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The structure and magnetic properties of La(Fe1 —z;Mng)11.4Al1.6 (0< 2z <0.25) compounds have been studied. The

NaZnjs-type structure is preserved and the lattice parameter increases linearly with increasing the Mn concentration.

The magnetic ground state changes from the antiferromagnetic to the spin-glass or the cluster-glass state by the

substitution of Mn for Fe. Furthermore, a field-induced transition from cluster glass to ferromagnet is found for the

samples with £=0.05 and 0.10.
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1. Introduction

La(Fe,Al;_,)13 compounds in the concentration
range 0.46< x <0.92 crystallize in the cubic NaZn;s-
type structure with the space group of F'm3c, in which
Fe and Al atoms form the icosahedron.l!l Previous
studies have shown that the changes in the lattice pa-
rameter and the coordination number of Fe by Al can
bring about a change in the magnetic ground state.23!
The micromagnetic state is observed in the concen-
tration range 0.46< z <0.62 due to the competition
between a nearest-neighbour Fe-Fe ferromagnetic ex-
change and a next nearest neighbour Fe—Al-Fe antifer-
romagnetic exchange. Ferromagnetic state is observed
in the range 0.62 < z < 0.86. For higher iron con-
centration range 0.86< z <0.92 the antiferromagnetic
state is found because of the short distance between

Fe-Fe atoms.

Recent studies have confirmed that the magnetic
ground state of La(Fe,Al;_,)15 compounds can also
be changed by the substitution of Co for Fe or by in-
troducing interstitial H or N atoms.[*~7! Very recently,
we observed that the substitution of Mn for Fe can

obviously change the magnetic properties, especially

the magnetic ground state of La(Fe;_,Mn;)11.4S11.6
compounds.8! In the present work, antiferromagnetic
state LaFe;; 4Al; ¢ is selected as a parent compound
and the effects of the substitution of Mn for Fe on
the structure and the magnetic properties, especially
the magnetic ground state of La(Fe;_,Mn;)11.4Al1 6

compounds are systematically investigated.

2.Experimental procedure

A series of La(Fe;_;Mng)11.4Al; 6 compounds
(0< z <0.25) were prepared by arc melting under a
high-purity argon atmosphere. The purity of the raw
materials La, Fe, Mn and Al are better than 99.9%.
An excess 10at% of La and Mn over the stoichiometric
composition was added to compensate for the losses
during melting. The arc-melted ingots were homoge-
nized at 950°C for 10 days and quenched quickly into
X-ray diffraction (XRD) mea-

surements on powder samples using CuK a radiation

the liquid nitrogen.

were performed to identify the single phase and to
determine the crystallographic structure. The mag-
netic measurements were performed on a supercon-

ducting quantum interference device (SQUID) magne-
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tometer and a physical property measurement system

(PPMS).
3. Results and discussion

The XRD results show that all the samples crys-
tallize in a single phase with the cubic NaZn;3-type
structure (F'm3c) at room temperature. As shown in
Fig.1, the increase in the Mn concentration results in
a volume expansion due to the larger atomic size of
the Mn atoms in comparison to that of the Fe ones.
In the NaZn;3 structure Fe! atoms are surrounded by
an icosahedron of 12 Fe'l atoms and possess a local
symmetry peculiar to FCC-like lattice. Previous stud-
ies have shown that the Fe-Fe exchange interaction is
sensitive to the Fe-Fe bond length d.[%1% Tt is antifer-
romagnetic interaction for d <0.244nm and ferromag-
netic for d > 0.244nm. Furthermore, there is an opti-
mal d for the Fe-Fe exchange interaction. The value
of d in the LaFe;; 4Al; ¢ compound is slightly smaller
than 0.244nm, which results in the antiferromagnetic
ground state. The temperature dependence of magne-
tization exhibits a paramagnetic-to-antiferromagnetic
transition at the Néel temperature Ty of 217K as
shown in the inset of Fig.2. The substitution of Mn for
Fe brings about a volume expansion, accordingly the
Fe—Fe bond length d will increase and the magnetic
state of the Fe atoms may undergo strong change. In
this case a ferromagnetic ground state is expected.
However, a spin-glass-like (SGL) behaviour, instead
of the ferromagnetic ground state, is found, as shown
in Fig.2 (Mzrc andMpg correspond to the magneti-
zations measured in zero field cooling and field cooling
modes, respectively). Mpc for the sample with z=0.05

shows a monotonic increase with decreasing the
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Fig.1. Mn concentration z dependence of the lattice
parameter for La(Fe;_;Mnz)11.4Al16 (0 <z < 0.25)
compounds.

temperature, whereas Mzrc exhibits a broad maxi-
mum around ~106K, below which a significant de-
viation from Mpc occurs. For the samples with
z > 0.10, the Mpc curves show a cusp at tempera-
ture Ty=46K (2=0.10), 31K (2=0.15), 26K (2=0.20)
and 21K (2=0.25). T; monotonically decreases with
increasing Mn concentration. These behaviours are

also usually observed in the spin-glass or the cluster-

glass systems.[11:12]
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Fig.2.
measured in zero field cooling and field cooling modes
for La (Fei_;Mng)11.4Al16 (0.00< z <0.25) com-
pounds under a low magnetic field of 0.01T.
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Fig.3. Magnetic field dependence of magnetization
for La (Fe1—;Mng)11.4Al1.6 (0.05 < z < 0.25) com-
pounds at 5K.

Magnetization curves M(H) for all the samples
are measured at 5K and the results are shown in Fig.3.
It shows an obvious decrease of the magnetization with

the increase of x, and the full saturation state is not
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achieved even under the applied magnetic field of 5T
for all the samples. It is also one of the characteristic
features in spin glasses.

To further verify the magnetic state, M (H) under
the ZFC condition for all the samples was also mea-
sured up to 5T at different temperatures; the Arrott
plots of the results for =0.05 and =0.15 are shown
in Fig.4. The curves for £=0.05 and 0.10 display a
negative slope below 106K and 45K, which suggests
a field-induced transition from a disordered state to
a long-range ordered state. The M2-H/M curve ap-
proaches a linear line, and its interception with the
M? axis varies from a positive value to a negative
one at 106K and 45K for the samples with =0.05
and 0.10, respectively. There is no positive intercep-
tions at any temperature for the sample with z >0.15,
which confirms the absence of long-range ferromag-

netic order.[13]
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Fig.4. Arrott plots of magnetization at different tem-
peratures for compounds with £=0.05 and z=0.15.

A time-dependent magnetization is one of the key
features of spin glasses. We measured the magnetic

relaxation of the sample £=0.05 at 5K under the ap-

plied fields of 0.01, 0.1 and 0.5T. From Fig.5 one can
see that the magnetization increases with waiting time
at the applied field of 0.01 and 0.1T. However, the
magnetization was time independent under the field
of 0.5T, which means that the applied field of 0.5T
is sufficient to destroy the cluster glass behaviour for
the sample with £=0.05. This is also confirmed by the
thermomagnetic curves under different applied fields
as shown in Fig.6. Combined all the results obtained,
one can see that samples for x=0.05 and 0.10 show a
cluster-glass behaviour with a finite ferromagnetic cor-
relation. And samples in the Mn concentration region
0.25> x >0.15 exhibit a spin-glass behaviour with no

long-rang ordering.
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Fig.5. Magnetic relaxation of the sample 2=0.05 at 5K
under the applied fields of 0.01, 0.1 and 0.5T.
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Fig.6. The thermomagnetic curves under different applied

fields 0.01, 0.05, 0.1 and 0.5T for compound with £=0.05.
Hereafter, we take the sample with £=0.15 as the
example to discuss the dynamical properties of the

spin glass systems.
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Fig.7. The temperature dependence of the out-of-
phase Ac magnetic susceptibility x”/ around the freez-
ing temperature at different frequencies (f) for com-
pound with =0.15.

Figure 7 shows the temperature dependence of the
out-of-phase Ac magnetic susceptibility x” around the
freezing temperature at different frequencies (f). The
inflection point of x”(w,T) show a variance with the
frequency. It is about 30K for frequency f=100Hz and
shifts towards higher temperature with the increase of
the frequency. The divergence of the maximum relax-
ation time Ty, occurring at the spin-glass transition
temperature, can be investigated by using the conven-

tional critical slowing down law:

Tmi — ffzv — <Tf(w) - TSG)_M) )

To Tsa

(1)

Here, zv is the dynamic exponent and 7q is a micro-
scopic relaxation time, T¢(w) is defined by the temper-

ature corresponding to the inflection of the x"(w,T),

Tsq is the spin glass transition temperature.'4] The
best fit of the measured data to Eq.(1) is shown in
the inset of Fig.7, and yields the values 7o=10"11-3g,
zv=8.4, and Tsg=28.6K. Both values of 73 and zv
are very similar to those found in ordinary PM to
SG transitions.['4=16] The sensitivity of T¢(w) to fre-
quency, defined as ATy/(T¢(w)Alogyw), which has
been used as a criterion to assert the presence of a
spin-glass phase, is 0.03. It is very close to that of the
conventional spin glass system.!'?]

Based on the results above, one can find that with
the incorporation of Mn, which produces a volume
expansion, the Fe—Fe exchange experiences an antifer-
romagnetic to ferromagnetic transition. Meanwhile,
a Fe-Mn antiferromagnetic coupling is induced. The
competition between ferromagnetic and antiferromag-
netic exchange interactions results in the interesting
magnetic properties in La(Fe;_,Mn,)11.4Al; ¢ com-

pounds.
4. Summary

In conclusion, the substitution of Mn for Fe brings
about obvious change in LaFe;; 4Al; ¢ compound.
The lattice parameter increases almost linearly with
increasing Mn concentration. A cusp in the ZFC sus-
ceptibility curves, a distinctive separation of the FC
and ZFC curves below freezing temperatures, the fre-
quency dependence of the Ac susceptibility, and the
time dependence of magnetization confirm the occur-
rence of the spin-glass or cluster-glass state. Further-
more, for the samples with z <0.10, a field above 0.5T

can induce a ferromagnetic state.
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