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Observation of reentrant spin glass behavior in LaCosNij ;03
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The magnetic and transport properties of LaCo sNiy 505 have been studied. The dc magnetization and the ac
susceptibility studies suggest the presence of a magnetic-phase transition from a ferromagnetic (FM) to a spin
glass phase at a low temperature. This type of reentrant spin-glass (RSG) behavior attached to a long-range
ordered ferromagnet is observed in this system. A magnetoresistance of ~10% is observed at 5 K which is
unsaturated up to 11 Tesla suggests the presence of antiferromagnetic (AFM) interactions. It is likely that the
competition between such AFM interactions with FM interactions yield an RSG phase.
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Spin glass (SG) is a system which lacks long-range-
magnetic ordering. It originates from disorders, frustration of
spins, or mixed interactions having both ferromagnetic (FM)
and antiferromagnetic (AFM) interactions. In a random pro-
cess, where a few FM interactions gets altered to AFM, the
phase would still be FM but with some moments getting
frustrated. If the existence of random AFM interactions in-
creases beyond a threshold, frustration increases and long-
range FM ordering is hindered, which in turn favors a spin
glass phase.! Some materials reenters into a disordered state
while cooling from an ordered state. When such a kind of
transition exists, i.e., from FM/AFM to SG, where SG exists
in lower temperatures, the system is a reentrant spin glass
(RSG). In cobaltites such as La,_,Sr,CoO; (LSCO) with x
=0.5, ferromagnetic and glassy behavior has been
observed,>* which was proposed to arise in the presence of
both FM double-exchange interactions of Co**-Co’* and
AFM superexchange interactions of Co*-Co* and
Co**-Co**. SG behavior was observed in cobaltites such as
LSCO (with x=0.092 and 0.15*%) and rare earth
(RE)Co,;Nij ;05 (RE=La, Nd, and Sm).> The formation of
spin glass in LaCog ;Nij 305 is understood based on the com-
peting FM and AFM interactions, which does not favor the
formation of long-range ferromagnetism. The charge transfer
between Ni**+Co** < Ni?*+Co** is promoted by the highly
electronegative nature of Ni**’ while ferromagnetism origi-
nates from Co’*-Co** interactions.® The parent compounds
LaCoOj; and LaNiOj; being diamagnetic and Pauli paramag-
netic, respectively, it has been observed that SG state and the
FM interactions are present only when Co and Ni exists to-
gether while no such observations were found when
Co**/Ni** was replaced with a nonmagnetic ion, such as
Ga3+.5

In this article, we investigate LaCo,_,Ni,O; (LCNO) with
x=0.5 which exhibits RSG behavior. To the best of our
knowledge, among the existing oxide RSG systems, LCNO
has the lowest difference between the ferromagnetic transi-
tion temperature (7,) and spin glass freezing temperature
(T;). With sufficient experimental evidence, such as ac and
dc magnetization, we suggest the presence of RSG nature in
LCNO with T,~52 K and T;~24 K.

Our samples were prepared by conventional solid-state
synthesis using La,03, Co30,4, and NiO. The sample was
heated at 1300 °C with a few intermediate grindings. lodo-
metric titration was done to estimate oxygen content and was
found to be stoichiometric.
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PACS number(s): 75.50.Lk, 75.47.—m, 72.80.Ga

The ac susceptibility measurements were done at various
frequencies ranging from 15 Hz to 1 KHz, at an applied field
H,.=178 mOe. From the in-phase component (x’) of the
susceptibility, a peak was observed at 7~52 K which had
no frequency dependence. This being a characteristic nature
of ferromagnetic ordering, interestingly a shoulder was ob-
served at T~ 22 K. This shoulder exhibited a clear shift with
varying the applied frequency indicating the presence of a
glassy nature as shown in Fig. 1(a). The changes observed in
the shoulder were prominent in the out-of-phase component
(x") as shown in Fig. 1(b). This reveals the existence of spin
frustrations. The freezing temperature for RSG at low tem-
perature and the ferromagnetic transition temperature at
~52 K shall be denoted as Ty and T, respectively. The
maximum change in the freezing temperature, AT is denoted
as AT (w):(T} KHZ—T}S H2) and it is ~5 K, where T} KHz
and Tf5 " represents 7 at 1 KHz and 15 Hz, respectively. A
quantitative assessment of AT, with respect to w is given by
AT,/ [T/A(log(w))] and is found to be 0.095. This value is
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FIG. 1. (Color online) Temperature dependence of y,. (a) In-

phase component and (b) out-of-phase component at various fre-
quencies at H,,=178 mOe. Inset of (a): clear view of x’.
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FIG. 2. (Color online) Dependence of 7 with logy,
[(T)Z—TRSG)/TRSG]. The values obtained are Trgg=19.8*+0.7 K;
zv=5.32+0.6; and 7,=(1.5+0.2) X 107 s.

comparable to that obtained in other spin glass systems.’

Earlier studies on LCNO?® have reported a shoulder and a
peak in x’ but detailed analysis were not performed.

Dynamical scaling analysis was performed using the rela-
tion 7/7,=[(T}~Tgsc)/Trscl ™, where T} is the freezing
temperature (from out-of-phase component). From this
analysis, the spin flipping time (7,), critical exponent (zv),
and the critical temperature for reentrant spin glass ordering
(Trsg), ie., T; at f—0 are determined to be (1.5+0.2)
X 1075 sec, 5.32*0.6, and 19.8=0.7 K, respectively. Fig-
ure 2 shows the dependence of 7 with [(T7~Trsg)/ Trscl ™"
Although 7,~ 10713 sec for a SG, the higher value of 7, in-
dicates the spin flipping to be slower. Such kind of higher
values have been observed elsewhere in SG*!'° and RSG."!
Regardless of these observations, the reasons behind such
longer flipping time are still unclear and are under investiga-
tion. In general, determining the 7, for RSG is less accurate
when compared to SG.'?

Further investigations on ac susceptibility measurements
were proceeded with superimposed dc magnetic field, i.e.,
with H,.=178 mOe and Hy4.=63 Oe. In case of a ferromag-
net, the magnitudes of both x’(w) and x"(w) decreases dras-
tically in the presence of dc magnetic fields. But in the case
of a spin glass, the behavior is unlike a ferromagnet, i.e., the
changes in the magnitudes of x'(w) and y”(w) are minor. For
RSG systems, x'(w) and x"(w) experiences a drastic change
in the FM phase while the changes are feeble at the SG
phase. Similar to FM, in case of RSG, the Ty shift towards
lower temperatures. These observations have been found in
other RSG systems.'?> This could be observed from the
change in the ratio of x'(7))/x'(T,) and x"(Ty)/x"(T,). Fig-
ures 3(a) and 3(b) show x'(w) and y"(w), respectively with
H,., when the superimposed Hy.=0 and 63 Oe. Such kind of
change in the ratio influenced by the applied H,. gives a
clear representation of RSG behavior in LCNO. For LCNO
(x=0.6), a shoulder was observed ~55 K. Though the rea-
sons are still unclear, this effect was believed to be due to the
Ni sublattice.!> Although no such effects were observed in
our dc magnetization data, a little kink is observed ~60 K in
the x” of ac susceptibility, which had no frequency depen-
dence. Such kind of a kink is absent in case of x'. The kink
is absent in the " data when a dc field is superimposed.
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FIG. 3. (Color online) Influence of Hy.=63 Oe along with
H,.=178 mOe at f=420 Hz (a) In-phase component and (b) out-
of-phase component.

Temperature-dependent dc magnetization of LCNO in
zero-field-cooled (ZFC) and field-cooled (FC) modes mea-
sured with a SQUID magnetometer with 100 Oe magnetic
field, i.e., (T=5 to 300 K) is shown in Fig. 4. The declina-
tion in the FC magnetization at low temperature can be at-
tributed to the SG nature. The ZFC magnetization experi-
ences a sharp cusp, and unlike a ferromagnet, the FC
magnetization does not exhibit “Brillouin-like” behavior,
while still the bifurcation between FC and ZFC is observed.
All these observations are attributable to the rudimentary
qualities of spin glass nature. In this case the temperature of
irreversibility, T;, was observed ~55 K. The declination in
the xpc at T~25 K, indicates the existence of frustrated
spins at the expense of long-range ordering while long-range
FM ordering is present ~25 K=T7=355 K. In our earlier
studies,'* FC and ZFC indicated that magnetic anisotropy is
responsible for the difference between xzpc(T) and xpc(T)
which could have happened if the spins are oriented by an
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FIG. 4. (Color online) Temperature dependence of FC and ZFC
magnetization at Hy.=100 Oe. Inset shows the inverse of y, .
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TABLE I. Calculated spin-only moments (u,) for the possible
spin-state configurations in LaCo, sNiy sO5. “*” indicates the com-
patibility of possible spin states with experimental results.

Spin-state configurations Spin-only moments (x,) ug

Co3*(§=0),Ni**(S=1/2) 1.2247
Co3*(§=1),Ni**(S=1/2) 2.3452*
Co3*(§=2),Ni**(S=1/2) 3.6742
Co**(5=0),Ni**(§=3/2) 27386
Co**(S=1),Ni**(§=3/2) 3.3911
Co**(5=2),Ni**(§=3/2) 44158
Co*(S=1/2),Ni**(S=1) 2.3452*
Co*(S=3/2),Ni**(S=1) 3.3911
Co*(S=5/2),Ni**(S=1) 4.6368

applied field or by their anisotropy along energetically fa-
vored directions when the sample is cooled from higher tem-
peratures. In earlier studies,'> LCNO has been reported to be
ferromagnetic (for x=0.2). But actually carefully looking
into their results of xpc(7T) and ypc(T) it is understood that
spin glass nature is present.

In order to find the type of long-range magnetic ordering,
the inverse of y,. is examined and is shown as an inset of
Fig. 4. The effective paramagnetic moment (u.) calculated
from the inverse of y, is found to be 2.33 up while the Curie
constant and the Weiss temperature (®) were determined to
be 0.68 emu mol~! K~! and ~56.6 K, respectively. The ob-
tained value of Curie constant suggests that the spins can
be attributed either to Co®* (Intermediate Spin, tgg eé)—
Ni** (Low Spin, tgg ei,), or to Co** (Low Spin, tgg eg)—
Ni2* (tgg eé). The possible spin-state configurations and their
spin-only moments (u,,) are shown in Table 1. The positive
value of ® suggests that the long-range ordering present is
ferromagnetic in nature. Comparing the dc with ac suscepti-
bility details, the temperature at which y.«(FC) being simi-
lar to Tf, while being located far away from 7j,, could be
attributable to RSG phenomena.

Electrical behavior of LCNO is verified to be of semicon-
ducting nature as reported earlier.!> Temperature-dependent
magnetoresistance, i.e., MR(7T) has been measured for 5
=T=300 K with H=11 Tesla and the field-dependent mag-
netoresistance, i.e., MR(H) has been measured up to 11 Tesla
at 5 K as shown in Fig. 5. We observe a negative MR and is
observed to increase rapidly as the temperature is reduced.
No anomaly was observed both at the FM and RSG regions.
A maximum of ~10% of negative MR was observed at 11
Tesla. It has been shown previously that, in LCNO when x
increases from 0.25 to 0.45, the tendency of MR to saturate
is reduced.!® In fact, this is found to be true for x=0.5 as
well, where it is unsaturated till 11 Tesla. This explains the

PHYSICAL REVIEW B 80, 012410 (2009)

12

§ 4 0 4 8§

) ) Mag. Ficlld (Tcsla)I )

0 50 100 150 200 250 300
Temperature (K)

FIG. 5. (Color online) Temperature dependence of MR ARN-
ING [(R{17—Ro7)/Ror]- Inset showing the field dependence of MR
at 5 K.

presence of AFM interactions arresting the saturation of MR
even at high magnetic fields.!® Despite no clear mechanism
being available to explain the cause of negative MR in
LCNO, such effects could be due to the realignment of mag-
netic moments to exhibit higher probability of electron hop-
ping. But among the existing hopping mechanisms, such as
variable range hopping (VRH), Efros-Shklovskii VRH, po-
laron hopping, and thermally activated transport, LCNO (x
=().4) followed none of them.!’ Thus, the reduction in resis-
tance on the application of magnetic fields could originate
collectively from (i) decrease in spin-disorder scattering, (ii)
growth of the domains giving rise to better metallic path, as
explained by double exchange mechanism where metallic
conduction is coupled with FM interactions, (iii) increase in
mean-free path of electrons, and (iv) growth of domains in
applied field giving rise to decrement in the probability for
domain-wall scattering. Though it has been suggested
earlier’ that the onset of negative MR and freezing tempera-
ture are linked together, such an observation was contra-
dicted later.'® Our results are in support of the later since we
find no association between them.

Although SG, glassy FM behavior has been observed in
cobaltites, we have shown that LCNO (x=0.5) exhibits RSG
phenomena. Though earlier studies have reported LCNO to
be ferromagnetic (for x=0.2), detailed studies of the ac and
dc magnetization reveals the presence of RSG in LCNO. We
have also evaluated the magnetotransport properties of
LCNO exhibiting negative MR. The unsaturated behavior of
MR suggests the presence of the AFM interactions, which
could be responsible to compete with FM interactions in re-
sulting the moments to dwell frustrated.

We thank the National facility for low temperature and
high magnetic fields, IISc for magnetotransport measure-
ments.
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