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We have investigated magnetic properties of the FeAl, and Fe,Als intermetallic compounds. By measuring
the zero-field-cooled and field-cooled static (dc) magnetic susceptibilities in low and high magnetic fields, the
frequency-dependent (ac) susceptibility, the magnetization versus the magnetic field, and the thermoremanent
magnetization time decay, we found that the magnetic structures of FeAl, and Fe,Als are richer than those
published so far in the literature. FeAl, undergoes complex two-step magnetic ordering. At 7=~ 32 K, a magnetic
phase transition (not yet specified) takes place in which a small fraction of the Fe spins participate, whereas at Ty,
~ 12 K, the majority spin fraction undergoes a spin-freezing transition to a spin glass phase. Fe, Als undergoes
a transition to a spin glass phase at the spin freezing temperature 7y &~ 3 K, which was not reported previously.
The spin glass phase in Fe,Als is “soft” and fragile with respect to the external magnetic field and can only be
observed in low magnetic fields below ~100 Oe. The origins of the spin glass ordering in the FeAl, and Fe,Als
phases are randomness and frustration that are present on the Fe sublattices of both compounds. In FeAl,, the
Fe spins are positioned randomly on the three mixed-occupation Al/Fe sites of the unit cell, whereas in Fe,Als,
partial occupation of the Fe-neighboring Al2 and Al3 atomic sites imposes different degrees of Fe moment
screening by the electron cloud, resulting in a random distribution of the magnetic moment sizes. Geometric
frustration because of positioning of the antiferromagnetically coupled Fe spins on triangles is present in both

compounds as well.

DOI: 10.1103/PhysRevB.83.224427

I. INTRODUCTION

The structurally complex alloy phases in the Fe;_,Al,
system have attracted a lot of interest regarding their rich
variety of magnetic properties. Although the vanishing of
magnetic moments of diluted Fe impurities in the Al metal
host was investigated in detail,’"> less is known about the
magnetic structures of the phases with the Fe concentration
away from the isolated-impurity limit. On the iron-rich side
of the Fe—Al phase diagram, the magnetic structures of the
Fe;0Alsp compound were reported to include ferromagnetic
(FM), superparamagnetic, and spin glass-type orderings in
different temperature ranges below 400 K.>* The Fe,_,Al,
phases on the aluminum-rich side of the phase diagram were
investigated to a lesser extent. A spin glass phase was reported
for the FeAl, compound below the spin-freezing temperature
T: = 35 K,>° whereas Fe,Als and Fe, Al were reported to
be Curie-type paramagnets down to the lowest investigated
temperature of 2 K. The magnetic susceptibilities of FeAl,
and Fe,Als were investigated in magnetic fields of H =
1 kOe’® and H = 8-17.5 kOe,” which were strong enough
that some “soft” and fragile internal magnetic structures could
already be destroyed and polarized by the external field. In
this paper we revisit the magnetic properties of the FeAl,
and Fe,;Als compounds. By measuring the zero-field-cooled
(zfc) and field-cooled (fc) static (dc) magnetic susceptibilities
in low and high magnetic fields and combining these with
measurements of the magnetization versus the magnetic field
M (H), the frequency-dependent (ac) susceptibility x’ (w), and
the thermoremanent magnetization (TRM) time decay as a
function of the aging time Mtrwm (%,,) and the aging magnetic
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field, Mtrm (Hy.), we show that the magnetic structures of
FeAl, and Fe;Als are richer than those published so far
in the literature. In particular, FeAl, undergoes a two-step
magnetic ordering upon cooling with an additional spin-
freezing temperature at Ty, =~ 12 K, whereas the upper
transition at T ~ 32 K appears more like a thermodynamic
phase transition than spin glass freezing. Fe, Als, on the other
hand, undergoes a transition to a spin glass phase at 7¢ ~ 3 K,
which was not reported previously.

II. STRUCTURAL CONSIDERATIONS AND SAMPLE
PREPARATION

A. FeAlz

The structure of FeAl, has been investigated by several
authors.'>"'* In our analysis we consider the most recent study

by Stein et al.'* FeAl, has a triclinic unit cell with a =
487A, b = 6.45A, ¢ = 8.77A, « = 91.9°, B = 73.3°,

and y = 96.8° (space group P1). The unit cell contains 18
crystallographic sites, including 10 Al sites, 5 Fe sites, and 3
sites with mixed Al and Fe occupation (labeled as M1, M2,
and M3) in the proportion 0.67Al 4 0.33Fe. The structure
is an irregular close-packed arrangement. Further structural
details related to the magnetic properties of the FeAl, phase
(the analysis of the Fe sublattice) are given in the discussion.
Our sample was a polygrain material, prepared by direct
alloying and annealed at 950 °C for 290 h. A rectangular bar of
3 x 3 x 5 mm?® was cut from the parent ingot. Its composition
(as an atomic percentage) was FespgAlg7,, corresponding
to the formula FeAl, ¢s. The backscattered-electron scanning

©2011 American Physical Society


https://core.ac.uk/display/35036287?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevB.83.224427

Z. JAGLICIC et al..

AlSFe2-rod 950C 290h 25.0 X55 200pm +—— :

FIG. 1. (a) The SEM backscattered-electron micrograph of the
FeAl, material, annealed at 950 °C for 290 h. The residual contrast
results from the grain structure of the polycrystalline material. The
brittle material shows a high density of cracks on the 200-um scale,
formed by thermal contraction during cooling of the as-cast material.
Some holes are observed as dark features as well. (b) A SEM
backscattered-electron micrograph of the Fe,Als material, annealed
at 950 °C for 290 h. The brittle material shows cracks, although they
have a smaller density than in FeAl,.

electron microscope (SEM) micrograph [Fig. 1(a)] reveals that
the material was single phased. The image still shows slight
contrast, but within the accuracy of the measurement this is
not caused by the presence of other phases; rather, it reflects
the grain structure of the polycrystalline material. The brittle
material exhibited a high density of cracks on the 200-pum
scale, formed by thermal contraction during cooling of the
as-cast material. Some holes are observed as dark features as
well.

B. FezAls

According to Burkhardt et al.,”” Fe,Als has an orthorhom-
bic unit cell with @ = 7.66A, b = 6.42A, and ¢ = 4.22A (space
group Cmcm). The unit cell contains a single crystallographic
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Fe site (four per cell) and three Al sites. The site All (eight
per cell) is fully occupied, while the sites Al2 (four per cell)
and Al3 (eight per cell) are too close to each other to be
occupied simultaneously, resulting in their partial occupation
factors of 0.36 and 0.23, respectively. The structure is a three-
dimensional framework with channels in the shape of stacked
pentagonal antiprisms along the [001] axis. The Al2 and Al3
sites make up disordered chains along [001]. Further structural
details related to the magnetic properties of the Fe,Als phase
(the analysis of the Fe sublattice) are given in the discussion.

Our sample was a polygrain material, prepared by direct
alloying and annealed at 950 °C for 290 h. A rectangular bar of
3 x 3 x 8 mm® was cut from the parent ingot. Its composition
(as an atomic percentage) was Fe,;3Aly; 7, corresponding to
the formula Fe,Als 3 that is within the reported composition
range of the Al,Fes phase.'®!” The backscattered-electron
SEM micrograph [Fig. 1(b)] reveals that the material was
single phased. The remaining contrast on the image again
reflects the grain structure of the polycrystalline material. The
brittle material exhibited cracks, although these are of smaller
density than those in FeAl,.

III. MAGNETIC PROPERTIES OF FeAl,

A. Zero-field-cooled and field-cooled magnetic susceptibilities

Magnetic measurements were conducted using a Quantum
Design MPMS XL-5 SQUID magnetometer equipped with a
50-kOe magnet, operating in the temperature range 1.9-400 K.
In the first set of measurements, the zfc and fc dc magnetic
susceptibilities x = M/H of FeAl, were determined in the
temperature range 1.9-300 K in magnetic fields H = 50 and
100 Oe and H = 1 and 10 kOe [Fig. 2(a)]. Both y,¢ and
Xfc show an inflection-point-type anomaly of ~32 K (marked
by an arrow). x,s shows an additional maximum at 12 K,
whereas xg. continues to increase below that temperature.
For all investigated fields, a zfc—fc susceptibility splitting is
observed up to the highest investigated temperature of 300
K, demonstrating the presence of a magnetically ordered
spin fraction up to room temperature. At temperatures above
the anomaly at 32 K, the magnetization of the magnetically
ordered spin fraction is very small and largely independent
of the external magnetic field so that when it is divided by
the magnetic field to calculate the susceptibility x = M/H it
becomes increasingly less visible. On the scale of Fig. 2(a),
the zfc—fc splitting is clearly observed only for the lower fields
of 50 and 100 Oe, whereas it becomes unobservable (except
below the maximumin x, upon 7" — 0) for the fields of 1 kOe
and higher. In Fig. 2(b), x.s and xy in the field H = 1 kOe
are shown on an expanded scale in the low-temperature region
below 40 K. We observe that the zfc—fc splitting increases
significantly just below the anomaly at 32 K but remains small
and almost temperature independent down to the maximum
in x5 at 12 K. Below the y,¢ maximum, the zfc—fc splitting
increases drastically upon further cooling.

Although the temperature-dependent variation of the zfc—
fc susceptibility splitting below the anomaly at 32 K can be
attributed to the complex magnetic features of the FeAl, phase,
the origin of the tiny magnetically ordered spin fraction in the
high-temperature region between room temperature and 32 K
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FIG. 2. (Color online) (a) The zfc and fc dc magnetic suscepti-
bilities x = M/H of FeAl, in the temperature range 1.9-300 K in
the magnetic fields H = 50 and 100 Oe and H = 1 and 10 kOe. The
temperature 7 = 32 K of the inflection-point-type anomaly observed
in both y,¢ and xg is marked by an arrow. (b) ¢ and xg in the field
H = 1kOe on an expanded scale in the low-temperature region below
40 K.

is not clear. Nevertheless, it should be presumably associated
with defects in the material. The SEM and x-ray diffraction
(XRD) characterization did not reveal the presence of any
secondary phases above the detection limit of these methods.
A probable explanation is found in the Fe-rich spin clusters at
the surface of the cracks [the investigated material exhibited
a high density of cracks, as shown in Fig. 1(a)], where the
FeAl, stoichiometry is locally corrupted and the reduced Al
coordination around the Fe atoms promotes magnetic moment
formation. Tiny amounts of the Fe—O FM surface oxides, not
detectable by XRD, cannot be excluded either. The surface
iron oxides in the Fe-containing intermetallics are inevitable
at ambient conditions; if polished away, they reappear almost
instantly in the air atmosphere.

B. Paramagnetic susceptibility

The analysis of the susceptibility x (7)) in the high-
temperature paramagnetic regime was performed assuming
validity of the Curie-Weiss law

= Ho+ M)
X = Xo T_o
where xo is the temperature-independent part of the sus-

ceptibility, C the Curie-Weiss constant and 6 the Curie-
Weiss temperature. The constant C gives information on the
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FIG. 3. (Color online) Magnetic susceptibility of FeAl, in H =
1 kOe in a (x — xo)~! versus temperature plot. The solid line is the
Curie-Weiss fit with Eq. (1) of the high-temperature data 7> 80 K.
The fit parameters are given in the text.

magnitude of the Fe moments, whereas the type and strength
of the coupling between the moments can be estimated from
the sign and magnitude of 6. The analysis was performed
on the susceptibility data measured in H = 1 kOe, where
the tiny zfc—fc splitting in the paramagnetic regime above
the anomaly at 32 K is no more observable on the scales of
Fig. 2(a) and Fig. 2(b). The (x — Xo)_l versus temperature
plot is shown in Fig. 3. The fit of the high-temperature
data for 7 > 80 K (solid line) yielded the parameter val-
ues xo = 1.4 x 1073 emu/mol, C = 1.05 emu K/mol,
and § = —35 K. The negative Curie-Weiss temperature
suggests an antiparallel—i.e., an antiferromagnetic (AFM)
type—coupling between the spins. o is generally a sum of
the Larmor diamagnetic susceptibility because of the atomic
cores xdia and the susceptibility of conduction electrons (the
Pauli paramagnetic spin susceptibility and the Landau orbital
diamagnetic susceptibility), where all contributions are of the
same order of magnitude. Considering the Fe?* and Fe’*
valence states, the xgi, contribution was calculated from
literature tables'® to be in the range xgi, = (—1.4, —1.7)
x 1073 emu/mol. The fit-determined xo value is 100 times
larger than |xgi,|, showing that a small FM contribution (the
one responsible for the tiny zfc—fc susceptibility splitting up to
room temperature) is present in the signal of the paramagnetic
phase.

The value of the Curie constant C was used to calculate the
mean effective magnetic moment fiesf = pesritp per Fe ion,
where pegr is the mean effective Bohr magneton number that
can be calculated using the formula'® ey = 2.83+/C (with
C given in units per mol of Fe atoms). We obtain pey =
2.9 per Fe atom. Comparison of this value to the Bohr
magneton numbers of the bare Fe>* and Fe** ions (p = 5.4
and 5.9, respectively) demonstrates that the Fe moments in the
FeAl, phase are partially screened by the conduction-electron
cloud in a conducting environment. The values for p.g and 6
of our sample are close to the values determined for FeAl, by
Lue et al.,’ who reported pey = 2.55 and 0 ~ —42 K.
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FIG. 4. (Color online) (a) Real part x’ of the ac susceptibility of FeAl, measured in an ac magnetic field of the amplitude Hy = 6.5 Oe at
frequencies v = 1, 10, 100, and 1000 Hz. T}, is marked by an arrow. (b) Frequency dependence of the temperature Tp, of the maximum in x’.
A solid line was used to evaluate the relative change of Tj, per decade v, ATy, /Ty A (log v) = 0.028. (c) An expanded portion of x’ around the
anomaly at T~ 32 K. (d) Derivatives d x’ (v)/dT of the curves displayed in (c), showing no noticeable shift of the maximum (occurring at the

inflection point in x") with the frequency.

C. Ac susceptibility

The ac susceptibility was measured in an ac magnetic field
of the amplitude Hy = 6.5 Oe at the frequencies v = 1, 10, 100,
and 1000 Hz. The real part x’ of the susceptibility is displayed
in Fig. 4(a). x’ shows a cusp at T~ 12 K and an inflection point
at T~ 32 K. The position of the cusp is frequency dependent,
shifting to lower temperatures at lower frequencies. By consid-
ering the cusp in x’ as though it occurred at the spin-freezing
temperature Ty, below which the ergodicity of the spin system
is broken on the experimental time scale, the T+, (v) relation was
determined from the x’ (v) curves. The T (v) graph is shown
in Fig. 4(b), where a logarithmic dependence (base 10) on the
frequency is evident. At the lowest frequency, the cusp occurs
at the temperature 7y, (1 Hz) = 12.0 K, whereas at the highest
frequency it occurs at Ty, (1 kHz) = 13.0 K. The frequency shift
of the freezing temperature is often evaluated quantitatively by
the empirical criterion ATy /Ty A (logv), i.e., by calculating
the relative change of Ty, per decade v. For FeAl,, this ratio
equals 0.028, which is in the range found for canonical spin
glasses?” like AuFe and PdMn. This classifies the spin-freezing
transition at Ty, &~ 12 K as being of spin glass type.

The frequency dependence of the inflection-point anomaly
at T =~ 32 K is more subtle. The zoomed-in part of the ac
susceptibility x’ (v) around the anomaly is shown in Fig. 4(c).
In the absence of a clear local maximum, no conclusions on the
possible shift of the anomaly with the frequency can be drawn.
At the inflection point, the first derivative dx’/dT shows a
maximum (for the negative-sloping x’), so we have calculated
the derivatives of all x’ (v) curves to see whether the maximum

shifts with the frequency. The d x’ (v)/dT curves are displayed
in Fig. 4(d), showing no noticeable shift of the maximum with
the frequency. This indicates that the anomaly at 7~ 32 K is not
of spin glass freezing type but rather is a thermodynamic phase
transition that is characterized by a frequency-independent
anomaly in the ac susceptibility. Hence, the designation of the
anomaly temperature T ~ 32 K as the “freezing temperature™
in the sense of the spin glass-type gradual spin freezing does
not seem to be appropriate; rather, it should be considered as
a temperature of a kind of magnetic phase transition, not yet
specified, in which a fraction of the Fe spins participate. This
is further corroborated by the zfc—fc dc susceptibility splitting
of Fig. 2(b) increasing rather suddenly just below the anomaly
point at 7'~ 32 K but then rapidly saturating and remaining
almost constant down to the freezing temperature 7y, ~ 12 K.
Such behavior is typical for a phase transition and is in contrast
to the gradual spin freezing, where the zfc—fc susceptibility
splitting increases continuously upon cooling below the spin
freezing temperature. The spin ordering in the FeAl, phase
thus appears to be a two-step process: (1) a small fraction of
spins undergo a kind of magnetic phase transition at 7~ 32 K,
and (2) the majority of spins undergo spin glass freezing below
Tn ~ 12 K.

D. Magnetization versus magnetic field

The M (H) curves were recorded at the temperatures 2, 5,
and 10 K. The curves differ noticeably only in the hysteretic
region around the H = 0 origin. Therefore, in Fig. 5(a) we
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FIG. 5. (Color online) (a) M (H) hysteresis loop of FeAl, at T =
2 K for the field sweep £ 50 kOe. (b) The zoomed-in parts of the
hysteretic region around H = 0 for the temperatures 2, 5, and 10 K.

display the full curve only for 7= 2 K, whereas in Fig. 5(b) the
zoomed-in parts of the hysteretic region for all temperatures
are shown. The M (H) curves are linearlike (of the AFM
type) in the magnetic field up to the highest investigated
field of £50 kOe. The M (H) hysteresis loop at T = 2 K
of Fig. 5(a) remains open up to ~30 kOe, classifying it as an
AFM-type hysteresis (a typical FM loop saturates quite rapidly
for much lower fields of a few kilo-oersteds only). Perfectly
compensated AFMs do not show hysteresis, indicating the
presence of uncompensated AFM-coupled spins. Such a
situation is encountered in uncompensated AFMs but is also
typical for spin glasses. The coercive field at 2 K is H* =
800 Oe. At the two higher investigated temperatures of 5 K
and 10 K, the coercive field diminishes rapidly, amounting to
H?X =280 Oe and H!® = 140 Oe, respectively. Pronounced
hysteretic behavior of the spin system is thus observed only
deeply below the spin freezing temperature Ty,.

E. Thermoremanent magnetization

A spectacular manifestation of the spin freezing dynamics
and nonergodicity in magnetically frustrated systems like spin
glasses is the observation of aging effects in the ultraslow TRM
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time decay.?’'?? In a TRM-decay experiment, the researcher
cools the sample in a field Hy from above the spin-freezing
temperature 7 to a measuring (and, at the same time, aging)
temperature 77 < T;, where the spin system is allowed to
age for a time ¢,,. After t,,, the field Hg. is cut to zero and the
magnetization time decay is measured over macroscopic times.
Upon Hg. — 0, the reversible part of the fc magnetization Mj,
decays to zero almost instantaneously, whereas the irreversible
part (the TRM) decays very slowly, typically much slower
than any experimentally accessible observation time. TRM
is a fraction of Mg before the field Hg is cut to zero, and
depending on temperature, its magnitude is from a few percent
up to the almost full M. The TRM decay depends on the aging
temperature 77, the aging time #,,, and the field Hg in which
the aging is performed.

In the first set of experiments (TRM versus 77), the sample
was cooled in the field Hi, = 100 Oe from room temperature
to different measuring temperatures: (1) 7} =2 K < Ty, deeply
inside the spin glass phase, (2) 71 =20 K in the upper magnetic
phase, and (3) 77 = 100 K in the paramagnetic phase. At each
T, aging for t,, = 60 min was employed and the TRM decay
was monitored for a time ¢t &~ 180 min after the Hy. switch-off.
The TRM decay curves normalized to the magnetization
before the field was cut to zero, Myrm (T1,t)/ My (T1), are
displayed in Fig. 6. All TRM decays are logarithmically
slow in time . Although it is straightforward to associate
the TRM decays within the magnetic phases below 32 K
with the slow reorientational dynamics of the correlated spins,
it is somewhat surprising that the slow TRM decay also is
observed in the paramagnetic phase. The relatively large TRM
fraction in the fc magnetization at 73 = 100 K, amounting to
Mrrm (T1,t = 0)/ Mg (T7) = 0.60, results from the smallness
of the paramagnetic magnetization at this temperature. The
magnetically correlated spin fraction responsible for the slow
TRM decay within the paramagnetic phase is the one that
also produces the zfc—fc susceptibility splitting up to room
temperature (Fig. 2(a)). A likely explanation is found in the
small FM (or superparamagnetic) iron-rich clusters located at
the surfaces of the cracks in the material.

1. Thermoremanent magnetization versus aging time t.,

The TRM-decay experiments as a function of the aging
time f,, were performed at 7} = 5 K in the spin glass phase.
The sample was field cooled in Hy. = 8 Oe and was aged in this
field at T for¢,, =0, 10, 15, 30, 45, 60, 120, 240, and 360 min.
After Hi. — 0, the TRM time decays were monitored up to
t = 180 min. The normalized TRM decays as a function of the
aging time t,,, Mtrm (tw,t)/ My (t,,), are shown in Fig. 7(a).
The normalized TRM magnitude (the TRM fraction in My.)
increases for increasing #,,. For longer t,,, the decays slow
down and the remanence increases. This is also evident from
Fig. 7(b), where the normalized TRM values taken at the decay
time t = 40 min are plotted as a function of z,,.

Remarkably small variations of the TRM decays are
depictedin Fig. 7, which are on the order of a couple of tenths of
apercent over the decay time of 180 min. At 77 =5 K, the TRM
is composed of two contributions: the spin glass contribution
and the contribution of the remnant FM magnetization because
of defects that also is observed at 71 = 100 K in Fig. 6(c). The
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FIG. 6. Normalized TRM time decay Mtrm/ My of FeAl, at the
temperatures (a) 77 = 2 K < Tj, deeply inside the spin glass phase,
(b) T\ = 20 K in the upper magnetic phase, and (¢) 7; = 100 K in
the paramagnetic phase. The sample was cooled in the field Hy, =
100 Oe from room temperature, and aging for ¢, = 60 min was
employed at each 7; before the field switch-off. All TRM decays are
logarithmically slow in time z.

two contributions have quite different decay rates, which can
be estimated from Fig. 6 by comparing the magnitudes of
the TRM drops over the measured time interval at different
temperatures. The TRM decay at 71 = 100 K [Fig. 6(c)] is one
order of magnitude slower than the 77 = 2 K decay [Fig. 6(a)].
In the TRM decays as a function of ¢, at T} = 5 K (Fig. 7),
the FM contribution can be regarded as approximately constant
during the observation time period, so the spin glass part of the
TRM decays toward this constant value instead of toward zero.
This is the reason for the unusually high Mrryv (2,,1)/ My ()
ratio and the smallness of the TRM variation when the total
TRM is plotted as a function of f,,.

2. Thermoremanent magnetization versus cooling field H s,

In the next set of experiments, the TRM time decay was
measured as a function of the cooling field Hi in which
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FIG. 7. (Color online) (a) Normalized TRM time decays
Mgy (ty,1)/ My (t,) of FeAl, as a function of the aging time 1,
at 7y = 5 K in the spin glass phase. The sample was field cooled in
Hi. = 8 Oe and was aged in this field at 7 for 7, = 0, 10, 15, 30, 45,
60, 120, 240, and 360 min. For clarity, not all #,, curves are shown
on the graph. (b) The normalized TRM magnitude, taken from the
curves shown in the (a) at the decay time # = 40 min (marked by the
vertical dashed line), as a function of t,,.

the aging took place. The sample was again field cooled to
T: = 5 K and left there to age for f,, = 60 min before
the field was cut to zero. The following field values were
employed: Hy. = 2, 4, 8, 50, 200, 500, and 1000 Oe.
The TRM decays normalized to My, are displayed in Fig. 8(a).
We observe that Mrrv (He,t)/ Mt (Hy.) decreases strongly
with increasing Hy.. The normalized TRM amplitude as a
function of Hy., taken at the decay time # = 10 min, is displayed
in Fig. 8(b), where a decrease by a factor of 10 in the field range
2 Oe < Hi.< 1000 Oe is evident.

The previously presented TRM dependence on the aging
time #,, and the cooling field Hy. at 7} = 5 K in the spin glass
phase originates from the out-of-equilibrium dynamics of a
nonergodic spin system that approaches thermal equilibrium
within two subsequent time intervals in one TRM-decay
experiment. During the aging interval (waiting for 7, in a
field Hy), the system approaches an equilibrium state with
nonzero magnetization My in a field Hy.. After the field is
cut to zero, the new thermodynamic equilibrium becomes a
state with zero magnetization in Hg, = 0 and the spin system
proceeds toward this state during the decay time interval ¢.
In both cases, thermal equilibrium can never be reached on
the experimental time scale because of the macroscopic spin
relaxation times involved for the spin reorientations. A detailed
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FIG. 8. (Color online) (a) Normalized TRM time decays
Mgy (Hge,t)/ My (Hg.) of FeAl, as a function of the cooling field
H;.. The sample was field cooled to 7} = 5 K in the spin glass phase
and aged there in the fields Hg = 2, 4, 8, 50, 200, 500, and 1000 Oe
for #,, = 60 min before the field was cut to zero. (b) The normalized
TRM amplitude as a function of Hi., taken from the curves shown in
(a) at t = 10 min.

discussion of this phenomenon for a canonical spin glass in
terms of the ultrametrically organized free energy landscape,
where degenerate metastable states are separated by barriers
that are crossed by thermally assisted spin reorientations,
can be found elsewhere.”’ An important conclusion of the
TRM-decay experiments in the spin glass phase of FeAl, is
that the TRM behaves as a function of ¢,, and Hy. in the same
way as in the canonical spin glasses.

F. Discussion

The FeAl, intermetallic phase undergoes complex two-step
magnetic ordering at low temperatures. At 7 ~ 32 K, an
inflection-point-type anomaly is observed in x, and xi.
Below the anomaly temperature, the zfc—fc susceptibility
splitting increases rather suddenly, but it remains small and
almost temperature independent down to the maximum in x ¢
at 12 K. The ac susceptibility did not reveal any frequency
shift of the anomaly temperature. This indicates that at T ~
32 K, a kind of thermodynamic magnetic phase transition (not
yet specified) takes place, in which a small fraction of the
Fe spins participate. At Ty, & 12 K, a typical spin-freezing
transition to a spin glass phase is observed, characterized
by a frequency-dependent cusp in the ac susceptibility, a
continuously increasing zfc—fc susceptibility splitting below
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the cusp temperature, a significant M (H) hysteresis inside the
spin glass phase, and the TRM behavior as a function of the
aging time t,, and the cooling field Hj. typical of canonical
spin glasses. From the magnetic structure point of view, our
results are compatible with the following physical picture:
the majority fraction of Fe spins participates in the spin glass
transition at the spin freezing temperature Ty, ~ 12 K, whereas
the minority spin fraction (with considerably stronger interspin
exchange interactions) already orders magnetically at a higher
temperature 7 = 32 K. In the following, we discuss the origin
of magnetic frustration and spin glass ordering in the FeAl,
phase by considering structural features of the FeAl, lattice.

Magnetic frustration leading to a spin glass phase is
encountered in spin systems that possess (1) frustration (the
interaction between spins is such that no configuration can
simultaneously satisfy all bonds and minimize the energy at the
same time) and (2) randomness (the spins must be positioned
randomly in the material).>® These two properties lead to
highly degenerate free-energy landscapes with a distribution
of barriers between different metastable states, resulting in
broken ergodicity below the spin-freezing temperature 7;. In
FeAl,, the randomness criterion is fulfilled by the three lattice
sites M1, M2, and M3 with the mixed Al and Fe occupation
in the proportion 0.67Al1 4 0.33Fe. Each of the three M-type
sites is occupied by a magnetic Fe ion with the probability
0.33, the remaining 0.67 being the probability of occupation
by a nonmagnetic Al atom. The spins are thus positioned
randomly on the M-type sites. The sublattice of iron atoms
and mixed-occupation sites is displayed in Fig. 9(a) for the
view along the crystallographic a axis; in Fig. 9(b), the same
sublattice is shown along the b axis. If all mixed-occupation
sites were occupied by the nonmagnetic Al atoms only, the
Fe atoms would then form pairs and linearlike triads of
direct-coupled spins. A detail of the sublattice, containing
each of the five nonequivalent Fe atoms (Fel-Fe5) and the
three nonequivalent mixed sites (M1-M3) of the unit cell
only once is displayed in Fig. 9(c). The nearest-neighbor
distances are also indicated, ranging between 2.48 and 3.18
A. In the case that a given M site is occupied by an Fe
atom, the nearest-neighbor spins are then located on triangles.
Because the coupling between the spins is an AFM type (as
evidenced from the negative Curie-Weiss temperature), the
spins on the triangles are in a frustrated configuration (all three
spins cannot orient antiparallel with respect to both neighbors)
for geometric reasons. Both randomness and frustration are
thus present on the Fe sublattice of FeAl,. Considering the
cluster of Fig. 9(c), the probability of finding a cluster with
none of the three M sites occupied by a magnetic Fe is 0.30,
the probability of having one Fe and two Al on the M sites is
0.44, the configuration of two Fe and one Al has the probability
0.22, and the three-Fe configuration probability is 0.04. The
more Fe atoms on the mixed sites, the more nearest-neighbor
spins are located on the triangles.

Considering the entire Fe—M sublattice, there exist Fe-
richer and Fe-poorer regions, according to which of the four
cluster types is realized more frequently. Cooling down the
FeAl, material results in the freezing of spin reorientation
over a broad temperature range and the spin glass ordering
of spins in a frustrated configuration. The microscopic origin
of the spin glass phase in FeAl, is thus random positioning of
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FIG. 9. (Color online) The sublattice of iron atoms and mixed-
occupation sites of FeAl, according to the structural model by Stein
et al."*(a) A view along the a crystallographic axis. (b) A view along
the b axis. (c) A detail of the sublattice, containing each of the
five nonequivalent Fe atoms (Fel-FeS5) and the three nonequivalent
mixed sites (M1-M3) of the unit cell only once. The nearest-neighbor
distances (in angstrom units) are also indicated. The boxes denote the
unit cell.

the Fe spins on the three mixed-occupation sites of the unit
cell and geometrical frustration because of positioning of the
AFM-coupled spins on triangles. The preceding considerations
explain the formation of the spin glass phase below Ty, &~ 12 K,
in which the majority of Fe spins participate. The microscopic
origin of magnetic ordering at the higher transition at 7'~ 32
K, in which only a small fraction of the Fe spins is involved,
is less clear. It seems plausible to ascribe this phenomenon
to the Fe-richest regions in the material, where the interspin
interactions are strong enough to form localized magnetically
ordered “droplets” of the Fe spins at a temperature higher
than the spin glass transition in the Fe-poorer regions. This is
corroborated by the probability of finding an Fe-rich cluster of
Fig. 9(c) in the structure (with all three M sites containing an
Fe atom) being only 4%, whereas the summed probability of
the Fe-poorer clusters (containing two, one, or no Fe atom) is
96%.

IV. IV. MAGNETIC PROPERTIES OF Fe,Als

A. Zero-field-cooled and field-cooled magnetic susceptibilities

Magnetic properties of Fe, Als were determined by the same
set of experiments as applied previously to FeAl,. The zfc
and fc dc magnetic susceptibilities x = M/H of Fe,Als in
the temperature range 1.9-300 K and magnetic fields H =
8, 50, and 100 Oe and H = 1 and 10 kOe are shown in
Fig. 10(a). The zfc—fc susceptibility splitting up to room
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FIG. 10. (Color online) (a) The zfc and fc dc magnetic suscepti-
bilities x = M/H of Fe,Als in the temperature range 1.9-300 K in
magnetic fields H = 8, 50, and 100 Oe and H = 1 and 10 kOe. (b)
Xz and xg on an expanded scale below 8 K.

temperature is visible for the lowest field of 8 Oe, whereas
it becomes unobservable on the scale of Fig. 10(a) for the
higher fields investigated. This tiny splitting again occurs
because of a small fraction of magnetically ordered Fe spins
that can presumably be associated with defects in the material
(Fe-rich spin clusters at the surface of the cracks and/or FM
surface iron oxides).x, and xg are shown on an expanded
scale below 8 K in Fig. 10(b) (except for the lowest field of
8 Oe). Additional zfc—fc splitting and a cusp in y,g appear
at 3 K for the low fields up to 100 Oe, whereas at higher
fields of 1 and 10 kOe the splitting has already been destroyed
by the magnetic field. The field-induced destruction of the
zfc—fc susceptibility splitting below 3 K shows that the internal
magnetic structure is “soft” and fragile with respect to the
external magnetic field, which is already at a strength on the
order of 100 Oe. The cusp in X, at low magnetic fields,
the continuously increasing zfc—fc susceptibility splitting, and
the temperature-independent xg. below the cusp temperature
allow this temperature to be associated with the spin-freezing
temperature 7t ~ 3 K and classification of the low-temperature
phase of Fe,Als as a spin glass phase. The spin glass phase
in Fe,Als was not reported previously in the literature. In
a recent study,® the magnetic susceptibility of Fe,Als was
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FIG. 11. (Color online) Magnetic susceptibility of Fe,Als in H =
1kOeina (x — )(0)’1 versus temperature plot. The solid line is the
Curie-Weiss fit with Eq. (1) of the high-temperature data 7' > 80 K.
The fit parameters are given in the text.

investigated in the magnetic field H = 1 kOe and Curie-Weiss
paramagnetism was reported down to the lowest investigated
temperature. This result is in agreement with our susceptibility
data in the field H = 1 kOe, which is already strong enough
to destroy the zfc—fc susceptibility splitting and polarize the
fragile internal magnetic (spin glass) structure. The spin glass
phase in Fe,Als can only be observed in low magnetic fields
below ~100 Oe and is missed in experiments employing
magnetic fields of H = 1 kOe and higher.

B. Paramagnetic susceptibility

The analysis of the susceptibility x(7") of Fe,Als in the
high-temperature paramagnetic regime was performed with
the Curie-Weiss law of Eq. (1). The high-temperature data
for T'> 80 K of the susceptibility measured in the field H =
1 kOe were used. The (x — xo)~! versus temperature plot is
shown in Fig. 11. The fit (solid line) yielded the parameter
values xo = 3.1 x 107 emu/mol, C = 0.11 emu K/mol,
and & = —6.4 K. The negative Curie-Weiss temperature
suggests a prevailing AFM-type coupling between the spins.
The Larmor diamagnetic susceptibility xqi, Was calculated
to be in the range x4ia = (—3.0, —3.6) x 1073 emu,/mol.
The fit-determined yo value is 10 times larger than |xgial,
confirming that a small FM contribution is present in the
signal of the paramagnetic phase. The mean effective Bohr
magneton number was calculated from the Curie constant
to be per = 0.7 per Fe atom, demonstrating that the Fe
moments in the Fe,Als phase are partially screened by the
conduction-electron cloud in a conducting environment. The
smaller Bohr magneton number (pes = 0.7) and the less
negative Curie-Weiss temperature (8 = —6.4 K) of Fe,Als,
as compared to FeAl, (where pey = 2.9 and 6 = —35 K),
suggest weaker interspin coupling in the former compound.
This is in agreement with the lower spin freezing temperature
T; ~ 3 K of Fe,Als, as compared to Ty, &~ 12 K of FeAl,.
The FM spin fraction in the high-temperature paramagnetic
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phase of Fe,Als is also about 10 times smaller than in FeAl,.
Because Fig. 1(a) and (b) show that the density of cracks
in Fe,Als is considerably smaller than in FeAl,, associating
the FM signal with the surface defects in these compounds
(Fe-rich spin clusters at the surface of the cracks and/or FM
surface iron oxides) seems likely.

C. Ac susceptibility

The real part x’ of the ac susceptibility of Fe, Als, measured
in an ac magnetic field of amplitude Hy = 6.5 Oe at the
frequencies v =1, 10, 100, and 1000 Hz, is shown in Fig. 12(a).
x' shows a frequency-dependent cusp at T~ 3 K that shifts
to lower temperatures at lower frequencies. The zoomed-in
part of the frequency-dependent cusp is shown in the inset of
Fig. 12(a). By considering the cusp in x’ as though it occurred
at the spin-freezing temperature 7, below which the ergodicity
of the spin system is broken on the experimental time scale, the
T;(v) relation was determined from the x’ (v) curves. The T;(v)
graph is shown in Fig. 12(b), where a logarithmic dependence
(base 10) on the frequency is evident. At the lowest frequency
the cusp occurs at the temperature T¢(1 Hz) = 3.1 K, whereas
at the highest frequency it occurs at T¢(1 kHz) = 3.3 K. The
relative change of 7 per decade v is ATy /Ty A (log v) = 0.024,
which is in the range found for canonical spin glasses®” and
very close to the value (0.028) found for T, in FeAl,. This
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-/—10\ h é(mzz/\\
£ 0.02- Y 50.021/\
g i No.ozo
[P —— 1 Hz 26 28 30 32 34 36
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FIG. 12. (Color online) (a) Real part x’ of the ac susceptibility
of Fe,Als measured in an ac magnetic field of amplitude Hy = 6.5
Oe at frequencies v = 1, 10, 100, and 1000 Hz. The zoomed-in part
of x’ around the frequency-dependent cusp is shown in the inset. (b)
Frequency dependence of the temperature 7; of the maximum in y’.
A solid line was used to evaluate the relative change of 7; per decade
v, AT/ Ty A (logv) = 0.024.
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FIG. 13. (Color online) (a) M (H) curves of Fe,Als at T = 2 and
5 K for the field sweep & 50 kOe. (b) The zoomed-in parts of the
hysteretic region around H = 0.

classifies the spin-freezing transition in Fe,Als at 7 ~ 3 K as
being of spin glass type.

D. Magnetization versus magnetic field

The M(H) curves of Fe,Als were recorded at 7 = 2 K in
the spin glass phase and 7 = 5 K just above T; (Fig. 13(a)).
The shape of both curves is similar, showing curvature
typical of localized magnetic moments superposed on a linear
contribution. The main difference between the two curves is
the hysteretic region around H = 0 (Fig. 13(b)). The T=2K
curve shows small but significant hysteresis with the coercive
field HEK = 14.5 Oe, whereas no pronounced hysteresis
could be observed at 5 K (except for a tiny hysteresis with
H>® ~ 1 Oe that is comparable to the remanence of the
employed superconducting magnet). Hysteretic behavior of
the spin system is thus observed only below the spin freezing
temperature T¢. The magnetic field where the M (H ) hysteresis
loop at T = 2 K closes up is difficult to determine reliably
because of the smallness of the coercive field.

E. Thermoremanent magnetization

The TRM time decay of Fe,Als after cooling in the field
Hi. = 100 Oe and aging for z,, = 60 min before the field cutoff
was recorded at the measuring temperatures 71 = 2 K < Tt in
the spin glass phase and 7T} = 3, 4, and 5 K just above the spin
glass phase. Although there exists significant TRM at T} =
2 K that decays logarithmically slowly in time ¢ (Fig. 14),
no TRM was detected at 3 K and higher. The tiny nonzero
constant value of Mtrm (T1,1)/Ms. (T7) = 0.05 at T} =3 K
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FIG. 14. (Color online) Normalized TRM time decays Mrm/ M.
of Fe, Als at the temperatures 7y =2 K < Ty and T} = 3 K= T;, The
sample was cooled in the field Hy. = 100 Oe from room temperature,
and aging for 7,, = 60 min was employed before the field switch-off.
The tiny nonzero constant value of Mgy (77,¢)/ My (Ty) = 0.05 at
T, = 3 Kresults from the small FM magnetization in the paramagnetic
phase.

results from the aforementioned small FM magnetization in
the paramagnetic phase.

1. Thermoremanent magnetization versus aging time t.,

The TRM-decay experiments as a function of the aging
time t,, were performed at 77 = 2 K in the spin glass phase.
The sample was field cooled in Hy. = 8 Oe and was aged in this
field at T fort,, =0, 5, 10, 15, 30, 45, 120, 240, and 360 min.
The normalized TRM decays as a function of the aging time
tw, Mrtrm (ty,1)/ Mg (1), are shown in Fig. 15(a). A typical
spin glass behavior is observed, where the normalized TRM
magnitude increases for increasing #,. This is also evident
from Fig. 15(b), where the normalized TRM values, taken at
the decay time # = 40 min, are plotted as a function of #,,.

2. Thermoremanent magnetization versus cooling field H .

In the last set of experiments, the TRM time decay was
measured as a function of the cooling field Hg.. The sample
was again field cooled to 77 = 2 K in the spin glass phase and
left there to age for ¢,, = 60 min before the field was cut to zero.
The following field values were employed: Hg = 2, 50, 100,
200, 500, and 1000 Oe. The TRM decays normalized to My,
are displayed in Fig. 16(a). We observe a typical spin glass
behavior, where Mrtrv (He,t)/ Mt (Hi.) decreases strongly
with increasing Hj.. The normalized TRM amplitude as a
function of Hy., taken at the decay time r = 40 min, is displayed
in Fig. 16(b), where a decrease by a factor of 22 in the field
range 2 Oe < Hj. < 1000 Oe is evident.

F. Discussion

The Fe,Als intermetallic phase shows a spin-freezing
transition to a spin glass phase at 7t =~ 3 K, characterized
by a frequency-dependent cusp in the ac susceptibility, a
continuously increasing zfc—fc susceptibility splitting below
the cusp temperature, a temperature-independent yg. below
the cusp temperature, a significant M (H ) hysteresis inside the
spin glass phase, and the TRM behavior as a function of the
aging time t,, and the cooling field Hy. typical of canonical spin
glasses. The spin glass phase in Fe,Als is “soft” and fragile
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FIG. 15. (Color online) (a) Normalized TRM time decays
Mrrym (ty,1)/ Mg (1) of Fe,Als as a function of the aging time ¢,
at Ty = 2 K in the spin glass phase. The sample was field cooled in
Hi. = 8 Oe and was aged in this field at 7} for ¢, = 0, 5, 10, 15,
30, 45, 120, 240, and 360 min. (b) The normalized TRM amplitude,
taken from the curves shown in (a) at the decay time r = 40 min, as a
function of 7,,.

with respect to the external magnetic field and can only be
observed in low magnetic fields below ~100 Oe.

To reveal the origin of magnetic frustration and spin
glass ordering in the Fe,Als phase, we search for the
randomness and frustration within the Fe spin system by
considering structural features of the lattice. In the Fe, Als unit
cell,’” the single Fe crystallographic site is fully occupied,
so the spins are not positioned randomly in the structure.

Each Fe atom has two somewhat distant Fe near-neighbors
(3.06A), as well as eight All neighbors and a series of

partially occupied Al2 and Al3 sites (occupation factors of
0.36 and 0.23), making up disordered chains along [001].
The partially occupied sites introduce a certain degree of
randomness in the local environments of the Fe atoms.
Because the local near-neighbor coordination by the Al atoms
determines the amount of screening of the Fe magnetic
moment by the surrounding electron cloud, randomness in
the local environments introduces random distribution of the
sizes of the magnetic moments over the Fe sublattice. The
partial screening of the Fe moments in the Fe,Als phase is
experimentally supported by the strongly reduced value of
the mean effective Bohr magneton number (pe = 0.7 per
Fe atom), as determined from the Curie-Weiss analysis of the
paramagnetic susceptibility. Therefore, although the spins are
not positioned randomly in the Fe,Als structure, randomness
in the local chemical environments of the Fe sites because
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FIG. 16. (Color online) (a) Normalized TRM time decays
Mrrym(Hye 1)/ M (Hg.) of Fe,Als as a function of the cooling field
H;.. The sample was field cooled to 7 = 2 K in the spin glass phase
and aged there in the fields Hg = 2, 50, 100, 200, 500, and 1000 Oe
for t,, = 60 min before the field was cut to zero. (b) The normalized
TRM amplitude as a function of Hy., taken from the curves shown in
(a) at t = 40 min.

of the partial occupation of the neighboring Al2 and Al3 sites
imposes random distribution of the magnetic moment sizes and
the interspin coupling constants. Randomness is thus present
on the Fe sublattice. Geometric frustration because of the
distribution of the AFM-coupled nearest-neighbor spins on
triangles is present in Fe,Als as well (where the AFM-type
coupling follows from the negative value of the Curie-Weiss
temperature). In Fig. 17(a), the Fe sublattice of the Fe,Als
structure is shown, where the Fe atoms form infinite triangular
chains in the [001] direction. Because all of the Fe atoms are
located on the triangular chains, all spins of the structure are in
a frustrated configuration because of geometrical reasons. In
Fig. 17(b), the Fe triangular chains are viewed along [100] with
the nearest-neighbor distances indicated. The Fe—Fe distances

on the isosceles triangles are relatively large (two times 3.06 A
and one 4.22A), imposing relatively weak direct contacts

between the spins. This is reflected in the low spin-freezing
temperature 7y &~ 3 K and the fragileness of the spin glass
structure that is already destroyed and polarized by the external
magnetic field as low as 1 kOe. Random distribution of the
magnetic moment sizes and the interspin coupling constants
on the Fe sublattice, as well as the geometrical frustration of
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FIG. 17. (Color online) (a) The Fe sublattice of the Fe,Als
structure according to the model by Burkhardt ez al. (Ref. 15). The Fe
atoms form infinite triangular chains in the [001] direction. (b) The
Fe triangular chains viewed along [100] with the Fe-Fe distances (in
angstrom units) indicated. The boxes denote the unit cell.

the AFM-coupled spins on triangles, is at the origin of the spin
glass phase in Fe,Als.

V. CONCLUSIONS

In this work, we revisited the magnetic properties of the
FeAl, and Fe,Als intermetallic compounds in the aluminum-

PHYSICAL REVIEW B 83, 224427 (2011)

rich side of the Fe—Al phase diagram. We found that the
magnetic structures of the investigated compounds are richer
than published so far in the literature. FeAl, undergoes
complex two-step magnetic ordering at low temperatures. At
T =~ 32 K, a magnetic phase transition (not yet specified) takes
place in which a small fraction of the Fe spins participate,
whereas at Ty, ~ 12 K, the majority spin fraction undergoes
a spin-freezing transition to a spin glass phase. This is in
contrast to the previous studies that have reported a single
transition to a spin glass phase at the spin freezing temperature
T; = 35 K. The microscopic origin of the spin glass phase
in the structurally well-ordered FeAl, is random positioning
of the Fe spins on the three mixed-occupation Al/Fe sites
of the unit cell and the geometrical frustration because of
positioning of the AFM-coupled spins on triangles. The origin
of magnetic ordering at the higher transition at 7 ~ 32 K,
in which only a small fraction of the Fe spins is involved,
is less clear, but it is plausible to ascribe this phenomenon
to the Fe-richest regions in the material, where the interspin
interactions are strong enough to form localized magnetically
ordered “droplets” of the Fe spins already at a temperature
higher than the spin glass transition in the Fe-poorer regions.
This is corroborated by the probability of finding an Fe-rich
cluster in the FeAl, structure (with all three mixed-occupation
sites containing an Fe atom) being only 4%, whereas the
summed probability of the Fe-poorer clusters (containing
two, one, or no Fe atom on the mixed-occupation sites)
15 96%.

The Fe,Als intermetallic phase shows a transition to a spin
glass phase at the spin freezing temperature 7t &~ 3 K, which
was not reported previously. The spin glass phase is “soft”
and fragile with respect to the external magnetic field and
can only be observed in low magnetic fields below ~100 Oe.
In searching for the randomness and frustration of the spin
system that lead to the spin glass ordering, we found that all
sites of the Fe sublattice are fully occupied, so the spins are
not positioned randomly in the Fe,Als structure. However,
randomness in the local chemical environments of the Fe
sites because of the partial occupation of the neighboring
Al2 and Al3 sites imposes different degrees of Fe moment
screening by the conduction-electron cloud, resulting in a
random distribution of the magnetic moment sizes and the
interspin coupling constants. Geometric frustration because of
the distribution of the AFM-coupled nearest-neighbor spins on
triangles is present as well. Thus, randomness and frustration
are both present in the structurally well-ordered Fe,Als
phase.
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