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Transport properties in magnetic tunnel junctions (MTJs) with Co,Fe,Mn,_,Si (CFMS, x
=0-1.0)/ A1-0O/Co;sFe,s structure and Gilbert damping constant in the epitaxial CFMS films were
investigated. The tunnel magnetoresistance ratio is as high as 75% in MTIJs with x=0.6 at room
temperature. The Gilbert damping constant is minimal at x=0.4. Relations between half-metallicity
and the Gilbert damping constant in CFMS films were examined, revealing that the damping
constant is small in half-metallic CFMS films. © 2009 American Institute of Physics.
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Half-metallic ferromagnets (HMFs) are an ideal material
for “spintronics” applications because they have an energy
gap at the Fermi level only in the up or down spin channel,
which enable to generate completely spin-polarized conduc-
tion electrons. Actually, Co-based full Heusler alloys are
promising candidates as HMFs based on both ab initio
calculations'* and some experimental results in magnetic
tunnel junctions (MTJs) with such Heusler compounds’
electrodes.”™ Among the Heuslers, Co,MnSi and Co,FeSi
are suitable for device applications because of their high re-
spective Curie temperatures: 985 K (Ref. 6) and 1100 K.
Regarding half-metallicity, that characteristic of Co,MnSi
has been investigated experimentally in earlier reports.Sf5
In the case of Co,FeSi, both half-metallic® and
non-half-metallic' predictions have been described theoreti-
cally in earlier reports. Kandpal et al® reported a half-
metallic band structure of Co,FeSi by local spin density
approximation and generalized gradient approximation
treatment, including optimum effective Coulomb exchange
interaction (U,). Galanakis e al.” reported the non-half-
metallic nature of Co,FeSi by the full-potential screened
Korringa—Kohn—-Rostoker ~ Green’s  function  method.
Experimentally, we have reported non-half-metallic TMR
effect and transport properties in MTJs with a
Co,FeSi/Al-0/CoysFe,s structure.” On the other hand,
studies on spin dP/namics in half-metallic materials are also
current topics.lo_ 3 Among them, the Gilbert damping con-
stant (@) in Co-based full Heusler alloys are attracted be-
cause quite small « in half-metallic Co,MnSi has been
reported.12 Small @ can be an advantage for the reduction in
critical current density (J,) in current-induced magnetization
switching.12

As presented above, half-metallicity in Co,FeSi is still
under discussion; however, presuming that Co,FeSi is not a
half-metal, there is apparently a half-metallic transition point
between Co,MnSi and Co,FeSi depending on their compo-
sition. Substitution of Mn to Fe would increase the Curie
temperature of the Heusler alloy: at a certain Fe concentra-
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tion of x, the Co,Fe ,Mn,_,Si Heusler alloy can be a superior
half-metallic material with higher Curie temperature than
that of Co,MnSi. As described in this letter, we investigated
the half-metallicity in Co,Fe Mn,_,Si (CFMS) Heusler al-
loys by observing transport properties in MTJs with the
CFMS/AI-0O/CoysFe,s structures and Gilbert damping con-
stant of CFMS films.

All films were prepared using an inductively coupled
plasma-assisted sputtering system equipped with ultrahigh
vacuum chambers (Pp,,.<2X 1077 Pa). The stacking struc-
ture of MTJs is a single crystalline MgO (001) substrate/Cr
(40 nm)/CFMS (30 nm)/Al (1.3 nm)-O/Co;sFeys
(5 nm)/Ir,,Mn4g (10 nm)/Ta (5 nm), where the numbers in
parentheses are film thicknesses in nanometers. After depo-
sition of Cr and CFMS, postdeposition annealing was per-
formed, respectively, at 700, and 500 °C (400 °C only for
x=0.8 and 1.0). Compositions of CFMS films were con-
trolled by cosputtering from Co,0oMn;15Sij3p and
Co, ooFeq 0251 19 alloyed targets. We prepared samples with
Fe concentration x of 0-1.0 at intervals of 0.2. Films were
patterned into pillars of 10X 10—100X 100 um? using pho-
tolithography and Ar ion milling techniques. The TMR ratio
of the MTJs was measured using a dc four-probe technique,
with differential conductance dependence on applied bias
voltage evaluated using a nanovoltmeter (model 2182A; Kei-
thley Instruments, Inc.) and a small current source (model
6221; Keithley Instruments, Inc.). Furthermore, half-MTJ
structures of MgO (001) substrate/Cr/CFMS/Ta (2 nm) were
prepared for evaluations of crystalline structure, magnetic
properties, and the Gilbert damping constant, which were
evaluated, respectively, using x-ray diffractometry (XRD), a
superconducting quantum interference device, and ferromag-
netic resonance (FMR).

The results shown for XRD measurements confirmed the
B2 and L2, site ordering for all Fe concentrations x in
Co,Fe,Mn,_,Si. Here we will not discuss the magnitude of
L2, and B2 long range order parameters (S 12, and Sp,) be-
cause the difference in atomic number is only 1 between Co
and Fe. Therefore detection and quantitative discussion of
Co-Fe swapping ratio are quite difficult by XRD measure-
ments. If we estimate them, Sz,=0.9 and SL2|=O.8 for
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FIG. 1. (Color online) (a) TMR ratio in CFMS/Al-0O/Co;sFe,s MTJs de-
pending on the Fe concentration x in CFMS; inset (b) depicts typical
TMR-H curve for the MTJs with x=0, 0.6, and 1.0; (c) shows the tempera-
ture dependence of TMR ratio in the MTJs with the CFMS electrode.

Co,MnSi, and Sz,=0.5-0.8 and SL21=O.2—O.9 for other
CFMS films. Saturation magnetizations of Co,MnSi (x=0)
and Co,FeSi (x=1.0) were, respectively, 800 and
1015 emu/cm?. These values were 20% lower than reported
values for bulk samples,7 although magnetization increased
systematically with increasing x. Detailed structural and
magnetic properties were described in an earlier report.13
The dependence of the TMR ratio on the film composi-
tion of the CFMS is presented in Fig. 1(a). The inset depicts
a typical TMR-H curve for MTJs with x=0, 0.6, and 1.0 at
room temperature [Fig. 1(b)]. The TMR ratio exhibits a
maximum around x=0.4 and 0.6. The highest value of the
TMR ratio is 75% for the MTJs with Co,Fe,sMn,4Si elec-
trode. It is a sufficiently higher value than that in Co,MnSi
(67%) and Co,FeSi (46%). Correlations were not found
between long range order parameters (SLZ1 and Sg,) and
TMR ratio within the current sample series. That is, because
of that, to achieve half-metallicity in Heusler alloys,
B2-ordering is a sufficient condition; L2;-ordering is not
necessarily required.14 Possible factors for the increase in
TMR ratio are as follows. One is reduction in Mn oxides,
which would reduce spin polarization at the interface. The
other is intrinsic change in density of states (DOS) in CEMS
at Ep, although evident change was not confirmed in differ-
ential conductance dependences which will be described
later on. Figure 1(c) shows the temperature dependence of
the TMR ratio for MTJs with various x. Results show that
the temperature dependence of TMR ratio is slightly im-
proved in MTJs with x=0.4 and 0.6 compared to other
samples with smaller values of x. Considering MTJs with x
=0.8 and 1.0, the temperature dependence of the TMR ratio
is small, although the magnitude of the TMR ratio is also
small, as in MTJs with conventional 3d transition metal al-
loys. To investigate the DOS of ferromagnetic electrode/
tunneling barrier interfaces, we measured the differential
conductance (dI/dV) of MTJs depending on the applied bias
voltage because the tunneling conductance is affected
strongly by the DOS at both interfaces especially at parallel
magnetic configuration. In Fig. 2, the dI/dV-V spectra of
MT]Is with parallel magnetic configuration at 2 K are shown.
All spectra are normalized at the value of V=0 [(dI/dV)_¢].
Here, applying positive bias voltage means that the electrons
are tunneling from the bottom CFMS electrode to the top
CosFe,s electrode. For MTJs with x=0-0.6, dI/dV is al-
most constant within a range of V ~0-400 mV. Such a
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FIG. 2. (Color online) Bias voltage dependence of tunneling conductance
(dI/dV) for the MTJs with CEMS/Al-0/Co;sFe,s structures with a parallel
magnetic configuration. The measurement temperature was at 2 K; numbers
in the figure show the Fe fraction x.

structure is said to originate from the half-metallic energy
gap of C(F)MS:" the half-metallic energy gap is maintained
in Co,Fe Mn,_,Si films for which the Fe concentration x is
0-0.6. However, for MTJs with x=0.8 and 1.0, dI/dV is
increased monotonically with increasing bias voltage. Such
dependence implies that the half-metallic energy gap disap-
pears in samples with x=0.8.

The Gilbert damping constant « was determined at room
temperature using FMR measurements with an X-band
microwave source (f=9.4 GHz) and a TE(,, cavity. The
samples were fixed on a quartz rod. Subsequently, a goniom-
eter was used to measure the out-of-plane angular depen-
dence of the resonance field and linewidth of the FMR spec-
tra. Obtained values of « depending on x are shown on Fig.
3. @ has a minimum value of 0.003 at x=0.4. Actually, « is
inversely proportional to the saturation magnetization (M),
so to exclude the change of M, with the variation in film
composition, the relaxation frequency G(=ayM,) of the
Heusler alloys (red points) is shown in Fig. 4, which also
shows reported values of G for other Co-based Heusler
alloyslf”l (white circles) as a function of the number of
valence electron. Similarly for the dependence of «, G
shows the minimum value at x=0.4; it increases rapidly for
x>0.8. The Gilbert damping constant is considered to be
proportional to the square of the spin-orbit coupling param-
eter £ and total DOS of d-band at Fermi energy D(E;).'""®
The orbital magnetic moments in Heusler alloys are quite
small," which implies that spin-orbit coupling £ is relatively
weak. Additionally, in half-metallic materials, the half-
metallic energy gap is around the Fermi level in one spin
channel, so that the total DOS might be small. Therefore,
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FIG. 3. (Color online) Gilbert damping constants « in Co,Fe Mn,_,Si Heu-
sler thin films.
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FIG. 4. (Color online) Relaxation frequency G(=ayM,) for Co-based Heu-
sler alloys with various film compositions. For the number of valence
electron=30 (Co,FeSi), G=416 MHz (not plotted in the graph).

Gilbert damping in half-metallic Heusler alloys is expected
to be small.

To illustrate the dependence of TMR ratio and G on the
CFMS film composition, we propose schematics of DOS in
our CFMS samples as presented in Fig. 5. The shape of DOS
in Fig. 5 is based on reported calculated results.® Here we are
presuming a rigid band model: the energy of the Fermi level
is important. Considering the dI/dV spectra in Fig. 2, the
CFMS with x of 0-0.6 are apparently half-metallic and the
Fermi level is in the gap region. On the other hand, for x
=0.8, the rapid decrease in the TMR ratio and change in
dl/dV spectra imply the rapid increase in minority density of
states at the Fermi level. Such descriptions are consistent
with the change in Gilbert damping. That is, G is decreased
with increasing Fe concentration x in CFMS until x reaches
0.4. Within this region, the DOS in the majority spin channel
at Fermi level also decreases concomitantly with increasing
E (Fig. 5). Then, around x=0.6, E reaches the edge of the
conduction band in the minority spin channel, and G is in-
creased rapidly because of the rapid increase in localized
d-states in the minority spin channel.

In our samples, half-metallicity apparently disappears
for the sample with x=0.8, although some reports show that
Co,FeSi (x=1.0) is also a half-metal.”® The difference be-
tween our results and calculations should be discussed with
particular care. Possible explanations are the following. First,
L2,-ordering in the current CFMS samples is not perfect.
Furthermore, particularly regarding on transport properties,
some structural strain might exist especially around the
CFMS/AI-O barrier interface. Such factors can narrow the
half-metallic energy gap of CFMS and/or shift the Fermi
level toward the conduction band. Second, calculations
might present some problem. For calculation of DOS in an
earlier study,8 the LDA+ U method was used. The width of

Co,Fe,Mn,_Si

DOS

FIG. 5. (Color online) Expected schematic descriptions of density of states
for Co,Fe Mn,_,Si. Broken lines respectively denote Fermi levels for x=0,
about 0.6, and 1.0.
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the half-metallic energy gap and the Fermi energy can be
changed depending on the effective Coulomb exchange in-
teraction, U. With U=0, the conduction band of Co,FeSi
crosses the Fermi level as described in that earlier study.
That is, conditions in the theoretical earlier study do not suit
the situation in our experimental samples. Such case should
also be considered and further investigations are necessary
both in theoretical studies and experiments.

In summary, we investigated transport properties of
Co,Fe Mn,_,Si/Al-0O/CossFe,s MTJs and the Gilbert
damping constant in Co,Fe Mn;_,Si films for x of 0—1.0. The
TMR ratio exhibits that a maximum value for x is around 0.4
and 0.6; it reaches 75% at room temperature. The bias volt-
age dependence of dI/dV spectra imply which half-metallic
energy gap exists in samples with x of 0-0.6. The Gilbert
damping constant takes a minimum value at x of 0.4. The
dependence in the damping constant is consistent with both
the expected change in density of states at Fermi level and
the transport properties in our MTJs.

Some unknown factors are related to the disappearance
of half-metallicity for MTJs with x=0.8 and 1.0 remain, al-
though it is interesting that the related behavior of half-
metallicity and the Gilbert damping constant depend on film
compositions of Co,Fe, Mn,_,Si Heusler epitaxial thin films.
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