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Structure and magnetism in epitaxial Fe1+xVSb nanocomposite films
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The combination of ferromagnetism and semiconducting behavior offers an avenue for realizing novel
spintronics and spin-enhanced thermoelectrics. Here we demonstrate the synthesis of doped and nanocom-
posite half-Heusler Fe1+xVSb films by molecular beam epitaxy. For dilute excess Fe (x < 0.1), we observe
a decrease in the Hall electron concentration and no secondary phases in x-ray diffraction. Magnetotransport
measurements suggest weak ferromagnetism that onsets at a temperature of Tc ≈ 5 K. For higher Fe content
(x > 0.1), ferromagnetic Fe nanostructures precipitate from the semiconducting FeVSb matrix. The Fe/FeVSb
interfaces are epitaxial, as observed by transmission electron microscopy and x-ray diffraction. Magnetotransport
measurements suggest proximity-induced magnetism in the FeVSb from the Fe/FeVSb interfaces, or superpara-
magnetically coupled Fe-rich clusters, at an onset temperature of Tc ≈ 20 K.
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I. INTRODUCTION

Incorporating magnetism and epitaxial interfaces in semi-
conducting half-Heusler compounds is attractive for appli-
cations in spintronics and thermoelectric power conversion.
While half-Heusler compounds with 18 valence electrons per
formula unit are generally diamagnetic semiconductors [1,2],
slight deviations from stoichiometry can make these materials
magnetic [3,4]. This provides a route to make new dilute
magnetic semiconductors for applications in spintronics [5,6].
Half-Heusler compounds are also attractive thermoelectric
materials due to their large thermoelectric power factors [7]
and the ability to precipitate nanostructures to decrease the
thermal conductivity [8]. New concepts based on magnon
drag [9] and spin fluctuations [10] suggest that incorporating
magnetism may further increase the thermopower.

Here we explore the structure and magnetism of epitaxial
thin films with total composition Fe1+xVSb, grown by molec-
ular beam epitaxy (MBE) on MgO(001) substrates. FeVSb is a
semiconducting, 18 valence electron half-Heusler compound.
For dilute x, excess Fe is expected to dope into the FeVSb
lattice and make this compound ferromagnetic [11]. For larger
x, epitaxial Fe nanostructures are expected to precipitate from
FeVSb, since FeVSb and bcc Fe are thermodynamically stable
in contact with one another (they are joined by a tie line in
the Fe-V-Sb phase diagram [12]) and they share similar lattice
parameters (aFeVSb = 5.82 Å, 2aFe,bcc = 5.73 Å).

We show that for Fe1+xVSb epitaxial films with x < 0.1,
no secondary phases are observed by x-ray diffraction and
the films have a ferromagnetic onset temperature of Tc ≈ 5 K,
as determined by magnetotransport measurements. However,
we are not able to precisely determine the solubility limit for
Fe in FeVSb. For x > 0.1 we observe epitaxial Fe precipi-
tates embedded within a FeVSb matrix. In these Fe:FeVSb
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nanocomposites we identify two sources of magnetism: the
ferromagnetic Fe precipitates (Tc � 300 K) and proximity-
induced ferromagnetism in the FeVSb, from the Fe/FeVSb
interfaces. Our work identifies Fe/FeVSb as a clean system
for exploring magnetic doping, epitaxial nanostructuring, and
magnetic proximity effects in thermoelectric and spintronic
materials.

II. RESULTS AND DISCUSSION

Fe1+xVSb films with varying x were grown by MBE
on MgO(001) substrates. Samples were grown leveraging a
semiadsorption controlled growth window in which the Sb
stoichiometry is self-limiting [13], at a substrate tempera-
ture of 560 ◦C. The Fe and V fluxes were measured in situ
using a quartz crystal microbalance immediately prior to
sample growth. Absolute compositions were calibrated using
Rutherford backscattering spectrometry (RBS) on separate
samples. Further details on the growth process can be found
elsewhere [13].

In Fig. 1, we investigate the structural evolution of the films
as a function of excess Fe. In the reflection high-energy elec-
tron diffraction patterns [RHEED; Fig. 1(a)], all films display
a characteristic 2× streaky reconstructed surface indicative
of smooth epitaxial films. The 2× reconstruction is attributed
to Sb dimerization which is well known for antimonide half-
Heusler surfaces [14].

X-ray diffraction (XRD) confirms that the films are all
epitaxial. In the wide angle 2θ − ω scan [Fig. 1(b)], only
00l-type FeVSb (half-Heusler) and Fe (bcc) reflections are ob-
served. For x < 0.1, high-resolution scans around the FeVSb
004 reflection detect only the FeVSb half-Heusler phase
[Fig. 1(c)]. In this dilute regime, we expect the excess Fe to
occupy the tetrahedral interstitial ( 3

4 , 1
4 , 1

4 ) sites in the FeVSb
lattice [15] [Fig. 1(d), white spheres]. For x < 0.1, while we
do not observe a Fe bcc 002 reflection, it is possible that some
bcc Fe phase is present, below the detection limit of XRD. For
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FIG. 1. Structural evolution of epitaxial Fe1+xVSb films by electron and x-ray diffraction. (a) RHEED pattern along the 〈110〉 azimuth,
showing strong streaky 2× reconstruction over all compositions studied. (b) Wide angle XRD (Cu Kα) showing the half-Heusler 00l and
Fe 002 reflections. Asterisks indicate the MgO substrate reflections. (c) High-resolution scans of the FeVSb 004 reflections reveal the onset
of a shoulder peak at composition x = 0.14, which we attribute to the 002 reflection of Fe (bcc). Shaded curves show the Gaussian fits.
(d) Out-of-plane lattice parameter extracted from XRD as a function of excess Fe composition. Diamond and circle markers correspond to
FeVSb and Fe, respectively. Dotted lines show the lattice parameter of bulk FeVSb (half Heusler), and that of doubled body-centered-cubic Fe
unit cells. Crystal structure models for FeVSb and Fe are shown. Black, red, orange, and white spheres correspond to Fe, V, Sb, and interstitial,
respectively. For low x, excess Fe is expected to incorporate into the ( 3

4 , 1
4 , 1

4 ) tetrahedral interstitial sites of FeVSb (white spheres).

x � 0.14, we observe a secondary peak at 2θ = 64.5◦, which
we attribute to the 002 reflection of body-centered-cubic Fe.
The secondary peak grows in intensity with increasing x,
which we attribute to an increasing volume fraction of Fe
precipitates. The lattice parameters (a) calculated from each
peak are plotted in Fig. 1(d). The primary peak lattice param-
eter agrees well with that of bulk FeVSb. The secondary peak
lattice parameter appears to match a dilated doubled unit cell
of bcc Fe. We attribute the slight increase in lattice parameter
of Fe to strain.

Scanning transmission electron microscopy (STEM) for
samples with x � 0.1 confirms the existence of bcc Fe precip-
itates, embedded epitaxially within a FeVSb matrix. Figure 2
shows a high-angle annular dark-field (HAADF) STEM im-
age of a sample with x = 0.46, in which we identify a Fe
precipitate. Closer analysis of the Fe/FeVSb interface re-
veals a cube on cube epitaxial relationship, with Fe(001)[110]
‖ FeVSb(001)[110]. We have identified Fe precipitates in
Fe1+xVSb samples with x as small as 0.1 (Supplemental
Material, Fig. S-1 [16]). No Fe precipitates have been iden-
tified for samples with x < 0.1. Further structural analysis is
required to more precisely determine the Fe solubility limit in
FeVSb.

The dependence of the Hall mobility (μ) and carrier con-
centration (n3d ) on composition x provides an additional
estimate of the solubility limit for excess Fe. Figure 3 shows
the mobility and carrier concentration extracted from Hall
effect measurements. Since the samples with x > 0 are ferro-

magnetic and exhibit contributions from the anomalous Hall
effect, we use a linear fit of ρxy(B) at high field to extract the
majority carrier concentration (Supplemental Material, Fig.
S-2). We find that as a function of x, the electron concentration
exhibits a minimum near x ≈ 0.05–0.1 and the mobility ex-
hibits a maximum near x ≈ 0.1–0.14. These findings suggest
that for low x < 0.1, the excess Fe acts to compensate free
carriers in the FeVSb. Similar results have been observed
experimentally for excess Ni in NiTiSn [17]. This implies
that at low x < 0.1, the excess Fe may dope into the FeVSb
lattice. First-principles calculations suggest the most likely
dopant site is the ( 3

4 , 1
4 , 1

4 ) vacancies in the half-Heusler lattice
[15]. All samples display a weakly metallic resistivity versus
temperature (dρ/dT > 0, Supplemental Materials Fig. S-3).

We now discuss superconducting quantum interference
device (SQUID) magnetometry measurements, focusing first
on the samples with x > 0.1. These samples show nonlinear
behavior in the magnetization (M) versus applied field (H)
at room temperature [Fig. 4(a)], and the behavior is nearly
independent of temperature in the range from 300 to 50 K
[Supplemental Material Fig. S-4(b)]. These data suggest that
for x > 0.1, the Curie temperature of the observed ferro-
magnetic ordering is much higher than 300 K, consistent
with ferromagnetic Fe precipitates. In contrast, dilute mag-
netic doping in FeVSb and ferromagnetic proximity effects
at Fe/FeVSb interfaces are expected to onset at lower tem-
peratures and have a weaker magnetic response. For x > 0.1
the room temperature saturation magnetization Msat increases
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FIG. 2. Cross-sectional STEM image showing Fe precipitation
in the Fe1.46VSb film. (a) HAADF-STEM image of nanometer-scale
Fe nanoprecipitates embedded in the FeVSb matrix. (b) High-
resolution image of Fe/FeVSb interface. Individual atoms are
identified by atomic models, confirming the half-Heusler and bcc
crystal structures of the two phases.

linearly with x [Fig. 4(b)], also suggesting that the total
magnetization is dominated by the local moment of precipi-
tated Fe nanoparticles. Similar behavior is observed in Hall
effect measurements, for which we observe nonlinearities that
may be attributed to the anomalous Hall effect (Supplemental
Material, Fig. S-3).

The x = 0.01 sample also displays a weak M(H ) non-
linearity at room temperature, suggestive of ferromagnetic
impurities, but has a slightly stronger temperature dependence
(Supplemental Material, Fig. S-4a). At this point, it is unclear
whether the apparent room temperature ferromagnetism in
this sample is due to Fe precipitates or due to other sources
of nonstoichiometry (or point defects), since 1% is within the
typical error bar for composition measurements.

To understand possible magnetism induced in the FeVSb,
especially in the low x limit, we investigate the temperature-
dependent magnetoresistance �ρxx(H )/ρxx(0). Unlike mag-
netometry, which detects the sum of all moments in the
sample, we expect magnetoresistance to be dominated by
the FeVSb matrix, since FeVSb forms a continuous conduc-
tion path. The Fe precipitates, in contrast, are disconnected.

FIG. 3. Transport measurements for films with varying Fe
content. (a) Mobility μ and (b) electron concentration n3d as a func-
tion of excess Fe composition x at 300 K and at 2 K.

Figures 5(a)–5(c) show the temperature dependence of the
magnetoresistance for samples with varying x. For x =
0.01, near stoichiometric condition, the magnetoresistance is
negative and the magnetoresistance curve exhibits a broad
zero-field peak. We attribute the broad peak to localiza-

FIG. 4. Magnetism from precipitated Fe nanoparticles, as mea-
sured by SQUID. (a) Magnetization M(H ) for films with varying
excess Fe composition. The diamagnetic contribution from the sub-
strate has been subtracted. H was applied out of the sample plane
(H ‖ [001]). (b) Saturation magnetization, Msat as a function of x.
The linear dependence of Msat on XFe follows the Slater-Pauling
curve for bcc Fe, as marked by the dotted line. Magnetization is
expressed in units of Bohr magneton (μB) per formula unit (f.u.)
of FeVSb.
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FIG. 5. Dilute magnetism and ferromagnetic proximity effect in the FeVSb matrix. (a)–(c) Magnetoresistance [ρxx (H ) − ρxx (0)]/ρxx (0)
for Fe1+xVSb samples with x = 0.01, 0.05, and 0.37. (d) Width of the magnetoresistance hysteresis as a function of temperature. The Tc for
bulk Fe is from Ref. [18].

tion from bound magnetic polarons [19] due to slight
nonstoichiometry. Similar behavior has been observed for
the half-Heusler compound CoTiSb [4,20] and Mn-doped
Ge [21,22]. For x = 0.05 and 0.37 we observe butterfly-
shaped hysteresis at low temperature, indicative of magnetic
ordering [4,23].

We track the low temperature onset T ∗
c of magnetic or-

dering by extracting the width of the magnetoresistance.
We define the effective coercive field H∗

C as the field sep-
aration between the minima of the �ρxx(H )/ρxx(0) curves
(Supplemental Material, Fig. S-5) and the onset temperature
T ∗

c as the temperature at which H∗
C goes to zero. Figure 5(d)

tracks H∗
C (T ) for the same samples in Figs. 5(a)–5(c). For

x = 0.05, we find that the T ∗
c is less than 5 K. One possible

origin of this T ∗
c is the onset of dilute ferromagnetism in

the FeVSb semiconductor. For x = 0.37, which is above the
solubility limit, we find T ∗

c ∼ 20 K. A possible origin of this
T ∗

c is the onset of proximity-induced ferromagnetism or super-
paramagnetism in the FeVSb, from the Fe/FeVSb interfaces.
Alternatively, for both T ∗

c ∼ 5 K and ∼2 K the magnetic onset
may result from coupling between locally ferromagnetic Fe-
rich FeVSb regions, as has been observed for carrier-mediated
coupling between Mn-rich clusters in MnxGe1−x films [21,22]
and superparamagnetic coupling between Fe-rich regions in
CoTixFe1−xSb films [4]. Further microstructure and magnetic
measurements are required to fully understand the origin of
the T ∗

c in our Fe1+xVSb composites. Both T ∗
c ’s are signifi-

cantly smaller than the Tc for Fe precipitates (1043 K [18]).

III. CONCLUSION

In summary, we have demonstrated the MBE synthe-
sis of epitaxial Fe1+xVSb films and provided an estimate

for the solubility limit of Fe in FeVSb under these
(nonequilibrium) growth conditions. Hysteresis in the low
temperature magnetoresistance suggests dilute magnetic
semiconducting behavior or proximity-induced ferromag-
netism. For x > 0.1, epitaxial Fe precipitates form, embedded
within the FeVSb semiconducting matrix. Two distinct
sources of magnetism are identified for Fe:FeVSb nanocom-
posites: (1) ferromagnetism of Fe nanoparticles detected in
magnetometry and (2) proximity effect–induced magnetism
in FeVSb matrix or superparamagnetism detected in the
magnetoresistance measurements. Our work provides a clean
platform for the study of magnetic, nanocomposite Heusler
systems. Further experiments are required to determine the
solubility limit for excess Fe in FeVSb.
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