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CoAl2O4, as well as related mixed

(Mno.5sFeo.5Al204) and partially inverted (Fei.4Al1.604) spinels have been studied by uSR. The magnetic
ions are subject to magnetic frustration by competing interactions. In all materials and at all temper-
atures the uSR spectra consist of two signals suggesting a bimodal distribution of the fluctuation rates
of magnetic moments. A characteristic temperature Ty is found in each compound, representing either a
magnetic phase transition into a long-range ordered state (MnAlaOy4, Fei.4Al; 604) or the formation of a
spin liquid phase (FeAloO4, CoAl2O4, Mno.5Feq 5Al204). The magnetic ground state of MnAl,O4 shows
coexistence of antiferromagnetic and spin liquid phases. In FeAloO4 and CoAl2O4 long-range order is sup-
pressed altogether, the ground state can be characterized as a fast relaxing spin liquid coexisting with a
small fraction of paramagnetic spins. The partial replacement of Mn by Fe in Mng 5Feq.5AlaO4 prevents
long-range order and leads to a spin liquid state in the low temperature limit. The partial occupancy
of B-sites by magnetic ions in Fe; 4Al; 6O4 strengthens the exchange coupling, allowing the formation of
long-range magnetic order at a rather high temperature (~100 K). Magnetic phase diagrams are presented
demonstrating that for the studied compounds the magnetic properties are determined by the degree of

frustration.

1 Introduction

Spinels comprise an important class of compounds, includ-
ing minerals (e.g. FeAloOy4 is known as Hercynite) which
exhibit a wide variety of magnetic properties. Their stoi-
chiometry is described by the formula (A)[B2]O4. The oxy-
gen ions form a cubic-close packed sublattice which tends
to be slightly distorted in real crystals. Divalent cations
(A) are located at the tetrahedrally oxygen coordinated
A-sites, trivalent cations [B] occupy the octahedrally co-
ordinated B-sites. The distortion of the oxygen sublattice
causes a trigonal distortion of the B-site octahedron but
does not influence the A-site. Another deviation from an
ideal spinel is inversion, meaning a site exchange between
A-site and B-site ions. In well prepared samples one com-
monly has inversion of a few percent, but fully (100%)
inverted spinels of stoichiometry (A)[AB]O4 also exist.
One distinguishes between A-site and B-site spinels de-
pending on which site is occupied by the magnetic ion.
The latter case is most common and also most thoroughly
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studied. The magnetic B-site lattice is of the pyrochlore
type resulting in geometric magnetic frustration. A typ-
ical example is ZnFesOy (see [1] and references therein).
Numerous theoretical treatments of B-site spinels exist,
including the fundamental work by Anderson [2].

For the A-site spinels much less information is avail-
able. There the magnetic ions form a diamond sublat-
tice which consists of two interpenetrating fcc-lattices.
In itself, the diamond lattice is not geometrically frus-
trated. The situation with antiferromagnetic interactions
has been treated theoretically rather recently [3]. It was
found that substantial magnetic frustration exists affect-
ing both spin and orbital degrees of freedom which arises
primarily from the presence of multiple exchange interac-
tions [4,5]. In particular it is shown that the parameter
which mainly controls the nature of the magnetic ground
state is the ratio of next-nearest to nearest neighbor ex-
change.

The exchange paths of the A-site spinels are com-
plex [6]. Direct (A-A) exchange between the four near-
est neighbors is ineffective due to their large separa-
tion (~3.4 A). These four ions are rather coupled by
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six indirect A-O-Al-O-A exchange routes J featuring 90°
0-Al-O bonds. The twelve next nearest neighbors inter-
act via similar exchange routes J'. Furthermore, one needs
to take into account the exchange J” between the twelve
next next nearest neighbors which include 180° O-Al-O
bonds. All three couplings are antiferromagnetic and tri-
angularly coordinated. Well known A-site spinels, other
than those treated here, are the sulfur spinels FeScoSy
and MnScoSy [4,7,8], with the iron compound being a fa-
mous example for the formation of a spin-orbital liquid
magnetic ground state. A brief uSR study of those mate-
rials has been published [9]. A theoretical study on quan-
tum criticality [10] shows that disordered orbital degrees
of freedom (spin orbital singlet) further suppresses spin
order. In case of orbital order one might expect spin order
or a spiral spin liquid phase. The experimental data cited
above point to a spin liquid phase.

The study of frustration effects in magnetic systems is
of substantial current interest. In general, magnetic frus-
tration suppresses long-range order, in particular simple
collinear antiferromagnetic spin arrangements. Rather of-
ten exotic magnetic ground states are formed [11,12] such
as long wavelength spiral order or various types of short-
range ordered states. Another typical effect of frustration
is the presence of distinct spin fluctuations. As shown in
particular by uSR [13-15] these spin fluctuations, which
often are of rather low frequency (in the range of MHz),
tend to persist in the limit 7' — 0. This unusual, but
characteristic feature is independent of the source of frus-
tration as seen, for example, from the works cited above.

The 3d magnetic ions of the three AAl;O4 spinels un-
der investigation differ in their spin properties. The tetra-
hedral crystal field at the A-site splits the 3d manifold into
a lower doublet and an excited triplet. Mn?* (3d°) has a
half filled 3d shell with S = 5/2 and no orbital moment.
Co?* (3d") has S = 3/2 and weak spin-orbit coupling.
Fe?* (3d®) has S = 2 and is weakly Jahn-Teller active. The
bulk magnetic properties of the pure compounds AAl;O4
(A = Mn, Fe, Co) are well documented [16,17].

For the partially inverted spinel Fe; 4Al; 6O4 and the
mixed spinel Mng 5Feq 5Al504 included in this work, such
information is not available. They are here studied for
the first time. Some bulk magnetization data taken in the
context of this work are presented in addition to the uSR
results.

MnAl;Oy4, FeAl0y4, CoAly04 show Curie-Weiss be-
havior at high temperatures. The Curie-Weiss tempera-
tures, determined from the high temperature slopes of
the inverse susceptibilities, were Ocw = —143K (Mn),
—130K (Fe), —104K (Co). They roughly scale with the
spin moments. Their magnitudes stress that the antifer-
romagnetic exchange is strong.

In MnAl;O4 neutron diffraction sees below T = 40K
the magnetic Bragg pattern of simple collinear antiferro-
magnetic order [5]. In addition, a sizable diffuse magnetic
scattering signal is observed below Ty indicating coex-
isting paramagnetic spins. The temperature dependence
of the ordered Mn magnetic moment has the shape of a
Brillouin magnetization curve with a saturated moment

tord = 3.7 up. This is to be compared with the pure spin
moment pspin = 5 g leading to the ratio of observed to
expected moment fiord/ fspin = 3.7/5 = 0.74.

In FeAl,04 and CoAl;O4 magnetic Bragg peaks were
not found down to 2 K. Susceptibility measurements saw
cusps at Teusp = 11K (Fe) and Teusp = 5K (Co). These
anomalies are also visible as broad cusp-like maxima in
the heat capacity. The susceptibilities below Tcusp show
splitting of the field-cooled and zero-field cooled branches,
suggesting spin-glass-like freezing. That notion is fur-
ther supported by a liquid-like magnetic structure fac-
tor in neutron diffraction which indicates pure short-range
correlations [17]. On the other side, heat capacity below
Teusp has a T?-temperature dependence as observed in
other frustrated magnets, and not the linear dependence
expected for a spin glass. In the Jahn-Teller active Fe com-
pound heat capacity data reveal that orbital degrees of
freedom have to be taken into account as well [16].

The ratio f between the Curie-Weiss temperature re-
flecting the energy scale of the leading magnetic exchange,
and the characteristic magnetic temperature 7Ty indicat-
ing the onset of spin order or spin freezing is commonly
taken as a measure of frustration [11]. When using Tn
for MnAlyO4 and Teusp for CoAl;O4 and FeAl,Oy4 as the
characteristic temperatures Ty together with the values
of Gcw listed above, one obtains frustration parameters
f=3.6(Mn), 11 (Fe), and 22 (Co). Consistent with that
result is that only the weakly frustrated MnAl,O, is ca-
pable of forming a long-range ordered magnetic state at
low temperatures.

A single Méssbauer study on FeAl,O4 has been pub-
lished [18]. The majority of Fe-ions were in the 2+ state,
as expected, but a weak signal from Fe3*-ions was also
present. An assignment of this trivalent portion was not
possible. Below a critical temperature of 13 K the spectra
changed from a quadrupole doublet into a poorly resolved
magnetic pattern which was interpreted as the signature
of a spin-glass-like state. The mean hyperfine field van-
ishes rather suddenly at 13K as in a first order tran-
sition which remained unexplained. Unfortunately, the
Mossbauer spectra of spin glasses are not sensitive to de-
tails of the spin frozen state like the interplay between
static spin disorder and spin dynamics.

In the present work we explore the magnetic states
of frustrated A-site spinels in view of the interplay be-
tween long-range ordered and short-range spin correlated
states as function of frustration. uSR spectroscopy is a
most powerful tool for such studies. Being a local mag-
netic probe (i.e. sensing magnetic properties predomi-
nantly over the range of a few lattice parameters) it con-
trasts and expands information obtained by bulk mag-
netic measurements and neutron diffraction. It possesses a
high sensitivity to short-range spin disorder and to low fre-
quency spin fluctuations, features often found in frustrated
magnets. Especially the unique sensitivity of uSR to mo-
ment fluctuation rates in the MHz range allows the dis-
tinction between spin glass and spin liquid states. Further-
more, in case of coexistence of different magnetic states,
the intensity of the related signals is directly proportional



(i.e. without any correcting factors, like the Debye-Waller
Factor or saturation effects) to the volume fraction of
those states. Powder samples suffice (and are even prefer-
able) for most magnetic studies.

The selection of compounds to be studied allows to
trace the differences in magnetic behavior between com-
pounds having a spin only (MnAl;O4), a spin-orbit cou-
pled (CoAl;0y4) or a weakly Jahn-Teller active (FeAloOy)
magnetic ion. In addition, in studying Mng 5Fep 5Alo0y
we seek information on the effect of A-site disorder (sub-
stituting Fe in part for Mn) and by probing Fej 4Al; 6Oy,
or better (Fe)[Fe:Al]2Oy4, on the influence of partial inver-
sion with B-site disorder. The results will be compared
with the recent theoretical treatments [3,10]. Some data
on the pure AAl,O4 compounds have previously been pre-
sented in a brief conference report [19].

2 Experimental

Polycrystalline samples were prepared by solid state reac-
tion from high purity binary oxides in evacuated quartz
ampoules. To get the smallest possible inversion, the syn-
thesis must be carried out at the lowest allowable tem-
perature which was found to be 1000°C. To assure homo-
geneity the samples were slowly (~15°/h) cooled to room
temperature. Sample purity was checked by powder X-ray
diffraction. No foreign phase could be detected. For the
1SR measurements a small amount of powder was pressed
into a cylindrical tablet and mounted between sheets of
thin aluminized Mylar tape on a fork-like sample holder
in order to minimize foreign material around the sample.
The sample thickness well exceeded the stopping distance
for low energy muons.

The pSR experiments were conducted with surface
muons between 2K and 200K using a He-flow cryostat.
The sample position within the He gas flow ensured good
thermal contact. Weak transverse field (TF), zero field
(ZF) and longitudinal field (LF) measurements were car-
ried out. In TF measurements an external magnetic field
is applied perpendicular to the muon beam, in LF mea-
surements, the field is oriented parallel to the beam. Care
is taken to compensate at the sample position any stray
fields from surrounding magnets or the earth field in
case of ZF measurements. Typically a total of 5-6 mil-
lion events were recorded per spectrum, corresponding
to a measuring time of about 1h. The time resolution
was 1.25ns and the initial dead time of the spectrometer
amounted to about 5ns. The VETO method [20] was en-
abled in order to suppress any signal from muons stopped
in matter outside the sample (background signal). Indeed,
as checked by TF data, no background signal existed in
the present set of measurements.

3 Magnetic SR spectra

Details on the pSR technique can be found, for exam-
ple, in [21-24]. Positive muons with their spins fully po-
larized along the beam direction are implanted into the
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sample. They are quickly stopped at an interstitial lat-
tice site keeping their spin polarization. Except in some
very pure elemental metals or in simple binary alloys, the
muons remain stationary at their stopping site at least up
to some 100 K. The muons decay with a mean life time of
T, = 2.2 s emitting a positron preferentially along the di-
rection the muon spin is pointing. By placing two positron
detectors along the beam line in front and behind the sam-
ple, respectively, one records the backward-forward asym-
metry of positron count rates A(t) as function of the time
t elapsed since the moment of muon implantation. Usually
a time span of 3 to 4 mean muon life times is covered. A
plot of A(t) vs. t constitutes the SR spectrum which is
generally described by

A(t) = AoG(t) (1)

with Ay being the initial (¢ = 0) asymmetry (typically
around 0.2) and G(t) the muon spectral function describ-
ing the temporal evolution of the muon spin polarization
due to the interaction with the magnetic field B, at the
muon site. If externally applied fields are not present, the
source of B, are for each atom surrounding the stopped
muon its nuclear moment and its total moment of the
atomic shell where a separation in spin and orbital con-
tribution is not possible. The muon has no quadrupole
moment and direct interactions with electric field gradi-
ents are absent.

The pSR spectra are analyzed by least squares fitting
the appropriate spectral function G(t) to the measured
spectrum A(t) given by equation (1). The parameters of
G(t) are the physical quantities of interest and can be
related rather directly to the static and dynamic proper-
ties of the magnetic spin system. For the derivation and
the properties of the various spectral functions we refer
the reader back to the literature cited above. However,
in order to ease the understanding of the uSR spectra
shown, we briefly discuss the functions G(t) appearing in
this work.

3.1 Paramagnets

In ZF one observes an exponential decay of asymmetry
which is described by:

G(t)fﬁ =exp(—At) with A=~7(B2)T (2)

where v, /27 = 135.54 ps~1/T is the muon gyromagnetic
ratio, and (B?) the second moment of the distribution of
the field at the muon site. One often uses the rms field

Brpms = /(B32). Finally, 1/7 is the fluctuation rate of B,

and thus reflects the fluctuation of the moments which cre-
ate B,. It is important to note that in paramagnets the
slowing down of fluctuations of the magnetic moments in-
creases the muon spin relaxation rate A\. This emphasizes
that one needs to distinguish between the muon spin re-
laxation rate A\ which describes the loss of asymmetry in
time and the fluctuation rate 1/7 which drives the muon
spin relaxation process.
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One commonly also performs TF measurements in the
paramagnetic regime. The muons then carry out Larmor
precession in the applied field leading to an oscillatory
pattern:

G(t);{(ﬁ = exp(—At) cos(w, t) with w, =v,B,. (3)

The applied field Bpr weakly polarizes the paramagnetic
spin ensemble. This has two consequences. First, the muon
spin relaxation rate now contains an additional static con-
tribution (inhomogeneous line broadening) caused, for ex-
ample, by the demagnetizing field. This means that the
rates A in equations (2) and (3) are different under other-
wise equal physical conditions [25]. Second, the magnitude
of B, is not exactly that of Brg. This effect is known as
the muon Knight shift.

In the present study we used, for reasons explained
further below (Sect. 4), only very weak transverse fields
(Btr = 3mT). Then the above mentioned effects are neg-
ligible, and, in particular, the muon spin relaxation rates A
obtained by either TF or ZF measurements can be treated
on the same footing. A muon Knight shift cannot be re-
solved.

3.2 Long-range ordered magnets

A spin precession pattern is observed in ZF whose form,
for an isotropic powder sample, is:

G)EE = (2/3) exp(—Arans t) cos(wy, t)
+ (1/3) exp(—Aiong t)- (4)

The two terms arise from the usual approach to describe
the isotropic average by assuming that in 2/3 of the cases
the internal field is aligned perpendicular to the initial
muon spin direction causing Larmor precession (trans-
verse term) while in 1/3 of the cases the field is ori-
ented parallel to the muon spins and thus does not in-
duce spin precession (longitudinal term). The muon spin
relaxation rates are different in the two terms. The longi-
tudinal relaxation is caused exclusively by dynamics of
the magnetic moments leading to Aiong = 2/(37). Note
that here Ajong o 1/7 while in paramagnets A oc 7. The
transverse relaxation originates from the static field dis-
tribution and also from spin dynamics. Usually the re-
lation Ajong << Agrans is fulfilled and one approximates
Atrans ~ YuBrms. The spectrum of a long-range ordered
magnet thus consists of a damped oscillatory pattern on
top of an exponentially decaying line. The effective field
causing the spin precession has in normal cases a temper-
ature dependence close to that of the sublattice magneti-
zation.

TF measurements are in general not very useful in
ordered magnets. However, a weak Brp, as used in the
present work, is negligible compared to B,, created by the
magnetic moments and the observed spectra are essen-
tially the same as in ZF. In a magnet with ferromagnetic
component a weak external field will not enter the bulk.

3.3 Spin glasses

In ZF the spectral response of an ideal spin glass is the
Lorentzian Kubo-Toyabe pattern [26,27]. In the static
limit, i.e. below the glass transition temperature T, it
has the form:

GOZEG(E) = (2/3)(1 — at) exp(—at) + (1/3)  (5)

where a /7, is the half width at half maximum (Buwsawm) of
the field distribution. The muon spin polarization decays
exponentially at the beginning, passes through a mini-
mum, and after recovering to 1/3, remains time indepen-
dent. The origin of the ‘1/3-signal’ is the same as in equa-
tion (4). Passing T from the low temperature side, spin
dynamics sets in. The resulting dynamic Lorentzian Kubo-
Toyabe function cannot be expressed in closed form, but
numerical solutions are available. The characteristic fea-
ture of the weakly dynamic case is the exponential decay of
the 1/3-signal whose depolarization rate is proportional to
1/7. Rising the temperature further causes the spin fluctu-
ation rate to increase rapidly. One first observes stretched
exponential muon spin relaxation, later fast exponential
relaxation (Eq. (2)).

3.4 Nuclear relaxation

As pointed out above, the local field B,, may possess a
contribution generated by the nuclear magnetic dipole mo-
ments surrounding the stopped muon. This nuclear con-
tribution is in general considerably weaker and can be ne-
glected for ordered magnetic states, but not necessarily in
the paramagnetic regime. In the present study, the main
contribution comes from 27Al nuclear moments, but Mn
and Co also carry nuclear moments which, however, are
negligible in first approximation. For TF measurements
the spectral shape is not much influenced by the nuclear
contribution, the only effect is a small addition to the
muon spin relaxation rate . In ZF spectra the combined
muon spin relaxation by nuclear and atomic fields results
in a different spectral shape than relaxation by atomic
fields alone. The reason is the different dynamics of the
atomic and nuclear magnetic moments. If the atomic and
nuclear moments are not coupled, as is the case if the nu-
clear moments are on a non magnetic constituent (Al),
the resulting (double relaxation) spectral function is the
product of the atomic and the nuclear functions:

(t) ’ Gflilear(t)' (6)

If the atomic moments are rapidly fluctuating, as is the
case in a paramagnet, their spectral function is given by
equation (2). The nuclear moments can usually be viewed
as a static isotropic dense random spin system. In this case
the spectral function is the Static Gaussian Kubo-Toyabe
function (SGKT):

Gglf;rel(t) = GZF

atomic

Gl (t) = (2/3)(1 — ALt*) exp(=A7t%/2) + (1/3) (7)
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Fig. 1. (Color online) TF = 3mT spectra of MnAl,O4 above
and below the magnetic transition point at 39 K. The spec-
trum at 40 K was fitted with the sum of a slowly and a fast
exponentially damped oscillatory signal. At 38 K only a single
fast exponentially decaying signal with reduced intensity was
used.

where A, /v, is the rms nuclear field. In a longitudinal
field G&&yr(t) has the characteristic property that de-
polarization is suppressed (i.e. G§lr(t) = 1) if By >
5A,,/vu. The nuclear rms fields are typically less than
1mT, hence Brr = 5mT suffices to suppress the influ-
ence of nuclear relaxation. Since 5mT does not affect the
atomic relaxation rate it is common practice to inves-
tigate the behavior of paramagnetic relaxation in weak
LF rather than in true ZF measurements. It is reward-
ing, however, to study at least at some key temperatures
the nuclear relaxation as well by performing ZF measure-
ments. For example, a possible onset of muon motion can
be determined sensitively because the nuclear Gaussian
Kubo-Toyabe function would then leave its static limit.

4 Results

In general we have recorded TF as well as ZF or LF spectra
for the various compounds. TF data mainly serve the pur-
pose to obtain a good value for the initial asymmetry Ao,
and to determine the possible occurrence and location of
a phase transition. Furthermore, in case the sample signal
consists of several subspectra, it is usually easier to sepa-
rate the different components in TF spectra. On the other
hand, details of the magnetic properties are more precisely
extracted from ZF or LF results. In TF measurements the
magnetic field is applied transversely to the direction of
flight of the muons resulting in beam bending. We kept
Brp low (3mT) to ensure that the beam hits the sam-
ple practically under the same geometrical conditions as
in ZF and LF measurements taken in the same series of
data.

4.1 MnAI204

The TF = 3mT spectra (examples are depicted in Fig. 1)
show a distinct change in spectral shape between 38 K
and 40K signaling the occurrence of a magnetic phase
transition. The transition temperature of 39 K agrees with
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Fig. 2. (Color online) Temperature dependences of the initial
asymmetries (upper panel) and of muon relaxation rates of
the fast (center panel) and the slow (lower panel) subsignals
for MnAlyO4 in the paramagnetic regime. The dotted lines are
guides to the eye.

TN obtained from susceptibility and neutron diffraction. It
is sharply defined.

Above Ty the spectra consist of two subsignals, one
slowly (Asiow) and the other fast relaxing (Asqs). The slow
signal shows oscillations with the frequency corresponding
to the applied field, as expected for a normal paramagnetic
state. The other signal decays so rapidly that the oscilla-
tory pattern cannot develop. The intensities of the two
substates are temperature independent (see Fig. 2, upper
panel). One finds Aiotal = Afast + Aslow =~ 0.2 and the ra-
ti0 Afast/ Atotal & 0.72. The asymmetries Agagr and Aglow
are directly proportional to the volume fractions of the
spin states producing the subsignals.

The ZF spectra in the paramagnetic range (an example
is shown in Fig.3a) need to be analyzed with the double
relaxation formalism (Egs. (6) and (7)). The nuclear re-
laxation parameter is small (A, = 0.1 us™!) correspond-
ing to Byms = 0.12mT. This is a low value even for a
nuclear dipole field. Probably the muon rests at some dis-
tance from the Al ions. The temperature dependences of
the fast and slow muon spin relaxation rates in the para-
magnetic regime of MnAl,O, are plotted in Figure 2.

The TF and ZF pSR data tell that above T two para-
magnetic states coexist. Here slow muon relaxation means
fast paramagnetic spin fluctuations (see Eq. (2)) which
in turn indicate that the paramagnetic spins are only
weakly coupled as expected for a mormal paramagnetic
state. The fast relaxation in the second subsignal is due to
much slower paramagnetic spin fluctuations and thus re-
flects markedly stronger correlations between neighboring
spins. We term this the cooperative paramagnetic state.
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Fig. 3. (Color online) Typical ZF spectra of MnAl,O4 above
(a) and below Ty = 39K (b). For T > Tx the spectral func-
tions are atomic-nuclear double relaxation for both subspectra.
For T' < Tn the spectral function is the dynamic Lorentzian
Kubo-Toyabe function. The inset shows the initial part of the
spectrum in high time resolution.

The spins in both substates exhibit critical slowing down
on approaching Ty from above (Fig. 2). Together with the
shape of the temperature variation of the ordered moment
seen in neutron diffraction, this proves the magnetic phase
transition in MnAl,O4 to be of second order.

Below T one can no longer distinguish two signals,
neither in TF nor in ZF. The visible signal has a strongly
reduced intensity. Its initial asymmetry corresponds to
Aglow found for T' > Ty and is also independent of tem-
perature. The fact, that the intensity of the visible signal
equals Agow means that this spectrum reflects the proper-
ties of the magnetic state taken below Tx by the substate
which behaved as a normal paramagnet above Tx. In this
case a single signal fit is required which, however is not a
simple exponential decay as can be seen from Figure 3b.

A satisfactory reproduction of spectral shape could
be obtained using the dynamic Lorentzian Kubo-Toyabe
function (DLKT) which is the uSR response of a spin-
glass-like state in the dynamic region. A spin fluctuation
rate of 1/7 ~ 5MHz was found. The HWHM of the local
field distribution a/v, is on the order of 30mT, a value
commonly experienced. Both, the HWHM and the spin
fluctuation rate do not change on reducing the tempera-
ture down to 2 K. That means that complete spin freezing
never takes place. Due to this feature of persistent spin
dynamics on the one side, and the Kubo-Toyabe spectral
shape on the other side, the spins below Tx must be con-
sidered to be in a glassy type state just above the critical
glass temperature. This means, they form a spin liquid
(SL) state having very slow spin dynamics (i.e. in the pic-
ture of a normal glass forming a highly viscous liquid).
Yet, the total intensity Agotar of the uSR spectra of any
specific compound must be independent of temperature
if the measurement geometry is maintained. Since below
Tn part of the puSR response of MnAl,Oy4 is not visible
in the recorded spectra, it must be hidden in the initial
dead time of the uSR spectrometer. Because the existence
of an antiferromagnetically ordered state with transition
temperature of ~40K is definitely established by neutron
diffraction, we are forced to conclude that the invisible sig-
nal of intensity Ag,g; is that of the long-range ordered state

Asymmetry

Time (us)

Fig. 4. (Color online) TF = 3mT spectra of FeAloO4 at dif-
ferent temperatures. The spectra were fitted by the sum of a
slowly and a fast relaxing oscillatory signal. The rapid decay
of the fast relaxing signal prevents the appearance of an oscil-
latory pattern for this fraction.

whose pSR signal is described by equation (4). Vanishing
in the spectrometer dead time means that both, the 2/3
and the 1/3 signal of equation (4) must damp out in 5ns
and this in turn requires that A¢rans and Ajong must exceed
100 ps~t. We cannot draw any detailed conclusions on the
properties of the long-range ordered state, except that it is
formed out of the cooperative paramagnetic spin fraction
and that, according to its high relaxation rates, large local
spin disorder (on the scale of some atomic distances) exists
in the antiferromagnetic spin lattice together with persis-
tent fast spin fluctuations. The magnetic ground state of
MnAl;O4 then contains a long-range and a short-range
ordered fraction. The volume fraction of the antiferromag-
netic state Agast/Atotal = 0.72 corresponds well to the ra-
tio of observed to expected moment in neutron diffraction
Hord/ Hspin = 3.7/5 = 0.74, thus providing an explanation
for the measurement of a reduced ordered moment.

4.2 FeAl,04

Also in this case, the TF =3mT, the ZF and the
LF = 5mT spectra all gave comparable results regarding
the parameters of interest. The spectra consist also at all
temperatures of two subsignals with different muon spin
relaxation rates, but with their relative fractions being dis-
tinctly temperature dependent in contrast to the situation
in MnAl,O4. Typical TF spectra are shown in Figure 4.
The normalized intensity of the fast relaxing fraction and
the relaxation rates of both fractions are plotted as a
function of temperature in the left part of Figure 5. Ana-
lyzing the ZF spectra with the double relaxation formal-
ism we find a similar nuclear mean field (~0.13mT) as
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Fig. 6. (Color online) Comparison of the ZF and LF = 5mT
spectrum of FeAlyO4 showing the suppression of nuclear relax-
ation by a weak longitudinal field. The solid lines are fits using
the double relaxation formalism of equation (6).

in MnAl;O4. This weak nuclear relaxation can easily be
suppressed by a small longitudinal field (5mT) as demon-
strated in the spectra shown in Figure 6.

A coexistence of normal and cooperative paramag-
netism is present in FeAl,O,4 as well. In the high tem-
perature limit the gross majority of spins (~80%) is in
the normal paramagnetic state. When reducing the tem-
perature, the cooperative paramagnetic fraction increases,
first slowly, then rapidly, reaching saturation (~85%) at
12 K. This temperature corresponds to Tcysp in the suscep-
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tibility data. Most important, a transition into long-range
magnetic order does not take place in accordance with the
lack of magnetic Bragg peaks in neutron diffraction data.
The magnetic state below T¢usp = 12 K is only short range
ordered, yet it is not a spin glass with T¢,sp being the glass
transition temperature. If that were the case, its ZF uSR
signature would be a static Lorentzian Kubo-Toyabe pat-
tern. Furthermore, earlier low temperature specific heat
data exhibited a 72 and not the linear temperature de-
pendence expected for a spin glass [16]. It has been sug-
gested [28] that a T2 dependence of the specific heat is an
indicator for a spin liquid state. The presence of such a
spin state also agrees with the observation of a liquid-like
neutron structure factor [5]. In MnAl;O4 the non ordered
low temperature state manifests itself as a slowly dynamic
Lorentzian Kubo-Toyabe pattern, whereas in FeAl,O4 one
observes an exponential decay. One should, however, re-
member that exponential relaxation is the fast fluctua-
tion limit (1/7 > 7, Bawnm) of the dynamic Lorentzian
Kubo-Toyabe function.

In the next section we compare some results for
CoAlyO4 with those of FeAl,O4 leading to a spin fluctua-
tion rate at T =2 K of 1/7 = 80 MHz for the latter. The
magnetic ground state of FeAl,O4 thus consists of clearly
dynamic short-range-correlated spins which we interpret
as a spin liquid state well above a spin freezing tempera-
ture. Since the spin fluctuations are persistent below Ttsp
no approach to spin freezing occurs. The spin liquid state
coexists with a minute fraction of nearly free paramag-
netic moments.

4.3 COA|204

The results from analyzing the weak TF, ZF and weak
LF spectra are in their basic appearances quite similar
to those of FeAl;Oy4 (see the right panels of Fig. 5). The
influence of nuclear magnetism on the ZF spectra for T' >
Teusp is slightly more pronounced in the Co compound.
We find a mean nuclear field of 0.25mT. The origin of
this increase in field is not clear.

The main difference to FeAl,O4 are distinctly smaller
(roughly by an order of magnitude) values of the fast
muon spin relaxation rate meaning (since we are out-
side long-range order) faster fluctuations of the cobalt
moments. This is in agreement with the lower value of
Teusp- Noticeable is also that the change in slope of the
curve Agst(T') occurs around 15K which corresponds to
T /Tcusp ~ 3 whereas in the iron spinel it occurs around
T0K or T'/Teusp ~ 6. With regard to the magnetic ground
state of CoAl;O4 we come to the same conclusions as in
FeAl;O4, namely that a dynamic spin liquid state with
persistent and even faster magnetic spin fluctuations is
formed, coexisting with a minute residual fraction of para-
magnetic spins.

We have further taken data in a strong longitudinal
field (BLrp =0.3T) at T = 2 K, that is within the spin
liquid state. It was found that under the applied LF pure
exponential relaxation is still present with only a small
reduction in rate. This is a clear indicator that the spins
are in the fast fluctuation regime. There, the change in
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Fig. 7. (Color online) Typical LF =5mT spectra of
Mng 5Feo.5Al204 at high and low temperature. The least
squares fit (solid lines) is for both spectra the sum of two ex-
ponentially relaxing subspectra. The inset at the lower panel
shows the initial part of the spectrum in greater detail.

exponential relaxation rate with longitudinal field is given
by [29]:
A BLr) 1

XO) 1T (B ®)

The measured ratio A(0.3 T)/A(0) = 19/24 ~ 0.8 leads
to 1/7~500 MHz. The spin liquid state is indeed highly
dynamic. If one further assumes that the width of the
atomic field distribution is roughly the same in the spin
liquid state of both compounds one estimates 1/7 to be
about 80 MHz in FeAl,O,4 as mentioned before.

4.4 Mn0_5Fe0_5AI204

Since pSR found substantial differences in the magnetic
properties between MnAl,O4 and FeAl;Oy4, it deemed
useful to study the compound Mng ;Fep5Al504. Mea-
surements and data analysis were carried out as before.
Figure 7 displays two characteristic LF =5mT spectra.
As usual, two exponentially relaxing subsignals with no-
tably different rates are present.

The results for Mng sFeg5Al50, differ substantially
from those of normal MnAl,Oy4. First, the relative frac-
tions of the two signals are no longer temperature indepen-
dent. Second, no sharp phase transition into a long-range
ordered state takes place. The temperature dependence
of the main spectral parameters plotted in Figure 8 indi-
cates a sudden increase of muon relaxation rates between
approximately 40 K and 20K or, in other words, a rapid
increase of spin-spin correlations. Interestingly, the onset
of enhanced spin-spin correlations occurs at the same tem-
perature where in MnAl,O4 long-range order commences.
In the same temperature range where the fast relaxation
rate increases rapidly from 10 to 200 pus~!, the coopera-
tive paramagnetic fraction rises from about 40% to nearly
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Fig. 8. (Color online) Temperature dependences of the frac-
tion of the fast relaxing signal and of the fast and slow muon
spin relaxation rates for Mng.sFeg 5 AloO4. The dotted lines are
guides to the eye.
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Fig. 9. Temperature dependences of the magnetic susceptibil-
ity in Mng.5Feg 5Al204. The two branches below Teusp = 22 K
refer to field cooled and zero field cooled measurements.

90%. Having reached these values, the rate and the frac-
tion are saturated as in FeAloO4 below T¢ysp. The essential
result is, the lower the temperature, the closer the mag-
netic behavior of Mng sFeg5AloO4 shifts toward that of
FeAl;Oy. In particular, SR finds in Mng 5Feg 5Alo0y4 for
its magnetic ground state a pure spin liquid state (except
for the weak coexisting paramagnetic state) without any
additional long-range ordered fraction.

The temperature dependence of the magnetic sus-
ceptibility in Mng 5Fep.5Alo04 measured recently in this
context is depicted in Figure 9. It shows a behavior similar
to that of FeAl,O4 [16]. In particular, a cusp is seen at
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Fig. 10. (Color online) Comparison of the °"Fe Mossbauer
spectra at 4.2 K of FeAloO4 and Mng.5Fep.5Al204.

22K agreeing well with the temperature where the puSR
spectra settle into their low temperature behavior.

The similarity in properties of the low temperature
magnetic states of Mng 5Feg5Alo04 and FeAl,Oy4 is not
only seen in their uSR and susceptibility data, but is
also corroborated by their 4.2 K Mossbauer spectra (see
Fig. 10). The two spectra are quite alike in their essen-
tial features and not typical for long-range order. Fur-
thermore, the isomer shift indicates that the iron replac-
ing the manganese is also in the 2+ state. Our spectrum
of FeAl;Oy is similar to that published earlier [18]. The
results of that study have briefly been discussed in the
introductory section.

The paramagnetic state coexisting with the spin liquid
state below Tcysp = 22K is of even lower intensity than in
FeAl;O4. One may add, at this point, that the detection
of this coexisting paramagnetic state of very low inten-
sity demonstrates the high sensitivity of uSR for different
magnetic phases. Hence we can consider the sample to be
free of contaminating foreign magnetic materials within
the limit of a few percent.

From the high temperature slope of the inverse sus-
ceptibility one gets Ocw = —126 K for Mng 5Feq 5A1504,
which in combination with Ty = Teusp = 22K leads to a
frustration parameter f ~ 6, a value which lies between
those of MnAl,O,4 and FeAl;O4.

4.5 Fe1_4AI1'604

Inversion, i.e. A-B site exchange, is well documented in
spinels. In order to evaluate the effects of inversion in
AAl,O4 we have studied a sample of Feq 4Aly 04 possess-
ing substantial inversion. Since, according to X-ray pow-
der diffraction the material maintained the spinel crystal
structure, one may safely assume that the excess Fe ions
occupy the B-site together with the remaining Al ions. The
compound should be viewed as a partially inverted spinel
having all lattice sites occupied. At present we have no
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Fig. 11. (Color online) TF = 3mT spectra of Fe1 4Al1. 604 at
200K, 106 K, and 96 K. The spectra at 200 K and 106 K were
fitted with the sum of two exponentially damped oscillatory
subspectra. The fast relaxing subspectrum is of very low in-
tensity at 200 K. Note that the slowly relaxing subspectrum
at 96 K shows no spin precession pattern (see text for expla-
nation). The coarse fit of the 96 K spectrum shown here uses
the sum of two exponential decaying subspectra. The more
thorough treatment needed to obtain details of the spectral
response is presented in Figure 13.

information whether the B-site ion distribution is random
or whether a superstructure has formed.

Inspecting the pSR spectra (some examples are shown
in Fig.11) reveals a sudden change in spectral shape be-
tween 106 K and 96 K indicating the occurrence of a phase
transition around 100K. In contrast to the TF spectra
of FeAl,O4 below Teusp (see, for example, Fig. 4, bottom
panel) the TF spectra of Fey 4Al; 404 below the transition
(like the spectrum at 96 K in Fig. 11) show no oscillations
with Bty in the slowly relaxing subspectrum. This means
that Fe; 4Al; 6O4 below 100K is spontaneously magne-
tized which prevents an external field to enter the bulk
of the material. Therefore, the transition around 100K
must lead into a long-range ordered state having a ferro-
magnetic component. These findings are fully supported
by the magnetization data shown in Figure 12. From the
reciprocal susceptibility one derives Ocw = —176 K. To-
gether with Ty = 100 K this leads to the low frustration
parameter f ~ 1.8.

At high temperatures (T > Tx) Fe 4Al; 6Oy is nearly
completely in the normal paramagnetic state. The coop-
erative paramagnetic fraction grows rapidly in intensity
on reducing the temperature toward Ty reaching about
90% at T, the residual 10% remain paramagnetic. It is
the cooperative paramagnetic fraction which forms below
TN the long-range ordered magnetic state. Critical slow-
ing down is observed when Ty is approached from above,
indicating a second order transition.
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Fig. 13. (Color online) The main panel shows the early part of
a typical spectrum of Fej 4Al; 604 in the magnetically ordered
regime in high time resolution. The fit uses the function given
in equation (4). The inset shows the full spectral range in low
time resolution where the spectral details seen at early times
are averaged out.

Below T the fast subspectrum is expected to have the
form of the uSR response of a long-range ordered magnet
given in equation (4). To observe this behavior one has to
analyze spectra taken in high resolution in the early time
region. A characteristic case is depicted in Figure 13. The
spontaneous spin precession pattern is heavily damped.
The variation with temperature of the magnetic param-
eters for T' < Tx derived from this analysis is shown in
Figure 14. The interstitial field at the muon site behaves
roughly like a Brillouin type magnetization curve. A fit to
a particular model was not attempted since the detailed
shape of B,,(T) is not well documented due to the limited
structure in the uSR spectra. The magnitude of the sat-
uration field B,,(0) = 0.43T is in the range often found
in transition element magnets. The transverse relaxation

r_E‘ :
T 400] ++
: IS
g 200 .
Q
E — 0 Fe1.4A‘I1.604 *
oS 0l b L
8 g 1000 T 4 | |
g © [ [ ,
c
§ S 50 4
=g
«
2 0
— | |
2 2 7| \
—- = | !
o T Tl
T ©
2 1
D o
8% T,
s 0 25 50 75 100

Temperature (K)

Fig. 14. (Color online) Temperature dependences of the in-
terstitial field B,, and of the transverse and longitudinal muon
spin relaxation rates in the magnetically ordered regime of
Fe1.4Al1 604. For details see text. The dotted lines are guides
to the eye.

is large. It corresponds to a field distribution width of
~0.11T which is about 25% of the saturation field. The
moment fluctuation rate in the ordered state deduced from
the longitudinal relaxation is essentially temperature in-
dependent, while one expects it to approach zero in the
low temperature limit.

Introducing iron on the B-site causes already at rather
high temperature the formation of a reasonably well de-
fined long-range ordered magnetic state with persistent
spin fluctuations. A coexisting free paramagnetic fraction
is only very weakly present.

5 Discussion

Our SR results are best summarized in form of magnetic
phase diagrams which are depicted in Figures 15 and 16.
Not shown is the diagram for CoAl;Oy, since in its basic
appearance it is similar to that of FeAl,O4.

A general feature is the coexistence of two different
magnetic phases in all compounds at all temperatures. In
1SR studies one tends to introduce in such situations the
existence of two muon stopping sites with different sur-
roundings. This we exclude in the present case for the
following reasons. First, the intensities of the two phases
are different in the various compounds which all have the
same crystal structure. Second, except for MnAl,Oy4, the
intensity ratios are temperature dependent. If two muon
stopping sites were involved, the muon would have to hop
between the different sites on changing temperature. A
muon hopping process would be visible in the nuclear re-
laxation pattern by a change of A, and by a move from
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Fig. 15. (Color online) Magnetic phase diagram of MnAl,O4
(Top) and Mno.5Feo5A1204 (Bottom). PM = normal para-
magnet, CPM = cooperative paramagnet, SL = spin liquid
(with slow dynamics in MnAl;O4, and faster dynamics in
Mnyg 5Feo.5A1204), AFM = antiferromagnet.

a static to a dynamic Gaussian Kubo-Toyabe function.
None of these features are observed. Third, the change
in intensity ratio with temperature is clearly coupled to
the magnetic properties of the compound. For example,
in FeAl,O4 (and similarly in CoAlyOy), the cooperative
paramagnetic fraction increases rather rapidly when the
characteristic magnetic temperature 7,sp, is approached
from above. Analogous behavior has been observed in
other systems showing frustration by competing exchange,
like the thio-spinels FeScoSs [9] or CuCrZrSy [30]. This
suggests, that the coexistence of strongly and weakly spin
correlated states is related to the presence of frustration
by competing exchange. Although we have at this point
no definite picture about its origin, one might envision
that frustration breaks exchange paths and leads to some
nearly free magnetic moments.

On the basis of the uSR spectra alone it is impossible
to decide whether the two spin states are homogeneously
distributed throughout the bulk or whether islets or even
clusters are formed. Nevertheless, the spectral shape shows
that the distribution of spin relaxation rates is bimodal,
and not a single peaked broad distribution. If the latter
were the case the decay of the muon spin polarization
would follow a single stretched exponential instead of two
exponential decays separated by their relaxation rates.
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Fig. 16. (Color online) Magnetic phase diagram of FeAloO4
(Top) and Fei.4Al1.604 (Bottom). PM = normal paramagnet,
CPM = cooperative paramagnet, SL = spin liquid (fast dy-
namics), FM = ferrimagnet.

Fits with a single stretched exponential were tried, but
proved incapable of reproducing the measured spectra.

Next we turn our attention to the nominal A-site
spinels AAl;QOy, especially how they transform from the
the high temperature to the low temperature magnetic
regimes. In MnAl;O,4, the compound with the lowest frus-
tration, the cooperative paramagnetic fraction which rep-
resents 72% of the spectrum at any temperature above
T, enters at Ty = 39 K into a long-range magnetically or-
dered state. The transition is of second order. It has been
established by neutron diffraction that simple up-down
collinear antiferromagnetic order exists [5]. Collinear spin
order is particularly sensitive to suppression by frustra-
tion. Although such a state is formed, the existing frus-
tration causes a high degree of local spin disorder (on the
scale of lattice constants) and spin fluctuations (of at least
100 MHz) persisting for T — 0 in the antiferromagnetic
spin lattice. These latter conclusions followed from the
observation that the yuSR signal of the ordered state has
decayed within the dead time of the spectrometer (~5 ns),
demanding large transversal and longitudinal relaxations.
A second coexisting low temperature magnetic state is
formed below T out of the normal paramagnetic fraction.
It has been identified as a spin liquid state located close
to, but still above the glass transition temperature. Since
persistent slow spin fluctuations (5 MHz) are present, a
freezing into a full glassy state is altogether excluded. One
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may suspect that the unusual coexistence of antiferromag-
netic and spin liquid phases is an additional means of the
spin system to allow collinear long-range order at least in
part.

The much more strongly frustrated compounds
FeAl; 04 and CoAlyO4 can no longer support any form of
long-range magnetic order. Stronger frustration leads to
enhanced fluctuations of the magnetic moments (see [3]
and references therein) which are detrimental to long-
range order. The muon spin relaxation rate Ag.st of the
cooperative paramagnetic fraction is consistently lower in
the more strongly frustrated CoAl;O4 than in the weaker
frustrated FeAl,O4, a fact clearly demonstrated in the
lower panel of Figure 17 where these rates are plotted
for the two compounds as function of reduced tempera-
ture T'/Teysp. This means (see Eq. (2)) that fluctuations
of the magnetic moments are faster in CoAly,O4 than in
F€A1204.

The intensity of the cooperative paramagnetic fraction
increases rapidly in both compounds when the tempera-
ture approaches Tcusp on cooling. It remains constant be-
low Teusp at about 85%. In FeAloO4 this increase begins
at higher reduced temperature compared to CoAl2O4 (see
the top panel of Fig. 17). From the uSR spectral shape be-
low T¢yusp and in combination with specific heat and neu-
tron data one concludes that the majority spin state must
be viewed a highly dynamic spin liquid state. The per-
sistence of spin fluctuations of about 80 MHz in FeAl,0,
and 500 MHz in CoAl;O4 keeps this state far above the
freezing temperature even in the low temperature limit.

Little can be said about the small fraction of rapidly
fluctuating spins coexisting with the spin liquid phase, ex-
cept that these fluctuations are one (in CoAlaO4) to two
(in FeAly04) orders of magnitudes faster than in the spin
liquid state, putting them into the GHz range. Interest-
ingly, also the shape of the temperature dependences of
Atast and Aglow are quite similar, indicating that an inter-
action exists between the two states. One could consider
the minority state as a paramagnetic one with slightly
enhanced spin-spin couplings when compared to the free
paramagnetic state at high temperatures. In short, we find
in FeAl;O4 and CoAl;O4 in the high temperature limit
nearly pure normal paramagnetic and in the low tempera-
ture limit nearly pure spin liquid states. The characteristic
temperature is Teusp seen in susceptibility.

Moving next to the mixed spinel Mng 5Feg 5 Al 04, we
find that the partial replacement of Mn by Fe in MnAl,O4
changes the magnetic properties significantly. The relative
intensities of the two paramagnetic phases are no longer
temperature independent as they were in MnAl,O4. Fur-
thermore, the cooperative fraction becomes more intense
when decreasing the temperature, saturating at ~90% in
the low temperature limit. No magnetic phase transition
into a long-range ordered state is found. Instead, the fluc-
tuation rate in the cooperative paramagnetic fraction be-
gins to slow down below 40 K and continues to be reduced
rather steeply down to Teusp = 22 K where it levels off. Ac-
cording to its uSR parameters, the system is below 22 K in
a spin liquid state similar to the low temperature situation
in FeAlg 04.

Figure 17 also depicts for Mng 5Feq 5Al50,4 the depen-
dences on reduced temperature T'/ Teusp of the intensity of
the fast relaxing fraction and of its muon spin relaxation
rate. Inspecting the top panel one notices that the high
temperature limit is not a nearly pure normal paramag-
netic state as in FeAl,O4, but, like in MnAl;Oy4, a sub-
stantial fraction of cooperative paramagnetism is present.
The rise of the cooperative fraction starts later in the
mixed spinel (at T'/Tcusp ~ 2) than in FeAly Oy (at T'/Teusp
~ 6). Note that T'/Tcusp ~ 2 is near 40 K which is Ty for
MnAl;Oy4. In the low temperature limit we see a behavior
like in FeAlyOy, that is a nearly pure spin liquid phase
coexisting with a minute paramagnetic fraction. In short,
we find that some magnetic features of Mng 5Feg 5Alo04
remain reminiscent of MnAlyOy4, but the overall behavior
is close to that of FeAlyOy.

The changes in magnetic properties induced by re-
placing partially Al by Fe on the spinel B-site are dra-
matic in Fej 4Al; 6O4. Essentially all spins are in the
normal paramagnetic state at high temperatures (7' >
120K). Below 120K, however, the intensity of the coop-
erative fraction increases suddenly and reaches rapidly
90% at 100K where a transition into a long-range or-
dered spin state with a ferromagnetic component occurs.
The negative Curie-Weiss temperature (see Fig. 12) then
renders this state to be ferrimagnetic. Critical slowing
down of the paramagnetic spin fluctuations on approach-
ing Ty = 100K from above, together with the continuous
decrease of B, to zero when approaching Tx from below



shows the transition to be of second order. The Mdssbauer
spectrum at 4.2 K [32] indicates that one has Fe?T on the
A-site, as expected, and Fe3t on the B-site. Fe3*t is a
spin only ion like Mn?* and furthermore the sequence
of crystal field states is reversed in octahedral symme-
try when compared to tetrahedral symmetry. This indeed
causes different exchange behavior. The effect of Fe on
the B-site then is clearly a substantial strengthening of
the main magnetic exchange path. This is further demon-
strated by the high value of ©cw which exceeds that of
the least frustrated pure A-site spinel MnAl;O4. One may
visualize Fe; 4Al; 604 as a derivate of magnetite, a ferri-
magnetic spinel where both A- and B-sites are occupied
by Fe. That means we deal with a magnetite where more
than half of the B-site Fe is replaced by non magnetic
Al which reduces the Néel temperature from ~850K to
~100K.

Our pSR studies demonstrate that the A-site spinels
of type AAlyO4 are located in the border region between
long-range and short-range magnetic order with frustra-
tion being the control parameter. The strength of frustra-
tion is conveniently expressed by the frustration parame-
ter f. The interplay between long-range and short-range
magnetic order as function of f is depicted in Figure 18,
top panel. At very low values of f the whole material is
an ordered magnet in the low temperature limit, neglect-
ing the small fraction (about 10%) of coexisting paramag-
netic spins. With rising f the relative volume fraction of
long-range magnetic order decreases rapidly, the remain-
ing fraction being taken up by the spin liquid phase. The
limit where a long-range ordered fraction is present at all
lies by f ~ 5 in the AAl;O4 system.

As was pointed out already, another characteristic fea-
ture of frustrated magnets are pronounced spin fluctua-
tions which ease the effect of competing interactions on the
magnetic ions. Therefore one expects the spin fluctuation
rate to increase monotonically with stronger frustration.
As shown in Figure 18, center panel, this is the case. The
spin fluctuation rate as function of f follows a power law
with a rather large exponent around 2. Since these data
refer to the low temperature limit, they demonstrate that
the spin fluctuations are persistent at low temperature,
a feature observed in various frustrated magnets. Finally,
we also plot the dependence on f of the critical temper-
ature Ty (Néel temperature, cusp temperature etc,) in
Figure 18, bottom panel. Clearly, the critical temperature
and the spin fluctuation rate are coupled entities. Not un-
expected, we find again a power law dependence, but the
exponent is lower (—1.3).

All data presented in Figure 18 firmly prove frustra-
tion to be the dominant factor controlling the magnetic
properties of the A-site spinel series AAl;Oy4. Since frus-
tration arises here from the different competing exchange
interactions felt by the magnetic ions, variations in the
strength of frustration means variations in the strength of
the different exchange couplings. Because the lattice ge-
ometry is the same throughout the series, the main cause
must be changes in electronic structure. The parameter
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Fig. 18. (Color online) Influence of the frustration parameter
on the volume fractions at T — 0 on the long-range ordered
(LRO) and of the spin liquid (SL) fractions (top panel), on the
fluctuation rate of the magnetic moments in the spin liquid
state, except for Fe1.4Al1.604 (open circle) where the rate in
the ferrimagnetic state is plotted (center panel), and on the
critical temperature (either T or Tcusp) (bottom panel). For
Mnyg.5Fep.5Al204 the spin fluctuation rate (center panel) can-
not be properly evaluated. In the top panel, the dashed lines
are guides to the eye, in the center and bottom panels the lines
are power law fits. The deviation from 100% volume fraction
in the top panel is due to the presence of a weak coexisting
paramagnetic fraction (see the phase diagrams).

f is a simple macroscopic quantity which gives no direct
insight into the underlying microscopic situations.

Two relevant theoretical studies have appeared re-
cently. The case of CoAlyO4 is briefly mentioned in the
treatment of frustrated diamond lattice antiferromag-
nets [3]. On the basis of a slightly simplified model con-
taining only the two exchange paths J (nearest neighbors)
and J' (next nearest neighbors) bond frustration is intro-
duced by varying the ratio J’/.J. Monte Carlo simulations
reveal that the magnetic properties depend sensitively on
the ratio J'/J. In the region 0 < J’/J < 0.125 the spin
coupling is Néel-like with the Néel temperature rapidly
reducing as J'/J = 0.125 is approached. Above the criti-
cal ratio a spiral spin liquid phase is established in which
the direction of the wave vector (determined from the po-
sition of the minima of the free energy within the Bril-
louin zone) depends on the value of J'/J. Specific spirals
are entropically stabilized (order by disorder [31]) leading
to complex non-linear magnetic order at lowest tempera-
tures. However, the details of the ground state sensitively
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depend on any additional interaction such as J”. It is ar-
gued [3] specifically, that the loss of long-range magnetic
order in CoAl;O4 as compared to MnAl; Oy is achieved by
shifting .J'/J into the critical region slightly above 0.125.

6 Conclusions

The present uSR study reveals the magnetic properties of
the A-site spinels AAl;O4 to be prominently determined
by their degree of frustration. The results on the various
magnetic states formed are summarized in magnetic phase
diagrams.

Above a critical magnetic temperature Ty, all com-
pounds show a bimodal distribution of spin fluctuations.
It is suggested that this duality is an outcome of the mate-
rials being shifted below the percolation limit. Below Ty
the system enters either into a long-range ordered or a
spin liquid state or a combination of both. A weak para-
magnetic fraction usually remains present.

The nature of the magnetic ground state is determined
by the value of the frustration parameter f = Ocw/Tu.
At very low values of f long-range order is present. At in-
termediate values a coexistence of long-range ordered and
spin liquid states is observed. For f > 5 long-range order is
no longer possible, the system enters the spin liquid state
in the low temperature limit. A general feature of all cases
are spin fluctuations persisting for 7" — 0 and whose fre-
quency becomes larger with increasing frustration. In ad-
dition, in the long-range ordered states considerable local
spin disorder is present.

The experiments were carried out using the puSR spectrome-
ters DOLLY and GPS at the Swiss Muon Source, Paul Scher-
rer Institute (PSI), Villigen-AG, Switzerland. We are indebted
to H. Luetgens and R. Scheuermann for continuous support
during the experiments. The work was supported in part by
the Deutsche Forschungsgemeinschaft via TRR88/Augsburg-
Munich.
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