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Spin glass behavior in FeAl2
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Magnetic and transport measurements indicate FeAl2 to be an ordered intermetallic spin glass, with canoni-
cal behavior including a susceptibility cusp atTf535 K and frequency-dependent susceptibility belowTf . The
field-cooled and zero-field-cooled magnetization diverge belowTf , with hysteresis characteristic of a spin
glass. A resistivity minimum just aboveTf is explained in terms of coherent magnetic scattering. This behavior
is common to spin glasses with short-range interactions amongf-electron moments and indicates a similar spin
configuration in these materials.
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I. INTRODUCTION

An increasing recent interest in spin glasses has been
cused on the observation of spin glasses having ordered
tal structures,1–4 as well as the possibilities of quantum sp
glasses5 and related effects in these materials. Spin-glass
havior is identified most prominently with dilute metall
alloys, in which the long-range Ruderman-Kittel-Kasay
Yosida ~RKKY ! interaction dominates, leading to canonic
spin-glass effects such as a strong frequency dependen
the magnetic behavior.6 Only recently has spin-glass beha
ior been identified in ordered systems; to date such beha
has been identified in insulating oxides andf-electron metals.
In an ordered spin glass, geometrical frustration due to
lattice configuration must dominate. However, si
occupation disorder has also been shown to be importan
the knownf-electron ordered spin glasses. In this paper,
demonstrate spin-glass behavior in an ordered transit
metal alloy FeAl2. This observation in ad-electron interme-
tallic contrasts the previous observation of this behavior
f-electron intermetallics. From magnetic and transport m
surements we show that the behavior is similar to that of
f-electron ordered spin glasses.

In Fe12xAl x alloys, studies of the magnetic behavi
have focused on compositions nearx50.3, that exhibit re-
entrant spin-glass behavior.7,8 Fe70Al30 is ferromagnetic
below 400 K, then becomes superparamagnetic at aro
170 K, and finally freezes into a spin-glass state at 92 K7,8

While there is continued debate about the nature of the
dered and glassy states in this system,8,9 it has been found
that a small number of sites with both ferro- and antifer
magnetic bonds can destroy an ordered ferromagnetic
below a characteristic temperature.10 For higher Al concen-
trations, Fe12xAl x alloys form a series of complex ordere
crystal structures, generally with weak magnetic behav
While no magnetic or spin-glass transitions have been id
tified in these alloys, a recent site-diluted Ising model h
suggested the existence of a spin-glass phase in disord
alloys of this type.11 In the dilute Fe limit, Fe-Al alloys are
nonmagnetic, and there is some uncertainty as to whethe
Fe ions lose their moment through spin fluctuations
hybridization.12
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II. SAMPLE PREPARATION

The sample studied here was prepared from the eleme
constituents in an induction furnace under a partial arg
atmosphere and homogenized by annealing in a vacuum
850 °C for four days. CuKa x-ray analysis of a powdered
sample from this ingot showed a pattern identical to t
of the reported structure.13–16 FeAl2 has a triclinic unit cell
with a50.4878,b50.6461, andc50.8800 nm;a591.75°,
b573.27°, andg596.89°. Using these parameters and t
atom positions identified by Corby and Black,13 intensities of
the 250 strongest peaks between 2u510°–110° were calcu-
lated using standard methods.17 Calculated intensities pro
vided a good match for all observed peaks, indicating
single-phase sample. The triclinic FeAl2 cell has 18 sites,
including 10 Al sites, 5 Fe sites, and 3 sites having mixed
and Fe occupation.13 In our calculation we assigned eac
mixed site 67% occupancy by Al, corresponding to t
FeAl2 composition. While anR value was difficult to calcu-
late due to overlap within the x-ray spectrum, the calcula
intensities gave a good visual match to the spectrum, w
the largest difference a factor of 2 in intensity without em
ploying thermal factors.

Part of our initial interest in this material was in lookin
for FeAl2 in the tetragonal MoSi2 structure, predicted to oc
cur as a hybridization-gap semiconductor by Weinert a
Watson,18 but we have seen no evidence of such a struct
for our preparation conditions.

III. MAGNETIC MEASUREMENTS

All magnetic measurements were carried out using a co
mercial superconducting quantum interference device m
netometer~Quantum Design!. The ac susceptibility~x! was
obtained with an ac field amplitude of 1 Oe and a frequen
of 125 Hz. The results, shown in Fig. 1, exhibit a cusp at
K with a maximum at lower temperatures. Above the cu
the data follow a Curie-Weiss lawx5C/(T2u), as shown
by the straight-line fit to 1/x in the inset to Fig. 1. From this
fit we obtain an effective magnetic momentpeff52.55mB per
iron, indicating strong local-moment magnetism in this m
terial. The extrapolated Weiss temperatureu'242 K indi-
cates antiferromagnetic interactions, presumably supe
©2001 The American Physical Society05-1
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change mediated by Al. An early measurement19 indicated a
somewhat smaller momentpeff51.32 per iron, but this repor
is also at variance with recent measurements20 of Fe2Al5 and
Fe4Al13 (peff50.73 and 0.44, respectively!.

To further understand the apparent transition at 35 K,
measured the frequency dependence of the susceptibili
the range 1.25–1250 Hz. As shown in Fig. 2, the susce
bility becomes frequency dependent just above the cusp a
K. At lower temperatures,x has a reduced amplitude and th
broad maximum shifts to higher temperatures with incre
ing frequency. Such behavior is commonly seen in class
spin-glass systems,6 and we associate the observations with
spin-glass transition having a freezing temperatureTf
535 K. The low-temperature maximum inx is not typical of
spin-glass systems, but we believe that some Fe sites in
structure are more weakly coupled magnetically than oth
so that they begin to freeze at lower temperatures, lead
finally to the decrease inx below 12 K. The final decrease o
x shows that eventually all sites participate in the spin-gl
condensate.

Measurements of dc magnetization under zero-fie
cooled conditions (MZFC) and under field-cooled condition
(MFC) demonstrate the irreversible behavior of the sp
glass state. For the curves shown in Fig. 3, the sample

FIG. 1. The real part of the ac susceptibility (x) obtained at 125
Hz. Inset: inversex vs temperature, with the straight line corr
sponding to a Curie-Weiss fit described in the text.

FIG. 2. Frequency dependence of the susceptibility measure
1.25, 12.5, and 1250 Hz.
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cooled in fields of zero and 0.1 T, followed by magnetizati
measurements upon warming at 0.1 T.MZFC falls below
MFC at temperatures belowTf , behavior observed in typica
spin-glass materials.6 The canonical behavior associated wi
spin glasses, constantMFC while MZFC drops toward zero, is
observed below about 6 K. The structure observed betwe
K and Tf is consistent with some sites in the FeAl2 lattice
remaining decoupled from the condensate in this tempera
range, as described above. For the zero-field-cooled case
observed hysteresis at low temperatures. A trace of the m
netization versusH at 4 K isshown in Fig. 4, illustrating the
relatively small coercivity commonly observed in sp
glasses.6

A Curie-Weiss fit to theM /H results aboveTf yields
peff52.8 andu5238 K, agreeing with the susceptibility re
sults and indicating no tendency for saturation. This res
confirms that the magnetic behavior is due to atomic-sc
moments rather than superparamagnetic clusters or sma
clusions of a ferromagnetic phase below the detectab
limits of the x-ray measurement.

at

FIG. 3. Field-cooled~open circles! and zero-field-cooled~dots!
magnetization in a dc field of 0.1 T. The inset displays both cur
on an expanded scale.

FIG. 4. Low-field region of the hysteresis loop for FeAl2 at 4 K.
5-2
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IV. TRANSPORT MEASUREMENTS

The sample for transport measurements was cut from
same ingot used for magnetic studies. The resistivity~main
plot in Fig. 5! was obtained with a dc technique; the resu
are dominated by a large temperature-independent term
about 1.3 mV cm. A resistivity minimum is seen at abou
43 K, just above the freezing temperature, with no additio
anomaly seen near the temperature of the susceptib
maximum 12 K. No sharp features are observed atTf ,
confirming the absence of true magnetic ordering at
temperature. Because of the relatively small resistiv
changes, we obtained additional data using an ac bridge
ing greater relative accuracy, as shown in the inset to Fig
While a resistance minimum could be an indication of t
Kondo effect arising from the strong magnetic impur
scattering,6,21 the results do not fit to the logarithmic beha
ior, r increasing as2 ln T, as expected for such a mode
Instead, the low-temperature resistivity scales well to2AT,
as plotted in the figure inset.

V. DISCUSSION

In the FeAl2 structure, each Fe site is surrounded by
cage of 10–11 nearest neighbors consisting mostly of
with an average 1.6 neighboring Fe sites and 1.8 neighbo
mixed sites. In the cubic Fe12xAl x mixed phases observe
for larger Fe concentrations, the magnetic moment is sign
cantly reduced at Fe sites having fewer than four ne
neighbor Fe atoms.7 On this basis one would expect FeAl2 to
be a low-moment structure. Furthermore, the Fe-Al distan
are the shortest for each Fe site in FeAl2 ~average 0.25 vs
0.28 nm mean Fe-Fe distance!, indicating the importance o
Fe-Al hybridization, which can lead to a nonmagnetic co
figuration as observed in the hybridization-gap semimet22

Fe2VAl and in the Fe-Al quasicrystalline phases.23

FIG. 5. Temperature variation of resistivity for FeAl2. The ar-
row indicates the freezing temperatureTf . The inset shows the
resistivity normalized with the value atTmin versusAT, with the
data below 25 K following aAT dependence.
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One can also compare Al-rich Mn-Al alloys,24 in which
the stable, ordered MnAl6 structure is nonmagnetic due t
s-d hybridization, while metastable cubic alloys have hi
moments and are spin-glass-like, with the quasicrystal
and liquid alloys somewhere in-between. There is curren
considerable interest in the unusual electronic features
served in ordered hybridization-gap alloys composed
magnetic constituents.25 FeAl2, however, is a system with
the highest moment of the Fe-Al alloys, apparently stabiliz
by entropy over the MoSi2 structure18 rather than hybridiza-
tion. In this case we have the interesting result that
encaged-Fe structure leads to local-moment behavior
spin-glass behavior on an ordered lattice.

The spin-glass behavior in FeAl2 can be due to both frus
tration on the complex lattice structure of this material,
well as disorder due to occupation of the mixed sites. T
case is thus quite similar to that of the Ce and U interme
lics that exhibit spin-glass behavior, such as1,2 U2PdSi3 and
URh2Ge2. Normally, the moments in conducting transitio
metal systems are more extended and do not exhibit the
havior attributed to rare-earth and actinide systems. Fe2,
however, clearly shows local-moment behavior leading t
spin-glass freezing at low temperatures.

The resistivity of this material is large, comparable in si
to that of thef-electron spin-glass materials,1 and due to scat-
tering from local moments in this system. The resistiv
minimum we attribute to the development of short-ran
spin correlations in the spin-glass phase. The lo
temperature resistivity rise does not have the logarithmic
havior characteristic of a Kondo effect, nor does it follow
activated curve, as would be expected for a narrow gap a
Fermi level; such an observation might be an indication
quantum spin-glass behavior.5

A resistivity minimum nearTf has been observed in
number of other concentratedd- and f-electron spin glasses
Similar behavior was observed near the spin-glass trans
in NiMn and NiMnPt alloys,26,27 both for reentrant and non
reentrant compositions, and somewhat above the transitio
U2PdSi3.1 This behavior is in contrast to the resistivity max
mum typically observed in traditional diluted spin glass
dominated by the RKKY interaction.21 For the NiMn case
the behavior has been associated with remanent domains
exist into the spin-glass state. For the present case there
tendency for ferromagnetic domain formation, but aboveTf
there will be antiferromagnetic correlations corresponding
the observed negative Weiss temperature, and these be
progressively enhanced and frozen in belowTf . Enhance-
ment of spin-spin correlations at the wave vector 2kf gives
an increase in the coherent magnetic scattering, as show
amorphous ferromagnets,28 which exhibit a similar resistivity
minimum. Such an enhancement in the spin correlation w
be particularly significant in conducting materials such
these, with short-range interactions leading to antiferrom
netic correlations at low temperatures. The resistivity sho
a minimum somewhat above the freezing temperature
served by low-frequency techniques, however it is w
known that high-frequency measurements such as the r
tivity overestimateTf by neglecting low-frequency fluctua
tions. Indeed, the frequency-dependent susceptibility
5-3
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ported above exhibits just such an effect. Thus we deduce
spin configuration in FeAl2 to be similar to that of the
f-electron ordered spin glasses.

VI. CONCLUSIONS

We have demonstrated that FeAl2 is a high-spin materia
that exhibits spin-glass behavior, with a freezing tempera
of Tf535 K. The magnetic hysteresis observed belowTf is
similar to that exhibited by canonical spin glasses. A mi
i

18440
e

e

mum in the resistivity nearTf indicates that the spin configu
ration has features common to other concentrated ord
spin glasses.
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