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Abstract

We have investigated the magnetic properties of Heusler-type Fe, VAl and
Fe,VGa by means of susceptibility, magnetization, and nuclear magnetic
resonance (NMR) measurements. As evidenced by the static and dynamic
magnetic susceptibilities, both compounds exhibit the characteristic features of
a superparamagnetic glass. The freezing temperatures of our samples are 23 K
for Fe, VAl and 9 K for Fe, VGa. A detailed analysis indicates the coexistence
of individual magnetic defects with large-moment superparamagnetic clusters.
The temperature-dependent magnetization and NMR linewidth are dominated
by isolated magnetic defects, identified as Fe antisite defects. The concentration
of these defects, determined from NMR linewidths, is 4.5 x 103 in Fe, VAL, in
good agreement with the value deduced from previous field-dependent specific
heat measurements.

1. Introduction

The Fey.Vi_1Al and Fe,,,V;_,Ga intermetallics have been topics of recent interest due
to their unusual magnetic and transport behaviour [1-6]. In both systems, a broad peak in
electrical resistivity coincides with an apparent magnetic transition temperature, 7., with a
negative temperature coefficient of resistivity above 7, going over to a positive temperature
coefficient below the transition [1-6]. However, NMR measurements indicate stoichiometric
Fe, VAl and Fe,VGa to be nonmagnetic semimetals [7, 8], in agreement with theoretical
work [9-11]. Therefore, the 7, for these materials must be due to the presence of magnetic
defects, such as those measured via field-dependent specific heat [12].

The behaviour of magnetic defects in Fe,VAI and Fe,VGa is particularly interesting
because of the observation of negative giant magnetoresistance (GMR) for T ~ T, [3,5, 6].
In Fe,VGa the GMR effect is near 50%, the highest value reported for magnetically dilute
or granular 3d transition metal alloys [5, 6]. It has been suggested that wrong-site Fe atoms
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on V sites (antisite Fe) are magnetic and play a significant role in the magnetism of the two
compounds [10, 11]. These antisites have been associated with the 3.7 up defect identified by
specific heat measurements in Fe, VAl [12], an observation in good agreement with a calculated
value of 3.18 pp for this material [11]. The corresponding defect in Fe, VGa was calculated to
have amomentof 3.2 g [11]. However, Popiel et al [13] have found a nonlinear magnetization
variation with external fields and an absence of Zeeman splitting in the Mossbauer spectra for
Fe;_, VAl with 0.6 < x < 1.1. These observations were associated with a distribution of
cluster magnetic moments from 10 to 10* .

In this work, we report AC susceptibility ( ), DC magnetization (M), and nuclear magnetic
resonance (NMR) measurements on stoichiometric Fe, VAl and Fe, VGa. These results indicate
that in addition to magnetic antisite defects, a more dilute population of large-moment clusters
is present in these materials. These clusters are found to dominate the low-field susceptibility.
Furthermore, a superparamagnetic freezing transition is identified as being associated with
these large clusters, explaining the appearance of the low-temperature magnetic transition in
these materials.

2. Experiments

The samples studied here were prepared by arc melting appropriate amounts of the elemental
metals. The Fe, VAI ingot was annealed in a vacuum-sealed quartz tube at 1000 °C for two
days, then annealed at 400 °C for more than 12 h; this was followed by furnace cooling.
Fe,VGa was annealed at 600 °C and then 400 °C. These are the same ingots as were used
for previous NMR [7, 8] and specific heat [12] measurements. In a powder x-ray analysis, all
observed peaks for both substances could be indexed according to the expected L2, structure.
Peak intensities were in good agreement with simulated spectra calculated by standard means.
The lattice parameters determined, a = 5.76 A for Fe, VAl and a = 5.77 A for Fe,VGa, are
equal to those reported in the literature [1-5, 14, 15]. Powdered samples from these ingots
were used for both magnetic and NMR measurements. The grain size for these powders was
50-200 um. Wavelength-dispersive spectroscopy (WDS) measurements showed these grains
to be uniform in composition, with no signs of phase segregation observed.

2.1. NMR linewidths

NMR linewidths can provide a measure of the concentration of magnetic defects in the vicinity
of the NMR nucleus [16-18]. Here we show that NMR measurements of Fe, VAl indicate a
concentration of magnetic defects in very good agreement with those found by specific heat
measurements in the same sample.

The NMR experiments were performed using a 9 T home-built pulse NMR spectrometer.
27Al and 3'V NMR spectra were detected at approximately 99 and 101 MHz respectively,
in constant field. Powder specimens, mixed with granular quartz to facilitate rf penetration,
were placed in thin-walled plastic vials for 4 to 300 K measurements, and in Teflon tubes for
high-temperature purposes. Both sample holders showed no observable 2’ Al and 'V NMR
signals. The NMR powder patterns were measured by spin-echo integration versus frequency.

For Fe, VAl the central portions of the NMR lines exhibited Lorentzian shapes, for both
27 Aland 3!V spectra [7,19], as expected for broadening by dilute magnetic impurities [17,18].
We recorded the full width at half-maximum (FWHM) as a measure of the broadening of
these lines. For both nuclei, the FWHM increases with decreasing temperature, as illustrated
in figure 1(a). These curves can be fitted to a Curie-type term proportional to 1/7, added to
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a T-independent background. Walstedt and Walker have calculated NMR linewidths due to
dilute magnetic impurities [18]; for the case where fluctuation of the impurity spins is rapid
compared with the NMR splittings, the linewidth is proportional to the average spin moment,
giving a Curie-type contribution as observed here. According to this theory, substitutional
defects having spin S and concentration f will produce a FWHM, Av, which can be expressed
as follows:

2 Ya
A — Yulof8MB

o3 V (8:(T)) ey
where (S;(T)) is the average moment, and V the volume per formula unit. We fixed the defects
as having g = 1.93 and S = 3/2, values obtained from specific heat measurements [12]. As
described in the introduction, these defects are identified with the Fe antisite. The least-squares
fit, shown as a dotted curve in figure 1(a), yields an impurity concentration f = 0.0045. This
value is very close to the value, f = 0.0037, deduced from the specific heat [12]. The
consistency of these results indicates that the same defect is responsible for both effects. The
well-defined Schottky anomaly in the specific heat indicates a single defect to be responsible,
rather than a collection of defects with a continuum of moments, and the NMR results indicate
these Fe, VAL antisite defects to be more or less uniformly distributed within the sample.
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Figure 1. The variation of the 2” Al and 3!V FWHM linewidths with temperature for (a) Fe, VAI
and (b) Fe; VGa. Dotted lines: the fit to the broadening described in the text.

31V linewidths observed in Fe,VGa show a temperature variation similar to those of
Fe,VAI [8]. However, for the case of Fe, VGa, nearly Gaussian lineshapes were observed,
as previously reported [8]. The Gaussian lineshape is indicative of a higher concentration of
defects [18,20], for which an analytic solution corresponding to equation (1) is not possible.
As an approximate measure [8], we took the FWHM (plotted in figure 1(b)), and fitted the
results using the dilute-case solution, equation (1). While specific heat results are not available
as an independent measure of the defect distribution in this material, we assumed that the
Fe antisites also dominate in Fe, VGa. Taking g = 1.93 and S = 3/2 for these defects, the
result, drawn as a dotted curve in figure 1(b), gives an impurity concentration f =~ 0.04 per
formula unit.
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2.2. Magnetic measurements

Susceptibility and magnetization measurements were carried out using a commercial
LakeShore magnetometer/susceptometer and a Quantum Design SQUID magnetometer. AC
susceptibilities are shown in figure 2 for Fe, VAl and Fe, VGa, obtained both in zero field and
with the concurrent application of different DC fields as indicated. These data were obtained
using an AC excitation field of amplitude 1 Oe and frequency 125 Hz. A prominent maximum
in x is observed for Fe, VAl at 23 K (for zero DC field), while the maximum occurs for Fe, VGa
at 9 K. Both maxima are suppressed by DC fields as small as 10 Oe, as seen in the figure.
The measured values of x are significantly larger than expected given the concentrations of
antisite defects obtained by means of NMR, quoted above. On the other hand, the susceptibility
maxima cannot be associated with bulk ferromagnetic transitions because of the absence of
corresponding NMR frequency shifts for either material down to 4 K [7, 8], in measurements
previously reported.
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Figure 2. Field-dependent AC susceptibilities (real component) for (a) Fe, VAI and (b) Fe, VGa.
The DC fields indicated were applied during the measurements.
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To achieve a further understanding of these results, we measured the frequency dependence
of x, with excitation frequencies in the range 1.25 Hz to 1250 Hz. As one can see from
figure 3, the amplitude of x has a strong frequency dependence, with the maximum reduced
with increasing frequency for each material. This is the characteristic behaviour of spin glasses,
for which the frequency dependence is associated with a distribution of energies for spin—spin
interactions [21]. However, the large reduction of x with application of a relatively small
DC field (figure 2) indicates that the individual moments responsible for the spin-glass-type
behaviour are much larger than those of the antisite defects. Therefore, the behaviour observed
here is of the superparamagnetic type rather than the spin-glass type.
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Figure 3. AC susceptibility curves for (a) Fe; VAI and (b) Fe; VGa obtained at the frequencies
indicated.

An approximate measure of the size of the superparamagnetic moments present can be
obtained from the field dependence of yx (figure 2). Assuming superparamagnetic clusters of
uniform size, a fit in a narrow temperature range above the maximum in y for Fe, VAl yields
a moment of 5000 w5, with a concentration of 107’ per formula unit. For Fe,VGa this fit
yields moments of the same size, 5000 wp, with a concentration of 10~ per formula unit.
The Fe, VAl result is consistent with Mdssbauer results [13] indicating local moments ranging
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up to 10* j15. On the other hand, a well-defined Schottky anomaly corresponding to antisite
defects of 3.7 up was the only peak apparent in specific heat measurements for Fe, VAl [12],
in agreement with the NMR lineshape fits described above. So, there must be two populations
of magnetic defects in Fe, VA, rather than a continuous range from small to large moment.
These populations include the isolated 3.7 up Fe antisites, and superparamagnetic moments
of approximate average moment 5000 pp. Since the susceptibility maximum is associated
with the large moments, we identify it as a superparamagnetic freezing transition [21-24] due
to the interactions of large-moment spins.

The presence of large superparamagnetic moments, in addition to the antisite defects, will
introduce an additional broadening mechanism for the NMR lineshapes. Superparamagnetic
moments of approximate size 5000 up will be completely polarized in the 9 T NMR field
used here, so such moments will give a temperature-independent contribution to the NMR
linewidth. With these moments uniformly distributed in the sample, equation (1) can be
applied, if (S;(7T)) is replaced by the temperature-independent saturated superparamagnetic
moment. This yields an additional contribution of 3 kHz to the NMR linewidth for Fe, VAL,
and 30 kHz for Fe, VGa, using the superparamagnetic moment concentrations estimated above.
These additive contributions to the NMR linewidth are consistent with the measurements, and
do not affect the antisite defect estimates given above, since the Curie-law contribution to the
linewidths is unaffected.

A measure of the total moment present in these materials is provided by the DC magnet-
ization, M. Such results are shown in figure 4, for fields up to 7 T, at several temperatures.
The dotted curves plotted along with these data were calculated for the lowest and highest
measured temperatures for each material (5 K and 160 K for Fe, VAL, 5 K and 50 K for
Fe,VGa). In calculating these curves, we made the simplifying assumption of uniform and
independent 5000 wp superparamagnetic moments, as well as the antisite defects having
g = 1.93 and S = 3/2. The superparamagnetic moments become saturated below 1 T at all
temperatures, giving the rapid rise seen in the data at low fields, while the antisite defects only
become appreciably polarized in higher fields, giving the slower rise in M seen at the lowest
temperature. For Fe, VAl the defect concentrations obtained from NMR and y give good
agreement; the antisites dominate the saturated moment, and for 5 K the curve follows the
data well. Departures apparent for the 160 K curve can be attributed to the superparamagnetic
moments having a size distribution, rather than the fixed size assumed for the calculation. We
have not attempted to fit these data to a specific distribution of superparamagnetic moments.

For Fe,VGa, an antisite density of 0.02 (rather than 0.04) per formula unit provided
better agreement with the M versus H data, reflecting the considerable approximation used
in applying equation (1) to the NMR results for this material. We also increased the super-
paramagnetic moment density above the estimate obtained from x, yet the poor fit of the
calculated curves to the data indicates a broad distribution of moment sizes, as compared to
Fe, VAI. The data show that the saturation moment of Fe, VGa is dominated by large moments,
as opposed to the case for Fe, VAl, where the isolated antisite defects dominate. The larger
moment in Fe, VGa, compared to Fe, VAL, has been noted previously [5].

For the Fe, VAl sample, we measured the low-field magnetization under field-cooling and
zero-field-cooling conditions. This was done in a field of 20 Oe, but with no difference in the
magnetization for the two cases, in contrast to the usual behaviour of spin glasses [21]. Super-
paramagnetic glasses typically also exhibit a divergence between the field-cooled and zero-
field-cooled magnetization below the blocking temperature (7g); however, the shapes of these
curves depend upon whether magnetocrystalline anisotropy or mutual particle interactions
dominate the magnetic behaviour [23,24]. A peak in the field-cooled curve can occur when
dipolar interactions dominate [23], and we attribute the observed behaviour to this situation.
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Figure 4. DC magnetization versus H for (a) Fe, VAl and (b) Fe; VGa measured at the temperatures
indicated. Dotted curves: magnetization calculated according to the model described in the text.

3. Discussion

Monte Carlo simulations have been reported for dipole-coupled superparamagnetic moments
in the Cu—Co system [22]. Scaling the distribution of local fields calculated in that work
according to the superparamagnetic moment sizes and concentrations obtained here, we find
a typical local dipole field for superparamagnetic moments in Fe, VAl equal to 50 Oe. Setting
Tg equal to the temperature at which the thermal energy equals wH in this local field, we
obtain 75 = 17 K, which corresponds very well to the observed maximum in x (figure 2).
Thus dipolar coupling provides a good explanation of the observed Tg. The anisotropy may
play some role, but surface averaging often serves to minimize the effective anisotropy for nm-
sized particles [24]. We noted above that the field-cooled magnetization in Fe, VA, exhibiting
a peak at the same temperature as the zero-field-cooled measurement, also points to dipolar
interactions as dominant. Since the applied field for that measurement (20 Oe) was smaller than
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the estimated local dipole field, it does follow that the field-cooled M would tend to zero at low
temperatures. Note that these are semimetals, so the RKKY interaction will not be effective
in coupling the moments. Dipolar coupling is typically most important for superparamagnetic
glasses having an insulating matrix [24]. Given the wider distribution of superparamagnetic
moments in Fe, VGa, an estimate of T is more difficult to obtain, but we believe the mechanism
for the maximum in y to be essentially the same.

Above 60 K, the field dependence of x for Fe, VGa disappears, as can be seen in figure 2.
We associate this temperature with the internal magnetic ordering temperature (7,) within the
superparamagnetic clusters. The corresponding transition is above the range of measurements
for Fe, VAl. To model the origin of superparamagnetic clusters in these materials, we note that
both Fe, VAI and Fe, VGa have a Fermi level falling inside a narrow pseudogap [7,8]. With
an increase in Fe concentration, Fe,,, V|_, Al and Fe,,;, V|_,Ga both become ferromagnetic
metals. Therefore, fluctuations in the local Fe concentration can lead to regions in which the
pseudogap edge is pulled below the Fermi level, creating pockets of ferromagnetic material
within the nominally nonmagnetic x = 0 materials. This model is distinct from usual model of
superparamagnetic materials, but the pseudogap and nearness to the ferromagnetic composition
is a distinctive feature of Fe, VAI and Fe, VGa. This model is consistent with the absence of
phase segregation observed in these materials, and shows why the magnetic defects can be
separated as small and large defects.

Assuming a contribution of 2 up for each Fe in ferromagnetic regions of the sample, the
saturation curves (figure 4) can be used to estimate the portion of the sample corresponding
to these regions. This estimate yields 1% for Fe;VGa, and a value about 100 times smaller
for Fe, VAL Fluctuations in Fe concentration will be dependent upon sample preparation;
indeed, Matsushita and Yamada have recently demonstrated that the effect of heat treatment
on Fe, VAl alloys plays a significant role in their magnetic properties [25], in agreement with this
assessment. Itseems likely that the change from superparamagnetic to ferromagnetic behaviour
in Fey, Vi_,Al and Fe,,,V|_,Ga proceeds as a percolation process, as the ferromagnetic
regions become larger and eventually encompass the entire sample.

Therefore, the magnetic properties of Fe, VAl and Fe, VGa can be interpreted consistently
in terms of the following picture: the stoichiometric materials are nonmagnetic, but contain
antisite Fe atoms which exhibit local magnetic moments, and also ferromagnetic regions which
give the observed superparamagnetic behaviour. The antisite defects produce a T-dependent
contribution to the NMR linewidth, and are responsible for the reported GMR effect [5,6]. The
Schottky anomaly in the specific heat of Fe, VAl has been associated with the same defects [12].
The superparamagnetic regions are associated with the observed magnetic transitions, shown
to be magnetic freezing transitions in both Fe, VX compounds. The observed T -independent
X at high temperatures can be attributed to Van Vleck paramagnetism, consistent with NMR
studies [7, 8], indicating the Pauli susceptibility to be small.

4. Conclusions

A study of the magnetic properties of Fe,VAl and Fe,VGa by means of susceptibility,
magnetization, and NMR shows that the magnetic defects in these materials are of two types:
large ferromagnetic clusters, and Fe antisite defects. The presence of the antisite defects is
indicated by the T-dependent NMR linewidth, and they are also responsible for the previously
reported GMR behaviour. On the other hand, the bulk magnetic behaviour of these materials is
dominated by large clusters which exhibit superparamagnetic behaviour, and a low-temperature
freezing transition in both materials.
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