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Spin glass to cluster glass transition in geometrically frustrated CaBaFe,_,Li, O, ferrimagnets
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The solid solutions of CaBaFe,_,Li,0; (CBFLi,) with the “114” hexagonal symmetry (P63mc) could be
synthesized for 0=x=0.4. The dc magnetization study of these oxides shows that they are ferrimagnetic
(FiM). The FiM to paramagnetic transition temperature, T, decreases from 265.6 K for x=0 to 97.5 K for
x=0.4 in agreement with the introduction of the diamagnetic Li'* cation at the Fe sublattice. No magnetic
saturation is observed and the coercive field H is very large, ranging from 0.7 to 0.9 T at 5 K. Importantly, the
ac magnetic susceptibility, x,.(7), indicates a frequency-dependent freezing temperature, T}, increasing with
frequency and satisfying the conventional power law, 7/ 7'0=(Tf/ Tsg—1)"%". For the undoped CaBaFe,O,
(CBFO) (x=0), the best fitting parameters are characteristic of a spin glass with a transition temperature
Tsg=176 K, spin-relaxation time 7,=4.9 X 10™'? s, and critical exponent (zv) of 6.4. In contrast, for CBFLi,
(0.1=x=0.4) series the 7, increases from 1.3 X 1074 to 8 X 107!¢ s as x is increased; the values of zv are in
the range of 12—13, which lies much closer to that of cluster glasses (7,=10""*~10"'® sec; zv=12-14). The
resistivity behavior is consistent with small polaronic hopping which changes to variable range hopping at low
temperatures. The measurements under H~7 T show that only CBFO (undoped) exhibits magnetoresistance,

with a maximum value of 4.3% at 264 K.
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I. INTRODUCTION

There have been a great number of studies on the mag-
netic frustration in oxides, such as pyrochlores! or spinels,??
due to the peculiar triangular geometry of the framework of
these compounds. In this respect, the recently discovered
“114” cobaltites, LnBaCo,0O; family with Ln=lanthanide or
yttrium,*> have raised considerable interest. These com-
pounds are reported to exhibit a structural transition whose
characteristic temperature (7) increases as the ionic radius
of the Ln** cation is decreased.® For instance, T, increases
from 160 K for Yb** (Ref. 7) up to 300 K for Ln=Y3*?
through 7,=220 K for Ln=(Yb,5Ys)**.° This structural
phase transition is characterized by a magnetostriction effect
revealed by the abrupt change in crystal symmetry from hex-
agonal (space group P3c) (at T>T,) to orthorhombic (space
group Pbn2,) at (T<T,) transition.'? Interestingly, this struc-
tural transition is associated with a release of a geometric
frustration below T, giving rise to short-range antiferromag-
netic (AFM) interactions and finally to a three-dimensional
(3D) long-range AFM ordering. Such properties of
LnBaCo40O are strongly correlated with its unique structure
which consists of 1:1 ordered stacking of triangular and
kagome layers of CoO, tetrahedra. There exist a number of
reports on the substituted cobaltites such as LnBa(Co,M)O,
(M=Ni**, Zn**, etc.),'"1? whose magnetic properties also re-
flected more or less like frustrated magnetic structure.

Recently, a series of mixed valent 114 ferrites,
Ca,_,Y,BaFe,O,, was reported'>!* with structures closely
related to that of hexagonal cobaltites and also cubic spinel
and hexagonal ferrites. They are described as the stacking of
close-packed [BaOs],, and [O,].. layers whose tetrahedral
cavities are occupied by Fe?*/Fe3* species, forming triangu-
lar and kagome layers of FeO, tetrahedra. The magnetization
studies of these compounds emphasize their unique behav-
ior, ranging from ferrimagnetic for hexagonal CaBaFe, O,
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(CBFO) with a T, of 270 K, to a spin glass for cubic
YBaFe, O, and suggest a possible magnetic frustration in the
ferrimagnetic compounds. In order to understand the mag-
netic frustration in these systems, we have attempted to syn-
thesize a series of CaBaFe,_,Li O, (CBFLI,) ferrites and in-
vestigate in detail the modified transport and magnetic
properties from that of the undoped CBFO. The chosen dia-
magnetic substituent (Li'*) at the Fe sublattice does not carry
any magnetic moment and is not expected to participate in
the ferrimagnetic (FiM) interaction. Furthermore, the Li'*
substituent only dilutes the magnetic sublattice. Therefore,
the goal of the present work is to address in more detail the
diamagnetic substitutional effects on the static and dynamic
magnetic properties of CaBaFe,_,.i,0, by combined mea-
surements of ac and dc magnetic susceptibilities. Detailed
measurements were performed on the real y,.(7) and imagi-
nary x,.(T) components of the magnetic susceptibilities, un-
der different driving ac magnetic-field frequencies (f) focus-
ing mainly on the H, and frequency dependences.
Systematic correlations have been brought between the na-
ture of substituting ion and the substitution-induced spin
glass to cluster glasslike transition in CaBaFe,_,Li,0;.

II. EXPERIMENTAL DETAILS

Phase-pure samples of CaBaFe,_,Li O, (referred to as
CBFLi,) were prepared by solid-state reaction technique.
The compounds CaBaFe,_,L.i,O; were prepared in two steps:
first a mixture of CaO (99.96%, Fluka), Li,CO; (99.98%),
BaCOj; (99.96%), and Fe,03 (99.98%) (all chemicals from
Merck) in the required molar ratio was heated in air at 873 K
(12 h) for decarbonation, and in a second step the adequate
amount of metallic iron was added in order to satisfy the
formula, CaBaFe,_,Li,O;. The decarbonated powders were
calcined at ~1173 K (48 h). The granulated powder was
then pressed into rectangular bars under 200 MPa. The green
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bars were disposed in an aluminum-oxide finger and sealed
in silica tubes under vacuum and sintered at T,
~1273 K (24 h) and cooled at the rate of 120 K/hr. The
sintered ceramic bars were postsinter annealed in sealed
tubes for extended periods of 30-48 h at T, ca < Tsiner 1N
order to improve the oxygen homogeneity. The phase purity
of CBFLi, samples was ascertained by x-ray powder diffrac-
tion (XRPD). The chemical analysis of the sample using ce-
rimetric titration shows that the oxygen stoichiometry is
“O702+002 - The energy dispersive spectroscopy (EDS) and
atomic absorption spectroscopy (AAS) analyses confirm that
the cationic compositions are in good agreement with the
nominale ones within the limit of the experimental errors.

The XRPD pattern was registered with a Panalytical
X’Pert Pro diffractometer having the nickel-filtered Cu-Ka
source under a continuous scanning method in the 26 range
of 5-120° and step size of A260=0.0167°. A Rietveld analy-
sis of XRPD data was carried out with the FULLPROF refine-
ment program.’> Ohmic contacts were provided to the sin-
tered ceramic bars (10X2 X2 mm?®) by the fired-on silver
(Dupont, USA). Soldering for copper electrical leads was
carried out with 60Sn/40Pb solder in order to have least con-
tact resistance. Electrical resistivity, p(T), was measured
from 5 to 320 K using the four-probe dc technique. The
magnetotransport properties were carried out using standard
four-contact geometry in a physical property measurement
system (PPMS) from Quantum Design. The dc magnetiza-
tion (DCM) measurements were performed using a super-
conducting quantum interference device (SQUID) magneto-
meter equipped with variable-temperature cryostat (Quantum
Design, San Diego, USA) (1.8-400 K; 0-5 T). The ac sus-
ceptibility, x,.(7) was measured with a PPMS from Quantum
Design with the frequency ranging from 125 Hz to 10 KHz
and between 5-320 K (Hy,=0 Oe and H,.=10 Oe). All the
magnetic properties were registered on the dense ceramic
disks of ~4X2X2 mm?® dimensions.

III. RESULTS AND DISCUSSION

A. Structural characterization of the samples

The Rietveld analysis from the XRPD data confirms the
hexagonal structure (SG: P6;mc) for CBFLI, series. No de-
tectable secondary phases even as minor reflections in the
XRPD patterns were discernible. The bottom curves in Figs.
1(a)-1(c) correspond to the difference between the observed
and calculated diffraction patterns. Satisfactory matching of
the experimental with the calculated profiles of the XRPD
data (Table I) with better goodness of fit can be appreciated
from the curves. The corresponding reliability factors Ry are
6.74% and Rp,,,,=8.66% (Fig. 1) showing that the structure
types of CaBaFe,_,L.i,O; are very reasonably accurate. The
crystal lattice parameters and the corresponding unit cell vol-
ume (V) of CBFLIi, (Fig. 1) decreases linearly as the lithium
content increases, in agreement with the small sizes of Li'*
(0.59 A) and Fe* (0.49 A) in tetrahedral coordination com-
pared to Fe>* (0.63 A) according to Shannon and Prewitt. !¢

B. Evolution of the magnetization versus temperature

The temperature dependence of DCM was registered ac-
cording to the standard zero-field-cooled (ZFC) (Mzgc) and
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FIG. 1. (Color online) Observed x-ray diffraction intensity (O)

and calculated curve (line) for (a) CaBaFe,O-, (b) CBFLij ;, and (c)

CBFLij 4. The bottom curve is the difference of patterns, yyps—Yeals

and the small bars indicate the angular positions of the allowed
Bragg reflections.

field-cooled (Myc) procedures. In order to warrant the same
initial conditions for the residual magnetic field and for the
samples magnetic state, before the measurements of M pc
and Mgc curves, the following demagnetization protocols
previously described by Wang et al.'” were used. The
magnetic-field strength was stepped down in magnitude and
switched polarity with each step, i.e., a field of approxi-
mately —3 T was applied and lowered to zero through oscil-
lations at 7=300 K. Then the temperature was lowered
down to 5 K, where the magnetic field of ~0.3 T was ap-
plied and the measurements were performed during the
warming ramp up to 400 K. The M. curve was recorded
during the heating from 5 to 400 K using the same rate.
Other protocols, normally adapted for nanomagnetic arrays
with frustrated interactions,'” were also tried but did not
change the results fundamentally.

In Fig. 2(a) some typical Mzpc(T) and Muc(T) curves
registered with the applied field of Hy. ~3 kOe are pre-

TABLE I. Refined crystal structure parameters as obtained from
the Rietveld refinement of x-ray powder diffraction data.

Crystal structure

parameters CaBaFe O, CaBaFe;gLij0; CaBaFe;gLlij 4O
Unit cell a=6.35 a=6.345 a=6.338
parameters (A)  b=10.355 b=10.340 h=10.307
Crystal system  Hexagonal Hexagonal Hexagonal
Space group P63ymc P63mc P63mc

Cell volume

v (A?) 361.6 360.51 358.62
Reliability

factor (Rp) (%) 8.4 6.2 5.48
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FIG. 2. (Color online) (a) Typical Mzpc(T) and Mg(T) curves
of CBFLi, measured at 0.3 T. The empty symbols are for Mzzc(T)
and the solid symbols for Mpc(T). Mpc(T) attains a maximum at
temperature denoted by T, and T, the temperatures, where Mpc(T)
and Mzpc(T) start deviating. See text for details. The T, values are
indicated in the first derivative of magnetization dM/dT versus
temperature (Inset). (b) Plot of the dc magnetic susceptibility (xq.)
as a function of temperature, measured under H=3 kOe. The Open
symbols and solid lines represent the experimental data and Curie-
Weiss fit in the high-temperature paramagnetic region.

sented. Table II lists some of important data extracted from
the DCM measurements. The saturation magnetization M
(at 5 K) decreases slightly from 2.60u/f.u. for the undoped

PHYSICAL REVIEW B 79, 224407 (2009)

samples to 2.11ug/f.u. for x=0.1 and then decreases drasti-
cally as the lithium content increases down to ~1.15uz/f.u.
for x=0.3. In any case, this value of the magnetization can-
not be explained by true ferromagnetic or ferrimagnetic cou-
pling at Fe site which would involve much higher theoretical
(M,). The FiM to paramagnetic (PM) transition or Curie
temperatures (7) values were extracted from the Mp(T)
curves, i.e., the inflection point where dM/dT is a minimum
[Fig. 2(a) inset]. One observes that T values (Table 1I) de-
crease monotonically with increasing lithium content from
265.6 K for x=0 to 97.5 K for x=0.4. This effect is explained
by the fact that the Li'* ions do not carry any magnetic
moment and as such they are not expected to participate in
the FiM interactions; hence, the substituents only dilute the
FiM coupling. Consequently, a random distribution of Fe and
substituent ions in the Fe sublattice might lead to frustrated
exchange interactions in these FiM solids, leading to local
spin reversal and/or loss of spin collinearity. The effects
mentioned above may possibly lead to the reduced M, ob-
served in M(T) curves. The Mgc(T) and Myzpc(T) curves
exhibit a strong irreversibility as indicated by the appearance
of large bifurcation between them at lower temperatures.
Mypc curves exhibit a rather broad peak (namely, at T,)
where it attains a maximum. In Fig. 2(a), the T, denotes
the temperature where M pc(T) and Myc(T), at a fixed field,
start merging. All the Mpc curves of CBFLi, continue to
increase with decreasing temperature without any saturation.
However, the M;-(T) and Mg(T) curves are substantially
identical in the region, 7,<T<T. implying a reversibility
of magnetization—hence, thermomagnetic irreversibility
(TRM). That is, the divergence of M- and Mypc curves is
observed below T, for all CBFLi, samples with (0=x
=0.4). The observation of nonsaturating magnetization val-
ues and the TRM is a common feature of FiM systems and
known exotic magnetic systems such as spin glasses, cluster
glasses, and superparamagnets and was also seen in ran-
domly canted ferromagnets with perovskite structures.'®1”
Figure 2(b) shows a plot of the dc magnetic susceptibility
versus temperature x4.(7) for CBFLi, samples, measured at
5-400 K under H=3 kOe. Susceptibility data above 200 K
fit to the Curie-Weiss law, y=C/(T—- Ocw), where C and Ocw
are the Curie-Weiss constant and Curie temperature, respec-
tively. The Curie-Weiss temperature is in the range of Ocw
=236-90 K for CBFLi, samples. The effective magnetic
moment per f.u. can be expressed in Bohr magnetons (up)

TABLE II. Magnetic properties of CaBaFe,_,Li O, samples calculated from the dc magnetization data
measured using SQUID magnetometer. 7., and 6y are the Critical and Curie-Weiss temperatures. . is the
effective paramagnetic moment calculated in the PM regime of M-T data. wys g and uy 00 k are the
saturation moments at 5 and 100 K; H, 5 ¢ and H, ;o g are the coercivities at 5 and 100 K, respectively.

Tc Ocw Heft MHS K MH,100 K H.s g H. 100 k
Sample (K) (K) (ug/fn)  (upifu)  (ug/fu) () (T)
0 265.6 268.3 3.2(2) 2.6 2.3 0.75 0.14
0.1 221.2 236 375 (2) 2.11 2.09 1.24 0.69
0.2 191.6 211.9 4.37 (2) 1.36 1.4 1.17 0.21
0.3 150.7 174.1 497 (2) ~1.15 ~0.9 0.98 0.041
0.4 97.5 90 5.55 (2) — - 0.36 -

224407-3



VIJAYANANDHINI et al.

PHYSICAL REVIEW B 79, 224407 (2009)

—o—CaBaFe,O,

% CBFLi, 4
—e—CBFLi , 3 3
—A—CBFLi ,
CBFLi,, =
s,

—O— CaBaFe,O,

% CBFLi
—e— CBFLi , ********
—A— CBFLi 03 X ese®
—v—CBFLi , o00®®

—0— CaBaFe 407

[-*—CBFLi , =
-®—CBFLi , «
-A— CBFLi =
0.3 K] 000
CBFLI,, = 0o’

[—©— CaBaFe O,

—*— CBFLi

-®—CBFLi , 5 20 M

A CBFLi . =

03 ==

CBFLi, = i e

=" ****""M
****'* IZ'....
= ¥ o 0 2 01 4
| 2 3 4 5
Mag. Field (T)

FIG. 3. (Color online) Magnetization as a function of field for all samples, measured at (a) 5, (b) 50, (¢) 100, and (d) 250 K. The

magnetization values are expressed in terms of ug/f.u.

by pesr=(3kzCA/N,)"?, where kg is the Boltzmann constant,
A is the molecular weight, and N, is the Avogadro number.
One important point concerns the highest value of the effec-
tive magnetic moment u.g that can be reached for this com-
pound which is only of 3.2ug/f.u. for CBFO (undoped). In
CBFO, both Fe?* and Fe?* are located in tetrahedral sites and
consequently are both in high spin configuration e3t;g(,ueff
=9.8up) for Fe* and e;r; (pe=11.8up) for Fe’*. The
analysis of the structure indicated that there exist two sites
for iron cations: 75% is located in kagome layers (Fe2 site)
and 25% site in the triangular layers (Fel site).!* Con-
sequently, it is most probable that these oxides are ferri-
magnetic, with the iron cations showing a ferromagnetic
component in each sublattice (kagome and triangular).
Considering an AFM coupling between Fe?*/Fe’* sublat-
tices, the FiM interaction could result from the noncompen-
sation of the sublattice magnetizations. From the charge bal-
ance “2Fe?*:2Fe**” in CaBaFe,0;, a quantum mechanical
spin e of 10.8up per fu. could be expected (uer=[2
><5.92+2><4.92]1/2), whereas, CBFO exhibits lesser mag-
netic moment of 3.2up/f.u.. As x increased in CBFLI, series,

the w4 shows a monotonic increases from 3.75 (x=0.1) to
5.55up/f.u. (x=0.4). However, all the CBFLi, samples indi-
cate a reduced w.; value compared to the theoretically esti-
mated one, which is reminiscent of geometrically frustrated
systems.

C. Magnetic-field variation in magnetization M(H)

In view of the present observations on the irreversibility
of Mpc(T) and Mzpc(T) curves at lower temperatures, de-
tailed investigations were performed on the isothermal field
driven dc magnetization M(H) curves at four different tem-
peratures. Figures 3(a)-3(d) show the M(H) curves recorded
at temperatures of 5, 50, 100, and 250 K, respectively. For
CBFO, one observes a large hysteresis loop of H.
~0.75 T much larger than the magnetic field used for
Myc-M i measurements [Fig. 3(a)]. There is a marginal in-
crease in Ho to ~1.24 T for CBFLiy; and ~1.17 T for
CBFLi, at 5 K. The particular shape of the loop for CBFO
at 5 K, involving a steplike behavior at 0.4 T, can be ex-
plained by a strong pinning of the domain walls [Fig. 3(a)].
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FIG. 4. (Color online) The real (in-phase) x,. component of ac susceptibilities for (a) CaBaFe,0; (b) CBFLIiy; (c) CBFLij3, and (d)
CBFLij 4 as a function of temperature at the frequency =125 Hz-10 kHz at zero static magnetic field (Hg.), and at a driving ac fields (H,.)
of 10 Oe. The arrows indicate the location of peaks at f=125 Hz. Inset: The magnification of the transition at the freezing temperature (7).
The measuring frequencies (in Hz) are: 125 (M), 325 (OJ), 525 (@), 725 (O), 1000 (A), 5000 (A), and 10 000 ( *).

The saturation magnetization (uy s k) at 5 K indicates only a
marginal decrease from 2.6 (for CBFO) to ~1.15ug/f.u. for
CBFLij3. For all the samples, the wuy 99 x marginally de-
creases from that of uy s x (Table II). The M(H) curves col-
lected below FiM-PM transition (7) clearly show a lack of
magnetic saturation even under the magnetic field of 5 T.
Hence, the saturation magnetization (uy) was determined at
the ordinate point intercepted by the extrapolation from the
linear high-field region of M(H) curve. This criterion elimi-
nates the linear nonsaturating behavior, which is increasingly
visible for all the samples of CBFLi, [Figs. 3(b)-3(d)]. The
higher values of H/’s indicate that CaBaFe,_ i, O series is
a hard ferrimagnet. The uy decreases with increasing tem-
perature as well as the Li content in CBFLi, [Figs.
3(b)-3(d)]. Similarly, the coercive field (H.) also decreases
progressively, and finally above T, the M(H) behavior be-
comes linear, indicative of the paramagnetic behavior at high
temperature. The large H.’s and the nonattainment of satu-
ration of M(H) curves even at field up to 5 T could be cor-
roborated with that of the dc-Mp(T) curves. This behavior
further strengthens the fact that the growing presence of
canted-AFM clusters or competing spin interactions could
prevail in these 114 ferrites.

D. ac magnetic susceptibility study
1. Real part versus temperature, x,.(T)

The measurements of the ac magnetic susceptibility
Xoo(T.f) were made in zero dc magnetic field (Hg.=0) be-
tween 5 to 320 K and at the frequency (f) ranging from 10 to
10 000 Hz using the PPMS. The amplitude of the ac mag-
netic field was H,,~ 10 Oe. The real part (in-phase) compo-
nent of the magnetic susceptibility, x,.(7) for all CBFLi,
series is plotted in Fig. 4. The x,.(T) curves of undoped
CBFO indicate a broader transition at the freezing tempera-
ture (7,) at around ~183 K when compared to that of
CBFLi, samples [Fig. 4(a)]. For CBFLIi, series, the x/.(7)
curves exhibit a maximum at 7y which is much below the
FiM-PM transition temperature (7) estimated from that of
the Mg curves of DCM measurements (Table III). Below
the freezing temperature, the temperature dependence of x,.
varies differently with every compound. For CBFLi, the
Xa(T) curves exhibit a sharp transition near the freezing tem-
perature (77) of about 219.4 K (at 125 Hz) associated with
small cusps at around ~243.9 and 102 K, respectively. How-
ever, these cusps are also frequency dependent. With further
increase of x~0.2 (not shown in Fig. 4), the shoulder cusp
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TABLE III. The magnetic properties extracted from the ac magnetic susceptibility data.

Spin-glass

Activation energy  transition

Te  Thmax from x'(T) Ty from x'(T) Spin-relaxation (average) temperature
Sample  (K) (K) (K) time 7, (s) v E, (eV) T, (K)

0 265.6 183.2 165.1 49x10712 6.4 0.019 176

0.1 2212 219.4 218 1.28x107% 132 0.065 127.2
02 191.6 188.2 176.5 44%x107% 128 0.08 122.5
03 1507 140.5 125.5 24x10715 138 0.094 117.4
0.4 97.5 111.1 108 8.1x1071° 126 0.11 101.8

on x,.(T) curve is restored, the shape of the function of
Xoo(T,f) similar to that of CBFLi,; sample [Fig. 4(b)], show-
ing about 40 K lower T, (~172 K at 125 Hz) values and a
lower absolute value of y,.. As is evident from Figs. 4(c) and
4(d), the behavior of x..(7,f) for CBFLi, 3 is similar to that
of CBFLi ; except for the broader transition at 7. However,
a shoulder peak is not observed for CBFLi,; and an almost
monotonous increase in x,. values appears associated with
the onset of frequency dependent x,.(7). In contrast,
CBFLi, 4 exhibits a unique x,. transition at ~111 K, char-
acterized by a broad maximum [Fig. 4(d)]. Below this tran-
sition, there is only a linear decrease in y,. values with tem-
perature without any anomaly or hump. The Li'* substitution
plays a dominant role not only in magnitude of y,. near T,
but also in the sharpness and form of the ;. curves around
Ty. Nevertheless, the sharp maximum in x; at around 269 K
for CBFO is independent of frequency indicating that it is
not related to spin-glass transition [Fig. 4(a)]. Upon examin-
ing the insets of Figs. 4(a)-4(d), it is also possible to con-
clude that CBFLi, series exhibits frequency-dependent 7
values; i.e., as the frequency (f) is increased, the T} shifts to
higher values associated with the decrease in the magnitude
of x;. For CBFO, the T, value of 183.2 K (at 125 Hz)
increases to ~188.2 K (at 10 KHz). But with further de-
crease in temperature below 77, the frequency dependence of
X.. vanishes. This behavior is the same for all Li-substituted
CBFLi, samples and strongly suggests a spin glass or super-
paramagnetic behavior, which will be treated accordingly in
the discussion below.

2. Imaginary part versus temperature, X,.(T)

In the same way as for the imaginary component (out of
phase) of ac susceptibility, there exists an obvious scaling
difference in the x/. plots shown as a function of temperature
(Fig. 5). The relative-energy losses during the magnetic tran-
sition at T/(x'/x") vary from 7.2, 19, 8.2, and 4.3% for x
ranging from 0 to 0.4. For all CBFLi, samples, the energy
loss at the freezing temperature is significant, suggesting that
the transitions themselves are nonspontaneous. For all
CBFLi, (0=x=0.4) samples, the maximum in the ) (7)
curves [Figs. 5(a)-5(d)] appears just below the maximum of
Xao(T) curve [Figs. 4(a)-4(d)] and is also frequency depen-
dent. However, the difference in temperature between the 7
values in ;. and x. changes significantly with the lithium
content. As an example, T(x;.)— T/(x;.) values at 125 Hz are

18, 1.4, 3.2, 15, and 3.1 K for x=0, 0.1, 0.2, 0.3, and 0.4,
respectively. This irregular variation in the difference is not
understood. In fact, the number of magnetic-relaxation peaks
increases with the lithium concentration [Figs. 5(b)-5(d)].
The CBFLi,, sample exhibits a broad maximum at ~210 K
associated with a sharp maximum at ~108 K and followed
by a small rounded hump at ~42 K (at 125 Hz) [Fig. 5(d)].
Samples with higher Li content (CBFLiy; and CBFLij )
showed a second maximum or a shoulder peak on the low-
temperature side of x.(7) curve. Bearing in mind that the
samples CBFLi, with x=0.3 and 0.4 are really monophasic,
they might exhibit a secondary redistribution of magnetic
spins at around 49 and 45 K, respectively. As underlined by
Mydosh,? a spin-glass (SG) transition is characterized by
other signatures which are less often investigated. For in-
stance, for spin glasses, the temperature of the peak in x;.
must correspond to the inflection point on the high-
temperature side of the y7.(7) maximum.?!?? Figure 5(c)
shows the enlargements of y,. and X, curves for CBFLi 3 in
the region of the peak maxima (7). In the x;.(7) data, the
location of the maximum of y,.(7) is found to be consistent
with the midpoint of the increase in x,.(7) for decreasing
temperature, another result which supports the SG nature of
the transition [Fig. 5(c)].

The conclusions based on the qualitative features of ZFC
and field-cooled dc magnetic susceptibilities are: first, the
ZFC x4.(T) curve exhibits a peak; second, the M- and Mg
curves diverge from each other below the temperature of this
peak. The dc magnetization measurements show the typical
behavior for paramagnetic materials at higher temperatures
(T>Ty) as evidenced by Curie-Weiss plots. Further, there
exist no saturation in M(H) and coercive fields are very
large. We have already specified that this behavior is one of
the hallmarks of SG behavior.® Considering the x,. and x.
curves, one observes that the location of the peak in x'(7) is
shifted to higher 7 as the frequency is increased, while the
magnitude of x’(7) is decreased. It must be emphasized that
this is precisely the behavior expected for a spin-glass
transition.?* As already noticed, the presence of a peak in
x'(T) is indicative of a spin-glass behavior, but it is not a
proof in itself. Moreover, the estimated transitions, where the
M e curve starts to deviate significantly from that of the
Mpc curve (T,), are about ~183, 201, 185, 128, and 112 K
for CBFLi, with 0=x=0.4, respectively. These values are
nearly comparable with that of the 7, values observed from
the x,.(7) measurements. The fact that the bifurcation be-
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FIG. 5. (Color online) The imaginary (out of phase) x,. component of ac susceptibilities for (a) CaBaFe4O; (b) CBFLig; (c) CBFLi3,
and (d) CBFLig4 as a function of temperature at the frequency f=125 Hz-10 KHz at zero static magnetic field (Hg.), and at a driving ac
fields (H,.) of 10 Oe. The arrows indicates the location of peaks at f=125 Hz. The measuring frequencies (in Hz) are: 125 (H), 325 (0),

525 (@), 725 (O), 1000 (A), 5000 (A), and 10 000 ( *).

tween Mpc and Mypc curve starts deviating much above T,
as detected by the dynamic magnetic measurements, is in
favor of a spin-glass state whose spins tend to freeze slowly
over a larger temperature range. Furthermore, we also em-
phasize the contributions by the domain wall pinning effect
to the magnetic relaxations observed in imaginary compo-
nent of ac susceptibility (x,,) wherein the pinned domain
walls can be thermally activated at higher temperatures.
Hence, the magnetic susceptibility can increase slowly lead-
ing to a magnetic-relaxation peak which occurs at the tem-
perature where the domain wall pinnings are overcome.

To check the existence of a spin-glass behavior in
CaBaFe,_,Li,0; samples, we have analyzed the frequency
dependence of maxima in y,(T) for undoped CBFO sample
and one of CBFLi, series, having higher x value that yields a
pure compound, CBFLi 4. This characteristic temperature is
most often associated with the location of the peak in x' (7).
However, the frequency dependence of a freezing tempera-
ture (7)) can be tracked by considering the location of the
peak maxima in x,.(7), which allows us to get a better res-
olution owing to the larger amplitude of the signal. Doing so
in the case of CBFLi, 4, we can follow the frequency depen-
dence of Ty over three decades. The nature of the temperature

and frequency dependences of T, in a genuine SG has been
the subject of intense debate in the last decades. However,
the dynamic scaling theory?* is generally admitted to be the
most relevant to account for a spin-glass transition.?> This
theory predicts a power law of the form r=7y(7
—Tsg/ Tsg) ™", where 7 is the shortest relaxation time avail-
able to the system, Tgg is underlying spin-glass transition
temperature determined by the interactions in the system, z is
the dynamic critical exponent, and v is the critical exponent
of the correlation length. A good test for the relevance of the
power-law model consists of using the equivalent form as

In(7) = In(7) —zvlog(z’r;ﬁ). (1)
SG

We proceeded as follows: (i) first, the value of spin-glass
transition temperature, Tgg, was adjusted in order to get the
best linearity in the In(7) versus T} plots; (ii) then, the spin-
relaxation time, 7), and the dynamic critical exponents, zv,
were derived from the parameters of the linear fitting. The
values of parameter that showed the best fitting for Eq. (1)
are given in Fig. 6 (inset). From Figs. 6(a) and 6(b), one
observes the existence of a remarkable linearity over three
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FIG. 6. (Color online) Plot of In(7) versus freezing temperature
(T)) for (a) CaBaFe,O7 and (b)CBFLIi, 4 characteristic of the power-
law model (see text). The figure displays the best fitting that corre-
sponds to the following values of parameters that are shown in the
inset of the corresponding figures.

decades, which shows that the spin-glass transition in CBFO
and CBFLi, well obeys the behavior expected for SG’s. The
values of best fitting parameters obtained for undoped CBFO
are as follows: Tsg=176 K, 7,=4.9X 1072 5, and zv=6.4
(Table IIT). As expected in the dynamic scaling theory, the
value of Ty is close to the location of the maximum in the
Mypc curves. One can also notice that 7, lies within the
range of values typical of spin glasses (1071010712 5).26 As
for zv, it is well within the values expected for canonical spin
glasses (zv=5-10).22% The spin-relaxation time is also in
range of SG’s and it remains consistent with the results of
other types of spin glasses, such as HosCosyAlys (Ref. 29)
and La,_,Ca,MnO; (0=x=0.15).>" Furthermore, the param-
eters that we obtained for CBFO by fitting with the Vogel-
Fulcher law, 7=7, exp[E,/kp(T/—Tsg)],*® have reasonable
comparison with those obtained from power law following
Eq. (1). On the other hand, for CBFLi, samples, the In 7
versus freezing temperature (7) also gives an excellent lin-
ear dependence [as shown in Fig. 6(b)]. The best fitting pa-
rameters are: 7,=128X107% s, zv=132+2, and Tgg
=127*+3 K for CBFLi,; whereas for sample CBFLij4, 7,
=8.1X10710 5, zv=12.6 +2, and Tsg=101+3 K. The glass
transition temperature 7gg decreased with increasing Li con-
tent. The activation energy, AE,, (average) is ~0.065 (2) eV
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for CBFLi; and indicates a marginal increase to 0.08 eV for
CBFLij, and to 0.11 eV for CBFLij4. Furthermore, these
values are also slightly different from those extracted using
the Vogel-Fulcher law. The spin-relaxation time (7,) for
CBFLi, series decreases drastically from that of undoped
CBFO. In fact, the estimated values of critical exponents zv
and 7, are not consistent with those values reported for the
spin glasses and lie much closer to that of cluser glasses
(1p=10"14-1071% s; zv=12—-14).>* Moreover, the increased
7, values indicate that there is a clear size distribution in the
spin clusters. This is further corroborated by the increased
number of magnetic-relaxation peaks and the broader transi-
tion with increasing Li content for CBFLi, [Figs. 5(b)-5(d)].
To summarize, the power-law model [Eq. (1)] provides a
satisfactory description of our 7 (f) data of CBFLi, for
0.1=x=0.4, demonstrating a critical slowing down model
typical for spin clusters. Hence, a clear transition from spin-
glasses behavior (for CBFO) to cluster glass (for CBFLi,) is
evident from the analysis of dynamic magnetic susceptibility
(xsc and x,.) measurements. Such behavior can possibly arise
from (i) the presence of competing (SE and FiM) interactions
or (ii) the existence of randomness in the spatial distribution
of these interactions due to substitutional effects.!’"'> The
Li'* cation can substitute in both Fe?* and Fe3* sites, i.e., at
the kagome layers or at the triangular layers (between the
kagome layers). Consequently, the substitution can cut the
magnetic interactions between the kagome layers, introduc-
ing a disorder in Fe?*-Li'*-Fe?* exchange couplings. Hence,
it can disrupt the localized FiM ordering both at the kagome
and the triangular layers. Several authors reported the coex-
istence of two or more spatially separated magnetic phases
which is, in turn, induced at different concentration levels of
magnetic impurities: (i) spin glass to ferromagnetism in
CdCr,,In, .S, (Ref. 31) and Lay 551, 5C00;,3 (ii) spin glass
to antiferromagnetism in Fe,Zn,_F, (Ref. 33) or (iii) spin
glass to superconductivity in La,_,Sr,CuO,.>* Presently, the
spin glass to spin cluster transition behavior of these substi-
tuted 114 ferrites are found to be delicate since it often cor-
responds to a situations lying at the borderline between the
itinerant and localized pictures.

E. Transport properties: analysis of temperature variation in
resistivity p(T) curves

The evolution of the resistivity versus temperature of the
CaBaFe,_,Li O, samples [Fig. 7(a)] shows that all these ox-
ides are semiconductors and that the resistivity increases
with the lithium content. Moreover, no resistivity transition
or anomaly could be detected in contrast to LnBaCo,0O;.
Thus, the iron ferrites differ significantly from the cobaltites
which exhibits a step in the p(7) curves due to a structural
transition associated with the release of magnetic frustration.
The resistivity measurements under H=7 T show that the
CBFLi, samples do not exhibit any magnetoresistance except
the undoped phase CBFO [Fig. 7(b)]. The latter shows a
magnetoresistance, maximum at 264 K, MR ~4.3%, which
indicates a possible charge localization.

The analysis of p(T) data was carried out considering the
following models:*»-¢ Arrhenius, small polaronic hopping
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FIG. 7. (Color online) (a) Temperature-dependent electrical re-
sistivity p(7), for CBFLi, (0=x=0.4). The arrows indicate the
p(T) curves of CBFLij,4 during heating (-A-) and cooling (—)
cycles. (b) The resistivity p(H,T) in an applied magnetic field of
H=0-7 T for undoped CBFO.

(SPH), Efros-Shklovskii-type hopping (ESH), and Mott’s
3D variable range hopping (VRH) model. To check for the
validity of the above-mentioned models, the log p were fitted
as a function of 7", where n=—1,-1/2 or —1/4 (Fig. 8).
The p(7) data provided a significant nonlinearity when
fitted with Arrhenius model, indicating that a simple ther-
mal activation of charge carriers alone does not account
for the charge transport. Furthermore, plotting the p(7)
according to ESH model did not give a straight line either.
In contrast, at temperature =200 K, p(7) data could be
fitted with adiabatic SPH conductivity. Thus, from the
nearly linear region of Fig. 8, the activation energy (E,) and
resistivity coefficient (B) have been calculated from the for-
mula, BT exp(E,/kgT) for each sample. The AE, (average)
ranges from 0.11 eV for x=0.1 to 0.18 eV for x=04,
whereas, the resistivity coefficient (B) varies between 2.8
and 1.5X 107 Q cm/K. This implies that unlike a band-gap
semiconductor, the temperature-dependent quantity is the
mobility and not the carrier concentration. However, the low-
temperature p(7) data are better described by VRH model
[p=p, exp(T,/T)~"4], which, in turn, indicates a possible
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FIG. 8. (Color online) Logarithm of resistivity log(p/T) versus
T" plots (where n=1 or i) for CaBaFe,_,Li,0O;. Open symbols and
solid lines represent the experimental data and linear fit to the dif-
ferent hopping models as described in the text.

crossover to different conduction mechanisms at low tem-
peratures. The fit to p, exp(T,/T)~"* gives T, (interpreted as
E, in the SPH model) in the range of ~1139 to 1356 K for
CBFLi, samples. The temperature of deviation from SPH
model (indicated by arrows in Fig. 8) increases with Li con-
tent. Thus these oxides exhibit very complicated charge
transport properties which cannot satisfy unique conduction
model for the entire temperature regime.

IV. CONCLUSIONS

The study of the 114 CaBaFe,_,Li,O; oxides shows that
in spite of their structural similarity with 114 cobaltites, their
magnetic and transport properties are very different. These
oxides can be described as frustrated ferrimagnets whose T,
decreases dramatically as the lithium content increases.
Moreover, these compounds are hard ferrimagnets with high-
coercive fields ranging from 0.7 to 0.9 T. Importantly, the ac
magnetic susceptibility measurements show that CaBaFe,0O,
is a typical spin glass. In contrast, for the Li-substituted ox-
ides, the broad appearance of the spin-freezing transition
temperature as observed from the ac susceptibility measure-
ments x,.(7) and the multiple relaxation peaks in imaginary
component of x,.(7) curves are not indications of spin
glasses but rather of a spin-cluster behavior. The CBFLi,
samples presented here contain a spin-glass feature together
with a second-magnetic feature, of which a disordered anti-
ferromagnet or a spin-cluster formation is possible. Thus, the
magnetic properties of CaBaFe,_,1.i,05 series as a whole can
be described as changing from spin glass to cluster glass as x
increases. These results open the route to the investigation of
the substitutional effect of other magnetic and nonmagnetic
cations for iron in the CaBaFe, O, oxide upon the magnetic
properties of these materials.
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