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Observation of low, intermediate, and high spin states in GdBaCo2O5.45

S. Roy, M. Khan, Y. Q. Guo, J. Craig, and N. Ali*

Department of Physics, Southern Illinois University, Carbondale, Illinois 62901-4401
~Received 14 August 2001; published 23 January 2002!

The magnetic and electrical transport properties and relative thermal expansion measurements on
GdBaCo2O5.45 show the existence of a stabilized intermediate spin state of Co31 in the temperature region
108 K<T<365 K. A charge ordering effect at 242 K due to Jahn-Teller effect followed by a ferromagnetic
transition is observed in the intermediate spin state. Thermal expansion data reveal second and first order phase
transitions at 163 and 359 K, respectively. These are explained as due to spin state transition accompanied by
a change in the ionic radius of Co31 in different spin states.

DOI: 10.1103/PhysRevB.65.064437 PACS number~s!: 75.30.Kz, 65.60.1a, 72.15.Gd
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The discovery of colossal magnetoresistance~CMR! in
manganese perovskites has triggered studies in other re
transition metal oxide systems, one of such compounds b
RBaCo2O5, whereR5rare earth element. Compared to t
conventional CMR manganites, the cobaltitesRBaCo2O5

can have Co-O octahedra, square pyramid or both struc
depending on the amount of oxygen present.1,2 These com-
pounds are also excellent candidates to study the effec
spin state transitions, that are not seen in manganites, du
the ability of Co31 to acquire different spin states. Anoth
interesting feature of these compounds is the variation of
properties due to different oxygen stoichiometry. The tran
tion of Co31 from low spin @~LS! t2g

6 eg
0# to intermediate

@~IS! t2g
5 eg

1# and high spin@~HS! t2g
4 eg

2# states has bee
reported,3–8 and in some compounds an associated me
insulator transition is also observed.6,7,9 However, the dy-
namics of the transition from low to high spin state is n
very clear and a coherent picture of the interrelation betw
the structure and property has not yet emerged. In orde
gain insight into the nature and effect of the spin state tr
sitions, a detailed study on GdBaCo2O5.45 was done. We ob-
served that the compound has distinct and stable low, in
mediate, and high spin states with two magnetic transiti
along with an antiferromagnetic and a ferromagnetic ph
transition in the IS state and a IS-HS spin state transitio
the metal-insulator transition temperature. Thermal exp
sion of the compound shows anomaly due to the spin s
transitions. These results are interpreted in terms of diffe
spin states of cobalt and are consistent with the theore
predictions by Korotinet al.10

Polycrystalline samples of GdBaCo2O5.45 were prepared
according to the method in Ref. 3. Stoichiometric amounts
Gd2O3, BaCO3, and CoO powders were thoroughly mixe
and calcinated at a temperature of 1000 °C. The mixture
reground, pressed into pellets and fired at a temperatur
1100 °C for 24 h. We have not explicitly determined t
oxygen content, but since some of the result agrees w
published data3 we consider the oxygen content as 5.45.
order to see the effect of oxygen stoichiometry, GdBaCo2O5
is prepared in Ar following the method of Kimet al.3 X-ray
powder diffraction~XRD! of the samples showed formatio
of single phase compounds. Room temperature XRD m
surements were done by a Rigaku diffractometer and CuKa
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radiation and refinement of the diffraction data was do
using the Rietveld powder diffraction profile fitting tech
nique. Magnetization and electrical resistivity was measu
by Quantum Design SQUID magnetometer and four pro
method respectively in the temperature range of 5–400
Relative thermal expansivity was measured using high re
lution capacitance dilatometry method11 in the temperature
range of 77–380 K.

Powder XRD patterns show that GdBaCo2O5.45 crystal-
lizes in an orthorhombic structure with a space group
PmmmandZ52. The lattice spacing area53.878(5) Å,
b57.831(2) Å, andc57.535(3) Å. There are two occu
pations for Co cations, i.e., CoI at 2q crystal position and
CoII at 2r crystal position. Two kinds of Co-O clusters ce
tered at CoI and CoII coexist in this structure and forms th
layer structure with CoIO6 octahedron/CoIIO5 square pyra-
mid in alternate order. The distortions of these two clus
have been investigated by study of the Co-O bond leng
and Co-O-Co bond angles according to the structural refi
ment. The results have been listed in Table I. GdBaCo2O5
also crystallizes in an orthorhombic structure with the sa
space group ofPmmmand Z51. However, the lattice pa
rameters and ions occupation were found to be changed,
the volume of the unit cell is around half of GdBaCo2O5.45.
The lattice spacings area53.916(0) Å, b53.923(2) Å,
and c57.513(0) Å. There is only one occupation for C
cation and it induces only CoO5 cluster being in this struc-
ture. However, the size of CoO5 shows an increase along a
the three inequivalent Co-O bond lengths and a bending
Co-O-Co bond angle from 162.4°~in GdBaCo2O5.45) to
160.97°.

Figures 1~a!–1~f! shows the field cool magnetization ve
sus temperature data of GdBaCo2O5.45 at an applied field of
500 G. As shown in Fig. 1~a!, six regions with different
magnetic and spin states are identified and are explained
low.

~i! In the low temperature region (T<108 K) the mag-
netization exhibits a paramagnetic behavior. We tentativ
assign this behavior as due to Gd and in the discussion
tion we will show that this is indeed the case.

~ii ! Around 108 K a change in slope is seen in theM vs T
curve that indicates a magnetic phase transition@Fig. 1~b!#.
This phase transition is most likely due to the spin st
transition of Co31 from low spin (t2g

6 eg
0) to intermediate spin

(t2g
5 eg

1) state.
©2002 The American Physical Society37-1
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~iii ! A second transition is observed at 165 K within the
state of Co31 @Fig. 1~c!#. Korotin et al. have theoretically
predicted the presence of two magnetic states in the IS s
and one of the states is associated with a change in the la
parameter.10 In accordance with the theoretical result, we a
sociate this transition as the second magnetic state.

~iv! In the IS state the Co31 undergoes an antiferromag
netic arrangement with a Ne´el temperature of 242 K. The
magnetization then increases and the compound exhib
ferromagnetic behavior in the temperature range 242 K<T
<279 K with TC5279 K @Fig. 1~d!#.

~vi! With increasing temperature another transition is s

TABLE I. The refined structural parameters, coordination of
and ionic occupations, the distortion of CoO6 octahedra and CoO5
square pyramid in GdBaCo2O5.45 and GdBaCo2O5.

samples GdBaCo2O5.45 GdBaCo2O5

S.G. Pmmm Pmmm
Z 2 1

a(Å) 3.878~5! 3.916~0!

b(Å) 7.831~2! 3.923~2!

c(Å) 7.535~4! 7.513~0!

v(Å 3) 228.8~7! 115.4~2!

Ionic occupations

Ga31 2o (1/2,y,1/2) y, 0.2735~9! 1h ~1/2,1/2,1/2!
Ba21 2p (1/2,y,0) y,0.2501(8) 1f ~1/2,1/2,0!
CoI 2q (0,0,z) z,0.2516(2) 2q: z, 0.2640~5!

CoII 2r (0,1/2,z) z, 0.2431~8!

OI 1a ~0,0,0! 1a ~0,0,0!
OII 1e ~0,1/2,0! 2r (0,1/2,z): Z,0.3155(0)
OIII 1g ~0,1/2,1/2! 2s(1/2,0,z): z, 0.3224~8!

OIV 2s (1/2,0,z) z,0.2073(7)
OV 2t (1/2,1/2,z) z,0.1920(3)
OVI 4u (0,y,z) y,0.2502(1)

z,0.1980(9)

Rp 4.7% 2.7%
Rwp 5.9% 3.6%
s 1.1 1.4

CoO5 square pyramid distortion@Co-O(Å) N and Co-O-Co(°) N#

CoII-O 1.977, 2 1.999,2
CoII-O 1.985, 2 2.007,2
CoII-O 1.832, 1 1.984,1
^Co-O& 1.951,5 1.999,5
^O-Co-O&(deg.) 162.41, 5 160.97, 5

CoO6 octahedron distortion@Co-O(Å) N and Co-O-Co(deg.) N#
of GdBaCo2O5.45

CoI-O 1.968, 2
CoI-O 2.001, 2
CoI-O 1.872, 1
CoI-O 1.896, 1
^Co-O& 1.951,6
^O-Co-O&(deg.) 166.33,6
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at 365 K. This is shown in Fig. 1~e! and is probably due to
the spin state transition of the Co31 from intermediate to
high spin state.

Figure 2 shows the resistivity versus temperature curv
zero applied magnetic field. The compound shows insula
behavior till 325 K except at 242 K, where the resistivi
undergoes a slope change. Since this temperature coinc
with the Néel temperature in the magnetization curve, w
interpret, similar to the manganite case, the anomaly in
resistivity at 242 K as most likely due to charge orderi
effect.6,7,9,12 The resistivity then decreases abruptly arou
325 K and a metal insulator (M -I ) transition is observed at a
temperature of 365 K. The absolute value of resistivity d
creases from 0.01Vcm at 300 K to 0.00083Vcm at 365 K.
Since the magnetization shows a IS to HS transition at
same temperature, so theM -I transition seems to be accom
panied by a change in the spin state of Co31. We mention
here that as shown in Fig. 2 inset, the anomaly at 242
vanishes when a field of 5 T is applied thereby indicating
‘‘melting’’ of the charge ordered state due to application
field, a fact well documented for manganites.12 However the
magnetic field does not affect theM -I transition temperature

The relative thermal expansion of the compound in
temperature range of 77–220 K and 300–380 K is shown

FIG. 1. ~a! Field cool magnetization vs temperature curve
GdBaCo2O5.45 at 500 G. Dotted lines separate different magne
and spin states.~b!, ~c! LS-IS state transition.~d! Antiferromagnetic
and ferromagnetic transitions.~e! IS-HS state transition.
7-2
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OBSERVATION OF LOW, INTERMEDIATE, AND HIGH . . . PHYSICAL REVIEW B65 064437
Figs. 3~a! and 3~b!, respectively. Two distinct transitions ar
observed at 163 and 359 K. As shown in Fig. 3~a!, the ex-
pansion curve shows a variation of slope around 163 K
dicating a second order phase transition. This transition
due to the second magnetic state~within IS state! and might
involve change in the lattice parameter. However to ascer
this, a detailed XRD analysis around this temperature
needed. It seems that the process of transition from LS t
that started at 108 K completes at this temperature~163 K!.
A step change seen at 359 K@inset of Fig. 3~b!# indicates that
the phase transition is of first order. Comparing this tempe
ture with the IS-HS transition temperature andM -I transition
temperature, we assign the transition as due to change o
spin state from intermediate to high spin state. Abru
changes in the lattice parameters at the IS-HS transition t
perature in TbBaCo2O5.5 have been observed by Moritom
et al.6 also. To the best of our knowledge this is the fi
report on the anomalous behavior of expansivity
GdBaCo2O5.45 due to spin state transition.

From the above experimental results, it can be conclu
that the magnetic properties of GdBaCo2O5.45 compound de-
pend largely on the spin state of the Co ion. Magnetizat
versus temperature measurements of GdBaCo2O5 show that
the compound exhibits a paramagnetic behavior in the en
temperature range of 5–400 K@Fig. 4~a!# and does not show
any long range ordering. One of the reasons might be the
that the average Co-O bond length increases from 1.951
in GdBaCo2O5.45 to 1.999 Å in GdBaCo2O5 and the aver-
age Co-O-Co bond angle decreases from 164° to 160°.
results in a weakening of the magnetization and a param
netic behavior is observed. Also there is a decrease in
Co31 content in GdBaCo2O5 that results in a weakening o
the magnetization. However, magnetization versus field m
surement at 2 K@Fig. 4~a! inset# reveals that the magnetiza
tion tends to saturate in the paramagnetic region with m
mum magnetization almost same for both GdBaCo2O5.45 and
GdBaCo2O5. We estimate that forH→` the magnetization
value will be 7.83mB /f.u. and 7.25mB /f.u. for GdBaCo2O5.45

FIG. 2. Zero field resistivity versus temperature curve. The in
shows the resistivity versus temperature curve at a field of 5 T
06443
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and GdBaCo2O5, respectively, which is very close to th
moment of free Gd31 ion. This leads us to the conclusio
that at low temperature the observed moment is prima
due to Gd31 that acts as a noninteracting paramagnet in
otherwise antiferromagnetic Co sublattice. It may be no
here that at low temperature the Co is in low spin state an
such has no magnetic moment. Hence there is no contr
tion from Co in the low temperature region. In YBaCo2O5,
since Y is nonmagnetic, no paramagnetic behavior is
served in the low temperature region,4 a fact that supports
our conclusion. On the other hand SmBaCo2O5.45 ~Ref. 7!
exhibits a fairly large magnetization even at the low tempe
ture thereby indicating the possibility of Co31 in intermedi-
ate spin state rather than in low spin state. However
GdBaCo2O5.45 due to a nonunity ratio of Co31 and Co21

there are more numbers of Co31 in octahedral sites, some o
which might retain their high spin state even at the low
temperature. This might be a possible explanation fo
slightly higher moment of GdBaCo2O5.45 as compared to

t

FIG. 3. ~a! Relative thermal expansion curve from 77–220
~b! Relative thermal expansion curve from 300–380 K. The in
shows the step change in the expansion curve at 359 K.
7-3
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GdBaCo2O5 at 2 K. In the low spin phase of Co31 the eg
orbital is empty and a strongt2g-pp-t2g bonding componen
between Co 3d and O 2p dominates over theeg-ps-eg bond
resulting this state to be an insulator.

Based on the magnetization of GdBaCo2O5 and
GdBaCo2O5.45, it can be assumed that the spin state of Co21

and Co31 ions in the pyramidal site do not change wi
temperature, in contrast to the Co31 ions present in the oc
tahedral site that has a temperature dependent spin s
With increase of temperature thet2g electrons of Co31 get
thermally excited and an electron is transferred toeg level
resulting in a stable IS state (t2g

5 eg
1) which is Jahn-Teller~JT!

active. At the charge ordering temperature, usually ther
an increase in resistivity and changes along the crysta
graphica, b, andc axes.12 Thus the charge ordering is mo
likely associated with the Jahn-Teller distortion. In t
present case, the charge ordering takes place at a tempe

FIG. 4. ~a! Field cool magnetization vs temperature curve
GdBaCo2O5 at 500 G. The inset shows magnetization vs field cu
at 2 K for GdBaCo2O5 and GdBaCo2O5.45. ~b! Inverse susceptibil-
ity curve of GdBaCo2O5.45 in the temperature region 330–400 K
The straight line shows the Curie-Weiss fit to the curve. Inset sh
the inverse susceptibility curve from 5–400 K.
06443
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where Co31 is in the JT active state. From our structural da
also we have found that there is a difference in the Co
bond length in among the octahedral and square pyra
sites. This difference is most likely due to the JT effect a
the distortion of the octahedra and the pyramidal sites can
a source of the ordering of charges. In the compou
GdBaCo2O5.45 the structure is such that there is an altern
tion of the octahedral and pyramidal structure that exte
towards thea axis @see Fig. 1~b! of Ref. 5#. Considering a
two sublattice model, along theb direction the spins are
aligned in the same direction. Along thea andc direction the
spins are aligned in the opposite direction resulting in
antiferromagnetic interaction in theac plane. Therefore
along thea direction there is an alternation of the spin dire
tion among the neighboring octahedral and square pyra
site. It may be noted that such a spin structure supports
fact that there is in-plane ferromagnetic interaction and in
plane antiferriomagnetic interaction. Korotinet al.6 have cal-
culated that such a charge ordering state reduces the e
electronic energy and is therefore a preferable state. S
arrangements of similar kind are also reported by Fa
et al.8 who also report a structural change and appearanc
additional superstructure peaks below the charge orde
temperature. However, since Ref. 8 deals withRBaCo2O5 so
the structure is square pyramid only. Nevertheless, this d
confirm the presence of a charge ordered state in the IS
of Co31. Application of magnetic field destroys~‘‘melts’’ !
the charge ordered state and favors ferromagnetism. T
exists a competition between the in-plane ferromagnetic
teraction and the interplane antiferromagnetic interaction
at around 242 K the ferromagnetic interaction overcom
antiferromagnetic superexchange interaction thereby es
lishing a long range ferromagnetic state withTC5279 K.

The temperature induced spin state transition to HS s
takes place in the paramagnetic region at 365 K. In Fig. 4~b!
we have shown a Curie Weiss fit to the experimental d
points and the inset shows the inverse susceptibility fr
5–400 K for GdBaCo2O5.45. Two distinct linear regions are
identified each with an effective moment of 8.85mB /f.u. and
5.67mB /f.u. for T.365 K and T,365 K, respectively.
Since the effective paramagnetic moment of Gd can
change, the only reason for the change of moment
3.18mB /f.u. could be accounted for is by considering
change of the Co31 spins from intermediate to high spi
state. A similar result is reported by Moritomoet al. for
TbBaCo2O5.5 compound6 although their effective momen
per Co31 ion does not seem correct. Also the assertion t
this transition could be due to low-spin–intermediate-s
transition of Co31 in octahedral site7 seems not correct as th
Co moments values are much higher. The HS state (t2g

4 eg
2) is

Jahn-Teller~JT! inactive. Thus there is a change over fro
JT active to JT inactive state resulting in the reduction
electron-lattice coupling and a transition from localized to~at
least partially! itinerant Co 3d electron is realized. Also due
to a change in the electron-lattice coupling a change in
lattice structure should be observed which is consistent w
our thermal expansion result.
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The anomalies in the relative thermal expansion cu
represent phase transitions due to the spin state trans
The ionic radius of Co31 is different in LS and HS state~LS:
1.89 Å and HS: 1.95 Å).13,14Due to the transition in the IS
state at 163 K, the ionic radius of Co31 changes. The oxyge
ions surrounding the Co31 move cooperatively in order t
adjust for the size change causing the lattice to expand. H
ever the resulting change in the Co-O distance is very fee
There is no discontinuity in the structure as is evident fr
the smooth slope change in the thermal expansivity cu
@Fig. 3~a!#. On the other hand, comparing the result of x-
diffraction on TbBaCo2O5.5,6 the first order transition at 35
K @see Fig. 3~b!# indicates a structural change due to IS-
state transition of Co31. Due to a larger ionic radius of Co31

in the HS state, along with the oxygen, most probably the
~Ba! ions also suffer a displacement. The octahedra and
square pyramids therefore get distorted. In the insula
state (T,365 K), most likely the average Co-O bond i
creases along theb axis, and contracts along thec axis, al-
though the amount of distortion in the individual octahed
and pyramidal sites might not be same. Since the the 3d-2p
overlap is determined by the Co-O distance, change in
Co-O distance affects thep-d interaction. The distortion
causes the Co-O-Co bond angle and the band width to
crease. In theT.365 K region, thep-d interaction in-
,

d

i
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creases along with a reduction in the distortions of the o
hedra and the square pyramid structure. From
experimental results it seems that in the insulating reg
overall effect of these competing forces is to destabilize
double exchange interaction and increase of charge loca
tion resulting in an insulating state. As has been reporte
Refs. 6,7 and also mentioned above, the distortion in
octahedral and square pyramidal Co sublattices are diffe
and could be one of the reasons for the stabilization of th
spin states.

In conclusion our results suggest that the evolution
Co31 low spin to the high spin state takes place through
intermediate spin state. This state is stable and exhibits
magnetic properties. The IS state transition makes the c
pound Jahn-Teller active resulting in charge ordering.
insulator-metal transition associated with a spin state tra
tion of Co31 from IS to HS state is observed. Finally it wa
found that the spin state transitions are accompanied
change in the ionic radius of Co and probably also the lat
structure as is evident from the anomalies in thermal exp
sion measurements.
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