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Time evolution of resistance in
response to magnetic field: Evidence
of glassy transport in La0.85Sr0.15CoO3
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We demonstrate the distinct glassy transport phenomena

associated with the phase separated and spin-glass-like phases

of La0.85Sr0.15CoO3, prepared under different heat-treatment

conditions. The low-temperature annealed (phase-separated)

sample, exhibits a small change in resistance, with evolution of

time, as compared to the high-temperature annealed (spin glass)
one. However, the resistance change as a function of time, in

both cases, is well described by a stretched exponential fit,

signifying the slow dynamics. Moreover, the ultraviolet

spectroscopy study evidences a relatively higher density of

states in the vicinity ofEF for low-temperature annealed sample

and this correctly points to its less semiconducting behavior.
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1 Introduction A plethora of research activities has
been carried out on transition-metal oxides (manganites,
cuprates, runthenites, and cobaltates) over past few decades
to understand the genesis of unique electronic and magnetic
properties associated with them. Due to strong electron–
electron interaction, the conventional band picture fails
terribly to describe the observed electronic/magnetic proper-
ties such as metal–insulator transition, high-temperature
superconductivity, and colossal magetoresistance in such
systems. It is commonly believed that the strong electronic
correlation within the transition-metal ion (U) and a sizeable
hopping (tij) between the ‘‘d’’ orbital of transition-metal ion
and oxygen 2p orbital, are the key parameters that govern the
manifestation for such a wide range of magnetic and
electronic properties. Hole-doped La1–xSrxCoO3 is one
among such systems that exhibits novel magnetic and
transport properties [1–6]with a complicatedmagnetic (x–T)
phase diagram [7–9]. The parent undoped compound,
LaCoO3, undergoes a thermally excited spin-state transi-
tion (SST) from a nonmagnetic low-spin (LS) state
(t62geg

0; S¼ 0) to a paramagnetic intermediate-spin (IS)
state (t52ge

1
g; S¼ 1) or a high-spin (HS) state (t42geg

2; S¼ 2)
[10–14]. Not only the temperature, but also pressure can
induce the SST [15]. The latter tries to modify the energy
bandwidth and the crystal field splitting by varying the Co–O
bond length and Co–O–Co bond angle. In particular, the
extra degree of freedom in the ‘‘spin state’’ at the Co site in
addition to lattice, charge, orbital and spin degrees of
freedom makes this system more fascinating. Albeit an
extensive study on La1–xSrxCoO3 over the years report an
evolution from semiconducting spin glass (SG) phase to
metallic ferromagnetic (F) phase with increase in Sr doping
concentration, the exact characteristic of each phase with
microscopic details is not understood completely. It is
observed that the higher doping samples not only exhibit the
characteristic of long-range F order but also manifest the
existence of glassy behavior [7, 16, 17]. Similarly, the low-
doped samples (x< 0.18) not only exhibit the characteristic
of SG behavior, but are also reported to show irreversibility
temperature (Tirr) indicating a strong F correlation in the SG
regime [8].

However, our recent dc and ac magnetization study
on x¼ 0.1 and x¼ 0.15 revealed that the most probable
ground state for both the above compositions is SG in
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (onlinecolorat:www.pss-b.com)High-resolutionphoto-
emission spectra of the near-EF region of the valence band of LTA
and HTA La0.85Sr0.15CoO3 samples at (a) 77K and (b) 300K. The
difference spectrum (green) obtained by subtracting the spectra of
HTA from LTA and multiplied by 5 is also shown in the figure.
origin [7, 18, 19]. Moreover, our proposed phase diagram on
La1–xSrxCoO3 clearly illustrates various probable magnetic
phases associated with this system and hardly finds the
presence of an irreversible line, which is believed to arise
from F correlation existing in the spin-glass regime [7].
However, it was shown in our earlier report that one can
prepare both phase-separated (that can exhibit irreversible
temperature well above the freezing temperature) and SG
compound for x¼ 0.15, depending on the heat-treatment
conditions and this has been rigorously discussed in
Refs. [18, 19]. In this manuscript, we have carried out a
time-dependent transport and magnetization study (i.e. the
time evolution of resistance/magnetization in response to a
magnetic field), and the ultraviolet photoemission spec-
troscopy study to understand the distinct glassy and transport
behavior associated with both phase-separated and SG-like
phases of La0.85Sr0.15CoO3.

2 Sample preparation and characterization Two
sets of polycrystalline La0.85S0.15CoO3 samples were
synthesized by a solid-state reactionmethod (with precursors
La2O3, Co3O4, and SrCO3) under two different heat-
treatment conditions. For the sake of brevity, the high-
temperature annealed (1300 8C) sample is abbreviated as
HTA and the low-temperature (1150 8C) one as LTA. The
details of the sample-preparation technique and crystal-
lographic phase analysis by X-ray diffraction have been
described elsewhere [18]. Magnetization measurements
were made using a SQUID magnetometer. Electrical and
magnetotransport properties weremeasured using a standard
four-probeVan der Pauwconfiguration in amagnetic field up
to 11 Tesla. All the magnetotransport studies were carried
out with a configuration in which the current direction was
perpendicular to the applied field direction. The ultraviolet
photoemission spectroscopy study was performed by an
Omicron mu-metal ultrahigh-vacuum system equipped with
a highly intense ultraviolet source (HIS 13) and a
hemispherical electron energy analyzer (EA 125 HR). The
photon flux from theHe I (21.2 eV) sourcewas of the order of
1016 photons/s/sr with a beam spot of 2.5mm diameter.

3 Results and discussion Our earlier study found
that the LTA is less semiconducting than HTA. Besides,
LTAwas found to show the signature of having a dominating
ferromagnetic component along with a feeble glassy
characteristic, unlike the distinct SG like phase with a
freezing temperature (Tf) �60K as observed in HTA [18,
19]. In order to really understandwhy the LTA sample is less
semiconducting compared to the HTA, we have undertaken
the UPS study that aims to look at the density of states (DOS)
near EF for both the samples. In Fig. 1, we show the near-EF

region valence-band spectra at twodifferent temperatures for
both HTA and LTA, recorded with a higher resolution. The
figure also shows the difference spectra obtained by
subtracting the spectra of HTA from the spectra of LTA.
The difference spectra in Fig. 1a at 77K, clearly suggest that
the LTAhas higherDOSs in the vicinity ofEF as compared to
www.pss-b.com
the HTA. The presence of more states near EF in the case of
LTA explains why it shows higher conductivity as compared
to the HTA in the low-temperature regime. However, the
spectra collected at 300K, for both LTA and HTA as
shown in Fig. 1b, overlaps with each other, and we do not
observe any such distinct feature in the difference curve.We
conjecture at this moment that as the temperature increases,
the ferromagneticmetallic regions present in the LTA tend to
disappear, resulting in no enhancement of the DOSs in the
vicinity of EF.

In order to get further insight into the underlying
magnetic phases of both the samples, we have carried out
transport and magnetic relaxation studies. Figure 2a and b
demonstrates the resistive response to the application of a
magnetic field with progress of time below Tf, for both HTA
and LTA, respectively. In this mode of measurement, the
sample is cooled from 300K to the measuring temperatures
(i.e. 25, 35, and 50K). Then, a 11 T field is applied and
the resistive response is recorded with the progress of
time. We observe a large negative change in resistance,
[R(t)–R(0)]/R(0), of about 9–10%, with the evolution of time
over a period of 104 s for HTA. However, the response for
LTA over the same period of time is found to be less (2%) as
compared to the HTA. The time-dependent effects over a
long period of time generally follow from the slow
polarization of glassy phase. Since the LTA possess feeble
SG-like phase along with the predominantly ferromagnetic
phase as demonstrated by the ac susceptibilitymeasurements
earlier [18], the time-dependent change in resistance is found
to be less as compared to HTA. Various functional forms
have been proposed to describe the time evolution of the
response function ( f(t)) in the glassy systems. One
of the most popular relations is the stretched exponential
[20, 21] and given as
f ðtÞ ¼ Aþ B expð�t=tÞb; (1)
where A, B are constants, t is the relaxation time and b is the
stretched exponent. Both t and b are related to the relaxation
rate of glassy phase. The value of exponent b depends on the
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online color at: www.pss-b.com) Time-dependent
resistance for (a) LTAand (b)HTAat 25, 35 and 50K after applying
11 T magnetic fields. (c) Shows the same for HTA at 25 and 80K
after removing the field. The insets in (a) and (b) show the
stretched exponential fits to R versus t data at 25K.
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Figure 3 (online color at: www.pss-b.com) The magnetization
decay with respect to time at 10 and 50K. The solid lines are
best fit according to the stretched exponential function.
nature of the energy barriers involved in the relaxation. For a
uniform energy barrier, b¼ 1 and for the systems with a
distribution of energy barriers like SG materials, b lies in
between 0 and 1.

The insets in Fig. 2a and b show the stretched exponential
fits to one of the representative data set, R(t) versus t,
collected at 25K for both set of samples. It is found that the
data fits reasonablywell to the stretched exponential function
with t¼ 2138 s, b¼ 0.66, and t¼ 2092 s, b¼ 0.95 for HTA
and LTA, respectively. Figure 2c demonstrates the response
to removal of the magnetic field below and above the Tf for
HTA. Here, the sample is field cooled with 11 T from 300K
to the desired temperature of interest. Then, the field is
switched off and the response is noted with progress of
time. It is evident from Fig. 2c that after removal of the field,
the HTA exhibits a time-dependent positive change in
resistance and the time dependent effect disappear at 80K,
which is above Tf. In essence, the electronic transport
response for both HTA and LTA to themagnetic field is time
dependent and can bewell understood considering the glassy
physics.

We have also measured the time decay of magnetization
for HTA at two different temperatures below Tf, using the
experimental protocol as described below. First, the sample
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
is field cooled with 100Oe to the desired temperature below
Tf. Then, the field is turned off and themagnetization decay is
recorded with the progress of time. Figure 3 shows the time
decay of magnetization decay plotted on a semilogarithmic
scale at two different temperatures. It is found that the
magnetization decreases with increasing temperature
sharply, very similar to what has been observed recently
for SG-like La0.7Ca0.3Mn0.7Fe0.3O3 nano-particles [22]. The
observed behavior can be understood unambiguously if one
bears in mind the nonequilibrium metastable energy land-
scape of the SG system [23]. At higher temperature, when the
field is turned off, the thermal fluctuation causes the various
energy barriers to be surmounted i.e. local metastability is
quickly removed, since the barrier heights are not too
intimidating or large. Thus, the high temperature state will
have an average lower magnetization. However, as we go
towards lower temperature far away from the spin freezing
temperature, the energy barriers separating different local
magnetization minima tend to be very high. Thus, the
thermal fluctuation fails to randomize the local magnetiza-
tion to a larger extent and hence yields a higher magnetiza-
tion. In order to understand the magnetization decay
behavior with progress of time, we have fitted the M versus
t plot with the stretched exponential form [20]; which is
generally used to study the slow dynamics of various
disordered/SG systems
MðtÞ ¼ Aþ B expð�t=tÞb: (2)
The constants in Eq. (2) bear exactly the same meaning
as described in Eq. (1). The value of fitting parameter t
comes out to be 15,695 s and 3894 s and b to be 0.43 and 0.46
at 10 and 50K, respectively. One must note from the above
values that though the values of b obtained at different
temperatures does not vary appreciably, the value of t varies
drastically from a higher value at lower temperature to a
lower value at higher temperature. This implies that the
system relaxes faster due to vigorous thermal fluctuations as
we increase the temperature.
www.pss-b.com
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4 Conclusions The results presented here unambigu-
ously discern different magnetic and electronic transport
properties associated with the phase-separated and SG-like
phases of La0.85Sr0.15CoO3, prepared under different heat-
treatment conditions. The UPS study finds a finite DOSs in
the vicinity of EF for the phase-separated one and this
evidently explains the observed transport data, as to why the
LTA is less semiconducting as compared to HTA. The
transport and magnetic responses obtained under various
experimental conditions, as a function of time, is well
described by a stretched exponential behavior, which is
expected for glassy systems. A direct comparison of the
transport relaxation study finds a relatively small change in
resistive response with evolution of time for LTA as
compared to HTA. The time evolution of the resistive
response in LTA is believed to arise from the feeble SG-like
phase that persists in addition to the dominating ferromag-
netic phase. Further, the time evolution of the magnetization
study on HTA, exhibits the typical slow relaxation
characteristics, associated with SG systems.

References

[1] M. A. Senaris Rodriguez and J. B. Goodenough, J. Solid State
Chem. 118, 323 (1995).

[2] P. Ravindran, H. Fjellvag, A. Kjekshus, P. Blaha, K. Schwarz,
and J. Luitz, J. Appl. Phys. 91, 291 (2002).

[3] S. Mukherjee, R. Ranganathan, P. S. Anil Kumar, and P. A.
Joy, Phys. Rev. B 54, 9267 (1996).

[4] P. S. Anil Kumar, P. A. Joy, and S. K. Date, J. Phys.:
Condens. Matter 10, L487 (1998).

[5] P. S. Anil Kumar, P. N. Santhosh, P. A. Joy, and S. K. Date,
J. Mater. Chem. 8, 2245 (1998).

[6] P. Mandal, A. Hassen, and P. Choudhury, J. Appl. Phys. 100,
103912 (2006).
www.pss-b.com
[7] D. Samal and P. S. Anil Kumar, J. Phys.: Condens. Matter 23,
016001 (2011).

[8] J. Wu and C. Leighton, Phys. Rev. B 67, 174408
(2003).

[9] M. Itoh, I. Natori, S. Kubota, and K. Motoya, J. Phys. Soc.
Jpn. 63, 1486 (1994).

[10] R. Eder, Phys. Rev. B 81, 035101 (2010).
[11] M.W. Haverkort, Z. Hu, J. C. Cezar, T. Burnus, H. Hartmann,

M. Reuther, C. Zobel, T. Lorenz, A. Tanaka, N. B. Brookes,
H. H. Hsieh, H. J. Lin, C. T. Chen, and L. H. Tjeng, Phys.
Rev. Lett. 97, 176405 (2006).

[12] T. Saitoh, T. Mizokawa, A. Fujimori, M. Abbate, Y. Takeda,
and M. Takano, Phys. Rev. B 55, 4257 (1997).

[13] S. Yamaguchi, Y. Okimoto, and Y. Tokura, Phys. Rev. B 55,
R8666 (1997).

[14] C. Zobel, M. Kriener, D. Bruns, J. Baier, M. Gruninger, T.
Lorenz, P. Reutler, and A. Revcolevschi, Phys. Rev. B 66,
020402R (2002).

[15] K. Mydeen, P. Mandal, D. Prabhakaran, and C. Q. Jin, Phys.
Rev. B 80, 4257 (2009).

[16] D. N. H. Nam, K. Jonason, P. Nordblad, N. V. Khiem, and
N. H. Phuc, Phys. Rev. B 59, 4189 (1999).

[17] Y. Tang, Y. Sun, and Z. Cheng, Phys. Rev. B 73, 012409
(2006).

[18] D. Samal, C. Shivakumara, and P. S. Anil Kumar, J. Appl.
Phys. 106, 123920 (2009).

[19] D. Samal, K. Balamurugan, C. Shivakumara, P. S. Anil, and
J. Kumar, Appl. Phys. 105, 07E320 (2009).

[20] V. Markovich, I. Fita, A. Wisniewski, G. Jung, D.
Mogilyansky, R. Puzniak, L. Titelman, and G. Gorodetsky,
Phys. Rev. B 81, 134440 (2010).

[21] J.Wu, H. Zheng, J. F. Mitchell, and C. Leighton, Phys. Rev. B
73, 020404 (2006).

[22] M. Perovic, A. Mrakovic, V. Kusigerski, J. Blanusa, and
V. Spasojevic, Acta Phys. Polon. A 118, 813 (2010).

[23] J. A. Mydosh, Spin Glasses: An Experimental Introduction
(Taylor & Francis, London, 1993), p. 235.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


