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The nature of the magnetic ground state near the insulator-metal transition (IMT) in
Lai_;Ba;CoOs was investigated via neutron scattering. Below the critical concentration, z. ~ 0.22,
a commensurate antiferromagnetic (AFM) phase appears initially. Upon approaching z., the AFM
component weakens and a ferromagnetic (FM) ordered phase sets in while in the rhombohedral
lattice. At z., a spin flip to a new FM structure occurs at the same time as the crystal symmetry
transforms to orthorhombic (Pnma). The Pnma phase may be the driving force for the IMT.

PACS numbers: 71.30.+h, 61.05.fg, 71.70.-d

Exotic magnetic states are ubiquitous in transition
metal oxides giving rise to very complex phase diagrams
with novel properties. Emerging from the subtle inter-
play between the electronic and lattice degrees of free-
dom, their presence has been linked to phenomena such
as magnetoelectronic phase separation [1], multiferroicity
[2] and geometrical frustration [3]. In the Mott insulat-
ing antiferromagnets (AFM) of LasNiO4 and LasCoOy
for instance, charge doping quickly suppresses the com-
mensurate magnetism, giving way to incommensurate as
well as charge ordered states [4, 5].  Although their
ground states remain insulating, their structures are iso-
morphic to the LasCuO,4 doped superconductor and have
been instrumental towards understanding the relation
between the localization mechanism leading to stripes
and superconductivity. In another Mott system, the
perovskite cobaltite LaCoOs where a non-magnetic insu-
lating ground state is present instead, the consequences
from adding holes in the system lead to significantly more
complex states. Prior to the crossover from a localized to
an itinerant electron behavior [6-10], commonly observed
in this class of materials that includes the manganites,
competing AFM and ferromagnetic (FM) interactions
[11, 12] prevail. The origin and organization of these
states and the role they play regarding the insulator-
metal transition (IMT) is not well understood at present
and is the focus of this work. Our results elucidate the
significance of magneto-elastic coupling in these cobalt
oxides.

The parent compound, the rhombohedral (R3c)
LaCoOs3, has an internal spin degree of freedom aris-
ing from the nearly degenerate spin states of the Co3*
ion that becomes active due to the comparable Hund’s
rule exchange and crystal field energies. In the ground
state, Co’" is in the low spin (LS) electronic configura-
tion, tggeg [13]. As the temperature rises, an electronic
excitation occurs from the LS state to a higher spin state
that fosters the development of dynamic FM and AFM
correlations as observed by neutron scattering [14]. Cou-
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pled with these interactions are single ion transitions with
a characteristic energy of 0.6 meV [14, 15]. Upon doping
with a divalent ion such as Sr’>t or Ba?T, an unusual mag-
netic state evolves prior to the IMT. In Laj_,Sr,CoQOsg,
the percolation of FM isotropic droplets transforms the
system into a long-range metallic ferromagnet (FMM),
mediated by double exchange (DE) interactions at a Sr
concentration of ~0.18 [10, 16, 17]. A competing, weak
incommensurate magnetic correlations found in the insu-
lating state concomitantly with the FM short-range cor-
relations, vanish in the FMM phase [11]. On the other
hand, in La;_,Ba,;Co0O3, a similar incommensurate state
is found which becomes commensurate and long-range
as the FM short-range correlations become long-range,
shown in earlier elastic neutron scattering results on sin-
gle crystals [12]. The magnetic symmetries have not yet
been determined however and little is known regarding
their development beyond IMT. This maybe especially
important in the Ba system where the itinerant state is
decoupled from the FM transition as will be discussed
below.

From neutron powder diffraction measurements in the
range of 17 % < x < 27 % that encompasses the vicinity
of IMT (x. ~0.22), we find that coexistence of the two
magnetic orders originates in the rhombohedral phase.
Initially (z ~ 0.17), a commensurate AFM long-range
order sets in. A slight increase in z results in the ap-
pearance of a FM ordered phase that quickly becomes
dominant, while the AFM component weakens and even-
tually disappears. At x. and in the complete absence
of an AFM signal, a new FM structure develops. Cou-
pled with the appearance of the new magnetic order is
a crystal structure transition, from the rhombohedral to
an orthorhombic lattice with Pnma symmetry. The struc-
turally driven spin flip creates metallic FM droplets and
the percolation of these droplets drives the system to be-
come metallic. This, in turn, suggests that the FM do-
mains in the rhombohedral phase are in fact insulating.
This is fundamentally distinct from other magnetoresis-



tive perovskites where only one FM transition is observed
prior to the IMT. The cobaltite system is unique as it
presents an uncommon mechanism for the IMT in which
the actual transition occurs in a two-step process.

The samples were prepared by standard solid state re-
action as reported in Ref. [12] and characterized by bulk
susceptibility and transport measurements. The neutron
powder diffraction data were collected using the BT-1
high resolution powder diffractometer at the NIST Cen-
ter for Neutron Research. Data for all compositions ex-
cept z = 0.18 were collected using a wavelength of 1.5401
A from a Cu (311) monochromator while for z = 0.18, a
wavelength of 2.0784 A from a Ge (311) monochromator
was used.

Fig. 1(a) is a plot of intensity as a function of the mo-
mentum transfer, @, at low temperatures for five of the
compositions studied. A list of the atomic and magnetic
parameters obtained from the data refinement is given in
Table I. In z = 0.17, new diffraction peaks are observed
that can not be indexed by the R3¢ nuclear symmetry,
their indices labelled in the figure. They are magnetic in
origin and can be described by a magnetic propagation
vector of k1 = (0, -0.5, 0.5) [19, 20]. This propagation
vector corresponds to an AFM spin order. Based on the
nuclear symmetry and the observed magnetic propaga-
tion vector, it is possible to determine the Co ions spin
orientation. There are two Co sites in the R3¢ symme-
try, one at (0, 0, 0) that we designate as Col and another
at (0, 0, 0.5) as Co2. We find that there are two possible
spin orientations that could yield the observed magnetic
diffraction pattern. In one orientation, the moment ba-
sis vectors, (mg, my, m;), along the principle axis of the
nuclear cell are (0,1,0) for Col and (-1, -1, 0) for Co2. In
the second orientation, they are (0, 1, 0) for Col and (1,
1, 0) for Co2. Both choices can separately reproduce the
AFM diffraction pattern well for x = 0.17. Thus the mo-
ments are in the (001)g plane. Other orientations were
additionally tested but provided worst fits to the data.
Note that from the powder diffraction measurement, it is
not possible to distinguish the moment orientation within
the ab plane of the R3c unit cell. Both orientations de-
scribed here represent a non-collinear AFM configura-
tion. The case of the second orientation is shown in Fig.
2(a). The AFM unit cell is reproduced by expanding the
nuclear unit cell by 2 x b and 2 x c.

Indicated in Fig. 1(a) is the @ position of the nuclear
(012)p peak at @ - 1.63 A~' that is at the background
level in z = 0.17 due to its weak nuclear structure factor.
But in x = 0.18 and « = 0.19, the intensity under this
@ value is enhanced with the appearance of a FM com-
ponent with a k2 = 0 wave vector (see Table 1). This
indicates that the two magnetic components coexist be-
low z = 0.2. With increasing x, the intensity under
the AFM peaks decreases, and the AFM phase volume
fraction is reduced while the FM intensity becomes dom-
inant. We previously showed using single crystals that

the FM intensity is isotropic due to the presence of FM
droplets [11].

The presence of two magnetic orders in such a narrow
region of the phase diagram is perplexing. Based on
the nuclear structure refinement at these values of =, no
evidence is found that can support the presence of two
nuclear symmetries that could give rise to two different
magnetic states. Fig. 1(b) is a plot of the 10 K data for
= (.19 compared to a crystal model with the R3¢ symme-
try (solid line). The two magnetic orders either originate
from the same magnetic domain or from two different
domains [21-23]. It is possible to combine two phases if
they originate from the same magnetic domain, and form
a double-wavevector magnetic structure. However, if the
two phases are independent because they originate from
different magnetic domains, forming a single wavevector
structure for each domain is more appropriate. The lat-
ter was chosen because as seen in Fig. 1(c) for z = 0.18,
the two phases have different order parameters. The
strongest AFM intensity at Q «~ 1.36 A~'shown in this
figure almost vanishes by 100 K, while the FM peak at @
« 1.63 A~ still persists at this temperature [12]. Note
that the nuclear contribution at this position is extremely
small and barely visible in the powder data. On cooling,
the FM order appears first, followed by the AFM order
almost 40 degrees lower. Although the ratio between
the AFM to FM intensity changes significantly from z
= 0.18 to 0.19, their propagation vectors do not change
with z. From these observations we deduce that the FM
and AFM magnetic orders are weakly coupled, namely
they propagate in different domains [25-27]. To obtain
their volume phase fractions as a function of composi-
tion, we assumed that the Co magnetic moments in both
magnetic phases have the same magnitude, and the sum
of their volume fractions was constrained so that it equals
that of the nuclear phase fraction [22, 23]. The results
are listed in Table I.

The magnetic structure of x = 0.18 is composed of the
AFM model of z = 0.17 shown in Fig. 2(a) and the FM
model with the k2 = 0 propagation vector shown in Fig.
2(b). In the latter, there are three possible Co spin ori-
entations allowed by symmetry. Of these, only the case
where the components of Col and Co2 basis vectors are
along (0, 0, 1) can reproduce the observed ko diffraction
pattern. In this configuration, the moments for both Col
and Co2 point along (001)p axis as shown in Fig. 2(b).
Shown within this cell is the pseudocubic cell with the
spins pointing along (111)¢ for reference. The refined
phase fractions of the AFM and FM phases are 48 %
and 52 %, respectively. If compared to x=0.17 where
no FM ordering was observed, a 1 % increase in hole
concentration led to two comparable magnetic phases.
By increasing the concentration further to x = 0.19, the
AFM fraction is reduced to 17 % while the FM fraction
increases to 83 %. Although by z = 0.20, only a FM
phase is present, where the FM domains grow in size and



the FM coupling strengthens, the system is still insulat-
ing as seen from the transport data of Fig. 1(d).

By z. = 0.22, a new FM order sets in due to a spin-flip.
At this concentration, an IMT is observed as shown in
Fig. 1(d). Although the peak intensity at Q « 1.63 A~!
is enhanced even further (Fig. 1(a)), it corresponds to a
new FM phase that appears with a new propagation vec-
tor we label k3= 0. Simultaneously, a crystal structure
transition occurs where the nuclear phase changes to the
Pnma symmetry [24]. Shown in Fig. 2(d) is the temper-
ature dependence of the diffractogram for x = 0.25 as it
changes with cooling from the rhombohedral to the or-
thorhombic phase. The solid lines are model fits. A two-
phase refinement of the diffraction data between 200 - 100
K indicates that the volume fraction ratio of Pnma/R3c
continuously changes. Below 100 K, only the Pnma is
present. The gradual transition from R3¢ to Pnma may
couple to the broad IMT transition. This phase persists
up to x ~ 0.27, above which the R3¢ reappears. In the
Pnma symmetry, there are four equivalent Co ions with
the following basis vectors: Col: (0, 0, 2); Co2: (0, 0,
2); Co3: (0, 0, 2); Co4: (0, 0, 2), where the moments on
all Co ions point along the (001)p direction as shown in
Fig. 2(c). In the pseudocubic cell, the spins point along
(110)¢, the face diagonal. Thus the spin flips from the
(111)¢ to the (110)¢ direction at the IMT.

The phase diagram in Fig. 3 consists of three distinct
regions: the R3c insulating (RI) phase below x=0.22,
the Pnma metallic phase (OM) in the region between z=
0.22~0.27, and the R3¢ metallic (RM) phase at higher
2. The RI region is dominated by competing magnetic
phases. With increasing x, both types of correlations
become long-range ordered. The AFM correlations arise
from superexchange interactions between Co3T ions in
the IS state while the FM correlations arise from the DE
interactions between Co®t and Co?t ions, the latter in-
troduced with hole doping. Although the AFM order
appears first, it is quickly suppressed, for reasons that
are not clearly understood at present. To explain this
behavior we focus on the nature of the magnetoelastic
coupling: in the AFM structure, the antiparallel arrange-
ment of spins lies in the (111)¢ (or (001) ) planes. With
Ba doping, the distance between the planes increases,
weakening the AFM coupling between them. This al-
lows for the AFM spin direction to continuously change
from the (111)¢ plane to the (111)¢ axis. This is sup-
ported by the continuous decrease of the volume fraction
of the AFM component, leading to the disappearance of
the AFM phase by « = 0.20 [16]. Upon establishing
the FM (k2) phase, the system does not become metallic
as this ko structure is decoupled from the IMT. Metal-
licity appears only after the FM (kj3) state sets in with
the structural transition which offers direct evidence for
a spin-lattice coupling in cobaltites. From the orbital
point of view, in the RI phase (x=0.2), the Co-O-Co
bonds are buckled with an angle of 167.98° that reduces

orbital overlap. In the OM phase (x=0.22), 2/3 of the
bond angles increase to 170.5° in the ab-plane while 1/3
reduce to 165.89° along the c-axis. This maximizes the
Co 3d orbital overlap in the ab-plane that not only allows
for the spins to couple ferromagnetically but also allows
for the hopping of charges. In the RM phase above 30
%, the bond angle increases to almost 172° which may
promote FM DE interactions and the reason for its reap-
pearance.

To summarize, we have shown that the lattice is in-
strumental to the IMT via the percolation of magnetic
droplets that become conductive after a structural trans-
formation that brings upon a spin flip to a new magnetic
order. The coexistence of the AFM and FM orders as
well as the R3c-Pnma transition add new insights into
the IMT mechanism in La;_,Ba,Co0Os3.
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S. DOC through NIST-7T0ONANBH1152.

Table I. The refinement results of the nuclear and mag-
netic structures of La;_,Ba,Co0O3. For x = 0.17- 0.20,
the symmetry is R3c with lattice constants a = 5.4593(2)
A and ¢ = 13.2062(1) A in = = 0.17, o = 5.4587(4) A
and ¢ = 13.2186(2) A in z = 0.18, and a = 5.4620(3)
A and ¢ = 13.2295(1) A in 2 = 0.20. In 2 = 0.22, the
symmetry is Pnma with lattice constants a = 5.4309A,
b = 7.6835A and ¢ = 5.4765A. The Co-O-Co angle (),
the moment per Co site (1) and the phase fraction (f) in
% in the FM and AFM structures are listed.

x 0.17 0.18  0.20  0.22
30 167.13(3) 167.66(8) 167.98(1) 165.89(7)
170.49(4)

Fara/frar 100/0 48/52  0/100  0/100
pw(ps)  1.20(2) 1.33(1) 1.51(3) 1.65(7)
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Figure captions:
Figure 1: (a) The diffraction intensity shown for z =
0.17 - 0.22 is normalized to the highest nuclear Bragg

peak, (202)g in R3c and (022)p in Pnma. Because of
a weak nuclear structure factor, there is little contribu-
tion to the peaks at (012)g in R3¢ and (101)0/(020)0
in Pnma. The intensity of this peak increases with in-
creasing = due to FM correlations. The A\/3 (+) or A\/2
(*) contaminations from the BT1 monochromators are
marked. (b) A comparison at higher Q values shows the
transition from R3¢ (z < 0.20) to Pnma (z. = 0.22). (c)
The temperature dependences of the strongest AFM (Q
~1.36A71) and FM diffraction (Q ~1.64A~") peaks for
z = 0.18. (d) The resistivity for z = 0.20 and 0.22 at
zero magnetic field.

Figure 2: (a) The AFM cell in the R3¢ phase. (b) The
FM cell in the R3¢ phase. (c) The new FM cell in the
Pnma phase. (d) The temperature dependence of the
diffraction pattern at x=0.25.

Figure 3: The phase diagram of La;_,Ba,;CoOg
(0.03<2<0.30) was constructed from neutron and bulk
susceptibility measurements. The spin-glass (SG) region
consists of short-range correlations. When £=0.17~0.20,
AFM and FM phases are established. For z =0.2~0.22,
the FM phase is insulating. The structural transition
from R3c to Pnma at x=0.22 brings about the metallic
state.
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