurements on the single crystals.

In summary, we have measured ESR in a ferromagnet-
ic copper oxide: La4BazCuzO&o. The g value, which is
slightly larger than 2, shows the feature of a Cu + d spin
state. When the exchange coupling that occurs between a
pair of inequivalent Cu + ions is taken into account, the
ground state of the Cu + d hole is determined by the
wave function d», which agrees with the results de-

x -y '

duced from the structure. The location of Cu ions and
the orthogonality of the wave-function ground state make
the exchange interaction in the Cu plane act ferromag-
netically. The origin of the ferromagnetic ordering seems
to be similar to that of KzCuF4.
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