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The ability of the full Heusler alloy Co1.5Fe1.5Ge(001) (CFG) to be a Half-Metallic Magnetic

(HMM) material is investigated. Epitaxial CFG(001) layers were grown by molecular beam

epitaxy. The results obtained using electron diffraction, X-ray diffraction, and X-ray magnetic

circular dichroism are consistent with the full Heusler structure. The pseudo-gap in the minority

spin density of state typical in HMM is examined using spin-resolved photoemission.

Interestingly, the spin polarization found to be negative at EF in equimolar CoFe(001) is

observed to shift to positive values when inserting Ge in CoFe. However, no pseudo-gap is

found at the Fermi level, even if moderate magnetization and low Gilbert damping are observed

as expected in HMM materials. Magneto-transport properties in MgO-based magnetic tunnel

junctions using CFG electrodes are investigated via spin and symmetry resolved photoemission.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4885354]

The material science community is putting a large effort

into developing original magnetic materials for the imple-

mentation in low-energy spintronic devices. An important

part of this work is devoted to growing electrode materials

for Magnetic Tunnel Junctions (MTJs) for Magnetic

Random Access Memory (MRAM), oscillators, and sensors.

Thin magnetic electrodes having high spin-polarization, low

damping, moderate magnetization, and high perpendicular

magnetic anisotropy are investigated. The family of

Half-Metallic Magnetic (HMM) compounds fulfill these

requirements as ab initio calculations performed on many

Heusler or Half-Heusler compounds (NiMnSb, Co2FeSi,

Co2MnSi…) have predicted a 100% spin polarization at the

Fermi energy (leading to infinite tunnel magneto-resistance

in theory), extremely low Gilbert damping, high Curie

Temperature, and moderate magnetization.1 Moreover, per-

pendicular anisotropy has been experimentally achieved for

some Heusler alloys.2

Recent work performing FerroMagnetic Resonance

(FMR) and Giant Magneto-Resistance (GMR) measurements

tend to show that Co1.5Fe1.5Ge (CFG) compound could be

very promising since low damping3 and high GMR4 were

reported. Ab initio calculations of the related full Heusler

alloy Co2FeGe Density Of States (DOS) show that a pseudo-

gap exists in the integrated minority spin DOS. Nevertheless,

the Fermi level sits in the higher edge of this band gap.5,6

Takahashi et al. substituted Ge by Ga atoms to change the

number of valence electrons and, thus, to shift the Fermi

level towards the middle of the band gap.7 Assuming a L21

Co2FeGaxGe1�x (CFGG) structure, they reported up to 70%

spin-polarization measured with point contact Andreev

reflection as well as more than 40% GMR at room tempera-

ture in CFGG/Ag/CFGG metallic spin-valves. In parallel, ab
initio calculations3 show that substituting Co by Fe atoms—

thus maintaining a B2 ordered phase—will shift the Fermi

level into the minority band gap. In addition, increasing the

Fe relative to the Co concentration favors optimized chemi-

cal ordering since Co atoms in Fe or Ge sites destroy the

pseudo-gap, although Fe atoms in Ge sites keep it unaf-

fected. Calculations seem to be confirmed by the spin-wave

Doppler technique which was used to measure the spin-drift

velocity of the magnetization in current-carrying CFG and

yielded an up to 95% current polarization for CFG.8 Finally,

the Curie temperature of Co2FeGe has been measured close

to 1000 K,6 and perpendicular anisotropy for iron rich

Co20Fe50Ge30 has been demonstrated when sandwiched

between MgO layers,2 due to the perpendicular interface ani-

sotropy induced by MgO.9 Therefore, all these features make

CFG a promising candidate for magnetic-RAM electrode.

However, CFG has not been successfully integrated in

MTJ’s so far and its spin-polarization at and below the Fermi

level has not yet been measured.

In this Letter, we report on experimental studies of sin-

gle crystal Co1.5Fe1.5Ge(001) layers as single films or as

electrodes in MgO-based MTJ’s. First, the growth and struc-

tural characterization of CFG on MgO(001) substrates is

discussed. Gilbert damping and magnetic features are

extracted from FMR and magnetometry measurements. The

spin-polarization of occupied electronic states is determined

using spin-resolved photoemission spectroscopy at the

SOLEIL synchrotron source. Finally, transport measure-

ments performed on CFG/MgO/CFG(001) and Co25Fe75/

MgO/CFG(001) MTJs are presented.

a)Author to whom correspondence should be addressed. Electronic mail:

stephane.andrieu@univ-lorraine.fr

0003-6951/2014/104(25)/252412/4/$30.00 VC 2014 AIP Publishing LLC104, 252412-1

APPLIED PHYSICS LETTERS 104, 252412 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

193.48.49.250 On: Thu, 26 Jun 2014 13:19:50

http://dx.doi.org/10.1063/1.4885354
http://dx.doi.org/10.1063/1.4885354
http://dx.doi.org/10.1063/1.4885354
http://dx.doi.org/10.1063/1.4885354
http://dx.doi.org/10.1063/1.4885354
mailto:stephane.andrieu@univ-lorraine.fr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4885354&domain=pdf&date_stamp=2014-06-26


Single CFG films were grown by molecular beam

epitaxy (base pressure 10�10 Torr) on MgO(001) single-

crystal substrates. The CFG single layers were grown by

co-evaporating Co, Fe, and Ge using 3 Knudsen cells whose

fluxes were calibrated by using a quartz microbalance

located at the sample position. The uncertainty on the con-

centrations is estimated to be 65%. The films were deposited

on MgO at room temperature, and annealing temperatures

were tested in the range of 350 �C–700 �C. Three types of

MTJs were grown on MgO(001) substrates. Here, we will

mostly discuss MTJ’s with structure: Fe (20 nm)/CFG

(4 nm)/MgO (2.4 nm)/CFG (8 nm)/Co (20 nm)/Au (10 nm)

and Co25Fe75 (50 nm)/MgO (2.4 nm)/CFG (30 nm)/Co

(20 nm)/Au (10 nm). The CFG electrodes were deposited at

room temperature and then annealed during 30 min at tem-

peratures between 350 �C and 500 �C. The whole stacking

was subsequently patterned by UV-photolithography and a

conventional physical etching processes to get MTJ cells

with a junction’s size of 10� 10 to 50� 50 lm2.

The structural properties of single CFG films were first

analysed during growth using Reflection High Energy

Electron Diffraction (RHEED). At room temperature, the

RHEED patterns are the same as observed when growing

pure Fe films (Fig. 1). The unit cell is, thus, a square of half

the size of the Heusler (001) face, meaning that no chemical

ordering occurs. Annealing at 250 �C is sufficient to observe

new 1=2 streaks appearing along the (11) azimuth of the initial

square lattice (Fig. 1), meaning that the lattice cell has

doubled in size as expected for the Heusler L21 structure. It

should be noted that this superstructure cannot be observed

in the case of the full Heusler X2YZ structure with chemical

disorder between Y and Z (B2 phase). In the case of the

X1.5Y1.5Z phase, however, a more complex chemical arrange-

ment cannot be ruled out. This simple observation is a clear

indication that some chemical ordering takes place even at

low annealing temperatures <300 �C.

To go further, X-ray diffraction experiments were per-

formed using a Cu Ka1 anode (k¼ 0.154 nm) along the (00 l)

direction. Fig. 1 shows the typical X-ray h–2h diffraction

pattern for an annealed CFG film. In addition to the MgO

(002) peak (not shown), the pattern shows only the (002) and

(004) peaks typical of the Heusler structure. No additional

phase (e.g., a parasitic hexagonal phase) has been detected.

The lattice spacing is equal to 0.573 nm in agreement with

values already reported.4,6,10 The full determination of the

species distribution within the lattice is not possible here

because the Co and Fe scattering factors are very close using

Ka1 X-rays. However, it is possible to get some information

on the location of Ge atoms by fitting the (002) and (004)

peaks. A Rietveld refinement was used and an excellent

agreement is obtained (simulated curves in Fig. 1) assuming

the full Heusler L21 structure. To go further simulations

were performed assuming the substitution of some Fe or Co

atoms by Ge. We thus were not able to fit the experimental

data. However, this simulation does not allow us to eliminate

the possibility of some chemical disorder between Fe and Co

atoms. Such Co and Fe permutation is predicted to destroy

the pseudogap.3

The magnetization is also very sensitive to chemical dis-

order. We performed magnetometry experiments using a

commercial VSM with automatic sample rotation. The mag-

netization at saturation on average is 1000 6 100 kA/m

(emu/cm3) equivalent to 5 6 0.5 lB per unit cell, which is

similar to calculated values for Co2FeGe6 and experimental

values in Ref. 4. A cubic magnetic anisotropy is deduced

from the hysteresis loop shape, especially from the value of

remanent magnetization as a function of the applied mag-

netic field angle. X-ray magnetic circular dichroism

(XMCD) was also performed on the DEIMOS beamline at

SOLEIL (Fig. 2(a)) at the Fe, Co, and Ge 2p edges. A

dichroic signal is observed for the 3 elements. The atomic

magnetic moments of Fe and Co were found parallel, and

antiparallel to the Ge one. The application of the sum rules

(using the Fe and Co number of holes in the bulk) gives

2.0 6 0.1 lB/at and 1.5 6 0.1 lB/at for Fe and Co, respec-

tively. The Ge magnetic moment is difficult to determine but

is very small (small dichroic signal). Theoretical calculations

based on first principles within density-functional theory

using the plane-wave ultrasoft pseudo-potential method

within the generalized gradient approximation for the

exchange-correlation functional11,12 have been performed to

determine the magnetic moments. To study the effect of

permutations we have used a 16 atom super cell. The

fully relaxed structure has a total magnetic moment of

FIG. 1. RHEED patterns obtained on a CFG film as-deposited at RT (top

left) and annealed (top right). New 1=2 streaks appear after annealing typical

of chemical ordering. The (00 L) diffraction peak intensities are also well

fitted assuming the full Heusler L21 structure (bottom).
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approximately 5.3 lB per unit cell with a Ge magnetic

moment equal to �0.1 lB/at. Using this value of the Ge

moment, we found a magnetic moment for the unit cell

of (1.5þ 2)� 1.5� 0.1¼ 5.15 lB per unit cell in very

good agreement with calculations. Another important theo-

retical result is that the total magnetic moment decreases to

4.8 lB/cell when Co atoms take the place of Fe atoms in the

FeGe lattice as shown in Fig. 1. Finally, Vector Network

Analyzer FerroMagnetic Resonance (VNAFMR see Ref. 13)

has been performed at room temperature on a series of CFG

samples (Figs. 2(b) and 2(c)). In saturating conditions, the

FMR frequency is linear with the perpendicular field and

gives an effective magnetization equal to 1.25 6 0.05 T

(¼995 6 40 kA/m in agreement with SQUID measurements)

with a Land�e factor equal to 2.07 þ/� 0.02. The evolution of

the linewidth with the resonance frequency indicates slight

contributions of the inhomogeneous broadening, whose influ-

ence is gradually suppressed for frequencies up to 17 GHz,

above which the subsequent linewidth evolution is consistent

with a Gilbert damping a of 0.007 6 0.001. For the 30 nm

thick layer, a faint perpendicular standing spin wave mode is

detected at 8 GHz above the uniform resonance mode.

This splitting is indicative of an exchange stiffness of

A¼ 13 6 1 pJ/m.14 The low damping value is consistent

with typical HMM behavior for which the damping coeffi-

cient is expected to be very small due to the lack of minority

spin DOS at the Fermi level. All these results are strong indi-

cations that chemical disorder is very limited in our films.

The CFG spin polarization was investigated using Spin-

Resolved PhotoEmission Spectroscopy (SR-PES) performed

on the CASSIOPEE beamline at the SOLEIL synchrotron.

Single CFG films were epitaxialy grown in a molecular

beam epitaxy (MBE) chamber connected to the beamline15

so that surface contamination is prevented. First SR-PES

experiments were conducted with 37 eV p-polarized light at

a 45� incident angle. The photoelectron detection was per-

formed along the (001) normal axis of the films using the

largest aperture (þ/�8�) leading to investigating 80% of the

Brillouin Zone (BZ). The spin resolution was achieved by

using a Mott detector. The sample temperature was main-

tained below 100 K during the experiments. Figures 3(a) and

3(b) show the majority N" and minority N# photoemission

spectra (PES) obtained on single CoFe (as reference layer)

and single CFG thin films annealed at around 550 �C. The

corresponding spin polarizations P¼ (N"�N#)/(N"þN#)
are plotted in Figs. 3(a) and 3(b). In the reference CoFe

layer, the expected negative spin polarization is found at EF

(Fig. 3(a)). The situation is clearly different for CFG films.

The main difference between CoFe and CFG consists in a

strong majority spin contribution around �0.2 eV leading

to a positive polarization peak at the same energy value

(Fig. 3(b)). This new majority spin band pushes the spin

polarization to become positive close to EF. The occurrence

of this strong majority spin contribution may be at the origin

of the greatly enhanced magnetoresistive properties obtained

in CFG spin-valves compared to CoFe.4 However as might

be expected our experiment on CFG spin-valves films shows

that the actual spin polarization is <100%.

A final test to evaluate HMM behavior is to use CFG as

electrodes in MgO-based MTJs. A first experiment was to

grow CFG on Fe/MgO(001) underlayers since the resulting

MgO barrier quality is excellent and well understood in this

case. The upper electrode was a 10 nm thick CFG layer cov-

ered by a thick Co layer resulting in a magnetic coercive

FIG. 2. Magnetic properties of (CoFe)3Ge film using X-Ray absorption

spectroscopy (XAS and XMCD) and FMR. (a) The XMCD signal on Ge is

opposite to the Fe and Co signals, suggesting that the Ge magnetic moment

is coupled antiparallel to Fe and Co. (b) FMR frequency versus perpendicu-

larly applied field. The red line is a linear fit, yielding a Land�e factor of 2.07

and a magnetization of 1.25 T. Inset: Polar magneto-optical Kerr effect loop

(10 nm film). (c) FMR linewidth versus frequency in perpendicular applied

field conditions (30 nm film). Inset: Real and imaginary parts of the perme-

ability for a field of 2 Tesla.

FIG. 3. PES spectra (top) and spin polarization (bottom) for annealed (a)

equimolar CoFe(001) and (b) (CoFe)3Ge films.
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field for the upper electrode substantially higher than that of

the lower Fe electrode. The CFG layer was grown at RT and

annealed up to 550 �C. The Co layer was grown on top of

CFG at RT to avoid intermixing. The Tunnel Magneto-

Resistance (TMR) vs. H curves are shown in Fig. 4. The

TMR reaches 125% at RT and more than 220% at 15 K con-

sistent with a good epitaxial process and high spin polariza-

tion in the tunneling process. However, these values are

smaller than state of the art TMR values obtained on Fe/

MgO/Fe(001) (around 200% at RT and 450% at 10 K, see

Ref. 16). The TMR is even lower using two CFG electrodes

(Fig. 4), where the TMR is only around 15% at RT and 60%

at 15 K. To better understand these magneto-transport

results, we carefully studied the symmetry of the electronic

states near EF. The high TMR values in Fe/MgO/Fe system

are actually due to the lack of D1 minority spin DOS at EF.

We thus performed the SRPES measurement with s-polar-

ized light (Fig. 4) in order to identify the symmetry of the

observed transitions (D1 or D5 see Refs. 15 and 17). We

found that the majority spin peak around �0.2 eV has a D1

symmetry since its contribution using p-polarized light is

strongly reduced when measuring with s-polarized light. But

more interestingly, we also observe some D1 contribution in

the minority spin DOS. Such minority spin channel with a

D1 symmetry lowers the overall spin polarization and is det-

rimental to TMR, which explains the low TMR values

obtained using CFG in our MgO-based MTJs.

To summarize, single crystalline Co1.5Fe1.5Ge (001)

films were grown by molecular beam epitaxy. The structure

of the films is cubic with the expected lattice constant. All

the structural and magnetic characterizations clearly indicate

chemical ordering consistent with the full Heusler structure.

In particular, very low Gilbert damping coefficients are

obtained. However, some chemical disorder involving Co

atoms occupying in Y sites instead of Fe cannot be ruled out

here, which would lead in accordance to our theoretical

investigations to a suppression or reduction of the pseudo

gap at the Fermi level. The spin-polarization of CFG(001) at

EF is observed to be positive opposed to the negative spin-

polarization of FeCo(001), and, furthermore it is not 100%.

The pseudo-gap for minority spin at EF is not observed.

Some minority spin DOS with D1 symmetry was observed at

the Fermi energy explaining the modest TMR values

observed in MgO-based MTJs using CFG electrodes.

The authors thank G. Lengaigne (IJL) for patterning the

magnetic tunnel junctions.
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