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A detailed magnetic study has been carried out for Ti-doped LagsBagsCo;_,Ti,O3 (x=0, 0.05,
0.075, 0.10, 0.125, and 0.15) cobaltites. Ti doping suppresses the ferromagnetic interaction in
LagpsBapsCo0O; and induces an antiferromagnetic phase in the system at 0.075 < x < 0.15. The
spin state of Co ions is not affected by the Ti doping and remains an intermediate-spin state at
x < 0.15. At low temperatures, the system is in a reentrant spin glass state. Phase separation
provides a phenomenological interpretation of these magnetic behaviors. A detailed phase
diagram of LagsBapsCo;_,Ti,O3 has been constructed. © 2011 American Institute of Physics.

[doi:10.1063/1.3561051]

. INTRODUCTION

The fascinating magnetic and transport properties of
cobaltites'™ with the perovskite structure has been the object
of numerous studies for the past ten years. LaCoO3 (Refs. 1
and 2), which is a good illustration, has nonmagnetic Co’t
(3d°) ions with the low-spin (LS) state configuration (3, T 53,
1, S=0) at low temperatures, along with either an intermedi-
ate-spin (IS) state (3, T 73, | ey 1, S=1) or a high-spin (HS)
state (13, 123, | e; T, S=2) that becomes populated as tem-
perature increases. This is caused by the competition between
the crystal field splitting energy AC and the exchange energy
AE. The physical properties of LaCoO; can be changed drasti-
cally by substitution of the La®* ions with divalent earth-alka-
line elements.>”” For example, the chemical substitution of
Ba’* for La*" ions can induce a ferromagnetic state.> >’ Sev-
eral possible scenarios have been proposed to account for the
magnetic coupling,”" but it is still not clear and remains a
subject of debate. The substitution of other ions for Co ions
could more directly modify the magnetic ordering and could
facilitate an understanding of the nature of the ferromagnetic
state. In this paper, we select the tetravalent Ti*" as a substi-
tute for Co*" in the LagsBagsCoO; system. The magnetic
measurements under applied pressure suggest that both Co**
and Co*" ions are stabilized in the IS state. The substitution
by a Ti ion with a large radius enlarges the crystal lattice and
bond length of the Co—O, which suppresses the double-
exchange interaction. A detailed phase diagram of LagpsBag s
Co;_,Ti, O3 has been constructed.

Il. EXPERIMENT

LagsBagsCo;_,Ti O3 samples with x=0, 0.05, 0.075,
0.1, 0.125, and 0.15 were prepared by conventional solid
state reaction.* The x-ray diffraction (XRD) patterns were
registered at room temperature on a Rigaku-D/max-y A dif-
fractometer using high intensity Cu K « radiation. The mag-
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netic properties were measured under 1 kOe by using a
Quantum Design MPMS XL7. An Easylab Mcell 10 pressure
cell was used to generate hydrostatic pressure.

lll. RESULTS AND DISCUSSION

Room-temperature XRD patterns for pure and x = 0.15
samples are shown in Fig. 1. The results of the Rietveld anal-
ysis confirm that the LagsBagsCo;_,Ti, O3 samples are in a
pure single phase.

Figure 2 displays magnetization as a function of tempera-
ture for LagsBagsCo;_,Ti,O3. Consistent with previous
reports,”'> the undoped compound exhibits a paramagnetic
(PM)—ferromagnetic (FM) transition at 185 K. The sample
with x =0.05 is similar to the parent compound, but with the
transition being suppressed to a low temperature. As the con-
centration of Ti*" increases (0.075 < x < 0.125), the PM—
FM transition is replaced by a peak on the M-T curve, which
seems to be the transition for either the antiferromagnetic or
the spin state. The difference between the ZFC and FC curves
still exists, which indicates that the system exists in the re-
entrant spin glass state. The peak temperature 7p and the tran-
sition temperature T, increase with increasing x. For the sam-
ple with x=0.15, the peak on the M-T curve is suppressed to
a bump. For the whole system, the value of magnetization
decreases gradually with increasing Ti content. The above
results indicate that the Ti doping greatly suppress the FM
interaction in the system.

In order to understand whether the nature of the peak on
M-T curves for the x > 0.075 samples is the antiferromag-
netic transition or the spin state transition, we first fitted the
1/y —T above T¢ to determine the spin state of the Co ions
in the high temperature paramagnetic domain, which is still
an open issue.”'""'*!> From Fig. 3(a), it can be seen that the
1/y =T curves of Lag sBag 5Co;_,Ti,O3 above T¢ can be lin-
early fitted very well, suggesting that the system is in the PM
state at high temperatures. The effective moment of the Co
ions was then obtained and is plotted in Fig. 3(b). On the

© 2011 American Institute of Physics

Downloaded 15 Jul 2012 to 211.86.158.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051
http://dx.doi.org/10.1063/1.3561051

07E131-2  Zhang etal. J. Appl. Phys. 109, 07E131 (2011)

T o ¥ T l T ¥ 1 L T % T o T T T . 1
=  Lap.5Bag 5C003 T lag.sBap.5C00.85Tip.1503
X —

) —x- Obs % X x Obs
5 3 — Calc :
S — Calc|| 3 4 FIG. 1. (Color online) Room-temperature XRD pat-
-t% o - — diff ES, — diff terns for La0,5Bao,5C003 and La0,5Ba0,5C00,g5Ti0,1503.
S o = S ] & 2 The red lines are the Rietveld fittings for the data. The
g = = e N - =] fork and the line refer to measurements and calculation,
ko) N g % the bottom line represents the difference. The R,,, are
= S

11.3% and 11.8%, respectively.

I i 1 ! i I' A ) 1 n 1 i 1 " —l I ‘ 1 1 ' 2 i I 1 1 1 L ] 1 2 —l
20 30 40 50 60 70 80 20 30 40 50 60 70 80
26(degree) 20(degree)
hypothesis of simple spin configurations, the theoretical the decrease of the magnetization. But the measured results
effective numbers can be calculated by are opposite to this. Therefore, Tp is not a spin state transi-
ugff —0 5Méoz+ (0.5 x) ué . (1) tion temperature but an antiferromagnetic (AFM) transition

temperature. The increase of the magnetization with applied
We calculated the effective numbers assuming that the spin pressure suggests that the FM interaction in the system is

states of Co** and Co*" ions are in LS, IS, and HS states,  enhanced by the pressure. It can be understood that the
respectively. The results are also shown in Fig. 3(b). It is  applied pressure decreases the distance between Co and O
clear that the IS/IS case is most in accord with the experi- and increases the itinerancy of e, electrons, which enhances
mental result. Therefore, both Co ions are in the intermedi- the double exchange (DE) interaction and suppresses the
ate-spin state for all samples at high temperatures. AFM interaction.

In order to recognize whether the spin states change or It is worth noting that the changes of the magnetic behav-

not with decreasing temperature in the doped samples, we  jors by increasing the applied pressure is similar to those caused
investigated the pressure effect on the x=0.1 sample. Figure by the doping content decreasing. In other words, the process
4 shows the temperature dependence of the magnetization  of doping is a process of releasing pressure. This explains why
for the sample x=0.1 with different external pressures (0 the doping of Ti ions will suppress the FM interaction in the
kBar/5 kBar/10 kBar). The temperature at which the magnet-  system. The radius of Ti ion is bigger than the Co ion. Thereby
ization rises abruptly shifts to a higher temperature, while Tp the doping enlarges the crystal lattice and diminishes the inter-
shifts to a lower temperature with increasing pressure. The nal pressure. So with Ti content increasing, the Co-O bond
magnetization at low temperatures increases with increasing length increases and the DE interaction is weakened. Because

pressure. These experimental results indicate that the transi- La;_,Ba,CoOs is a phase separation system, the AFM phase
tion at Tp for 0.075 < x < 0.125 is not a spin state transition.  exhibits itself when the DE-FM interaction is weakened to a
If the peak in the M-T curves is caused by spin state transi- certain degree. Therefore the re-entrant spin glass state exists at

tion, the applied pressure, which would increase the crystal low temperatures due to the competition between FM and
field splitting energy, should lead to the increase of Tp and AFM.
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FIG. 2. (Color online) The M-T curves of LagsBagsCo;_,Ti,O3 (0 <x < 0.15).
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FIG. 3. (Color online) (a) The 1/ —T curves of LagsBagsCo;_,Ti, O3
above 260 K. (b) The calculated effective moment according to different
combinations of spin-state configurations compared with the experimental
data. (For example, the spin-state configuration IS/HS means that the Co’"
exists in the IS state and the Co** exists in the HS state).

24 v T v T y T I T u T r T ¥
- Lan sBap 5Copn gTin 102 -
10KkBar 0.5P40.5%~90.9'10.1Y3 ]

0 50 100 150 200 250 300
T(K)

FIG. 4. (Color online) The ZFC (open symbols) and FC (solid symbols)
magnetization as a function of temperature under different external pressures
for the sample x =0.1.
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FIG. 5. (Color online) Phase diagram of Lay sBag sCo;_,Ti,O3.

Combining the above analysis and the experimental
results of the magnetic measurements, a detailed phase dia-
gram of LagsBagsCo;_,Ti O3 can be constructed as shown
in Fig. 5. For the whole system, T decreases while Tp and
T, (slightly) increase with increasing x.

IV. CONCLUSION

In this paper, the Ti doping effect on the magnetic prop-
erties of LagsBagsCoOs; has been studied. The magnetic
measurements suggest that both Co®* and Co*" ions are sta-
bilized in the IS state, and a detailed phase diagram has been
constructed.
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