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The magnetic relaxation of 10 and 50 nm thin films of �CoFe�100−xGex �0 at. %�x�35 at. %�
alloys was investigated by broadband ferromagnetic resonance �FMR� experiments. 10 nm thin
films exhibit a significant two magnon contribution to the FMR linewidth. The 50 nm films exhibit
very low damping constants of ��0.0025 and relaxation rates as low as 33 MHz in the composition
range of 20 at. %�x�30 at. % Ge after annealing. Structural characterization revealed B2 order
for these compositions. First principles calculations confirm a pseudogap in the minority channel for
B2 ordered �CoFe�75Ge25 which may cause the low damping parameters and high �RA in CoFeGe
based current perpendicular to the plane giant magnetoresistance spin valves. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3207749�

Ferromagnetic alloys, which display an enhanced current
perpendicular to the plane �CPP� giant magnetoresistance
�GMR� effect, are of great interest for application to future
high-density recording read-head sensors.1,2 Recently, it has
been demonstrated that spin valves utilizing �CoFe�100−xGex

alloys exhibit a higher CPP-GMR signal �RA compared to
spin valves utilizing CoFe alloys, due to an increased alloy
resistivity, a short spin-diffusion length on the order of the
typical film thickness, and a reasonably high bulk spin-
scattering parameter ��0.71.3 In this article, we report
on the magnetization relaxation and chemical order in
�CoFe�100−xGex alloy films.

Ta�5 nm� /Cu�4 nm� / �Co50Fe50�100−xGex �0 at. %�x
�35 at. %�/Ru�7 nm� alloy films were deposited using dc
magnetron cosputtering from a Co50Fe50 and a Ge target.
Two series with 10 and 50 nm thick CoFeGe layers were
deposited. The film compositions were adjusted by varying
the CoFe and Ge sputtering powers. Alloy compositions
were determined by x-ray fluorescence using Co, Fe, and Ge
standards.

In order to determine the magnetization relaxation in the
films ferromagnetic resonance �FMR� spectra were recorded
using a broadband coplanar waveguide field-swept FMR
setup, with an upper frequency limit of about 50 GHz. The
resonance field and the peak-to-peak linewidth �H are deter-
mined by performing a fully automated least-square fit of the
raw data using a first derivative of a Lorentzian line shape.4

The resulting field dependence of the resonance frequency is
well described by Kittel’s formula with negligible in-plane
anisotropy. The effective magnetization determined from this
is in good agreement with the saturation magnetization de-
termined by conventional magnetometry, indicating that
there is no significant out-of-plane anisotropy present in the
films. The gyromagnetic ratio � shows no significant varia-
tion with Ge content and the corresponding g factor deviates
by less than 5% from 2, indicating weak spin orbit interac-
tion.

For field-swept FMR experiments, Gilbert damping
leads to a linewidth contribution �HG linear in the micro-
wave frequency5 f ,

�HG =
2
�3

�

��
f �1�

where ��=� /2� and � is the dimensionless Gilbert damping
parameter, which is related to the intrinsic relaxation rate G
of the material by G=��MS, where MS is the saturation
magnetization. However the presence of two-magnon
scattering6 in thin films magnetized in the film plane should
lead to an additional linewidth contribution �H2M so that the
total FMR linewidth can be written as

�H��f� = �H0,� + �HG�f� + �H2M�f� . �2�

Here �H0,� is an inhomogenous residual linewidth present at
zero frequency caused for example by the anisotropy distri-
bution of the different grains in the sample. The two-magnon
contribution is nonlinear in the microwave frequency and in
the special cases discussed in Refs. 6 and 7 can be described
by the following expression:

�H2M�f� = � · sin−1��f2 + �f0/2�2 − �f0/2�
�f2 + �f0/2�2 + �f0/2�

, �3�

where � is a measure of the strength of the two-magnon
scattering and f0=��4�Meff. The different frequency depen-
dencies of the Gilbert damping and the two-magnon contri-
bution can be utilized in broadband FMR measurements to
distinguish them. Equation �3� shows that the two-magnon
contribution saturates for very high microwave frequencies
and is approximately linear in f for small microwave fre-
quencies f � f0. Therefore the nonlinear frequency depen-
dence of the two-magnon linewidth contribution can be dif-
ficult to detect, depending on the strength of the two-magnon
scattering and the value of f0. As can be seen in Fig. 1 for
50 nm thick �CoFe�100−xGex alloy films the frequency depen-
dence of the linewidth is indeed well described by a term
linear in frequency and an inhomogeneous residual linewidth
�H0,�. We note that the two-magnon scattering contributiona�Electronic mail: tmewes@mint.ua.edu.
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is not operational when the film is saturated along the film
normal, as there are no finite wavevector k�0 spin-waves
degenerate with the k=0 resonance observed in FMR.8 Thus
in this case the total FMR linewidth is

�H��f� = �H0,� + �HG�f� . �4�

Additional out-of-plane FMR measurements for the al-
loy films were performed. Here the magnetic field obtainable
with the experimental setup limits us to films with a Ge
concentration x	20 at. %. As can be seen in Fig. 2 for the
50 nm thick films the Gilbert damping parameter as deter-
mined from the out-of-plane measurements agrees well with
in-plane measurements, consistent with a negligible two-
magnon contribution to the linewidth in this case. For con-
centrations of 20–30 at. % Ge we find a strong reduction of
the Gilbert damping parameter after annealing with a broad
minimum of ��0.0025. The relaxation rate for the annealed
films has a minimum at 30 at. % Ge of G=33 MHz, caused
by the decrease of the magnetization with increasing concen-
tration. This value is comparable to values reported for
epitaxially grown Fe73V27 by Scheck et al.9 �G=35 MHz�
and by Heinrich et al.10 for the half Heusler NiMnSb �G
=31 MHz�.

While the two-magnon contribution is virtually absent
for the 50 nm films, it strongly increases with decreasing film
thickness,6 which leads to a clearly nonlinear frequency de-

pendence of the FMR linewidth for 10 nm thick films as
shown in Fig. 3. Here out-of-plane measurements were used
to determine the Gilbert damping constant, which was then
used in conjunction with the in-plane frequency dependence
of the line-width to determine the strength � of the
two-magnon contribution. From this analysis it is evident
that the two-magnon contribution is significant in the case of
sub 10 nm thin films, which has important implications for
many magnetic device applications. For example in CPP-
GMR spin-valve structures, high damping is desirable to en-
hance the spin-torque critical current density to reduce spin-
torque noise; and in spin-torque magnetic random access
memory, low damping is desired to minimize the critical
current density to obtain low switching currents. For the lat-
ter device, a lower limit for the switching current density is
given by the intrinsic Gilbert damping; however, two-
magnon scattering into nonuniform modes may play a role in
particular for devices with large lateral dimensions.11

Previous studies3 have found evidence for changes of the
microcrystalline structure upon annealing, which are re-
flected in an increase in magnetization and decrease in resis-
tivity. These changes, in microstructure are most likely re-
sponsible for the change of the Gilbert damping parameter.

To further investigate the CoFeGe microstructure in-
plane x-ray diffraction �XRD� measurements were taken
from Ta�2 nm� /CoFe�2 nm� / �CoFe��100−x�Gex �25 nm�
samples in the composition range 0 at. %
x
40 at. % be-
fore and after annealing at 245 °C. The XRD setup utilized
Cu K� radiation ��=1.541 Å�. The Ta/CoFe underlayer
gave good crystallinity and texture and was accounted for in
the analysis. The CoFeGe layers are body-centered cubic
�bcc� with �110� texture in the composition range 0 at. %

x
33 at. % and hexagonally closed packed �hcp� with

�11̄20� texture for x	39 at. %, while a bcc+hcp phase mix-
ture was observed for the composition range in between.
This phase mixture explains the strong increase in magnetic
damping above 33 at. % Ge. The samples that are hcp are
nonmagnetic, so no magnetic damping data can be measured.

�100� and �111� peaks are observed in addition to the
main �110� and �200� peaks for 10 at. %
x
33 at. %
which are an indication of a B2 structure in which we dis-
tinguish between an A site at the corner and a B site at the

FIG. 1. �Color online� FMR linewidth as a function of the resonance fre-
quency for as deposited 50 nm thick �CoFe�100−xGex alloy films. Symbols
represent experimental data. The lines are fits assuming a negligible two-
magnon scattering contribution to the linewidth.

FIG. 2. �Color online� Gilbert damping parameter � for �CoFe�100−xGex

alloy films in the composition range 0 at. %�x�35 at. % Ge for film
thicknesses of 50 nm. Data for as deposited films is shown in black whereas
data for films annealed for 5 h at 245 °C is shown in red. Filled and open
symbols are used for damping parameters extracted from in-plane and out-
of-plane measurements, respectively.

FIG. 3. �Color online� Frequency dependence of the linewidth for a 10 nm
thick �CoFe�70Ge30 alloy film �annealed for 5 h at 245 °C� with the field
applied in the film plane and along the film normal �inset�. For the in-plane
data, the inhomogeneous residual linewidth �H0,�, the contribution due to
Gilbert damping �HG �determined from the out-of-plane data� and the two
magnon contribution �H2M are shown separately, see Eq. �2�.
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center; see inset of Fig. 4�b�. An example spectrum for
�CoFe�67Ge33 is shown in Fig. 4�a�. The order parameter �Ge
site occupancy� was determined by the area ratio of the �100�
to �200� peaks �Fig. 4�b��. We found the Ge atoms to prefer-
entially occupy the B site while the Co and Fe �which cannot
be distinguished when utilizing Cu radiation due to the simi-
larity in atomic scattering factors� occupy the A site and the
remaining B sites. For x	10 at. % the majority of Ge atoms
occupies the B sites giving rise to the �100� and �111� peaks.
The tendency to occupy B sites increases with Ge content
and at 33 at. % we found the Ge within the error bar of the
measurement to exclusively occupy the B sites.

To investigate the effect of annealing, we also studied
as-deposited samples by in-plane XRD. Although some
samples exhibited a small degree of B2 order, the order was
low and varied randomly with composition. Thus it can be
concluded that annealing at 245 °C induced or improved
chemical order.

Based on the experimental findings of chemical B2 order
first principle calculations were carried out for an 16 atomic
unit cell of �CoFe�75Ge25 in the B2 structure using density
functional theory with the generalized gradient approxima-
tion. The structure was relaxed starting from a lattice con-
stant of 5.631 Å. All Co atoms were on the A sites, all Ge
atoms on the B sites and Fe being distributed randomly
among A and B sites. As can be expected for these kind of
structures, the calculations yield a pseudogap in the minority
channel located between the onsite energies of atom on sites

A and atoms on sites B,12 which is consistent with the low
magnetic damping13 and the high �RA values that previously
have been measured in CPP-GMR spin valves �Fig. 5�.

In conclusion we have investigated the magnetic relax-
ation of �CoFe�100−xGex �0 at. %�x�35 at. %� alloy thin
films and find relaxation rates as low as 33 MHz after an-
nealing. Experimentally we find a correlation of the low
damping parameters and B2 order for these compositions.
First principles calculations confirm a pseudogap in the mi-
nority channel for B2 ordered �CoFe�75Ge25 which may
cause the high �RA in CoFeGe based CPP-GMR spin valves
and the low damping parameters due to the absence of one
relaxation channel.

We would like to thank S. Chandrashekariaih for sample
preparation. This work was supported by NSF Grant No.
DMR 0804243.
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FIG. 4. �Color online� �a� In-plane XRD spectrum of CoFeGe. �100� and
�111� peaks are observed in addition to the main �110� and �200� peaks
indicating B2 order. �b� Order parameter �Ge site occupancy� as determined
from the ratio of the �100� and �200� peak areas. The inset shows the B2
atomic cell.

FIG. 5. �Color online� �CoFe�75Ge25 density of states, Co on the A sites, Ge
on the B sites, Fe distributed randomly on A and B sites. A pseudogap
around the Fermi energy in the minority channel is observed.
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