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Pressure-induced half-metallic gap transformation in Co,MnSi observed by tunneling
conductance spectroscopy
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Applied hydrostatic pressure dependence of tunneling magnetoresistance (TMR) properties was investigated
in magnetic tunnel junctions using the half-metallic Heusler alloy Co,MnSi (CMS). The half-metallic electronic
structure in CMS was observed by measuring tunneling-conductance spectroscopy under different applied
pressure. The effect of tetragonal distortion in CMS on the electronic structure was also calculated on the
basis of the first-principle density-functional method. The TMR ratio showed no remarkable variation with
increasing pressure from ambient to 1.5 GPa. It was clearly found that the valence-band edge of the half-metallic
gap moved toward the Fermi level with increasing pressure up to 1.8 GPa. These experimental results showed
good qualitative agreement with the theoretical calculation of density of states of CMS at high pressure.
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I. INTRODUCTION

Application of high pressure is a unique method for
obtaining important knowledge about the electronic properties
of materials because the density of state (DOS), Fermi surface,
bandwidth, as well as the volume and structure of the materials,
etc., can be continuously controlled by applying high pressure.
In the research field of spintronics, the effect of pressure on
the giant magnetoresistance (GMR) of Fe/Cr, Co/Cu magnetic
multilayers, and Co-Al-O insulating granular films has been
investigated intensively, and some interesting results, such as
an enhancement of GMR and tunnel magnetoresistance (TMR)
have been observed.'™

Half-metallic materials, which possess perfectly spin-
polarized conduction electrons due to the energy band gap
either in the spin-up or -down channel, have been extensively
studied in recent spintronics, especially as ferromagnetic elec-
trodes of magnetic tunnel junctions (MTJs)*~'” and current-
perpendicular-to-plane-GMR devices!'~!3 in order to enhance
magnetoresistance (MR) effects. A large TMR ratio of 560%
was observed in the Co,MnSi (CMS)-based MTJ with a
conventional Al-O amorphous barrier at low temperature,>°
indicating a large spin polarization over 0.84 for the CMS
electrode. The TMR ratio, however, drastically decreased to
about 60% at room temperature (RT). Although the presence
of non-quasi-particle states just above the half-metallic gap
and a magnon excitation at the barrier interface are suggested
as possible origins for a disappearance of half metallicity at
RT,'*!5 the scale of the half-metallic gap and the position of
the Fermi level (EF) in the half-metal gap are also important
factors for determining MR characteristics at finite temperature
and bias voltage in half-metal-based MTIJs. Picozzi et al.
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theoretically investigated the effect of hydrostatic pressure on
the electronic structure in Co,MnX (X = Si, Ge, and Sn) and
found an increase of the half-metallic band gap and progressive
shifts of Eg from the valence band (VB) into the band
gap by volume compression.'® Hydrostatic pressure-induced
non-half-metal to half-metal transition has also been predicted
in PtMnSn by Galanakis et al.'” Thus, it is very interesting to
study how half-metallic electronic structures in Heusler alloys
change by applying high pressure through a dependence of MR
properties on pressure in the MTJs. The knowledge obtained
from pressure dependence of MR properties can be interesting
physically and also useful to clarify and to improve transport
properties in the half-metal-based spintronics devices.

In this paper, we will report the hydrostatic pressure effects
on the spin-dependent transport properties in the CMS-based
MT]I. The pressure dependence of the spin polarization and
the half-metallic gap structure in CMS was systematically
investigated against pressure by measuring the TMR ratio and
tunneling conductance spectroscopy. Furthermore, the present
experimental results were compared with the theoretical
calculations of the DOS under lattice distortion induced by
a different hydrostatic pressure.

II. SAMPLE PREPARATION

The sample was fabricated on a Cr-buffered MgO
(001) single-crystalline substrate using a UHV-compatible
magnetron sputtering system. A (001)-CMS layer grows
epitaxially on a Cr(001)/MgO(001) substrate due to the
small lattice mismatching. The stacking structure of
the MTJ was MgO-substrate/Cr(40 nm)/CMS(30)//Al(1.3)-
O/CoFe(5)/IrMn(10)/capping layers, which is same as that of
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FIG. 1. (Color online) TMR ratio in CMS/Al-O/CoFe-MT]J as a
function of magnetic field in hydrostatic pressure at 4.2 K.

the sample used in Ref. 6. The CMS layer was deposited at
ambient temperature and was annealed at 500 °C to enhance
the chemical ordering. From the structural evaluation using
x-ray diffraction, (111) superlattice peak indicating L2,
ordering was clearly confirmed in the CMS. The IrMn antifer-
romagnetic layer induces a one-direction magnetic anisotropy
for the CoFe upper electrode, which gives a clear antiparallel
magnetization configuration between CMS and CoFe layers.
The film was patterned into a pillar shape with 50 x 50 pm?
by photolithography and Ar-ion milling.

III. EXPERIMENTAL METHOD

The magnetic field between —0.3 T < B < 0.3 T is applied
to the direction of the parallel to the [110] in-plane direction of
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FIG. 2. (Color online) Pressure dependence of the TMR ratio and
tunneling resistances in parallel and antiparallel states for CMS/Al-O/
CoFe-MTJ at 4.2 K.
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FIG. 3. (Color online) Bias voltage dependence of differential
tunneling conductance G(dI/dV) of the parallel magnetic configura-
tion in CMS/A1-O/CoFe-MT]J at 4.2 K.

the CMS layer, which corresponds to the easy magnetization
direction of CMS. A MR effect was measured by a standard
dc four-probe method at a bias voltage under 1 mV at 4.2 K.
The applied bias voltage dependence of differential tunneling
conductance G (= dI/dV) was measured using a nanovoltmeter
(model 2182A; Keithley Instruments, Inc.) and a small current
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FIG. 4. (Color online) (a) The total energy [eV] (filled square
points and solid line) and the optimized in-plane lattice constant a
[A] (filled circle points and broken line) of CMS as a function of the
tetragonal distortion c¢/ao. (b) The ¢/ay and the spin polarization at
the Fermi level in CMS as a function of the compressive pressure
[GPa], where the in-plane lattice constant a is relaxed.
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source (model 6221; Keithley Instruments, Inc.). When only
the elastic tunneling process is considered in the CMS/Al-
O/CoFe-MT], G is proportional to DSMS DSeFe - pEMS pCofe
in parallel configuration. Here, Dy stands for the majority-
(minority)-spin DOS at Eg. Thus, we can observe the half-
metallic gap in CMS in a G-V curve as well mentioned in
Ref. 5. In this study, the positive bias voltage was applied
to the bottom CMS electrode, i.e., the tunneling electron
moves from the upper CoFe electrode to the CMS electrode
at positive bias voltage. Hydrostatic pressure, which means
uniaxial compressive pressure in the perpendicular direction
for the stacking film plane, was generated using a hybrid
CuBe-MP35N piston cylinder cell, which is equipped with
a superconducting magnet.'® The sample was placed inside
the Teflon capsule, and Mg-O substrate were shaped to the
inside diameter of the Teflon capsule to make it not lean when
applying high pressure. The pressure inside the Teflon capsule
was kept constant by automatically controlling the load of
hydraulic press at 4.2 K. Daphne-oil 7373 was used as the
pressure-transmitting medium. '

IV. RESULTS AND DISCUSSION

Figure 1 shows TMR curves of CMS/Al-O/CoFe-MTJ at
4.2 K in various pressures from P = 0.1 to 1.8 GPa. The
TMR ratio was defined as §R/Rp = (Rmax — Rp)/Rp, where
Rn.x and Rp are the tunneling resistance of the MTJ in the
maximum and in the parallel magnetic configuration states,
respectively. At ambient pressure (P = 0.1 GPa), clear spin-
valve behavior of the TMR with a plateau of an antiparallel
state and a large TMR ratio of about 149% were obtained. The
spin polarization of CMS, evaluated from Julliere’s model,
was 0.85 by considering a reasonable assumption of Pcope =
0.50 from previous studies.?*?! The tunneling resistance in the
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parallel magnetization states and the TMR ratio did not change
remarkably with applied pressure up to 1.5 GPa. At 1.8 GPa,
however, the shape of the TMR curve changed drastically,
which lost a clear antiparallel plateau state and caused a large
reduction in the TMR ratio of 100%. Since the pinning-field
effect from IrMn and the rapid reversal of magnetization in
CMS did not change from 1.5 to 1.8 GPa, a deterioration of
the TMR curve was mainly ascribed to the deformation of
the magnetization curve of CoFe by applying high pressure.
Figure 2 shows pressure dependence of the TMR ratio and
tunneling resistances in CMS/Al-O/CoFe-MTJ. As mentioned
above, the reduction of the TMR ratio at 1.8 GPa is attributed
not to the intrinsic reduction of spin polarization in CMS but
to the incomplete antiparallel state of the TMR curve. Note
that the tunneling resistance in the parallel state at 1.8 GPa
did not change so much from that at 1.5 GPa, indicating no
structural destruction in the Al-O tunneling barrier and no
remarkable change in the electronic state, i.e., no destruction
of half metallicity in CMS.

Figure 3 shows the normalized G-V curves for CMS/Al-
O/CoFe-MT]J in parallel magnetic configuration at various
pressures. In Fig. 3, at the negative bias voltage region, the
tunnel conductance (G) increased suddenly around —0.3 V
(here defined as Vyp) under every pressure, indicating that
the VB edge in the half-metal gap of CMS is located
about 0.3 V below Eg. In contrast to the negative bias
region, the experimental G-V curves on the positive bias
voltage side were found to be independent of pressure despite
large shifting of the conduction band (CB) edge with c/a
distortion in the calculation shown in the inset of Fig. 5.
In our recent study on the Co,MnAl,Si;_x-based MTIs,
the rapid increase in G at the small positive bias voltage
region was also observed in every Al concentration x and
thereby was explained by a dominant contribution of an
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FIG. 6. (Color online) The LDOS projected onto the atomic orbital of (a) Co 3d and (b) Mn 3d in CMS for the tetragonal distortion
c/ap = 1.00 (dotted lines), 0.98 (dashed lines), and 0.95 (solid lines) where the in-plane lattice constant a is relaxed.

inelastic tunneling (IET) process at the positive bias voltage
region.”? Here, the IET process with a magnon excitation at
the CMS interface was suggested as the most possible path
of the IET for the positive bias voltage region because the
exchange energy of Co in CMS at the tunneling barrier
interface was predicted to be reduced so much compared with
that inside CMS.?* Thus, in the present observations in applied
pressure dependence, a clear shift of an edge of a half-metallic
gap with pressure seemed to be observed only at the negative
bias region.

We investigated the pressure effect on the electronic struc-
tures of CMS theoretically on the basis of the first-principles
density-functional calculation implemented in the Vienna

ab initio simulation package (VASP).”*?> The exchange and
correlation terms are treated within the spin-polarized gen-
eralized gradient approximation using the Perdew-Becke-
Ernzerhof parametrization.’® The nuclei and core elec-
trons are described by the projector-augmented plane-wave
potential,>’?® and the wave functions are expanded in a
plane-wave basis set with a cutoff energy of 337.3 [eV]. To
evaluate the tetragonal distortion of CMS, the tetragonal unit
cell with (a /«/E) X (a/ ﬁ) x ¢ is used in the calculations
where a and c are in-plane and perpendicular lattice constants
of CMS. The equilibrium lattice constant of the L2;-type
CMS, in the present calculation, is ¢ = ¢ = 5.63 [A] (= ap).
The Brillouin-zone integration is performed with a modified
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FIG. 7. (Color online) The LDOS projected onto the atomic orbital of Co 3d,. (or 3d.,) in CMS for the tetragonal distortion c/ay = 1.00
(dotted lines), 0.98 (dashed lines), and 0.95 (solid lines) (ao = 5.63 [A]), with (a) the relaxed in-plane lattice constant @ and (b) the fixed
in-plane lattice constant a. The LDOS projected onto the atomic orbital of Co 3d,, in CMS for the tetragonal distortion ¢/ay = 1.00 (dotted
lines), 0.98 (dashed lines), and 0.95 (solid lines), with (c) relaxed a and (d) fixed a.
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tetrahedron method with Blochl corrections® on the uniform
15x15x11 mesh.

First, we calculated the total energy and the optimized in-
plane lattice constant a of CMS as a function of the tetragonal
distortion c/ap. As can be seen in Fig. 4(a), the in-plane lattice
constant a (filled circle points) increases with decreasing c/ag
owing to the relaxation of atomic positions along the in-plane
direction against the compressive distortion of CMS. Then, we
evaluated the compressive-pressure dependence of ¢/ap and
the spin polarization at the Fermi level in CMS. In Fig. 4(b), it is
found that the change of c¢/ay against the uniaxial compressive
pressure perpendicular to the (001) face of CMS (filled square
points) is about —0.05 by 40 [GPa], resulting from a relatively
large bulk modulus of CMS.3* The spin polarization at the
Fermi level takes almost unity for the pressure up to 40 [GPa],
indicating that electronic structures of CMS near the Fermi
level do not change against the compressive pressure. This
result is qualitatively consistent with the present observation
shown in Figs. 1 and 2, i.e., no variation of spin polarization
against pressure from 0.1 to 1.5 Pa.

Figure 5 shows the total DOS of L1yp-CMS for c/ag =
1.00 — 0.92 (ap = 5.63 [A]). The magnification of the total
DOS near the Fermi level is shown in the inset of Fig. 5.
The half-metallic character of Co,MnSi is preserved within
this compressive distortion region, however, the minority-
spin energy gap near the Fermi level becomes narrower
with decreasing c/ap, where both VB and conduction band
edges move toward the Fermi level in the minority-spin
state. Observed monotonic shifts of Vypg toward small bias
voltage with increasing applied pressure in Fig. 3 shows good
qualitative agreement with this calculation. To look at the
electronic structures in more detail, in Figs. 6(a) and 6(b),
we present the local density of states (LDOS) projected onto
the atomic orbital of Co 3d and Mn 3d. It is found that the
change of the LDOS near the Fermi level owing to the com-
pressive pressure is significant for Co 3d rather than for Mn 3d.
Since the half-metallic gap in the minority-spin state of CMS
near the Fermi level is mainly constructed by the bonding and
antibonding features of the second nearest-neighbor Co-Co 3d
interaction, the pressure effect near the Fermi level is clearly
observed for the LDOS of Co 3d as compared with the LDOS
of Mn 3d.

From detailed analysis on the LDOS of Co 3d, we found
that the change in the minority-spin VBs near the Fermi level
by the compressive pressure occurs more clearly in the LDOS
of Co 3d,; (or 3d,,), while the change in the conduction bands
appears mainly in the LDOS of Co 3d,, . Figures 7(a) and 7(c)
show the LDOS of Co 3d,, (or 3d.,) and Co 3d,, in Co,MnSi
for c¢/ag = 1.00, 0.98, and 0.95. The LDOS of Co 3d,, (or
3d.,) and Co 3d,, for the fixed in-plane lattice constant a are
also shown in Figs. 7(b) and 7(d) as a reference. In Fig. 7(a),
it is found that the minority-spin VB edge moves toward the
Fermi level, while in Fig. 7(b) (in the case of fixed a), it
moves away from the Fermi level with decreasing c/ag. On
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the other hand, as shown in Figs. 7(b) and 7(d), the conduction
band edge in the LDOS of Co 3d,, moves toward the Fermi
level with decreasing c/ag in both relaxed and fixed a. These
results indicate that the effect of the compressive pressure
to the minority-spin DOS of CMS near the Fermi level can
be attributed to the relaxation of atomic position along the
in-plane direction. The relaxation owing to the compressive
pressure increases the in-plane bond length between Co atoms
and weakens the second nearest-neighbor Co-Co 3d,. (or
3d,,) hybridization. This reduces the bonding and antibonding
features of the second nearest-neighbor Co-Co 34 interaction,
making the half-metallic gap narrower with decreasing c/ay.

According to Figs. 3-5, however, the experimentally ob-
served shift of Vyp is relatively large since an application of
pressure below 1.8 GPa corresponds to the small change in ¢/a
from 1.00 to 0.99 in the calculation. Thus, it is speculated that
larger shifts of Vyp, with pressure other than that expected,
may originate from a considerable tetragonal transformation
in the CMS layer by a strong distortion effect multiplied
from the neighboring Cr buffer layer, Al-O barrier, and/or
MgO substrate in the stacking MTJ structure. Additionally,
in order to obtain a more quantitative agreement between
the experiment and the calculation, we need to consider a
distortion effect at the CMS/AI-O interface because the TMR
effect is sensitive to the ferromagnetic layer/tunneling barrier
interface.

V. SUMMARY

In this paper, the hydrostatic pressure effects for the
spin-dependent transport properties have been investigated
in the half-metallic CMS-based MTJ. The applied pressure
dependence of the spin polarization and the half-metallic gap
structure in CMS was systematically investigated against pres-
sure by measuring a TMR ratio with tunneling conductance
spectroscopy. A large TMR ratio did not change by applying
pressure from 0.1 to 1.5 GPa because the half-metallic gap
of CMS is preserved within this pressure range. However, we
detected a slight shift in the VB edge of the half-metallic gap
toward Eg, which showed good qualitative agreement with
our prediction on the basis of first principles. Our calculation
found that the relaxation of atomic position along the in-plane
direction by the compressive pressure was the origin of
the observed shifting of the VB edge in the half-metallic
minority-gap in CMS.
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