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Abstract

Heusler alloys are theoretically predicted to become half-metals at room temperature (RT). The advantages of using these alloys are
good lattice matching with I1I-V semiconductors, high Curie temperature above RT and intermetallic controllability for spin density of
states at the Fermi level. These alloys are categorized into half and full Heusler alloys dependent upon the crystalline structures, each of
which is discussed both experimentally and theoretically in Sections 2 and 3, respectively. As an example, our recent studies on epitaxial
L2, Co, Cry_Fe Al(001)/GaAs(00 1) hybrid structures are presented here. Both structural and magnetic characterizations on an atomic
scale are typically carried out in order to prove the half-metallicity at RT as described in Section 4. Atomic ordering in the Heusler films
is directly observed by X-ray diffraction and is also indirectly measured by the temperature dependence of electrical resistivity. Element
specific magnetic moments and spin polarization of the Heusler alloy films are directly estimated by using X-ray magnetic circular dichro-
ism and Andreev reflection, respectively. By employing these alloy films in a spintronic device, diffusive spin-polarized electron transport
may offer highly efficient spin injection across a direct interface between the Heusler alloy film and the semiconductor, while ballistic
transport in a magnetic tunnel junction may further improve areal density of a magnetic random access memory with a large magneto-
resistance ratio at RT as discussed in Section 5. A brief summary is provided at the end of this review.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The hybridization of a ferromagnetic metal with a semi-
conductor offers opportunities for engineering electron spin
density of states (DOS) of the ferromagnet by tuning its lat-
tice constant. A III-V semiconductor, in particular, has
been utilized as a template for epitaxial growth of the fer-
romagnetic metals due to its relevant lattice constant
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matching. From the 1980s, by using a molecular-beam epi-
taxy (MBE) technique, ferromagnet/semiconductor direct
interfacial properties, such as detailed growth modes, self
organization, interfacial spin scattering and formation of
magnetic dead layers, have been widely investigated in
e.g., single-crystal epitaxial Fe/GaAs and Co/GaAs hybrid
structures [1].

Simultaneously the search for an applicable spin-filter-
ing layer has successfully produced very large tunnel mag-
netoresistance (TMR) with using a large Zeeman splitting
in magnetic semiconductors, EuO and EuS [2]. Later,
MBE-grown epitaxial dilute magnetic semiconductors
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(DMSs), such as (Ga,Mn)As and Zn(Be,Mn)Se, have dem-
onstrated highly efficient spin injection into GaAs [3],
which has been applied to the realization of spin-polarized
three-terminal devices; a spin-polarized field effect transis-
tor (spin FET) [4], a spin-polarized light-emitting diode
(spin-LED) [3,5] and a spin-polarized resonant tunnel
diode (spin RTD) [6]. However, the DMS requires a large
external magnetic field to induce the Zeeman splitting at
low temperature.

In order to exploit 100% spin polarization induced by
spontaneous magnetization, half-metallic FMs (HMFs)
have been intensively investigated recently [7]. The HMF
possesses a bandgap ¢ at the Fermi level Er only for its
minority spins, achieving 100% spin polarization at Eg
(see Fig. 1). Four types of the HMFs have theoretically
been predicted so far; oxide compounds (e.g., rutile CrO,

Fig. 1. Schematic diagram of density of states for a half-metallic ferro-
magnet.

[8] and spinel Fe304 [9]), perovskites (e.g., (La,Sr)MnO;
[10]), Zinc-blende compounds (e.g., CrAs [11]) and Heusler
alloys (e.g., NiMnSb [12]). Even though both CrO, and
Laj ;Sry3sMnO3 have been reported to show almost 100%
spin polarization at low temperature [13], to date there
has been no experimental report on the half-metallicity at
room temperature (RT), which is highly required from
the viewpoint of device applications.

Among these proposed HMFs, the Heusler alloys holds
the greatest potential to realize the half-metallicity at RT
due to their lattice constant matching with the III-V semi-
conductors, high Curie temperature Tc above RT and
large 0 at Er in general. The Heusler alloys are categorized
into two distinct groups by their crystalline structures; half
Heusler alloys with the form of XYZ in the C1, structure
and full Heusler alloys with the form of X,YZ in the L2,
structure as schematically drawn in Fig. 2(a) and (b),
respectively, where X and Y atoms are transition metals,
while Z is either a semiconductor or a non-magnetic metal
(see Fig. 3) [12,14]. The unit cell of the L2, structure con-
sists of four face-centered cubic (fcc) sublattices, while that
of the C1, structure is formed by removing one of the X
sites. In the Heusler alloys, the half-metallicity is known
to be fragile against atomic disorder. For the L2, structure,
when the Y and Z atoms replace their sites (Y-Z disorder)
and eventually occupy their sites absolutely at random, the
alloy transforms into the B2 structure (Fig. 2(c)). In addi-
tion, X-Y and X-Z disorder finally forms the 42 structure
(Fig. 2(d)).

As shown in Fig. 4, most of both the half and full Heus-
ler alloys possess their lattice constants in the range of
those of the major III-V semiconductors, clearly indicating
the possibilities of epitaxial growth. Co-based full Heusler

Fig. 2. Crystalline structures of both (a) half and (b) full Heusler alloys; C1, and L2, structures, respectively. Atomically disordered structures, (c) B2 and

(d) A2, are also shown. After [14].
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Fig. 3. Major combinations of Heusler alloy formation. After [14].

alloys especially hold excellent match with both GaAs and
InAs compounds. The lattice constant can be further
adjusted to an appropriate value by substituting the ele-
ment X with a different atom as indicated as lines in
Fig. 4, and also by substituting the other elements Y or
Z with the other atoms as categorized in Fig. 3 with retain-
ing the element X (e.g., Co,(Cr,Fe)Al). Such crystallo-
graphical engineering approach is a powerful method to
control the spin DOS in a unit cell to achieve robust
half-metallicity at RT.
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In addition, the T of the Heusler alloys falls typi-
cally within the range of 200 and 1200 K (see Fig. 5).
The T can also be tuned to be above RT by the crystallo-
graphical element substitution as described above, achiev-
ing sufficient spontaneous magnetization at RT for the
applications.

The origin of the bandgap in the Heusler alloys is attri-
buted to the strong d-band hybridization of the two transi-
tion metals X and Y. According to the calculations by
Galanakis et al. [19], the local DOS in the vicinity of Eg
is dominated by the d-states, forming an energy gap
between the higher degenerate of bonding hybridized states
in the valence band and the lower degenerate of antibond-
ing states in the conduction band. For the half Heusler
alloys (Fig. 6(a)), the gap is formed between the hybridized
states of the elements X and Y, i.e., between the three-fold
degenerate (f,,) in the bonding states and the two-fold
degenerate (¢y) in the antibonding states. Therefore, most
of the half Heusler alloys possess an indirect bandgap
between the valence band minimum at the I" point and
the conduction maximum at the X point. For the full Heus-
ler alloys, on the other hand, the d-band hybridization
between the elements X plays a very important role,
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Fig. 4. Lattice constant distribution of both (a) half and (b) full Heusler bulk alloys with respect to the element X. Experimental data are used from Refs.
[14-16]. Lattice constants of representative I1I-V semiconductors are also shown as references.
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Fig. 5. Curie temperature distribution of both (a) half and (b) full Heusler bulk alloys with respect to the element X. Experimental data are used from

Refs. [14,15,17].
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Fig. 6. Schematic illustrations of the origin of the minority bandgap in (a) half and (b) full Heusler alloys (NiMnZ and Co,MnZ as examples, respectively)

[19].

although these atoms occupy the second nearest neighbor
sites (see Fig. 2(b)). As shown in Fig. 6(b), the X—X hybrid-
ization initially forms both bonding and antibonding states
for both #,, and e,. The two bonding states among these
four X-X orbitals then hybridize with the Y degenerates,
developing both bonding and antibonding degenerates
with a very large gap in between. The two X—X antibond-
ing states, however, cannot couple with the Y degenerates,
maintaining the small gap across Ep, which defines the
bandgap for the full Heusler alloys. This can provide either
a direct bandgap at the I" point or an indirect bandgap
between the I' and X points.

In the Heusler alloys, total spin magnetic moments per
formula unit (f.u.) M, have been reported to follow the gen-
eralized Slater—Pauling curve by Galanakis et al., which is
represented as M, = Z; — 18 (half Heusler) and Z, — 24
(full Heusler), where Z, is the total number of valence band
electrons as shown in Fig. 7 [18,19]. This behavior enables
us to preferentially control the magnetic properties, the
spin DOS at Ef in particular, continuously by substituting
the Y atoms with the other transition metals as listed in
Fig. 3. Even though there are over 2400 possible combina-
tions to form Heusler alloys, there are about a few tens of
alloys reported to become the HMFs according to theoret-
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ical calculations on this point (see Tables 1 and 2). For
example, a Co,CrAl alloy has been theoretically calculated
to become a HMF [48], however, the T has been reported
to be around RT (334 K) for bulk [98]. In order to increase
the Tc, the substitution of the Cr atoms with the Fe
atoms have been successfully reported experimentally
[79,81], proving the spin engineering by crystallographical
manipulation.

2. Half Heusler alloy films

After the first theoretical prediction of the half-metallic-
ity of the half Heusler NiMnSb alloy [12], this alloy has
been intensively investigated to confirm its half-metallicity
experimentally. As listed in Table 1, the magnetic moment
per formula unit and the bandgap ¢ are calculated to be
approximately 3.99 pg/fu. and 0.5eV [19], respectively,
resulting in calculated spin polarization of 99.3% [20].
For a bulk single crystal, the NiMnSb alloy has indeed
been observed to show almost 100% spin polarization at
Er by means of spin-polarized positron-annihilation
[26,27]. Both co-sputtering [28] and MBE [29] techniques
are employed to grow epitaxial films, which are confirmed
mostly by X-ray diffraction (XRD) and magnetocrystalline
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Fig. 7. Calculated total spin moments per formula unit as a function of the total number of valence electrons per formula unit for both (a) half and (b) full
Heusler alloys [18,19]. Several Heusler alloys, which are not calculated to show the half-metallicity, are also shown with underlines as references.
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Table 1
List of major magnetic properties of half-metallic half Heusler alloys. Italic and roman letters correspond to calculated and experimental values,
respectively
Half Heusler alloys Magnetic moment (pg/f.u.) o (eV) Tc (K) P (%) Refs.
Calculation Experiment
NiMnSb 4.00 [12] 3.85 (bulk) [14,21] 0.5 [19] 900-1112 [25] 99.3 [20] [28-39]
3.9910 [20] 3.6 (poly) [22] 0.5 [24] 730 (bulk) [14] 58 +£2.3[13]
3.991 (19T 3.9+0.2 [23] ~44 [22]
~100 [26,27]
PtMnSb 4.00 [12] 4.14 (bulk) [14] 582 (bulk) [14] [33,40]
3.997 [19T" 3.97 (bulk) [21] [41]
FeMnSb 1.930 [42] [19T 99.3 [20]
CoMnSb 2.949 [42] [19T 4.0 (bulk) [14] ~1[19] 671-815 [25] 99.0 [20] [21]
490 (bulk) [14]
CoTiSb 0.95 [43]
0.82 [19]
NiTiSb 0.0 [43] 0.14 [19]
FeVSb 0.36 [19]
CoZrSb 0.83 [19]

" Calculated total magnetic moments per formula unit, while the others are calculated spin magnetic moments per formula unit.

anisotropy, however, the spin polarization is found to be
about only 28% at 0.4 K estimated from TMR [29]. For
this alloy film grown in a similar manner, the surface spin
polarization P is measured to be only ~58% [13]. This large
departure from the bulk property can be explained by the
presence of the atomic disorder at the empty sites [30].
The energy gap for the minority spins at Efg is reported
to vanish with an atomic disorder of more than 7%. In
addition, the surface state is very fragile due to the reduced
symmetry and the surface reconstruction [38,39]. On the
contrary, epitaxial NiMnSb(100) films are grown on
Mo(100) buffers on MgO(111) substrates, showing
67 + 9 to 100% spin polarization at the MnSb terminated
surface, which is much higher than that of 50% for poly-
crystalline samples, measured by angle-resolved X-ray pho-
toemission [24]. A study on the epitaxial NiMnSb(001)
growth on MgO(001) is also performed with using a
V(001) buffer layer by Turban et al. [23]. They find the
Stransky—-Krastanov growth mode under the optimized
growth temperature of 620 K. The magnetic moment is
estimated to be 3.9 + 0.2 pg/f.u., which agrees almost per-
fectly with the calculations [12,19,20].

Epitaxial NiMnSb(00 1) growth on GaAs(001) has been
studied systematically by van Roy et al. [31]. They use a
low growth temperature (300 K) to avoid interfacial
Mn,As mixing between NiMnSb and GaAs, which may
introduce a magnetic dead layer. The lattice constant is
slightly enhanced to be 0.5904-0.5909 nm as compared
with the bulk value (0.5903 nm) due to the small lattice
mismatch with GaAs. Stoichiometric epitaxial NiMnSb
films are also grown on GaAs(111)B [34]. These results
clearly indicate that the presence of the vacancy sites in
the half Heusler alloy (Fig. 2(a)) does not contradict high
chemical ordering under precisely controlled deposition.
They also find that these films contain very small point
defect concentrations: 1.1% Mn planer defects occur in
1 nm thick region in the vicinity of the NiMnSb/GaAsB
interface, which agrees very well with calculations that

the half-metallic characteristics are recovered within less
than 6 atomic planes (<0.7 nm) [32]. For the NiMnSb
interfaces, the lattice mismatch is calculated to induce
strain: 2% lattice expansion reduces the 6 by 0.25 eV, while
2% lattice compression increases the ¢ by 0.5 eV [21], and
the —2 to +3% lattice expansion maintains the half-metal-
licity [35].

In addition to the possible decrease in the half-metallic-
ity due to the atomic disorder and the interface states,
which can be overcome by the optimized growth as men-
tioned above, the surface spin polarization is calculated
with respect to the interfaces, the crystalline orientations
and the terminated lattice planes. For the NiMnSb(001)
surfaces, the Ni-terminated surface compresses the distance
between the surface Ni and subsurface MnSb layers by 10%
(P = 42%), while the MnSb-terminated surface reduces the
distance between the surface Mn and subsurface Ni layers
by 3.5% and expands that between the surface Sb and sub-
surface Ni layers by 7.3% (P =84%) [36]. The NiMn-
Sb(111) surfaces, on the other hand, show much larger
surface deformation: the Ni-terminated surface shows
23% and 18% reduction in the Ni-Sb and Ni-Mn distances,
respectively, reducing the half-metallicity significantly. For
the case of a NiMnSb/InP interface, the Mn surface is cal-
culated to increase the spin moment up to 4.0 pg, inducing
a spin polarization of about 74%, and the Ni/P interface
reduces the spin polarization down to 39% for the first
two interfacial layers [37].

Similar argument can be applied for the other half Heus-
ler alloy films. PtMnSb films are deposited on Al,O3(0001)
by sputtering to form spin-valve structures, showing 0.47%
giant magnetoresistance (GMR) at RT [40,41]. This may
also be due to the empty site disorder. Calculations suggest
the decrease in the surface spin polarization dependent
upon the terminated layers: P ~ 46% and 22% for the
MnSb and Pt termination, respectively [33]. The other half
Heusler alloy CoMnSb shows similar decrease in the sur-
face spin polarization and the bandgap change by the
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Table 2
List of major magnetic properties of half-metallic full Heusler alloys. Italic and roman letters correspond to calculated and experimental values,
respectively
Full Heusler alloys Magnetic moment (ug/f.u.) o (eV) Tc (K) P (%) Refs.
Calculation Experiment
Co,MnAl 4.09 [45] 4.01 (bulk) [14] 0.306 [48] 693 (bulk) [14] 42 [497] [50]
4.10 [46] 58 [52]F [51]
3.970 [18] 53
4.020 [47]
4.036 [42,19T"
Co,MnSi 5.00 [45] 5.07 (bulk) [14] 0.419 [48] 740-857 [25] 54 + 3 [57] [53]
4.96 [54] 5.10 £ 0.04 (bulk) [56] 0.81 [55] 985 (bulk) [14] 35 [58]"
4.940 18] 4.95+0.25 [57] 690 [15] 89 [61]7"
5.0 [55] 4.7 [58]
5.008 [42,19T 5.0 [59]
5.1 [60]
Co,MnGa 4.14 [45] 4.05 (bulk) [14] 694 (bulk) [14] ~50 [62] [63]
4.21 [46]
3.72 [54]
4.058 [18]
Co,MnGe 5.00 [45] 5.11 (bulk) [14] 0.210 [48] 905 (bulk) [14] [66]
4.84 [54] 4.93 (bulk) [64] ~0.5 [45] [67]
4.94] [18] 5.1 [65]
5.0 [55]
5.012 [42,197T°
Co,MnSn 5.03 [45] 5.08 (bulk) [14] 0.174 [48] 829 (bulk) [14] [53]
4.78 [54]
4.984 [18]
5.0 [55]
5.043 [47]
5.089 [42,19T"
Co,CrAl 2.99 [45] 1.55 (bulk) [14] 0.18 [35] 334 (bulk) [14] ~100 [35] [74]
2.955[18] 1.5-3 [70] 0.75 [68] 330 [71] ~97 [72] [75]
3.007 [47] 0.53 [71] 0.18 [69] ~98 [69] [76]
3.0 [35] 16 [73] [77]
2.999 [19T [78]
2.96-3.01 [68]
2.970 [69]
Co,Cro 6Feg 4Al 3.7 [74] 3.4 (bulk) [79] ~0.4 [68] 750 (bulk) [79] ~90 [72]
3.65 (bulk) [80] 665 + 2 (bulk) [80] ~95 [69]
2.04 [81] 18 817
3.5 [70] 25 807
3.1 [73] 29 [73]F
3.2 (RT) (bulk) [82], 3.49 (bulk) [83]
3.3 [84]
2.26 (RT) this study
(CosFeAl) 4.996 [45] 4.9 [70] 0.1 [68] 1170 (bulk) [17] ~30 [72] [74]
4.98 [46] 4.8 [71] 46 [73] [75]
4.98 [18] 5.29 [83] [78]
4.996 [19T
4.811 [69]
Co,CrGa 3.01 [46] 3.01 (bulk) [85] 495 (bulk) [85] 95 [85]
Co,FeSi [86]
Co,NiGa 3.21 (bulk) [14] 670 [15]
Co,TiAl 1.00 [87] 0.438 [87] 135 (bulk) [88]
Co,TiSi 2.00 [87] 0.800 [87]
Co,TiGa 1.00 [87] 0.157 [87]
Co,TiGe 2.00 [87] 0.602 [87]
Co,TiSn 1.85 [54] 1.93 (bulk) [14] 0.478 [87] 359 [54]
1.784 [18] 1.92 (bulk) [90] 0.0123 [89 359 (bulk) [14]
2.00 [87] ~350 (bulk) [89]
1.68 [90]
Co,ZrSn 1.64 [90] 1.64 (bulk) [90]
Co,NbSn 1.08 [90] 0.94 (bulk) [90]
(Co,TiSb) 1.73 [87] 0.567 [87]

(continued on next page)
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Table 2 (continued)

Full Heusler alloys Magnetic moment (ug/f.u.) o (eV) Tc (K) P (%) Refs.
Calculation Experiment

Co,FeGa 5.15 [54] >1100 [54]

(Ni;MnAl) ~350 [91]

(Ni;MnGa) ~320 [92] [97]
~350 [93]
~340 [94]

(Ni;MnGe) ~320 [94,95]

(NiMnlIn) ~170 (B2) [96]

" Calculated total magnetic moments per formula unit, while the others are calculated spin magnetic moments per formula unit. Spin polarization values
with T and 17 are estimated at RT and 2 K, respectively, by using Julliere’s formula [44]. Several non-half-metallic full Heusler alloys are also shown in

brackets as references.

strain: +2% and —2% lattice deformation shifts the § by
—0.8 eV and +0.9 eV, respectively [21].

3. Full Heusler alloy films
3.1. Co-based full Heusler alloys

3.1.1. CooMnZ

A pioneering work on the growth of full Heusler alloy
films has been performed for a Co,MnGe/GaAs(001)
hybrid structure by Ambrose et al. [65]. They obtain an epi-
taxial CooMnGe film with a slightly enhanced lattice con-
stant as compared with bulk. The magnetic moment is
estimated to be 5.1 pg/f.u., which almost perfectly agrees
with the bulk value (see Table 2). For this alloy, calcula-
tions suggest that the strong reduction of the magnetic
moment may occur near the Co,MnGe/GaAs interface
due to the Co—As and Co-Ga bonding [67].

Consequently, systematic search has been widely carried
out over Co,Mn-based full Heusler alloys to realize the RT
half-metallicity; Co,MnAl [49-53], Co,MnSi [53,56-61],
Co,MnGa [62,63] and Co,MnSn [53]. For Co,MnAl,
an epitaxial film has been grown on a Cr buffer layer
by sputtering with the crystalline relationship Co,Mn-
Al(00 D[110]|Cr(001)[110]MgO(001)[100] but with the
B2 structure [50]. For Co,MnSi, the L2, structure has been
deposited by wusing both dc magnetron sputtering
[57,58,60,61] and MBE [59]. Some of these films are used
as electrodes in magnetic tunnel junctions (MTIJs) and
recently show large TMR ratios at low temperature, which
is discussed in Section 5.2.

Calculations imply that the strain induced in the unit cell
can control the half-metallicity in the Co,MnZ alloys. For
Co,MnSi for example, the lattice compression of 4% in the
lattice constant increases the 6 by 23%, and a similar
behavior is expected for the other alloy compounds [55].
In other calculations, +2% change in the lattice constant
preserves the half-metallicity in the Co,MnZ alloys [19].

3.1.2. Co,(Cr,Fe)Al

Block et al. have presented large negative magnetoresis-
tance (MR) at RT in a quarternary full Heusler Co,Cr ¢-
Fey 4Al alloy [79], which firmly proves the controllability of
the spin DOS of the full Heusler alloys by substituting

their constituent elements. They report —30% MR at RT
with pressed powder compacts, which acts as a series of
MT]Js. As a result, a great amount of attempts has been
made to utilize this alloy system to achieve large MR
due to the half-metallic characteristics [70,73,80,81]. For
example an epitaxial film is deposited on a MgO(001)
substrate with the crystalline relationship Co,CrggFeg 4-
A1(001)[100]|MgO(001)[110], showing only 2% GMR at
RT (4% at 15 K) [70].

The influence of the atomic disorder on the half-metal-
licity for the Co,Cr;_,Fe Al full Heusler alloys has been
systematically studied by Shirai et al. by using first-princi-
ples calculations [72,74,75]. In the Co,CrAl alloys, the
atomic disorder between Cr and Al, which eventually
deforms the crystalline structure from L2, into B2 at a dis-
order level of 0.5, maintains the very high spin polarization
P; 97% for L2, and 93% for B2 [72]. The Co-Cr type dis-
order, however, destroys the half-metallicity rapidly: P falls
to zero at a disorder level of 0.4 and the magnetic moment
becomes 2.0 ug/f.u. at the full disorder. For the Fe substi-
tution x with Cr, P is calculated to stay above 90% up to
x =0.35. Similarly, in the Co,Cr;_,Fe Al alloys, the
CrFe-Al type disorder preserves both P and the magnetic
moment to be above 80% and 3.7 pg/f.u., respectively, up
to the disorder level of 0.5, while the Co—CrFe disorder
eliminates P at the disorder level of 0.3 [74]. These findings
may explain the decrease in the estimated magnetic
moments in the earlier study [81].

Strain also affects the half-metallicity in the Co,CrAl
alloy according to calculations [35]. P stays ~100% in the
lattice strain range between —1 and +3%, and is even
higher than 90% under +10% strain. The ¢ is also robust
against the strain and can be maximized under +3% strain.
P also remains ~100% against the tetragonal distortion in
the range of £2%, which is a great advantage for the epi-
taxial growth study on a GaAs substrate.

We have therefore grown stoichiometric epitaxial
Co,Cry_,Fe,Al films directly onto GaAs(001) substrates
by using three-source co-evaporation with an ultrahigh
vacuum (UHV) MBE technique: two e-guns to evaporate
Co and Cr;_,Fe,, and a K-cell to evaporate Al at the ratio
of Co:Cr_,Fe,:Al=2:1:1.76 (x =0, 0.4 and 1). We have
already reported structural and magnetic properties of
both polycrystalline Co,CrAl/GaAs and epitaxial L2,
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Co,FeAl(001)/GaAs(001) hybrid structures [71]. The
Co,FeAl film grown at 673 K forms an almost perfect
L2, structure for the thickness above 7.5 nm, of which crys-
talline relationship is Co,FeAl(001)(110)||GaAs(001)-
110) unambiguously supported by in situ reflection
high-energy electron diffraction (RHEED) observation
together with ex situ XRD measurement (typically within
1% distortion as compared with the bulk value). The film
shows strong uniaxial anisotropy along the [1 —10] direc-
tion with a magnetic moment of 4.8 ug/f.u. Even though
the TMR ratio for this film is only 9% at RT, the growth
condition for this Heusler alloy system has been success-
fully optimized.

Here we extend this study and investigate for x = 0.4
films grown directly on GaAs(001). As shown in Fig. &,
in situ RHEED patterns reveal the detailed growth mecha-
nism and confirm the formation of the L2, structure. Both
the zeroth and first order Laue spots, corresponding to the
A2 structure, appear above the thickness of 1.2 nm (2 ML
using the lattice constant estimated by XRD, 0.576 nm)
(closed circles in Fig. 8(a)). Both the 1/2 order superlattice
spots (closed squares in Fig. 8(b)) and another set of the
superlattice spots, such as (1/2,0) and (—1/2,0) (crosses
in Fig. §(b)), then emerge above 2.0 nm (3.5 ML), repre-
senting the formation of the L2, structure. Although this
initial thickness to form the L2; structure is found to be
thinner than that for Co,FeAl [71], the epitaxial relation-

ship is the same as for the Co,FeAl;, Co,Crg¢Feg4-
Al(001)(110)||GaAs(001)(110) (see Fig. 8(d) and (e)).
Since the Co atoms are reported to favorably adhere to
the GaAs surface [75], only the Co/As interface is drawn
in this figure for the ideal case. The L2 structure is stable
with further film deposition up to 20 nm with very clean
surface (streak lines in Fig. 8(c)), which is ideal for the
device applications. Even though the half-metallicity
should be preserved at the Co/As interface on the (001)
surface [75], initial growth of the 42 structure of 3.5 ML
may introduce unfavorable interfaces, such as the CrAl/
As, to reduce the half-metallicity in the vicinity of the
interface.

Fig. 9(a) shows the magnetization curves for the epitax-
ial L2; Co,Cr(gFeg 4Al film. As clearly seen, strong uniax-
ial anisotropy along the [1 —10] axis is observed with the
hard axes of [100] and [010] directions. Along the [110]
direction, minor steps are obtained during the magnetiza-
tion reversal at the magnetic field of ~+20 Oe, indicating
that the magnetization once lies along the easy axis
[1—10] during the reversal as previously observed for the
epitaxial Co,MnGe [65] and Co,FeAl [71] films. The mag-
netic moment is estimated to be 2.26 pg/f.u. at RT, which is
70% of the bulk value (3.2ug/f.u. at RT) [82]. In order to
investigate this reduction, element specific magnetic
moments are measured by using X-ray magnetic circular
dichroism (XMCD). The details of the measurement are
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Fig. 8. RHEED patterns along the [1 1 0] azimuth of the Co,Cry ¢Fey 4Al film deposited on a GaAs(00 1) substrate at the temperature of 673 K, of which
thickness is (a) 1.2, (b) 2.0 and (c) 20 nm. Schematic illustrations of the epitaxial growth of a full Heusler alloy film on a GaAs substrate; (d) top view over
the (001) plane and (e) sideview along the [110] axis.
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Fig. 9. (a) Magnetization curves as a function of an applied magnetic field for the 20 nm thick Co,Crg¢Fey4Al(001)/GaAs(001) hybrid structure
measured at RT. Normalized XMCD spectra of the Co,Crg¢Fe4Al film for (b) Co, (c) Cr and (d) Fe absorption edges. XAS spectra for opposite
polarizations, I~ (lines with open circles) and I (lines with closed circles), are also shown.

described in Section 4.3 and in the earlier study [78]. As
shown in Fig. 9(c) and (d), the X-ray absorption spectros-
copy (XAS) spectra for both Cr and Fe possess minor splits
in the peaks, corresponding to the oxidation of these ele-
ments. For Co, on the other hand, no peak splitting is
observed and the spin magnetic moment per atom is esti-
mated to be 1.09 pg (Fig. 9(b)), which almost agrees with
the calculated value (0.96 pg) [82]. These results suggest
that the epitaxial L2; Co,Cr¢Feg 4Al film suffers from ele-
ment selective oxidation at the interface with a 3 nm thick
M¢gO capping layer (used in this study to compare the mag-
netic properties directly with those in a MTJ), resulting in
the decrease in the spin magnetic moments for Cr and Fe.

3.2. Ni-based full Heusler alloys

Even though Ni,MnZ alloys are not predicted to become
HMFs by calculations, detailed studies on epitaxial growth
on GaAs and InAs has been reported by Palmstrem et al.
[15]. By using a Scy3Erg;As buffer layer on GaAs(001),
both Ni,MnAl [91] and Ni,MnGa [92,94] films are epitaxi-
ally grown. Although Ni,MnGa films are also epitaxially
grown directly on GaAs(00 1) with the crystalline relation-
ship Ni,MnGa(001)[100,010]||GaAs(001)[100,010], no

strong in-plane magnetocrystalline anisotropy is observed
in their magnetization curves [93]. Ni,MnGe(001)/
GaAs(001) [94,95] and Ni,MnIn(001)/InAs(001) [96]
hybrid structures are additionally fabricated. The interfaces
are reported to be very sensitive to the growth temperature:
interfacial mixture occurs at the growth temperature of
373 K, while a large number of planer defects are formed
e.g., at 433 K for Ni,MnGe/GaAs [94]. All these films are
slightly tetragonally elongated along the plane normal as
compared with the bulk values due to the minor lattice mis-
match with the semiconductor substrates, and eventually
the Ni,Mnln film on InAs transforms into the B2 structure.
First-principles calculations demonstrate that a broad
energy minimum of tetragonal Ni,MnGa can explain stable
pseudomorphic growth of Ni-MnGa on GaAs despite a
nominal 3% lattice mismatch [97].

4. Major characterizations
4.1. X-ray diffraction
For the XRD analysis, one predominantly focuses on

both superlattice peaks, (111) and (200), and the principal
peak (220). The appearance of all three peaks corresponds
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to the formation of the C1, or L2; structures in the sample,
while the disappearance of the (111) peak represents that
of the B2 structure and that of both the superlattice peaks
indicates that of the A2 structure for the full Heusler alloys
according to the XRD intensity calculation as described
below. For the L2, structure with the X,YZ Heusler alloys,
the structure amplitudes of the XRD reflection for the
(111), (200) and (220) peaks are given by F(111)=
4lfy — fzI, F(200) =42/x — (fy T+ f2)| and F220)=
4|2fx + (fy + fz)|, respectively, where fy M =X, Y and
Z) are the average scattering factors for the M atoms
[99]. The principal reflection (220) satisfies the relationship
(h+k+1D/2=2n (h, k and [: Miller indices, and n: inte-
ger), and is not affected by the atomic disorder. When the
disorder occurs absolutely randomly among the M atoms,
the magnitude of the first two superlattice peaks are
reduced by the factor S% where S is the degree of long
range order described using the number of the X atoms
on the L2;-ordered X sites nx as S= {nx — nx(A42)}/
{nx(L2y) — nx(A42)} (S=1 for the L2, structure). When
the Y-Z disorder occurs, the second peak (200) with
(h+k+D/2=2n+1 is not affected, while the first peak
with s, k and [ are all odd is reduced by a factor of
(1 — 2a)S?, where a is a disorder parameter defined as
the fraction of the Y atoms occupying the Z sites (¢ = 0.5
for the B2 structure). By using the structure ampli-
tudes F(hkl), the XRD peak intensity [/(hkl) is calculated
as follows: I(hkl) = |F(hkl)|>p{(1 + cos>20)/sin* 0 cos 0}
(p: multiplicity factor) [100]. For the polycrystalline
Co,CrAl alloy for instance, the peak intensity ratio nor-
malized by the principal (220) reflection is calculated to
be I(111):1(200):/(220) = 5:6:100, while this is 7:5:100
for the polycrystalline Co,FeAl alloy [71]. Comparison of
these calculated values with experimental observations pro-
vides a measure of the atomic ordering in the Heusler alloy
samples, however, cannot be applied directly to the epitax-
ial films.

4.2. Electrical resistivity

As the other macroscopic measure to assess the half-
metallicity, electrical resistivity is commonly measured as a
function of temperature, p(7). In general, the temperature
dependence of the resistivity can be written as p(7) =
p(4 K) + ¢T", where m is an exponent factor. In a conven-
tional ferromagnetic metal, since one-magnon scattering (or
electron—electron scattering) dominates the resistivity at low
temperature, m becomes 2 theoretically [101]. For the HMF,
due to the 100% spin polarization, the one-magnon scatter-
ing is suppressed by the factor of exp(—d/kgT) (J is energy
bandgap for the minority spins at Er and kp is Boltzmann
constant), leading to typically m = 1.5 at low temperature.
At a finite temperature, spin fluctuation activates the minor-
ity band and unconventional one-magnon scattering starts
to happen, which is described as m = 3.

Experimentally, the p(7) of an epitaxial NiMnSb film fol-
lows a 7% law below 100 K, which clearly indicates the

absence of spin-flip electron diffusion due to the half-metal-
lic property [23]. For the full Heusler alloys, on the other
hand, p(T) is observed to be almost constant at low temper-
ature, while m is measured to be m =1.5and 1.2 +0.1 ata
finite temperature below RT in single-crystal Co,MnGe [65]
and polycrystalline Co,MnGa films [63], respectively.
Co,CrAl bulk similarly shows m = 3.15 at low temperature
but 1.33 above 35K [77]. Epitaxial Co,FeAl films show
m = 2.6 below 50 K but 1.3 above 100 K [70], and m = 4.2
below 30 K but 1.5 above 115K [71]. For Co,MnSi films
[57], a relationship p(T) = T?+ T*° is found, which may
consist of an electron—electron scattering term 72 and a
two-magnon scattering term 7'*°. Such a departure from
the ideal law observed in the full Heusler alloys especially
at low temperature is mainly attributed to the presence of
grain boundaries in the films, for the case of the polycrystal-
line films in particular [56].

The residual resistivity ratio (RRR) p(300 K)/p(4 K) can
also be used to characterize the bulk properties of the half-
metallic films. For Co,MnGa [63] and Co,CrAl [71], the
normalized resistivity p(7)/p(4 K) has been reported to
decrease monotonically with increasing 7, providing the
RRR to be less than 1, a behavior which is common for
highly resistive materials, such as an intrinsic semiconduc-
tor. For most of the Heusler films, the RRR is obtained to
be 1.28 for a single-crystal CooMnGe film [65] and 1.3 for
epitaxial L2; Co,FeAl film [71], which is much smaller than
that observed for e.g., a Co,MnSi bulk single crystal (6.5)
[56] and for Co,TiAl bulk (4.2) [88]. Since a very large
RRR is reported for the bulk single crystal due to the
improvement of the crystallinity of the alloy at low temper-
ature, the small RRRs for the Heusler films may indicate
the stable crystallinity against temperature change. By
comparing the RRR with the p(7T), an epitaxial Heusler
alloy film without grain boundaries is expected to show
the ideal p(7T) behavior.

4.3. X-ray magnetic circular dichroism

As a direct method to estimate the element specific mag-
netic moments per atom, XMCD has been exploited. The
XMCD measurements are performed at the L, and L;
absorption edges of the constituent elements of the Heusler
alloys, which represent the X-ray-induced excitation from
the 2py;, and 2p;,, core levels into the valence d states,
respectively [102]. A magnetic field is applied perpendicular
to the sample films, realizing the magnetization of the sam-
ples parallel (or antiparallel) to the incident circularly
polarized X-rays. These two configurations provide the
corresponding X-ray absorption spectra, both of which
are measured by using the total electron yield method,
revealing the difference in the population between up and
down spin electrons. The difference in absorption cross sec-
tions represents the XMCD signals as a result (see
Fig. 9(b)—(d) for example). Since the orbital part of the
atomic wavefunction interacts with the circularly polarized
X-rays [103], which indirectly interact with the spins of the
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atoms through the spin—orbit interaction [104], non-zero
XMCD signals are observed in the vicinity of the L, and
L; edges. By applying the sum rules [103-105], after rele-
vant background subtraction, element specific spin mag-
netic moments per atom i, are estimated as listed in
Table 3. For all the samples, the mg, for the element X
agrees very well with the calculated values within +20%,
while that for Y is smaller than the calculations by 26—
86%. This considerable reduction does not depend on the
form of the samples (bulk or film). Because the XMCD
measurement is sensitive to the surface of the sample, typ-
ically probing within 10 nm from the surface, the measure-
ment always suffers from the overlap of the surface signals
with the bulk signals. For the bulk samples, the asymmetry
at the surface reduces the myp, in addition to the strain
induced by the surface cleaning process [83]. For the films,
the asymmetry and dislocation in the vicinity of the inter-
faces between the Heusler alloy layers and the capping lay-
ers, which are usually deposited to prevent oxidation,
reduce the mgp,. In the form of a MT]J, selective oxidation
also reduces the mgpin as discussed in Section 3.1.2.

Recently, Elmers et al. have reported the orbital magnetic
moment per spin, r = Mo/ (Mspin + Myipote), to be (0.14 +
0.02) for Co and (0.06 £ 0.02) for Fe in the Co,FeAl bulk
samples [82,83]. For the L2, epitaxial Co,FeAl films, by
neglecting the magnetic dipole term, mgipole, 7 is estimated
to be (0.098 4+ 0.007) and (0.069 + 0.005) for Co and Fe,
respectively [78]. These values imply that Co does not show
any enhancement in the my,, while Fe shows similar
enhancement as the bulk. Even so, it should be emphasized
that the m,,, for Co in the epitaxial films is observed to be
twice as large as the calculation (see Table 3). Similar
enhancement in the mg for Co has been reported in a
Co,MnGe bulk sample [64]. Such enhancement in the mg,y,
for the transition metals X and Y suggests that the spin—
orbit coupling in the Heusler alloys are very strong and
may be the main reason to induce the half-metallicity. For
sputtered Co,MnAl film with the atomically disordered B2
structure, the Gilbert damping constant is found to be small
by ferromagnetic resonance (FMR) measurement, indeed
indicating weak spin—orbit interaction for the disordered
phases [51]. The large spin—orbit interaction in the Heusler
alloys has also been suggested from a large AMR effect
observed in polycrystalline Co,MnGa film, as large as 6%
at RT (8% at 1.6 K) [63].

4.4. Andreev reflection

Soulen et al. have first applied Andreev reflection to
measure the spin polarization P of metals [13], and after-
wards this technique has been widely used to measure the
P of the Heusler alloys as listed in Tables 1 and 2. Meser-
vey and Tedrow have pioneered the estimation of P by
spectroscopic measurement in a ferromagnet/insulator/
superconductor tunnel junction [106]. For Andreev reflec-
tion, a superconducting point contact is used instead,
which allows one spin-polarized electron injection into a

normal metal sample with forming a coherent pair with
an oppositely spin-polarized electron in the metal, while
reflecting an Andreev hole back to the superconductor.
This process occurs in addition to the conventional ohmic
response at the interface. The HMF, for which P is 100%,
however, cannot offer the coherent pair when the majority
spin is injected from the point contact due to the absence of
the minority spins at Er in the HMF. Although this is a
very powerful technique to measure P directly, the esti-
mated P typically reflects the spin DOS in the vicinity of
the surface.

5. Applications
5.1. Spin injection

In order to achieve highly efficient spin injection from a
ferromagnet into a semiconductor or a non-magnetic
metal, two distinct approaches have been proposed theo-
retically; spin injection from the ferromagnet with almost
100% spin polarization, such as a DMS and a HMF, in a
diffusive regime [107], and that through a tunnel barrier
in a ballistic regime [108]. For the former case, the Heusler
alloy is one of the best candidates due to their good lattice
matching with major semiconductors and their high 7¢ as
discussed above. Diffusive spin injection holds a key to
realize the spin-polarized three-terminal devices at RT.

A NiMnSb(111)/CdS(111) interface is suggested to
suppress the spin-flip electron transport at Eg [32], indicat-
ing the possibility of using the NiMnSb film as a spin-filter
to inject a spin-polarized electron current into the semicon-
ductor. A similar effect is expected even for the electron
transport in the [110] orientation in a non-half-metallic
Ni,MnlIn/InAs interface, resulting in P ~ 80% [109]. At
this interface, only the electron spins within an energy of
kT~ 1/40eV at Ep in Ni,Mnln are transported into
InAs. Er must be close to the conduction band of InAs
for the spins to fill these unoccupied states. Since the con-
duction minimum occurs at the I" point, the transmittances
for the minority spins are calculated to be 0.75, 0.82 and
0.99 for the [100], [110] and [111] directions, respectively.
For the majority spins, on the other hand, since large spin—
orbit scattering is expected at the interface to change the in-
plane momentum to match an available state in InAs, the
transmittances are calculated to be 0.19, 0.19 and 0.39
for the corresponding directions.

For the case of the Co,CrAl/III-V semiconductor inter-
faces, the half-metallicity is calculated to be preserved for
certain combinations. For Co,CrAl/GaAs interfaces, the
half-metallicity is preserved for the Co/As interface on
the GaAs(001) surface and for Al/As on GaAs(110), while
it is demolished for e.g., CrAl/As on GaAs(001) [75]. For
Co,CrAl/InP interfaces, the Cr spin moment is calculated
to be enhanced for both the CrAl/In and CrAl/P interfaces
(P ~ 63% and 65%, respectively), while it is decreased for
both the Co/In and Co/P interfaces (P ~ 56% and ~74%,



Table 3
List of element specific magnetic moments per atom for both full and half Heusler alloys
Hesuler alloys Total magnetic moment (pg/f.u.) X (up/atom) Y (pup/atom) Refs.
Morb Mspin Morb Mspin
NiMnSb Experiment 39+£0.2 0.2 3.0 [23]
Calculation 3.991 0.015 0.245 0.027 3.720 [19]
Co,MnSi Experiment 4.7 1.20 £0.05 ~2.6 [23]
Calculation 5.008 0.029 0.994 0.017 3.022 [19]
Co,CrqgFeg 4Al (bulk) Experiment 3.49 0.12 0.96 Cr: 0.04 Cr: 0.40 [82,83]
Fe: 0.33 Fe: 2.37
Calculation 0.96 Cr: 1.52
Fe: 2.77
Co,Crq ¢Feg4Al Experiment 2.26 (RT) 0.038 £ 0.004 1.09 +0.11 Cr: — Cr: — This study
Fe: - Fe: —
Co,Cry g25Fe0.375Al1 Calculation 3.68 0.021-0.048 0.764-0.0.923 Cr: 0.001-0.010 Cr: 1.244-0.1.537 [69]
Fe: 0.028-0.083 Fe: 2.469-2.787
Co,FeAl Experiment 4.8 0.089 =+ 0.003 0.91 £+ 0.04 0.089 =4 0.005 1.29 £0.05 [71,78]
Calculation 4.996 0.045 1.094 0.060 2.753 [19]
Co,TiSn (bulk) Experiment 1.92 0.09 £+ 0.02 0.87 +0.02 [90]
Calculation 1.68 0.90
Co,ZrSn (bulk) Experiment 1.64 0.012 £0.01 0.70 £+ 0.01
Calculation 1.64 0.88
Co,NbSn (bulk) Experiment 0.94 0.09 £+ 0.01 0.38 +0.01
Calculation 1.08 0.43
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respectively), even though the Cr spin moment is almost
the same as the bulk value [76].

Experimentally, spin injection has been reported in a
Co,4Mn, ¢Ga/InGaAs quantum well (QW) structure [62].
Although P is observed to be ~50% by using the Andreev
reflection, the injected electron spin polarization is mea-
sured to be 13% at 5 K, which is smaller than that for an
Fe/InAs QW. It is therefore essential to fabricate a sharp
Heusler alloy/semiconductor interface with a relevant band
matching as theoretically suggested in order to achieve
highly efficient spin injection.

5.2. Magnetic tunnel junctions

Recent achievement of over 100% TMR ratios at RT
with oriented MgO barriers [110,111] has offered major
progress in improving areal density of a magnetic random
access memory (MRAM), which is the other important
spintronic device. Such a giant TMR effect has theoreti-
cally been predicted due to the A; band connection at the
Fe(001)/MgO interface only for the majority spins
[112,113]. In contrast with such coherent tunneling, the
Heusler alloy films have been widely applied as electrodes
in the conventional MTJs in order to obtain a very large
TMR ratio at RT due to their large P.

An epitaxial half Heusler NiMnSb film has been first
used as an electrode in a MTJ, showing 9% TMR at RT
[29]. An epitaxial full Heusler Co,FeAl film with the L2,
structure is also applied for a MTJ but shows only 9%
TMR at RT [71]. These small TMR ratios may be caused
by the selective oxidation at the interface between the
Heusler films and the oxide barriers as discussed in Section
3.1.2. Recently, an epitaxial L2; Co,Cry ¢Feq 4Al film sput-
tered onto MgO(001) substrate has been adopted for a
fully epitaxial MTJ with the structure of Co,Crg ¢Feg4Al/
MgO/CoFe, showing 42% at RT (74% at 55 K) [84]. Even
though this film possesses the crystalline relationship
Co0,Crg 6Feo4Al(001)[100]|MgO(001)[110], the magnetic
moment is estimated to be 3.3 pg/f.u., which is smaller than
the calculation (3.7 pg/f.u.) [74]. This indicates that the film
contains an atomically disordered phase, which may also
be suggested from the decrease in the TMR ratios below
55 K, resulting in the reduction in the TMR ratio.

For polycrystalline sputtered full Heusler MTJs, on the
other hand, higher TMR ratios have been reported. A MTJ
with the structure of Co,Cry¢Fey4Al/AlO,/CoFe shows
16% TMR at RT [81], which is later improved up to 19%
at RT by the barrier optimization [73]. Similarly, a MTJ
with Co,MnAl/AlO,/CoFe shows 40% TMR at RT [49],
followed by the further improvement up to 61% at RT
(83% at 2 K) [52]. All of these Heusler films in the MTJs
have been reported to be B2 structure. By comparing the
TMR ratios at RT with those at low temperature, the
ratios are found to show very weak temperature depen-
dence as similarly observed for a conventional metallic
MTJ. On the contrary, a MTJ with a highly ordered
Co,MnSi film shows strong temperature dependence;

33% at RT and 86% at 10 K [58], and 70% at RT and
159% at 2 K [61]. Such rapid decrease in the TMR ratio
with increasing temperature does not follow the tempera-
ture dependence of the magnetization, suggesting that
small fraction of atomically disordered phases cannot be
ignored in the spin-polarized electron transport at a finite
temperature. The elimination of such disordered phases
especially near the barrier interface improves the TMR
ratios further and realizes the half-metallicity at RT.

Theoretical calculations also suggest that the interface
states within the half-metallic bandgap at the half-metal/
insulator interfaces prevent the highly spin-polarized elec-
tron transport [114]. This is because the tunneling rate is
slower than the spin-flip rate, and therefore the interface
states for the minority spins are effectively coupled to the
metallic spin reservoir of the majority spin states. In order
to avoid the spin-flip scattering, a sharp interface without
the interface states is crucially required.

6. Summary

In a Heusler alloy/III-V semiconductor hybrid struc-
ture, the spin DOS in the Heusler film is engineered by
the interface states in addition to the crystallographical
manipulation by the element substitution in the film.
Although recent progress in the film growth techniques
enables researchers to fabricate an almost perfectly ordered
Heusler film on a semiconductor, typically a few ML of
minor atomic disorder at both the interface and the surface
prevents to achieve half-metallicity at RT, which has been
theoretically predicted for a bulk Heusler alloy. In order to
eliminate the interface states and to minimize the surface
asymmetry, first-principles calculations are employed, sug-
gesting that the half-metallicity is maintained in relevant
combinations of interfacial atomic bonding, a surface ter-
mination and a crystalline orientation. Such an atomically
controlled Heusler film is highly required for the use as a
spin source for future spintronic devices.
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