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Sublattice magnetism in o-phase Fe y,_,V, (x=34.4, 39.9, and 47.9) studied
via zero-field 'V NMR
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The successful measurements of a sublattice magnetism with 'V NMR techniques in the sigma-phase
Fejpo_V, alloys with x=34.4, 39.9, and 47.9 are reported. Vanadium atoms, which were revealed to be present
on all five crystallographic sites, are found to be under the action of the hyperfine magnetic fields produced by
the neighboring Fe atoms, which allow the observation of Sy NMR signals. Their nuclear magnetic properties
are characteristic of a given site, which strongly depend on the composition. Site A exhibits the strongest
magnetism while site D is the weakest. The estimated average magnetic moment per V atom decreases from
0.36ug for x=34.4 to 0.20ug for x=47.9. The magnetism revealed at V atoms is linearly correlated with the
magnetic moment of Fe atoms, which implies that the former is induced by the latter.
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I. INTRODUCTION

A sigma phase can be produced by a solid-state reaction
in some alloy systems in which at least one constituent is a
transition element. It has a tetragonal crystallographic struc-
ture and its unit cell contains 30 atoms that are distributed
over five different crystallographic sites A, B, C, D, and E.
Because of the high coordination numbers (12—-15), the phase
belongs to a family of the so-called Frank-Kasper phases.
Among about 50 binary alloys in which the sigma phase was
found, only that in the Fe-Cr and Fe-V alloys has well-
evidenced magnetic properties.'~® Although magnetic inves-
tigations on the sigma phase have been carried since 40
yezurs,2’3 its magnetism, which, due to low values of the Curie
temperature and of the magnetic moment, is usually termed
as weak and low temperature, is not well understood yet.
Some features like a lack of saturation of magnetization even
in an external magnetic field of 15 T (Refs. 4-6) and the
Rhodes-Wohlfarth criterion speak in favor of its itinerant
character but it remains fully unknown (a) if both kinds of
the constituting atoms contribute to the magnetism, (b) what
are the values of the magnetic moments localized at the con-
stituting atoms occupying different crystallographic sites,
and (c) is the magnetic structure colinear or not. The diffi-
culty in answering these questions arises on one hand from a
failure to produce a big enough single crystal of the sigma
phase that could be used in a neutron-diffraction experiment
to decipher the magnetic structure, and on the other, in a lack
of high-enough resolution of the Mdossbauer Spectroscopy,
which partly follows from the weak magnetism of the sigma
phase and partly from its complex crystallographic structure
combined with a chemical disorder of atom distribution over
the five sites.”

In this paper, we report on a successful measurement of
the nuclear-magnetic-resonance (NMR) spectra without ap-
plying external magnetic field (so-called zero-field NMR)
(Refs. 8—12) on the o-phase Fey_,V, samples with x
=34.4, 39.9, and 47.9, which gives a clear evidence that V
atoms occupy five sites and have a nonzero spin density
(transferred Fe hyperfine magnetic field) that is characteristic
of a given site.
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II. EXPERIMENTAL

The samples of the o phase used in this study were pre-
pared by an isothermal annealing of master ingots of the a
phase at 973 K for 25 days. More detailed description of the
fabrication process and the verification of the final phase and
its chemical composition are given elsewhere.® For NMR
measurements, the samples were in form of powder
(~100 mg) obtained by attrition bulk samples in an agate
mortar and, afterward, mixed with paraffin.

The zero-field NMR experiments were carried out using a
Discovery Tecmag Console, which operates in the frequency
range of 1-600 MHz. The spectra were obtained by exciting
the nuclei frequency-by-frequency (0.3125 MHz step),
within a frequency range of 10-100 MHz, and measuring the
respective modules of the complex echo signals acquired.

For the samples Fegs¢Visa and Fegy V399, the echoes
were obtained after the application of two 1 us radio-
frequency (rf) pulses, separated by a fixed delay of 20 wus.
The repetition time for the spin-echo experiments was set to
50 ms and the number of averages to 500 scans. However,
for the sample Fes; V479, due to the low signal-to-noise ra-
tio, the echoes were obtained after the application of two
2 ws radio-frequency pulses, the interpulse delay was set to
7 wus, the repetition time to 10 ms, and the number of aver-
ages to 150 000 scans. All the measurements were carried
out at 4.2 K.

III. RESULTS AND DISCUSSION

The NMR signal can in this case originate from both >'V
and °’Fe nuclei. However, the main lines observed in the
spectra (Figs. 1 and 2) were assigned to the >'V nuclei due to
the following three main reasons: (i) much higher natural
abundance of the >'V nuclei (99.8%) as compared to that of
S'Fe (2.2%); (ii) more intense gyromagnetic factor of >'V
nuclei (11.2 MHz/T) in contrast with that of >’Fe (1.4 MHz/
T); and (iii) Mdssbauer experiments carried out for similar
samples to those studied in this work indicate that local hy-
perfine magnetic fields on the Fe sites are dispersed from 5 to
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FIG. 1. (Color online) Raw >'V NMR spectrum observed for the
sample Fegs V344 together with a calibration curve and corrected
spectrum.

20 T at 4.2 K, with an average value of about 13 T.® Taking
into consideration the two last reasons, one would expect to
observe *’Fe lines in the NMR spectrum in the frequency
range of 5-30 MHz while the recorded spectra are observed
from 10 to 100 MHz. Consequently, one could conclude that
all the observed lines are associated with 'V nuclei, which
have spin 7/2. Additionally, preliminary NMR measurements
performed at the center of each peak (A through E) of the
spectrum observed for sample Fegs V3,44 indicated that they
present quadrupolar oscillations, a specific behavior of
quadupolar nuclei. In our case, only °'V nuclei are
quadrupolar.’ As a result, the widths, positions, and shapes of
the spectral lines associated to these nuclei should be af-
fected by both hyperfine magnetic fields and electric quadru-
polar interactions of each °'V site, being these contributions
on the order of units to tens of megahertz and about 300 kHz,
respectively. All the spectra shown below were processed
using the procedures described in Ref. 10, using the spin-
echo integral method to reconstruct them.

Due to the fact that the NMR spectrometer was used for
detecting very wide spectra, special care was taken to avoid
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FIG. 2. (Color online) 'V NMR corrected spectra recorded at

4.2 K for samples with Fe contents (1—-x) equal to 65.6, 60.1, and
52.1, in sequence from right to left.

PHYSICAL REVIEW B 81, 184407 (2010)

T T T T T T T T T T T

o-Fegs V344

08 o-Fegy 1 Vg

Intensity (arb. units)

o-Fego 1 Virg A

60 70 80

v (NIHZ;

FIG. 3. (Color online) Corrected (circles) and deconvoluted >'V
NMR spectra (full lines) recorded at 4.2 K for the investigated
samples.

spurious artifacts affecting the wide line spectral shape from
transmitter, receiver, cables, rf probe, etc. In order to circum-
vent all the undesirable contributions, the radio-frequency
probe coil was designed to avoid self-resonances in the ex-
periment frequency range (10-100 MHz) and its connections
to the spectrometer were made without using tuning/
matching by capacitors and transmitter/receiver duplexing
with quarter-wavelength cable. Before the experiments, the
following calibration procedures were carried out: (i) the rf
probe was fully characterized by the use of a vector imped-
ance meter; (ii) the spectrometer frequency response, without
probe, was analyzed by connecting the transmitter directly to
the receiver and running the experiment over the full experi-
ment frequency range; and (iii) the same procedure used in
(ii) was repeated with the inclusion of the rf probe. After
these procedures, it was possible to observe all the spurious
contributions of the spectrometer to the spectra, allowing to
safely eliminate them from the observed spectra. Figure 1
shows the raw spectrum observed for the sample Fegs V344
together with the most representative calibration curve,
where one can easily observe the spurious artifacts intro-
duced by all the components of the spectrometer. After
quickly identifying the spurious peaks, they were simply re-
moved from the spectrum by extracting the corresponding
points from the spectrum data, without any additional data
manipulation. In the cases where the signal to noise was not
good enough to distinguish the signal from the noise for both
calibration curve and NMR data, the spectrum intensity was
kept the same.
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TABLE 1. Best-fit parameters as obtained for Sty spectra recorded at 4.2 K on the investigated

samples.
Line position Line separation®

(MHz) (MHz)
Site x=34.4 x=39.9 x=479 x=344 x=39.9 x=47.9
D 22.70 15.10
B 31.10 22.00 12.91 8.40 6.90
C 40.25 30.20 21.36 9.15 8.20 8.45
E 49.80 38.83 29.32 9.55 8.63 7.96
A 58.40 49.50 8.60 10.67
Average line separation (MHz) 8.93 8.60 8.20
Average frequency (MHz) 42.12 31.11 22.07

“Frequency shift between two neighboring lines.

In order to get the final shape for the spectra, the intensi-
ties were corrected to compensate the frequency-dependent
sensitivity of the NMR system, which was also experimen-
tally estimated. Figure 2 shows the final spectra for all three
samples, taking the same procedures discussed above to en-
sure that the spectral features are predominately due to the
31V hyperfine interactions. As discussed before, the widths,
positions, and shapes of the spectral lines associated to these
nuclei should be affected by both hyperfine magnetic fields
and electric quadrupolar interactions for each 'V site. Con-
sidering that °'V nuclei have spin 7/2, one should expect to
observe seven lines equally separated by the quadrupolar
coupling, which was estimated to be about 300 kHz. This
feature is not observed for all the spectra measured, indicat-
ing that the broad shapes observed for sites A through E are
due to superimposed distributions of electric quadrupolar
couplings and hyperfine magnetic fields, being the last inter-
action more important for the large broadening observed
since quadrupolar couplings would not account for the large
linewidths detected.

With the purpose of estimating the area of each line of the
spectra, they were decomposed by a multiple Lorentzian fit-
ting procedure, using 5, 5, and 3 peaks for samples
Fegs.6V3a.4. Fego.1 V9.0, and Fesy | V79, respectively (see Fig.
3), assuming they should consist basically of five resonance
lines corresponding to the different crystallographic sites A,
B, C, D, and E, superimposed on a background. In the
sample with the highest content of vanadium, we observed
only three lines because of the very low signal to noise for
this NMR measurement, due to the lower hyperfine magnetic
field, not allowing the observation of the lines A and D.

All the fitting parameters were kept free to fit the line
shapes during the spectral decomposition procedures, though
the correlations among the line intensities (areas) and the
respective  site  populations obtained from neutron
diffraction” were taken into account. Due to this reason, er-
rors of about 10% for the line intensities (areas), which in-
clude, not only the error indicated by the fittings but also the
linewidth variability should be noticed. The shoulder ob-
served in the higher-frequency side of the Fegs V34,4 sam-
ple’s spectrum (line A), which was associated to spurious
signals, and neglected in the fitting procedures, disappears

for the other samples or eventually hides under the line A. In
this case, mostly for the sample Feg V39, this could give
an additional error to the line A intensity (about 20%) since
only five peaks were considered in the fitting procedure.

The best-fit parameters obtained with the above-described
procedure are given in Table I. Taking in consideration the
line intensities and the respective site populations obtained
from the neutron diffraction,’” one can obtain a good correla-
tion between the two experimental methods, as indicated by
the correlation coefficient R? in Table II.

Additional correlations were found for the NMR line po-
sitions and the magnetic moment per Fe atom versus the Fe
content as shown in Figs. 2, 4, and 5, confirming that the
bigger the iron concentration, the higher the local magnetic
field in the V sites.

Before a more detailed discussion of the results will pro-
ceed, let us first notice that a well-defined five-line structure
seen in the intensity of the measured spectra is the charac-
teristic feature. This means that (1) the transferred Fe hyper-
fine magnetic field (spin density) exists on V atoms occupy-
ing all five crystallographic sites and (2) it is characteristic of
a given site. This agrees, at least, qualitatively with the ob-
servation and calculation known for disordered a-Fe-V al-

TABLE II. Relative probabilities, P, of finding V atoms at dif-
ferent sites A, B, C, D, and E in a unit cell of the o-phase samples
of Feg.,V, compounds as derived from the measured Sy NMR
spectra and those, in brackets, obtained from neutron-diffraction
studies (Ref. 7). The linear correlation coefficient between the two
series of P is denoted as R2.

x=34.4 x=39.9 x=47.9
P j2 P

Site (%) (%) (%)
A 5.8 (0.6) 5.5 (0.8) —(1.0)
B 21.8 (26.0) 24.3 (24.7) 25.6 (23.3)
C 31.5 (35.1) 33.0 (36.3) 38.4 (36.8)
E 29.2 (36.5) 32.1 (36.3) 36.0 (36.8)
D 11.7 (1.8) 5.1 (1.9) —(2.1)
R? 0.86 0.96 0.95
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FIG. 4. (Color online) >'V NMR line positions observed for
different lattice sites versus Fe content, (1—x). The data are con-
nected to guide the eyes. The right-hand-side y axis has been scaled
in the corresponding magnetic moment estimated using the scaling
factor as given elsewhere (Refs. 13 and 14).

loys, where V atoms in Fe-rich alloys have magnetic mo-
ments on the order of 1ug.!>1

Let us first discuss the question of the effect of composi-
tion on the peak position of each of the five resonance lines.
As shown in Fig. 2, all three spectra are shifted with (1—x)
toward higher frequencies (hyperfine magnetic fields). Con-
cerning positions of particular resonance lines, a strong qua-
silinear increase with Fe content, (1—-x), can be observed for
all five sites—see Fig. 4. The increase, which is slightly en-
hanced for higher Fe concentrations, is rather site indepen-
dent. The average shift between the subsequent resonance
lines has the following approximate values: 8.93 MHz or
0.80 T for x=34.4; 8.60 MHz or 0.77 T for x=39.9 and,
finally, 8.20 MHz or 0.73 T for x=47.9. These figures can be
rescaled into the underlying magnetic moments. For that pur-
pose, the scaling constant of 9 T/up deduced from the data
published elsewhere'®!# can be used. By doing so, the fol-
lowing shifts expressed in Bohr magneton have been ob-
tained: 0.0885 for x=34.4, 0.0883 for x=39.9, and 0.0813
for x=47.9, i.e., they hardly depend on composition. In order
to compare this behavior with that of the average magnetic
moment per Fe atom, (u), as determined elsewhere,® a
weighted average frequency (gravity center), (v), of each
spectrum was calculated and the relationship between them
and Fe contents is displayed in Fig. 5. As can be here seen,
both (v) and {u) are linearly dependent on (1-x), indicating
that the hyperfine magnetic field (spin density) revealed at
31V nuclei has been induced by magnetic Fe atoms. This
observation is consistent with the itinerant character of mag-
netism of the o-FeV alloys.

IV. SUMMARY

In summary, we have succeeded to record the NMR spec-
tra on magnetic o-phase samples of Fe-V alloys. The spectra
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FIG. 5. (Color online) Relationship between the average reso-
nance frequency, (v), of the measured NMR spectra, the average
magnetic moment per Fe atom, (u), and Fe content, (1—x). The
lines connecting the data are drawn to guide the eyes.

give a clear evidence that V atoms occupy all five sublattices
and all of them have nonzero hyperfine magnetic fields,
hence magnetic moments. The value of the latter strongly
depends on the site, and for a given site on the sample com-
position. The A sites exhibit the strongest magnetism, with a
transferred Fe hyperfine magnetic field of 5.21 T (0.58uy)
for x=34.4 and 4.42 T (0.49up) for x=39.9 while the D sites
are magnetically the weakest ones, having transferred Fe hy-
perfine magnetic fields (magnetic moment) of 2.03 T
(0.225up) for x=34.4 and 1.35 T (0.15ug) for x=39.9. The
resonance lines due to these two sites have been not detected
for the sample with the highest V content. The average trans-
ferred Fe hyperfine magnetic field (magnetic moment) at >'V
nucleus decreases from (B)=3.76 (0.42uy) for x=34.4 to
1.97 T (0.22up) for x=47.9. It is clear from these data and
the linear correlation between (») and {u), that the magne-
tism observed on V atoms strongly depends on the sample
composition and it is induced by that of Fe atoms.

Additional >"Fe-enriched samples and experiments are
now being prepared in order to measure signals from >'Fe
nuclei and quadrupolar oscillations® for all the five SV sites,
which will give additional important structural information
about these materials from the NMR point of view.
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