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Abstract. We observe the negative shift of the magnetic hysteresis loop at 5 K, while the sample is cooled
in external magnetic field in case of 30% of Fe substitution in LaMnQOs3. The negative shift and training
effect of the hysteresis loops indicate the phenomenon of exchange bias. The cooling field dependence of
the negative shift increases with the cooling field below 7.0 kOe and then, decreases with further increase
of cooling field. The temperature dependence of the negative shift of the hysteresis loops exhibits that
the negative shift decreases sharply with increasing temperature and vanishes above 20 K. Temperature
dependence of dc magnetization and ac susceptibility measurements show a sharp peak (7}) at 51 K and a
shoulder (T) around 20 K. The relaxation of magnetization shows the ferromagnetic and glassy magnetic
components in the relaxation process, which is in consistent with the cluster-glass compound.

PACS. 75.47.Lx Manganites — 75.50.Lk Spin glasses and other random magnets — 75.30.Gw Magnetic

anisotropy

Introduction

Recently, the observation of exchange bias (EB) in the
phase separated (PS) charge ordered (CO) manganites
opens up a new prospective of technological applications
in addition to the colossal magnetoresistance (CMR) prop-
erties [1,2]. Exchange bias is a phenomenon, which is as-
cribed to the induced exchange anisotropy at the inter-
face between ferromagnetic (FM) and antiferromagnetic
(AFM) phases in a heterogeneous system [3,4]. The in-
duced exchange anisotropy is unidirectional in character
and increases the effective anisotropy of the heterogeneous
system, which has the technological applications for stor-
age and spin-electron devices. The evidence of EB was
first discovered by Meiklejohn and Bean in 1956 for FM
Co core and AFM CoO shell structure [5], which has also
been observed at the FM /spin-glass (SG) interface [6-11].

In addition to the technological importance, the ev-
idence of EB further provides the microscopic views of
the inhomogeneous phase separation in manganites. The
first evidence of EB was observed in CO manganite
Pry/3Cay,3MnO3, where ferromagnetic (FM) droplets are
naturally embedded in the AFM background [1]. The
EB have recently been reported for another CO man-
ganite, where the strong cooling field dependence of EB
is ascribed to the thickness of the FM layer in a spon-
taneous lamellar ferromagnetic/antiferromagnetic phase
separated Yo.2CagsMnOs [2]. In this article, we also re-
port the EB in case of 30% of Fe substitution in LaMnOs3,
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where the compound is recognised as a cluster-glass com-
pound [12,13].

Experimental procedure

The polycrystalline sample of LaMng 7Feg 303 was pre-
pared by a chemical route [13]. The single rhombohe-
dral phase (R3c) of the compound was characterized by
powder X-ray diffraction pattern. The average size of the
particle was observed using Transmission Electron Micro-
scope. The average sizes are 70 and 320 nm, while the
as-synthesized sample was heated at 800° and 1200 °C,
respectively. The ac and dc magnetizations were mea-
sured by a commercial superconducting quantum interfer-
ence device (SQUID) magnetometer (MPMS, XL). In case
of zero-field cooled measurements the sample was cooled
down to the desired temperature from well above the tran-
sition temperature in zero magnetic field and measure-
ments were performed in the heating cycle with magnetic
field, while for field-cooled case the sample was cooled in
presence of magnetic field and measured during heating
the sample like zero-field cooled case.

Experimental results and discussions

The temperature dependence of zero-field cooled (ZFC)
and field-cooled (FC) magnetizations are shown in the
top panel of Figure 1, where the ZFC magnetization ex-
hibits a sharp peak (T},) at 51 K for the measurement in
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Fig. 1. (Colour online) Temperature dependence of ZFC-FC
magnetization (top panel) and x’ with temperature at differ-
ent frequencies for the sample with average diameter 70 nm
(bottom panel). The inset of the bottom panel exhibits the
temperature dependence of and x’ and x” for the sample with
average diameter 320 nm, where spin freezing temperature is
indicated by the broad maximum in x” at T¥.

100 Oe [13,12]. In consistent with the dc results, the real
part (x') of ac susceptibility (xa.) also shows a peak as
seen in the bottom panel of Figure 1, where a small fre-
quency dependence of X’ is noticed in between ~50 and
~15 K. In addition, a shoulder (T%) in the low tempera-
ture region is observed around 20 K for dc and ac mea-
surements, which is shown by the arrows in Figure 1. The
similar characteristic features in the x’ was also reported
by Liu et al. [12], where temperature dependence of x”
was additionally demonstrated with a sharp peak at 52 K
and a broad maximum around ~18 K. The broad maxi-
mum was characterized as spin freezing temperature. In
the present observation, we could not detect the system-
atic values of x” because of the limitation of the instru-
mental resolution. Note that the magnitude of dc and ac
measurements in the present observation is less than that
of results reported by Liu et al., which is ascribed to the
effect of particle size dependence. We also observe that
the magnitude is increased considerably by the increase
of particle size as seen in the inset of the bottom panel of
Figure 1, where the magnitude of both x’ and x” is in-
creased and signature of spin freezing temperature at T’
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Fig. 2. (Colour online) Relaxation of remanent magnetization
with ¢ at 5 K and 25 K .The solid lines exhibit the fit of the
experimental data using stretched exponential.

100

is clearly observed by the broad maximum in x” for the
sample with 320 nm.

In order to understand the origin of weak frequency
dependence of X/, we measured dc magnetization with
time (t). The sample was cooled down to 5 K and 25 K
from 150 K (>7T,) with 100 Oe and then, remanent
magnetization was recorded with ¢ as seen in Figure 2.
We considered the stretched exponential, M(t) = My —
My exp(—t/7)? to fit the relaxation of remanent magne-
tization, where My and M, are involved with the FM
and glassy components, respectively. For typical SG com-
pounds, the second term in the above expression is suffi-
cient to fit the relaxation, where the values of 3 are in the
range of 0 < B < 1. The term M, is required to fit the
relaxation of reentrant SG compounds [14]. Here, My was
also required to fit the relaxation, while the values of 3 are
0.80 and 0.59 for 5 and 25 K, respectively. The values of 8
and non-zero values of M| clearly indicate the signature
of coexistence of FM and glassy magnetic components in
the relaxation process in consistent with the cluster-glass
system.

We observe the negative shift of the magnetic hys-
teresis loop, while the sample was cooled down to 5 K
from 150 K (>>T},) under FC condition with 7.0 kOe and
then, the hysteresis was measured in between +20.0 kOe
at 5 K after stabilizing the temperature. The shift is ab-
sent while cooling under ZFC condition as seen by the
continuous curve in Figure 3. The negative shift of the
hysteresis loop in association with the increase of coerciv-
ity of the hysteresis loop are in accordance with the fea-
tures of the exchange bias. The exchange bias field (Hg),
coercive field (H¢), EB magnetization (Mg), and rema-
nent magnetization (Mp) are measured to be 332.0 Oe,
2.6 kOe, 0.0160 emu/g, and 3.79 emu/g, respectively from
the gravity center of the shifted loop along field and mag-
netization axes as described in Figure 3. We found that
the values of Hg and Mg are increased to Hg = 800 Oe
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Fig. 3. (Colour online) Magnetic hysteresis loops measured at
5 K after field cooling with 7.0 kOe and zero field cooling. The
details of the estimate of Hg, Mg, Hc, and Mg are shown in
the figure.

and Mg = 0.22 emu/g for the measurement of hystere-
sis loop between +10.0 kOe. The values of Hg and Mg
are small, which are still comparable to the reported val-
ues for different systems [2,6,8,9,11]. Recently, the EB is
reported for few cluster-glass compounds with perovskite
structure, where short range FM and SG states coexist.
In case of Lag.g2Srg.18CoO3, the EB was reported with
maximum values of Hg ~125 Oe and Mg ~ 1.2 emu/g
at 5 K, while the sample was cooled in 1.0 kOe field and
hysteresis loop was measured in between +10.0 kOe [8].
The maximum values of Hg ~ 500 Oe and Mg ~0at 5 K
were reported for Lag ggSrg.12CoQg3, while the sample was
cooled in 10.0 kOe field and hysteresis loop was measured
in between +£50.0 kOe [9]. The EB is also reported for
another cluster-glass compound Lag.ggBag.20CoO3 with
Hp =~ 500 Oe and Mg ~ 6.8 emu/g at 5 K, while the
sample was cooled in 3.0 kOe field and hysteresis loop
was measured in between +3.0 kOe. The EB was not
observed while the hysteresis loop was measured in be-
tween £10.0 kOe, indicating the minor effect of EB [10].
In order to understand the origin of the negative shift of
the hysteresis loops, we further study the training effect,
which describes the decrease of Hg while hysteresis loops
are measured after several times of thermal cycling [3,4].
Here, the sample was cooled down to 5 K in 10.0 kOe and
hysteresis loops are measured in between +20.0 kOe. The
hysteresis loops after first and fifth cycling are shown in
Figure 4, where the decrease of the negative shift after five
successive thermal cycling is noticed as seen in the figure.
The values of Hg are 207 and 56 Oe, while for Mg the val-
ues are 0.013 and 0.004 emu/g for first and fifth cycling,
respectively. The negative shift of the hysteresis loop in
the positive cooling field and training effect of the shift of
the hysteresis loops indicate the phenomenon of exchange
bias in the cluster-glass compound LaMng 7Fey 30s5.
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Fig. 4. (Colour online) Magnetic hysteresis loops after first
and fifth field-cooled cycling with 10.0 kOe. The values of Hg
and Mg after first and fifth cycling are given in the figure.

N 2.0 _
0.3f . %.o

S
£
) T 2
2 0.2+ \O\ p 1.0 ~
= Tf ° l 10.5 "'g
T 0.1 \ S
O ~—

~0—0 10.0

0.0f ®o—o—0—0o—o

0 20 40 60 80 100
T (K)

Fig. 5. Temperature dependence of Hg and Mg. The arrows
indicate T}, and T7.

The temperature dependence of EB was studied, while
the sample was cooled down to the desired temperatures
from 150 K in 7.0 kOe field and the hysteresis loops were
measured in between +20.0 kOe. The values of Hg and
Mg as a function of temperature are shown in Figure 5.
The values of Mg decrease with increasing temperature,
while the sharp decreasing trend is noticed below ~50 K,
which is close to Tj,. On the other hand, Hg decreases
sharply with increasing temperature and vanishes above
20 K, where a shoulder (T) in the dc and ac magnetiza-
tion is observed. In case of cluster-glass system exhibit-
ing EB, similar temperature dependence of Hg is typical,
where the SG phase induces the frozen FM spins at the
FM/SG interface resulting non-zero values of Hg below
spin freezing temperature [7,8,11]. The SG phase can not
induce the frozen FM spins above spin freezing tempera-
ture, resulting Hg = 0.
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Fig. 6. (Colour online) The plot of Hg as a function of Hcoor.
The continuous curve indicates the fit using equation described
in the text.

The EB was further studied at the different cooling
field (Hcoor), while the sample was cooled down to 5 K
from 150 K in different H.,, and hysteresis was mea-
sured in between £20.0 kOe. The plot of Hg as a func-
tion of Hcyo; is shown in Figure 6, which increases with
H_,0; and then, decreases above ~7.0 kOe with the further
increase of H.,o;. Similar dependence of Hg has been re-
ported for different cases such as, Laj_,Sr,CoO3 [8,9] and
Fe nanoparticles in the iron oxide matrix [11], where the
following qualitative explanation have been proposed. In
case of low cooling field, H_,; is not strong enough to mag-
netize all the spins of the FM clusters toward saturation.
Therefore, the degree of alignment of the moment of the
FM clusters is enhanced along a preferential direction with
the increase of the H.,0;, which in fact reduces the effect of
averaging of the anisotropy due to randomness. Accord-
ingly, the frozen FM spins at the FM/SG interface also
align along the direction of H..., resulting the increase
of Hg with H.,o. When the cooling field is high enough,
the FM moments tend toward saturation and the frozen
FM spins vary a little along the field with the increase of
the H.,o;. Thus, the increase of H..,; does not take part
in the increase of Hg. In addition, the magnetic coupling
(Zeeman coupling) between the field and the glassy mag-
netic moments increases as well, tending to orient them
along the field direction, where magnetic coupling dom-
inates over exchange coupling, resulting the decrease of
Hpg with the further increase of H.,o;. Recently, the alter-
native interpretation of the H.,,; dependence of Hr was
proposed by Niebieskikwiat and Salamon in terms of the
simple exchange interaction model for Pr;,3Cas,3MnOs3,
where small FM clusters are assumed to be embedded in
a SG-like or AFM host material [1]. Despite the small val-
ues EB field is observed in the present observation com-
pared to the EB in Pry;3Cay,3MnO3, a trial is made to
fit the H.,o, dependence of Hg with the model proposed
by Niebieskikwiat and Salamon using the following ex-

pression as [1], Hg Ji[(;;‘;o)QL “kBCT‘Z;l) + Heool] with
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approximation for pHpg < kpTy, where J; is the interface
exchange constant. We assume the magnetic moment of
FM cluster, p = Nyug with po =~ 3up for FM Mn core
spin, where IV, is number of spins per FM cluster. The first
term in the expression dominates for small Hepo (0<J?),
while for large H.oo the second term (oJ;) dominates.
The solid line in Figure 6 exhibits the satisfactory fit of
the experimental data using the above expression with J;
and p as adjustable parameters. The values of J; and p are
~—0.143 meV and 141up, respectively. Using the values
of pu, N, is =47 and the number density of FM clusters
(n) can be estimated from the saturation magnetization
as My = nyu, which gives n ~ 11.25 x10~° A=3. The value
of n further gives us the rough estimate of the size of FM
cluster ~25 A. The value of magnetic anisotropy constant
K is estimated ~0.3 x 107 erg/cm? at 5 K from the fol-
lowing expression as Mg/Mg ~ —2vy7 exp(—KV/kpT)
sinh(uHg/kpT), where V is the volume of the FM clus-
ter [1]. The values of typical measurement time (7) and
the switching frequency of magnetization (1) are typically
taken 102 s and 10° s~ !, respectively. Note that the value
of K is two order higher than bulk FM manganites [15,16].

Recently, the features of cluster-glass state has been
reported for LaMng 7Fep 303 by Liu et al. based on the
ac susceptibility and EPR results, where FM clusters co-
exist with the glassy magnetic phase [12]. In the present
observation, the relaxation of magnetization also indicates
the coexistence of FM and glassy magnetic components in
the relaxation process in consistent with the cluster-glass
state. Here, the negative shift of the hysteresis, training
effect, and systematic shift of the hysteresis loops with
cooling field and temperature are in good accordance with
the phenomenon of exchange bias. Note that the exchange
bias involved with the glassy magnetic behaviour has
been reported in those systems, where FM clusters or FM
nanoparticles or FM layers coexist with the SG or glassy
magnetic phase [8-11]. In case of intrinsically phase sep-
arated cluster-glass compounds La;_,(Sr,Ba),CoOs, ex-
change bias phenomenon was described by induced frozen
FM spins at the FM/SG interface. In the present observa-
tion, the experimental results may also provide an indica-
tion of exchange bias at the FM/glassy magnetic interface
in the cluster-glass compound LaMng ;Feg 303. The ade-
quate experimental results and theories are required more
to understand the origin of exchange bias in the intrinsi-
cally phase separated cluster-glass compounds.

Conclusion

In conclusion, we observe the coexistence of FM and glassy
magnetic components in the relaxation of magnetization
in consistent with the cluster-glass state. The negative
shift of the hysteresis loops, training effect, and cooling
field and temperature dependence of shift of the hys-
teresis loops indicate the phenomenon of exchange bias
in LaMng 7Feq.303, which is in accordance with the sig-
nature of exchange bias in the cluster-glass compounds
Laj_,(Sr,Ba),CoO3 with perovskite structure.
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