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Spin frustration and magnetic exchange in cobalt aluminum oxide spinels
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We report on x-ray diffraction, magnetic susceptibility, electron-spin resonance, and heat-capacity studies of
Co[Al,_,Co,],0, for Co concentrations 0 <x< 1. In this spinel system only the A-site Co?* cation is magnetic,
while the nonmagnetic B-site AI’* is substituted by the low-spin nonmagnetic Co>*, and it is possible to
investigate the complete phase diagram from C02+Al3+204 to Co2+C03+204. All samples reveal large negative
Curie-Weiss temperatures ®cy of the order of —110 K independent of concentration, which is attributed to a
high multiplicity of the superexchange interactions between the A-site Co>* cations. A pure antiferromagnetic
state is found for x=1.0 and 0.9 with Néel temperatures 7y=29.5 and 21.2 K, respectively, as evidenced by
lambdalike anomalies in the specific heat. Compositions with 0.3<x<0.75 show smeared out strongly re-
duced magnetic ordering temperatures. At low temperatures, a 7> dependence of the specific heat is indicative
of a spin-liquid state. For x<0.2 a 7> dependence of the specific heat and a spin-glass-like behavior of the
susceptibility below Ty~4.7 K are observed. The high value of the frustration parameter f=|®CW|/Tf> 10
indicates the presence of strong spin frustration at least for x<0.6. The frustration mechanism is attributed to
competing nearest-neighbor and next-nearest-neighbor superexchange interactions between the A-site Co**

ions.
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I. INTRODUCTION

Correlated electron systems with frustrated magnetic ex-
change are subject of intensive current theoretical and ex-
perimental studies.! The inability to satisfy simultaneously
all pairwise interactions between spins results either in a
spin-glass state for structurally disordered magnets? or in a
dynamic liquid ground state’ in magnets with topological
constraints yielding exotic ordered phases, for example, spin
ice.4?

Magnetic AB,X, spinels recently have attracted much at-
tention because of strong frustration effects. Magnetic ions
on the B sites of the spinel lattice form a network of corner-
sharing tetrahedra, an analog of the pyrochlore lattice, which
is known as the most frustrated magnetic lattice.® Antiferro-
magnetic (AFM) spinels with the magnetic ions only on the
B sites reveal unconventional magnetic ground states. Lee ef
al.” reported on composite spin degrees of freedom that
emerge from frustrated interactions in cubic ZnCr,0,. Ueda
et al.® observed a metamagnetic transition to one-half mag-
netization plateau in frustrated CdCr,O,4. The direct Cr-Cr
AFM exchange dominates in chromium oxide spinels and
the resulting geometric frustration is released by a Peierls-
like structural transition attributed to a spin-driven Jahn-
Teller effect.”!! Similar structural anomalies which accom-
pany magnetic transitions were also observed in the AFM
chromium sulfide and selenide spinels.'>'* They were as-
cribed to another type of frustration, called bond frustration,
related to competing antiferromagnetic and ferromagnetic
superexchange interactions which equally dominate the mag-
netic exchange in chromium chalcogenides. Due to geo-
metrical and bond frustration the Cr spinels reveal a rich
phase diagram' that recently has been explained by band-
structure calculations including a modeling of the effective
exchange constants between the Cr spins.'©
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Strong frustration effects were recently found in a number
of sulfide and oxide spinels containing magnetic ions solely
on the A sites.!”!8 Their magnetic susceptibilities exhibit an
extended range of the Curie-Weiss (CW) behavior down to
very low temperatures and high values of the frustration pa-
rameter f, defined as the ratio of the absolute value of the
CW temperature Ocy to transition temperature Ty, i.e., f
=|@cw|/Ty. For FeSc,S, and MnSc,S,, frustration param-
eters of 900 and 11, respectively, were found. These com-
pounds reveal broad spin-liquid (MnSc,S,) and spin-orbital
liquid (FeSc,S,) regimes for the temperature range Ty<T
<|®¢w| characterized by strongly enhanced dynamic spin
and orbital correlations as evidenced by neutron-scattering
experiments.'>? In aluminum oxide spinels with the A sites
occupied by Fe and Co ions no long-range order was de-
tected down to 2 K despite the presence of strong AFM ex-
change interactions as indicated by their large negative CW
temperature Ocw~—100 K. At low temperatures these
spinels undergo short-range order. For example, the magnetic
susceptibility of CoAl,O, exhibits spin-glass-like behavior
below a freezing temperature 7,~35 K. The frustration pa-
rameter, f=|@cwl|/T;~22, attributes CoAl,O, to the family
of strongly frustrated magnets. Recent neutron-diffraction
studies?! revealed a liquidlike structural factor of the mag-
netic intensities and suggested a spin-liquid ground state for
this compound.

The experimental observations of strong frustration in
magnetic A-site spinels are rather intriguing. Indeed, the
A-site ions form a diamond lattice and assuming only
nearest-neighbor interactions no frustration effects are ex-
pected. The A-site lattice can be viewed as consisting of two
interpenetrating frustrated fcc sublattices shifted by (0.25,
0.25, 0.25) along the [111] direction. Considering second-
neighbor exchange interactions that couple spins within each
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fcc sublattice, frustration effects can be anticipated, as was
already noticed in Refs. 17 and 18 and has been explicitly
demonstrated in recent theoretical studies.?”> The theoretical
treatment of the exchange interactions in A-site antiferro-
magnetic spinels documented the crucial role of the second-
neighbor AFM exchange for generating strong frustration ef-
fects and predicted a spiral spin-liquid ground state for a
number of spinels with A-site magnetic ions.??

It is important to note that the finding of strong AFM
exchange between the A-site Co®* ions in CoAl,O, is un-
usual and at present is far from being fully understood. A
relatively large distance (~3.5 A) between nearest-neighbor
Co?* ions excludes the direct exchange. Lotgering?® and
Roth?* ascribed the large Curie-Weiss temperatures of the
transition-metal aluminum oxide spinels to the inversion ef-
fect which can enhance the exchange between the A-site
magnetic cations. Another explanation was proposed in Ref.
18, where the large @y was attributed to a high multiplicity
of the exchange interaction paths between the tetrahedral
ions, which include at least three intermediate ions.!7-2425
The magnetic structure of Co-Al-O spinels is also far from
being clarified. Earlier neutron-diffraction studies®* failed to
find clear long-range order in CoAl,O, suggesting at the
same time a collinear antiferromagnetic arrangement of the
A-site spins of the nearest-neighbor Co** ions similar to that
of Co;0, as revealed by neutron diffraction.”® However, the
recent theoretical analysis of the spin order in A-site mag-
netic spinels?> does not support such a simple spin arrange-
ment.

The above mentioned problems motivated our interest in
the Co[Al,;_,Co,],0,4 system in which it is possible to vary
the inversion degree and thus to study the effect of B-site
substitution on the magnetic ground state properties. Here we
present the results of x-ray diffraction, magnetic susceptibil-
ity, electron-spin resonance, and heat-capacity studies of
Co[Al,_,Co,],0, spinels in the whole concentration range
0=x=1 of substitution of Al by Co. We analyze the evolu-
tion of the magnetic correlations yielding a spin-glass ground
state in frustrated CoAl,O, and long-range antiferromagnetic
order in Co30y.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Co[Al,_,Co,],0, with concen-
trations x=0; 0.1; 0.2; 03; 0.4; 0.45; 0.5; 0.6; 0.75; 09, and
1.0, were prepared by solid-state reaction from high purity
binary oxides CoO and Al,O3 (both 99.99%) and Co;0,
(99.985%). The synthesis was performed in alumina cru-
cibles placed in evacuated quartz ampoules. In order to ob-
tain minimal inversion which is essential for the low concen-
tration range x, the sintering temperature was kept at
1000 °C similar to the procedure reported in Ref. 18. After
3 days of sintering at the highest temperature the samples
were slowly cooled to room temperature with a cooling rate
of about 15 °C/h. The synthesis was repeated several times
in order to reach better homogeneity and full chemical reac-
tion of starting materials. To reduce the oxygen nonstoichi-
ometry the first synthesis was performed in an atmosphere of
oxygen excess. Additional postsintering annealing of several
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samples in flowing oxygen was also performed. The pres-
ence of nonreacted oxides in samples was checked by x-ray
diffraction and energy dispersive x-ray (EDX) analysis.

Powder x-ray diffraction was performed by Co Ka radia-
tion with a wavelength A\=1.789 19 A utilizing X’Pert Pro
MPD with X’Celerator (PW3040), Panalytical. The data
were analyzed by standard Rietveld refinement using the
FULLPROF program.”’ Magnetization was measured with a
commercial superconducting quantum interference device
magnetometer (MPMS-5, Quantum Design), the heat
capacity—using a physical property measurement system
(Quantum Design), both in the temperature range 2 K<T
=300 K. The electron-spin resonance studies were carried
out with a Bruker ELEXSYS E500 CW spectrometer at
X-band frequency (¥=9.36 GHz) in a helium gas flow cry-
ostat (Oxford Instruments) for temperatures between 4.2 and
300 K.

III. EXPERIMENTAL RESULTS
A. Structural data

X-ray powder diffraction experiments were performed at
room temperature on powdered polycrystalline samples. The
diffraction patterns showed single phase materials for all in-
vestigated compositions without any evidence of impurity
phases (except for the sample with x=0.6 where ~2% CoO
were detected also by EDX analysis). The x-ray data were
analyzed assuming a cubic spinel structure with the space

group Fd3m (No. 227). Within the Rietveld refinement, 12
parameters have been fitted: scale factor, zero point shift,
resolution parameters, lattice constant, oxygen positional pa-
rameter, occupation factor of cations, and isotropic tempera-
ture factors for Co, Al, and O ions. In the fitting procedure
the occupation factor of oxygen was fixed to unity. The lat-
tice constants a, the oxygen positional parameters xq, and
the occupation factors for the Co and Al cations on the A and
B sites are listed in Table I.

Representative diffraction profiles for several samples
with different Co concentrations together with the Rietveld
refinement and the difference pattern are shown in Fig. 1. We
note that the reflections (111) and (222) reveal a monotonous
evolution in intensity with increasing x and the reflection
(533) shows a monotonous shift to high angles [see Figs.
2(a) and 2(b)]. With increasing Co concentration on the B
sites the lattice constant gy is found to decrease. Our data for
both end members of the Co-Al-O system agree well with
published results: a,=8.1063 A for x=0 (Ref. 28) and q,
=8.0837 A for x=1 (Ref. 29). The concentration dependence
of ag follows Vegard’s law [see Fig. 2(c)]. Deviations from a
linear dependence can probably be attributed to deviation
from the nominal Co concentration at the B sites. Indeed, the
refinement shows that for the substitution x<<0.3 the amount
of Co on the B sites is slightly higher than the nominal value.
At the same time, a respective amount of Al ions is found on
the tetrahedral A sites. For substitutions x>0.3 the amount
of Co on the B sites is close to the nominal value, except for
the impure sample x=0.6. The possible oxygen nonstoichi-
ometry could also contribute to deviations from Vegard’s

094412-2



SPIN FRUSTRATION AND MAGNETIC EXCHANGE IN...

PHYSICAL REVIEW B 77, 094412 (2008)

TABLE I. Lattice constants a( oxygen positional parameter x, in fractional coordinates (f.c.), and occupation factors of Co and Al cations
on the A and B sites of Co[Al,_,Co,],04 obtained by Rietveld analysis. R factors and x> values for each refinement are also indicated.

Nominal
concentration,

x ay (A) xo (f.c.) Co/A Al/A Al/B Co/B Rf I

0 8.1070(1) 0.2626(3) 0.896(8) 0.104(8) 0.936(6) 0.064(6) 4.5 2.2

0.1 8.1029(1) 0.2631(2) 0.960(4) 0.040(4) 0.872(2) 0.128(2) 34 2.3
0.2 8.1007(1) 0.2636(2) 0.972(4) 0.028(4) 0.782(2) 0.218(2) 4.0 2.3
0.3 8.0980(1) 0.2639(2) 0.972(4) 0.028(4) 0.678(2) 0.322(2) 3.3 2.2
0.4 8.0973(1) 0.2640(2) 0.972(4) 0.028(4) 0.590(2) 0.410(2) 34 2.3
0.45 8.0961(1) 0.2639(2) 0.976(4) 0.024(4) 0.542(2) 0.458(2) 34 2.4
0.5 8.0962(1) 0.2639(2) 0.980(4) 0.020(4) 0.494(2) 0.506(2) 4.9 29
0.6* 8.0928(1) 0.2620(3) 0.996(4) 0.004(4) 0.418(2) 0.582(2) 2.2 34
0.75 8.0891(1) 0.2642(3) 0.996(4) 0.004(4) 0.248(2) 0.752(2) 3.6 3.5
0.9 8.0864(1) 0.2645(3) 0.992(4) 0.008(4) 0.116(2) 0.884(2) 5.1 2.7

1 8.0832(1) 0.2656(5) 1.000(8) 1.000(4) 7.4 4.1

aContains ~2% of CoO impurity.

law; however, as-grown samples and those additionally an-
nealed in oxygen gave similar results and, therefore, this ef-
fect was difficult to estimate. Thus, the x-ray diffraction in-
dicates the formation of a complete set of solid solutions in
this system and excludes coexistence of phases with different
X.
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FIG. 1. (Color online) X-ray diffraction profiles of
Co[Al,_,Co,],04 with different Co concentrations x at the B sites.
The measured intensities (red open circles) are compared with the
calculated profile using Rietveld refinement (black solid line). The
Bragg positions of the normal cubic spinel structure are indicated
by vertical (green) bars and the difference pattern is shown by the
bottom thin (blue) solid line.

B. Magnetic susceptibility

Figure 3(a) presents the temperature dependences of
the inverse molar susceptibilities x '=(M/H)™' of
Co[Al,_,Co,],0, measured on cooling in an external mag-
netic field of H=10kOe for temperatures 1.8 K<T
<400 K. Note that all samples exhibit rather similar values
of the susceptibility for 7> 100 K with a strictly linear tem-
perature dependence of y~'(7). The inverse susceptibility
X '(T) of CoAl,O, (x=0) obeys a Curie-Weiss law for an

CO[AI1-xCOx]2 04 (533) a
'1.0 ”',y.n"i-\‘ '..-..‘

2N wggnn s .
VR \
Y 0

Intensity (arb.units)
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T T

0.0 0.2 0.4 X 0.6 0.8 1.0

FIG. 2. (Color online) [(a) and (b)] Evolution with substitution x
of the characteristic reflection (533); (c) dependence of the lattice
constant @y on x. Open symbols are related to nominal concentra-
tions, and closed symbols to refined values of x.
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FIG. 3. (Color online) (a) Inverse molar susceptibility of
Co[Al,_,Co,],04 vs temperature in a field of 10 kOe for different
concentrations x. (b) Susceptibility vs temperature in a field of
1 kOe. The arrows indicate the temperature of the ZFC susceptibil-
ity maximum, Ty, for x<<0.3 and the Néel temperature Ty for
x=1.

extended temperature range above 10 K. It shows an upturn
at low temperatures which becomes more pronounced and
shifts to higher temperature with increasing substitution. At
the same time, the susceptibility starts to deviate from a CW
law at higher temperatures indicating increasing spin corre-
lations upon doping. For Co;0, (x=1) these deviations are
clearly visible already below 100 K.

The temperature dependences of the static susceptibility
M/ H in the low-temperature range for 2 K<7<50 K mea-
sured in a field of 1 kOe are shown in Fig. 3(b). All samples
with x <0.9 exhibit a notable temperature hysteresis between
zero-field-cooled (ZFC) and field-cooled (FC) data. How-
ever, the susceptibility behavior is quite different for the
samples with x<<0.3 and x>0.3. For x=0 the susceptibility
shows a sharp anomaly at 7;=4.7 K with a maximum in the
ZFC and an upturn in FC susceptibility at temperatures be-
low Ty, resembling spin-glass (SG) behavior. Above T, FC
and ZFC susceptibilities coincide. The samples with x=0.1
and x=0.2 reveal SG-like behavior as well and freezing tem-
peratures T similar to x=0. In addition, another broad maxi-
mum evolves above Ty which becomes more pronounced
with increasing x. For the sample with x=0.3 the SG features
are hardly discernible at 5 K and are absent for the samples
with x>0.3. With increasing substitution the broad maxi-
mum in the susceptibility is continuously shifted to higher
temperatures. The susceptibility of the samples with 0.3 <x
=<0.75 still shows a ZFC-FC hysteresis but the splitting of
the FC and ZFC curves occurs below the temperature of the
susceptibility maximum. No hysteresis was detected for the
samples with x=1 and 0.9.

= DC
e 513 Hz
A + 1013 Hz
1.8} 4 5013 Hz
0 10 20 30 40
T (K)

FIG. 4. (Color online) Temperature dependences of the real part
of the ac susceptibility for different frequencies for the samples: (a)
x=0.1 and (b) x=0.4. The static (dc) susceptibility is also shown.
The arrows mark the freezing temperature 7y and the temperature of
the inflexion point of the susceptibility 7*.

To clarify the origin of the low-temperature irreversibili-
ties we measured the ac susceptibility y,. for several samples
in a frequency range 13—10 000 Hz. Respective data for the
sample with x=0.1 are given in Fig. 4(a). With increasing
frequency v the maximum of the real part of the ac suscep-
tibility at T shifts to higher temperatures, like in conven-
tional spin glasses. The frequency shift of 7, characterized
by the quantity d7/d(log v), varies for the different frequen-
cies within 0.04—0.06 and is close to values observed in spin
glasses.?” The ac susceptibility for the sample x=0.4 behaves
completely different. Like the static susceptibility y,., the ac
susceptibility y,. shows a broad maximum with practically
no frequency dependence [Fig. 4(b)].

The paramagnetic Curie-Weiss temperature Oy and the
effective magnetic moment p,,, were determined from CW
fits to the experimental susceptibility x(7)

M5 D
X= Xdia+ 5o (1)
B

The value of the temperature independent susceptibility of
nonmagnetic ZnAlL,O,, Xy.=-7.4% 107> emu/mol, taken
from Refs. 18 and 31, was used to correct the experimental
data for diamagnetic contributions.

Table II summarizes the fit parameters, p, . and © ¢y, ob-
tained for different samples. Our experimentally determined
Curie-Weiss temperatures and effective moments for the end
members of this systems, CoAl,O, (x=0) and Co;0,
(x=1), are in reasonably good agreement with those reported
in earlier studies: Ocyw=-104 K, p,;=4.65u; for x=0 (Ref.
18) and Ocyw=-109 K, p,;=4.78ug for x=1 (Ref. 32). We

094412-4



SPIN FRUSTRATION AND MAGNETIC EXCHANGE IN...

TABLE II. Curie-Weiss temperatures ®cyw and effective mo-
ments p,=g,AS(S+1)]"* determined from the CW fits to the
magnetic susceptibility of Co[Al;_,Co,],0,. Also given are Néel
temperatures T, freezing temperatures 7y, temperature of the in-
flexion point of the susceptibility 7%, and frustration parameters f
=|®cwl/ TATy, T*).

Substitution Ocw Dett Ty/ Ty T* f

x (K) (18) (X) (X)

0 -119 4.88 /47 ‘e 253
0.1 -102 4.76 /4.8 ‘. 21.3
0.2 -101 4.76 /4.5 . 22.4
0.3 -111 4.86 <+/4.5 6.5 17.1
0.4 -106 4.79 6.8 15.6

0.45 -101 4.75 7.5 13.5
0.5 -100 4.75 7.0 14.3
0.6 -100 4.81 9.0 11.1

0.75 -100 4.77 11.5 8.7
0.9 -110 4.78 21.6/--- 20.8 5.3

| -114 4.80 29.5/--- 29.2 3.9

note that the Curie-Weiss temperatures as well as the effec-
tive moments do not exhibit any systematic variation as a
function of concentration. Surprisingly, all samples reveal
similar ® ¢y values between —100 K and —120 K. The effec-
tive moment p.y for the different samples scatters within
~3%, which implies that the deviation from nominal stoichi-
ometry of the samples is rather small. The deviations of the
concentration of Co ions at the A sites from the nominal
value estimated by Rietveld refinement are of the same order.
However, with decreasing x these deviations continuously
increase while the effective moments show a nonsystematic
behavior. Therefore we cannot exclude some contribution to
the variation of p, from oxygen nonstoichiometry or CoO
impurity with concentrations below the limit of detection
(~2%). The effective g factors g, calculated from the sus-
ceptibility data, assuming that only Co?* ions with §=3/2
contribute to the magnetic properties, range within 2.45-2.53
for the samples with different x. Similar values for Co®* are
observed in different solids.?* These values are, however, by
about 10% larger than the value of 2.23 obtained directly
from the electron-spin resonance experiments (see Sec.
III C). To understand the reason of this inconsistency we
performed postsintering annealing of several samples in oxy-
gen atmosphere. Annealing of the sample with x=0.5 re-
sulted in an effective g factor of 2.26 in good agreement with
the ESR data. However, for the other samples the annealing
experiments were not so conclusive and the difference be-
tween these two g factors remained. The most important fact
is that the value of the Curie-Weiss temperature for the an-
nealed samples did not change essentially, being at the same
level of —100 K. This suggests that Oy is only weakly in-
fluenced by the oxygen nonstoichiometry. Summarizing, we
notice that these results as well as the similarity of our data
and those obtained on the samples prepared at the lowest
possible temperatures in Ref. 32 indicate that deviations
from stoichiometry in our samples are indeed small. There-
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FIG. 5. (Color online) Magnetization M(H) for

Co[Al,_,Co,],04 samples with different x at =2 K. The arrow
indicates a metamagnetic transition at a critical field H.~9 kOe for
Co0304. The dashed line traces the magnetization in fields below H,.
for the sample x=1. Inset: scaling of M in a field of 50 kOe with the
substitution x.

fore, we conclude that the nonstoichiometry and impurities
have only marginal effect, and the Curie-Weiss temperature
Ocw=-110£10 K can be considered as an intrinsic value
for all samples of the Co[Al,_,Co,],0, system.

Figure 5 presents the magnetization curves measured at
2 K for samples with different x. For samples with x<0.3
the magnetization curves show a small nonlinearity (of about
2% in the whole measured field range up to 50 kOe). With
increasing x the difference between the dc-susceptibility
M /H at low and high fields becomes more pronounced. For
example, for the sample with x=1 a clear change from the
low-field to high-field susceptibility occurs at a critical field
of 9 kOe, resembling a spin-flop transition. An additional
peculiarity is related to a linear reduction of the moment with
increasing x, as shown in the inset of Fig. 5. The moment as
measured at 50 kOe is reduced by 30% when moving from
x=0to x=1.

C. Electron-spin resonance

To gain insight into the local magnetic properties we mea-
sured the electron-spin resonance for samples throughout the
complete substitution range. A typical ESR spectrum of the
sample with x=0.9 is shown in Fig. 6(a). The ESR line can
only be satisfactorily described assuming two lines with
Lorentzian shape with different linewidths. Due to the large
linewidth, the ESR signal was evaluated taking into account
both circular components of each line as described by Ivan-
shin et al.** For the x=0.9 sample, the intensity of the narrow
line exhibits only a weak temperature dependence for 40 K
<T<300 K, while the intense broad line shows a pro-
nounced temperature dependence [see Fig. 6(b)]. In contrast,
for pure Co;0, both lines reveal comparable intensity and
temperature dependences [see inset in Fig. 6(b)]. The result-
ing intensity summed over both lines can be well fitted by a
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FIG. 6. (Color online) (a) ESR spectrum for the sample with x
=0.9 at 100 K. Circles represent experimental data; and dashed,
dotted, and solid lines refer to deconvoluted broad line, narrow line,
and sum of both, respectively. (b) Temperature dependence of the
intensity of the broad, narrow, and sum of both ESR lines for x
=0.9. Inset: the same for the sample Co30,. Solid lines represent
the CW fit with Ocw=-113.5 and —105 K for x=0.9 and 1.0,
respectively.

Curie-Weiss law with the CW temperature in good agree-
ment with that obtained from the susceptibility data. With
decreasing concentration x the intensity of the broad line
becomes dominating. The temperature dependences of the
ESR linewidth AH for several samples with different substi-
tutions are shown in Fig. 7. For pure Co;0, both broad and
narrow lines exhibit the smallest linewidth (1600 and
740 Oe, respectively, at 100 K) and a smooth decrease on
decreasing temperature. On approaching 30 K a sharp in-
crease of AH is observed indicating the onset of strong local
fields due to the development of AFM correlations. With
decreasing concentration of the B-site Co ions a strong in-
crease of the linewidth compared to that for Co;0,4 occurs.
For x=0.9 the linewidth first shows a decrease on decreasing
temperature similar to Co;0, but below ~100 K AH rises
again. Finally, on approaching 30 K, the linewidth for all
substituted samples exhibits a strong increase, however, less
pronounced than for Co;0,. With further decreasing x <0.4
the lines become so broad that they cannot be reasonably
evaluated from X-band ESR measurements.

D. Specific heat

The temperature dependences of the molar heat capacity
C(T) for several Co[Al,_,Co,],0, samples with different x
are presented in Fig. 8(a). The heat capacity for nonmagnetic
ZnAl,O, gives an estimate for the phonon contribution and

5F & w0 045 oAl ColO ]
A - %% coAl,Col0,
4 09 v=9.358 GHz
10 —v—1.0 - _
-i"..-.-l.-.-.
. o
000949070, °%,%% "¢ o0
50 o 1
@
O
< 0
% 3
2+
1+
0 50 100 150 200 250

T(K)

FIG. 7. (Color online) Temperature dependence of the linewidth
of the broad (a) and narrow (b) lines for samples with various
concentrations x.

is also included in this figure. The results for Co;O, are in
good agreement with those reported earlier by Khriplovich et
al.® The heat capacity of this compound shows a sharp
\-type anomaly at 29.5 K unambiguously revealing a transi-
tion into a long-range ordered magnetic state. For x=0.9 the
N\ anomaly is shifted to lower temperature (Ty=21.6 K),
while a small peak can also be detected at 29 K. With further
decreasing x, and a concomitant increase of the Al concen-
tration on the B site, the anomaly at ~29 K becomes less
pronounced but still clearly discernible down to x=0.5. It
finally vanishes for x=<0.45. At low temperatures the specific
heat for all samples with x=<0.75 develops an additional
broad anomaly (hump) which is continuously shifted to
lower temperatures on decreasing concentration for 0.3 <<x
=<0.75.

We observed that for x=1 and 0.9 the Néel temperature
Ty determined from the A anomaly in specific heat is very
close (within 1 K) to the temperature 7% of the inflexion
point of the susceptibility. At the same time, the values of Ty
and 7™ are about 10 K lower than the temperature of the
broad maximum in the susceptibility, which is located at
39.7K (x=1) and 31.5 K (x=0.9), respectively. For x
=0.75, the temperature of the inflexion point of the suscep-
tibility 7* comes close to the temperature 7} of the hump in
the specific heat. The values of Ty determined from the spe-
cific heat and as well as of the freezing temperature 7, and
the temperature 7* of the inflexion point of the susceptibility
for different concentrations are given in Table II.

The specific heat of the nonmagnetic isostructural com-
pound ZnAl,O,, corrected for the mass difference as sug-
gested in Ref. 36, was used to estimate the phonon contribu-
tion in Co[Al,_,Co,],04. The magnetic part of the specific
heat C,, was calculated by subtraction of the respective pho-
non contribution from the total specific heat. The tempera-
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FIG. 8. (Color online) (a) Heat -capacity C(T) of
Co[Al,_,Co,],0, for different x. Arrows indicate the anomaly at the
Néel temperature Ty for x=1.0 and of the kink at low temperatures
at T) for x=0.75. The lowest curve shows the heat capacity for
nonmagnetic ZnAl,Oy; (b) Change of the magnetic entropy AS,,(7).
The dashed line shows the entropy corresponding to a value
R In(25+1) for S=3/2. Inset: magnetic part of the specific heat C,,
at low temperatures for several compositions of Co[Al;_,Co,],04
on double logarithmic scale. The solid lines through the experimen-
tal points correspond to a T> dependence for x=0, to a 7> depen-
dence for 0.3 and 0.6, and to a 7> dependence for x=0.9.

ture dependence of the change of magnetic entropy calcu-
lated by integration of the magnetic part of the specific heat
over the measured temperature range for several samples is
shown in Fig. 8(b). For x=1 the magnetic entropy at the Néel
temperature reaches about 50% of the full magnetic entropy
R In(25+1) expected for the ordering of the Co>* ions with
spin S=3/2. This value of the magnetic entropy at T in
Co30, is comparable to that observed in conventional anti-
ferromagnets. We also note a shift of the magnetic entropy to
lower temperatures with decreasing x. For x=0.9 the mag-
netic entropy at 7 reaches only ~38% of the full value,
whereas for samples with x<0.2 the magnetic entropy at the
freezing temperature is 7%, only.

Finally, we want to mention an important observation in
the behavior of the specific heat for temperatures below T},
down to lowest temperatures [see inset in Fig. 8(b)]. The
magnetic part of the specific heat shows a change from a 7°
dependence for the sample with x=0 to a 7> dependence for
the samples with x between 0.3 and 0.75, and finally, to ~T73
temperature dependence for x=0.9 and 1. We are aware that
the temperature range of this observation is less than one
decade and measurements to lower temperatures are neces-
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sary to arrive at final conclusions. However, we think that
this observation is too significant to be ignored.

IV. DISCUSSION

The first important result of our study is related to the
high values of the Curie-Weiss temperatures observed in
Co-Al spinels. We would like to emphasize that the observa-
tion of very similar CW temperatures of the order of —110 K
for compositions with different Co concentrations on the B
sites apparently excludes the inversion mechanism suggested
earlier as reason for the enhanced CW temperature of
CoAl,O, and of the other magnetic A site aluminum oxide
spinels.”»? The alternative explanation'® based on the high
multiplicity of the superexchange interactions between the
A-site Co”* ions seems to be more plausible. However, the
fact that the magnetic exchange in our system is equally
strong for both B-site Co** ions in a low-spin 3d° state and
diamagnetic AI** ions is surprising. On one hand, the inde-
pendence of the CW temperatures on substitution suggests
that the exchange between tetrahedral Co’* ions is almost
independent of the ions at the octahedral sites. On the other
hand, the appearance of a broad maximum in the suscepti-
bility that shifts to higher temperatures with increasing x
indicates increasing AFM spin correlations. Finally, the es-
tablishment of a true long-range antiferromagnetic order for
x=0.9 and 1.0 has to be attributed to an increasing role of the
exchange interactions through the B-site Co ions. This ex-
change appears to be relatively small as compared, for ex-
ample, to Co®*-O-Co** exchange, but its contribution be-
comes evidently important at large x. The complexity of the
magnetic phase diagram, depending on the ratio of the
nearest-neighbor (J;) and next-nearest-neighbor (J,) ex-
change, has been modeled in Ref. 22. According to these
calculations, CoAl,O4 with J,/J;=1/8 is just in the spiral
spin liquid regime with large frustration, while with decreas-
ing J, the Néel state is stabilized, which obviously happens
for Coz0,.

The second important result is related to strong spin frus-
tration which is evidenced by magnetic and specific heat
measurements. For the samples with x<0.2, an extended
temperature range of the Curie-Weiss behavior of the static
susceptibility, low freezing temperatures of ~5 K, and large
negative Curie-Weiss temperatures of the order of —110 K
result in frustration parameters f>20 (Table II). In addition,
the value of the magnetic entropy at the SG transition
reaches only 7% of the full magnetic entropy. This implies
that a significant fraction of the magnetic entropy is released
at high temperatures, which is a clear signature of frustration.

Concerning the SG-like phase, it is important to note the
following: Although the static and ac susceptibilities of the
samples with low concentration, x=<0.2, show temperature
and frequency variations resembling that of canonical spin
glasses, a 7> dependence of the specific heat observed for
CoAl,O4 (x=0) and roughly the same for the sample with
x=0.1 is in sharp contrast with that expected for spin glasses.
For canonical spin glasses a linear temperature dependence
of the specific heat is observed below the cusp in C(T) which
appears above the freezing temperature.3® We also note that a
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T? dependence of the specific heat was already found in a
number of geometrically frustrated spin glasses with spinel
and Kagomé structure’’® and in the strongly frustrated spi-
nel FeSc,S, with a spin-orbital liquid ground state.'” Be-
cause the spin-glass behavior is not seen for x=0.3, but is
most pronounced in samples with lower x, its appearance can
be attributed to disorder on the A sites. Indeed, for the
sample with the nominal concentration x=0, which shows
the largest SG irreversibility, a significant fraction of Al ions
(of about 10%) is found on the A sites. For samples with
larger x the SG features become weaker which clearly corre-
lates with the decrease of the disorder on the A sites (see
Table I). Therefore, we think that the A-site disorder might
be responsible for the release of spin frustration at lowest
temperatures. In the absence of disorder on the A sites in the
sample with x=0 one would probably expect a quantum
paramagnetic behavior with a strict CW dependence of the
susceptibility toward zero temperature. Preparation of purely
stoichiometric CoAl,Oy is, however, a challenging problem,
since in solid-state synthesis this compound forms only
above 850 °C, a temperature which is high enough to gen-
erate site intermixing.3%*0

In contrast to compositions with SG-like ground state, the
x=1 end member of this system, Co;0,, develops a long-
range antiferromagnetic state below Ty=29.5 K, as revealed
by the sharp anomaly in the specific heat and by the diver-
gent behavior of the linewidth in the ESR experiments. Our
magnetization data suggest that the spin configuration in this
compound is more complex than the collinear antiferromag-
netic arrangement proposed earlier in Ref. 26. In fact, the
observed pronounced nonlinearity of the magnetization
curve and the increase of the susceptibility at high fields
above the critical field of 9 kOe (Fig. 5) indicate a field
induced magnetic transition. Similar magnetization features
have been observed in several spinels with incommensurate
helical spin arrangement.*! Helical spin order in these com-
pounds is a consequence of the increasing contribution of
next-nearest-neighbor exchange interactions which compete
with the nearest-neighbor interactions. The next-nearest-
neighbor interactions are particularly important in Co-Al-O
spinels; therefore they also might be responsible for the com-
plex arrangement of the A-site spins. After original submis-
sion of our paper, Ikedo et al.*? reported on the muon spin
resonance studies of Co;0,4 which were interpreted in terms
of an incommensurate spin configuration. By analogy with
the strongly frustrated MnSc,S, spinel®” they attributed the
incommensurate spin order in Co;0, to a structural transition
due to a charge- and/or spin-state change of the Co ions.
However, recent studies of strongly frustrated magnetic chal-
cogenide spinels ZnCr,S(Se), obviously demonstrate that
competing FM and AFM exchange interactions alone can
drive the structural distortions and a structural phase
transition.'2-13

In Co-Al-O spinels a contribution to structural distortions
from the spin-orbital coupling can be additionally anticipated
from the ESR data. According to Ref. 43, the dominant con-
tribution to the linewidth of the ESR spectra in Co;0, arises
from the splitting of the ground state spin quartet of Co**
ions in a uniaxial crystal field. As we deal with polycrystal-
line samples, we cannot resolve the corresponding aniso-
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FIG. 9. (Color online) Magnetic phase diagram of
Co[Al;_,Co,],0,. For x=0.9 and 1.0 the ground state is antiferro-
magnetic (AFM). The spin-glass (SG) state exists for 0=<x<0.3.
For 0.3=<x=< 0.75 spin-liquid (SL) and AFM phases coexist. The
SL is separated from the paramagnetic (PM) state by a line corre-
sponding to the Curie-Weiss temperature |@cwl|. Ty, Ty, and T*
define, respectively, Néel temperature, freezing temperature, and
temperature of the inflexion point of the static susceptibility. For
Griffiths phase see text.

tropy of the spectra, but only approximate the powder pattern
by means of two Lorentzians due to the extreme lines which
confine the angular distribution. The anisotropy and line-
width depend on temperature; hence, the intensity weight
may shift between the extreme lines and, thus, only the sum
of both lines represents the real susceptibility, as has been
shown by the fits of the intensity in Fig. 6. Substitution with
Al results in increasing local distortions of the tetrahedral
ligand field and the two lines existing in the ESR spectra
imply both the increasing anisotropy as well as a wide dis-
tribution of the local distortions.

In the intermediate range 0.3 <x=<0.75, both the suscep-
tibility and specific heat show no pronounced anomalies
characteristic for a long-range magnetic or SG-like ordering.
Lack of a clear magnetic ordering in connection with high
CW temperatures again points to the presence of strong spin
frustration. A 7> temperature dependence of the specific
heat for these samples observed at the lowest temperatures
suggests a spin-liquid (SL) ground state in accord with the
theoretical predictions for the frustrated magnetic A-site
spinels.?? Preliminary neutron-scattering investigations** of
the sample with x=0.35, however, revealed a long-range
AFM order, which sets in below the temperature of the in-
flexion point in the susceptibility 7* coexisting with a liquid-
like structure factor. At the same time, the intensity of the
magnetic reflections was much lower than that for Co;04
with pure long-range AFM ground state, suggesting that
AFM ordering in x=0.35 is not complete and possibly coex-
ists with the spin-liquid phase.

The evolution of the magnetic states in Co[Al,_,Co,],0,
depending on the B-site Co concentration and temperature
that follows from our studies can be interpreted within the
phase diagram shown in Fig. 9. The spin-liquid regime is
separated from the paramagnetic (PM) regime by a line cor-
responding to a temperature |@¢yw| as suggested by recent
experimental'>? and theoretical®?> investigations of the
A-site frustrated magnets. However, as most of our experi-
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mental techniques are not sensitive to dynamic spin correla-
tions, we are unable to verify this in detail. From the ESR
data the appearance of such correlations below 100 K can be
deduced from the line broadening for the samples with x
=0.9 and 0.45. For the other samples the ESR results were
not so conclusive. Therefore, we use this well established
relation as an upper limit for the boundary between PM and
SL phases. It is clear that this is only an approximate bound-
ary, and does not separate different phases. In the range 0.3
<x<0.75 the AFM order gradually develops with increasing
X, probably coexisting with the spin-liquid state. It has to be
noted that the specific heat of the samples with 0.5<ux
=<(.75 still exhibits a small but clearly discernible anomaly
at ~29 K which is close to the Néel temperature of Co0,.
The amplitude of this anomaly at ~29 K shows a nonmo-
notonous behavior with substitution. It is noticeable even in
the sample with x=0.9 which has a clear AFM ground state
and a Néel temperature of 21.6 K. At the same time, no
anomaly at 29 K is present in the samples with concentra-
tions 0.3 <x=<0.45, but they show a very similar behavior of
the susceptibility and specific heat at low temperatures like
samples with 0.5=<x=0.75. These facts suggest the absence
of a true long-range AFM order at 29 K also for 0.5<x
=<0.75. In order to understand the origin of the anomaly
at 29 K we have simulated the behavior of the specific
heat assuming a mixture of two phases: Co;0, and
Co[Al,_,Co,],0, with respective x. It was possible to de-
scribe the behavior of specific heat in the vicinity of 29 K
assuming the presence of about 17 and 10 mol % of Co3;0,
for x=0.75 and 0.6, respectively. However, such a large
amount of the second phase of Co;0, must be evidently
detected by x-ray diffraction and ESR, which is in contradic-
tion with the experimental data. Therefore, we think that the
anomaly in the specific heat at 29 K observed in the samples
with 0.5=<x=0.9 is not connected with an impurity Coz;0,
phase. We suppose that it can be related to quenched disorder
and built-in nonpercolating clusters of Co;0, statistically
distributed in the volume of the samples which can yield a
smeared anomaly in the specific heat at 29 K. The ESR data
for these samples provide additional arguments for the intrin-
sic character of this effect. Indeed, the linewidth of the ESR
signal for the sample x=0.45 shows pronounced features at
29 K although no anomalies are present in the specific heat
at this temperature. This indicates that, even if the heat ca-
pacity does not show any anomaly due to the reduced num-
ber of clusters, their effect on the whole spin system is still
dominating the spin relaxation. We speculate on some simi-
larities of the magnetic behavior in our Co-Al-O spinels and
Griffiths phase singularities observed recently in disordered
manganites.*> However, additional investigations are neces-
sary to clarify the origin of this anomaly.

The left bottom part of the phase diagram refers to
samples with x=<0.2 which exhibit spin-glass-like behavior.
However, as mentioned above, their ground state cannot be
ascribed to a pure spin glass. The presence of strong spin
frustration evidenced by the magnetic studies suggests a
spin-liquid state also for these compositions in agreement
with recent neutron-diffraction studies of CoAl,0,.2! Theo-
retically, the origin of the 7% dependence in geometrically
frustrated magnets with a SG ground state is not understood.
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Several mechanisms including thermal and quantum fluctua-
tions were proposed.*® However, as we observed SG features
and T2 dependence in the samples with strong disorder on the
A sites, we suppose that the deviations of the specific heat at
low temperatures from the theoretically predicted 7% depen-
dence for the spiral-spin liquid might be associated with the
magnetic inhomogeneity due to structural disorder. A pos-
sible influence of magnetic disorder was already discussed
for geometrically frustrated spin glasses which manifest a 72
dependence of the specific heat.?”-38

We would like to make a final remark related to the
mechanism of spin frustration. In Ref. 18, where only a
sample with x=0 was studied, it was ascribed to geometrical
frustration of the Co®* ions residing on the A-site tetrahedral
network. Taking into account recent theoretical results con-
cerning frustration in the magnetic A-site spinels?> we recon-
sider the mechanism of spin frustration in Co-Al-O spinels
and assign it rather to competing exchange interactions, i.e.,
to bond frustration.

V. CONCLUSIONS

X-ray diffraction, magnetic susceptibility, electron-spin
resonance, and specific heat investigations have been per-
formed on the Co[Al,_,Co,],0, spinels in the range of Co**
concentrations 0<x=<1 on the octahedral B sites. In the
complete concentration range the samples reveal a large
negative Curie-Weiss temperature of the order of —110 K.
They are attributed to the high multiplicity of the superex-
change interactions between the A-site cations, whereas the
inversion mechanism is considered to be of minor impor-
tance. The specific heat of the samples with x=1 and 0.9
manifests a pronounced \-like anomaly at 29.5 and 21.2 K,
respectively, indicating a transition into the long-range
ordered antiferromagnetic state. The Néel temperature is
shifted to lower temperatures on decreasing x: it decreases
sharply for 0.75<x=1.0 and more smoothly for x<<0.75.
The reduced temperature of the magnetic ordering indicates
strong frustration, and the 7> dependence of the specific
heat suggests a spin-liquid ground state. The samples with
x=0.2 exhibit a spin-glass-like behavior below 5 K reveal-
ing a high value of the frustration parameter f>20. At the
lowest temperatures the specific heat of these samples fol-
lows a 72 dependence which is ascribed to structural disorder
on the A sites. The frustration mechanism is related to bond
frustration due to strong competition of the exchange inter-
action between the A-site spins of Co®* ions.
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