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X-ray diffraction (XRD), magnetometry, and ferromagnetic resonance (FMR) measurements were performed
on sputtered thin films of the nominal Heusler alloy (Co,Mn),_,Ge, with varying Ge content and annealing
temperatures. XRD indicates some degree of B2 alloy formation, with strong (110) texturing. FMR measurements
were performed in a perpendicular geometry that minimized the contribution of two-magnon scattering to the
linewidth. The FMR data indicate a significant increase in linewidth for samples that lack a well-defined (220)
peak, presumably as a result of inhomogeneous line broadening. Samples annealed at 200 °C exhibit decreasing
Landau-Lifshitz damping with increasing Ge content, while samples annealed at 245 and 300 °C have a nonlinear
dependence of linewidth on frequency. The nonlinear component of the linewidth data was successfully fit with
a generalized theory of slowly relaxing impurities, originally proposed by Van Vleck and Orbach. The modified
theory includes the possibility of transverse coherence during the relaxation process. Magnetometry and FMR
spectroscopy results were analyzed in the context of Malozemoff’s generalized Slater—Pauling (GSP) theory, with
the conclusion that the Ge sites support a significant negative-polarized spin density of several tens of percent.
The GSP analysis results were consistent with a more conventional analysis of the spectroscopic g-factor that
is appropriate for alloys. The proportionality of the strength of the slow-relaxer contribution to the damping

suggests that the negatively polarized Ge atoms are acting as the slowly relaxing impurities in question.
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I. INTRODUCTION

Heusler alloys' have received considerable attention in
recent years because many of these compounds are half-
metallic; i.e., the majority spin band is conductive and the
minority is insulating.>* As a result, these materials have
a theoretical 100% spin polarization at the Fermi level at
low temperatures. Materials with such high spin polarization
have significant potential for spintronics applications; Heusler
alloys have been successfully employed as electrodes for spin
injectors and tunneling magnetoresistance (TMR) devices.*®
Read sensors in hard disk drives (HDDs) currently utilize the
TMR effect, but current-perpendicular-to-plane (CPP) giant
magnetoresistance (GMR) read sensors are an attractive alter-
native, due to the intrinsic lower resistance of the all-metallic
CPP-GMR geometry when sensor dimensions are less than
50 nm.° It is proposed that the signal-to-noise ratio of
nanoscale CPP-GMR read heads could be greater than that
of nanoscale TMR heads if high spin-polarization materials,
(e.g., half-metallic Heusler alloys,) can be utilized as the
magnetic layers of the spin-valve sensor.'®"'2 Of the various
Heusler alloys currently under consideration, Co,MnGe has
a number of properties that make it very practical for such
applications: (1) A predicted spin-polarization of 100% at low
temperatures;'>~'> (2) a substantial bulk saturation magnetiza-
tion of uoM; = 1.2 T; (3) A high Curie temperature of 7, =
905 K;'® 4) a low postdeposition annealing temperature for
the inducement of a ferromagnetic phase. There have been
several recent reports of ferromagnetic resonance (FMR),'!7-%
Brillouin light scattering,”® and time-resolved magneto-optic
Kerr effect *>* measurements by use of both full- and
half-Heusler alloys. In Ref. 21, Mizukami et al. reported
that the Landau-Lifshitz damping parameter o« was as small
as 0.001 for sputtered Co,FeAl. Similarly, a recent theoret-
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ical calculation based on magnon-electron scattering theory
predicts @ = 1.9 x 10~* for Co,MnGe.?> Such low damping
is particularly undesirable for CPP-GMR read heads, where
weak damping promotes spin-torque-induced noise.” Because
of this last consideration, it is important to characterize and
possibly even engineer damping in the Heusler alloys intended
for HDD applications.

We studied (CoyMn);_, Ge, (CMG) for a range of
Ge contents and three different postdeposition annealing
temperatures. Annealing was necessary to promote sufficient
crystallinity for ferromagnetic order to arise. In general, we
assume that higher annealing temperatures are more likely to
promote the desired L2, phase of the Heusler alloys, and we
will present evidence for some degree of L2, order obtained
with a combination of magnetometry and x-ray diffraction
(XRD) data. Perpendicular ferromagnetic resonance (P-FMR)
measurements with a saturating magnetic bias field pointing
out of the film plane were carried out over a frequency range
of 1 to 40 GHz in order to study the damping in this material.
This geometry was chosen to minimize the contribution
of two-magnon scattering to the measured linewidth.>® We
find that the field-swept linewidth vs. frequency exhibits a
bumplike nonlinearity at intermediate frequencies for certain
compositions and annealing temperature. We successfully
fit the data with the model of slowly relaxing impurities,
originally proposed by Van Vleck and Orbach,?’ though we
needed to generalize the model to include the possibility of
coherence during the impurity-relaxation process. Fitting the
spectroscopic data in a manner that is self-consistent with
the presumption of slow-relaxer damping, we also find that
the spectroscopic g-factor decreases in value with increasing
Ge content for the higher annealing temperatures, eventually
falling below a value of 2. Two methods of analysis that
rely on spectroscopic and/or magnetometry data provide
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strong evidence that the dependence of both M and g on
increasing Ge can be attributed to a significant density of an-
tiferromagnetically aligned spins on the Ge sites. Correlation
of the slow-relaxer damping with Ge content points to the
spin-polarized Ge as the slowly relaxing impurities in question,
perhaps in the form of either substitutional or interstitial point
defects that would occur with greater likelihood as the Ge
content increases.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Polycrystalline CMG samples with varying Ge contents
were prepared by DC magnetron sputtering on glass substrates.
First, a buffer layer of Ta (5 nm)/Cu (5 nm) was deposited,
followed by 7.5-nm CMG. Finally the samples were capped
with Cu (5 nm)/Ta (5 nm). Samples were annealed after
deposition at 200, 245, and 300 °C for 5 h. The fractional
atomic percentage content of Ge, nge, ranged from ng. = 0.20
to nge = 0.32 in steps of Ange = 0.02. The nominal Heusler
stochiometry was ng = 0.25.

The saturation magnetic moment of each sample was
measured at room temperature with a conventional vibrating-
sample magnetometer (VSM), which we present in Fig. 1.
The magnetometer-applied field was swept between =+1.8
T for the determination of the sample moment in a fully
saturated state, and the data were corrected for the diamagnetic
moment of the sample holder. The VSM was calibrated before
measuring each sample using a 100-nm-thick Ni film standard
with a known moment at 1% precision. Film thicknesses were
calibrated to within 1.3% accuracy using x-ray reflectometry.
Examples of hysteresis loop data are presented in Fig. 2 for
a subset of the 200 and 300 °C annealed samples. From the
hysteresis data, we find that all the films were fully saturated
for applied fields >0.4 T. Variable-temperature measurements
with a SQUID magnetometer on a subset of the samples (not
shown) confirmed that the change in the magnetic moment
between 300 and 4 K was negligible, as expected for a
material with a Curie temperature well in excess of room
temperature. For the 245 and 300 °C annealed samples, M
linearly decreases with increasing Ge content, ranging between
900 and 600 kA/m (oM, = 1.13 t0 0.75 T). For comparison,
the room temperature bulk moment of Co,MnGe was reported
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FIG. 1. (Color online) Saturation magnetization density M, for
all prepared samples with varying Ge content ng. and postdeposition
annealing temperature, as determined with a VSM.
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FIG. 2. (Color online) Hystesis loop data for the (a) 200 °C and
(b) 300 °C annealed samples with nge = 0.20 (blue open circles), 0.26
(red open triangles), and 0.32 (green open squares). The full data sets
used to determine M, were obtained by use of a swept applied field
between —1.8 and 1.8 T. The presented data for 300 °C (b) annealed
samples cover a limited field range of only —0.6 and 0.6 T solely for
the purposes of demonstrating the effect of variable Ge content on
coercivity and saturation field, both of which increase with increasing
Ge content.

to be 960 kA/m (1.2 T).'® For the 200 °C annealed films, M,
has a maximum at ng. = 0.24, followed by a sharp reduction in
the moment at ng. = 0.28 and a collapse of room-temperature
magnetic order of almost 100% for ng. = 0.3.

To put our magnetometry results in the context of previous
work in this field, Ishikawa et al. obtained a magnetization
of woM; = 1 T for L2;-ordered, epitaxial, 45-nm Co,MnGe
films grown on (001) MgO and annealed at 400 °C. In the study
by Rajanikanth et al., of 50-nm sputtered thin-film Co,MnGe
grown on thermally oxidized Si substrates with confirmed L2
order, postanneal magnetization values ranged from poM; =
0.86 T (300°C anneal) to oM, = 1.19 T (500°C anneal).?®
However, films with magnetization uoM; < 0.86 T in the same
study were found to exhibit significant disorder. We conclude
that the magnetization values measured for most of our 245
and 300 °C annealed films are consistent with those expected
for thin films with a substantial degree of L2; order. (Only
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FIG. 3. (Color online) (a) Contour plot of the two-axis XRD data for the 200°C anneal, ng. = 0.24 sample. The film normal direction is
¥ = 0°. The CMG (220) peaks are circled, as well as the Cu (111) and (200) peaks. The CMG (220) peak can occur in numerous phases
of Co,MnGe, including the B2 and L2, phases. (b) A proposed model for how (111) Cu would act as a highly strained template for the
growth of either B2- or L2,-ordered Co,MnGe. (c) XRD data showing the presence of the (222) diffraction peak at ¥ = 90°, 260 = 55°for
higher-temperature anneal samples. The blue filled circles are data for the 300 °C annealed sample with ng. = 0.32. The open black circles are
an average of ¥ = 90°scans for all 245 and 300 °C annealed samples with ng. > 0.24.

the nge = 0.32, 300°C anneal sample was found to have a
magnetization of less than 0.86 T.)

The nonmonotonic behavior of the magnetization for the
200 °C annealed samples is most likely the result of one or
more phase transitions between unspecified crystal ordered
states when the annealing temperature is below that required
for formation of the B2 and/or L2, phase. Indeed, temperature-
dependent measurements of magnetic moment during the
anneal of 40-nm-thick films (not shown) indicate that an
irreversible structural change does not occur until annealed at
236°C in the case of stoichiometrically correct Co,MnGe.?’

Two-axis XRD scans with Cu Ko radiation were used to
ascertain the presence of crystalline order in the CMG layer
after annealing. (220) diffraction peaks were observed for most
of the samples at ¥ = 0°,60°,90°;20 = 44°, as expected for
either the B2 or L2 phases of CMG with a (110) texture. An
example of two-axis scan data, in the form of a contour plot,
is shown in Fig. 3(a) for the ng. = 0.24 sample annealed at
200 °C. (For this plot and all subsequent discussion, we define
¥ = 0° as normal to the film surface.) Also shown in the same
plot are the Cu (111) and (200) peaks associated with a (111)
textured Cu film. However, a (220) diffraction peak was not
observed for the 200 °C annealed films with ng. > 0.3. Peak-
fitting analysis of the (220) peak at ¥ = 90°;20 = 44° was
used to determine the in-plane lattice constant a, with results
intherange 0.5795 nm > a > 0.5765 nm. The lattice constant
decreases approximately linearly by 0.5% with increasing Ge

content for samples annealed at all temperatures. The nominal
bulk lattice parameter for the L2, phase of Co,MnGe is a =
0.5743 nm.'® Thus, almost all samples exhibited tensile, in-
plane strain varying from 0.4% to 0.9%. The linear reduction
in the lattice constant with increasing Ge content could be
understood in terms of the smaller atomic size of Ge, which is
7% smaller than Co and 11% smaller than Mn.

We present a simple schematic in Fig. 3(b) to show how the
CMG (220) surface would match with the Cu (111) surface.
Within this model, the degree of lattice mismatch (8% — 13%)
between the two surfaces presumably yields a proliferation of
dislocations at the film interfaces, which significantly relaxes
the resultant strain.

We note that the (220) peak is insensitive to elemental
site-swapping disorder for the L2; phase; i.e., a (220) peak
would also be present for either the B2 phase, in which only
the Mn and Ge atoms are randomly interchanged, or the bcc
solid-solution phase, in which all three constituent species are
randomly intermixed throughout the lattice.>® (We note that,
in the case of the B2 or bcc solid-solution phases, the correct
index of the measured peak would be for diffraction from the
(110) plane.)

The presence of a B2 and/or L2; order was confirmed
for samples annealed at 245 and 300°C with ng. > 0.24
via detection of a weak CMG (222) diffraction peak at ¥ =
90°;20 = 55°. The (222) diffraction peak was not detected for
any of the samples annealed at 200 °C. An example of the (222)
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peak for the 300 °C, ng. = 0.32 sample is shown in Fig. 3(c),
along with an average of all ¢y = 90° scans for samples with
nge = 0.24. While the signal-to-noise ratio for the single scan
with ng. = 0.32 is marginal for detection of the (222) peak,
the average of the scans clearly shows the presence of the peak
indicative of either L2; or B2 order. The (311) plane diffraction
peak required for L2, order at ¥ = 90°;26 = 53° was not
detected for any of the samples. [Given the structure factor for
the (311) reflection,'® that particular peak is forbidden if the
samples are composed purely of the B2 phase.’’] However,
the absence of a detectable (311) peak is not proof of the
absence of L2, order; it is very possible that the (311) peak
is simply too small to detect in the case of such small film
thicknesses. Indeed, previous studies of sputtered CMG thin
films of a similar thickness have not yielded a (311) XRD
peak in spite of substantial evidence that L2, order was indeed
present, 283132

The absence of a detectable (222) diffraction peak for any
of the 200 °C annealed samples, along with the independent
observation of a significant irreversible enhancement of mag-
netic moment for CMG films when annealed above 236 °C (not
shown here)? leads us to conclude that annealing at 200 °C is
insufficient to form an ordered phase that is any more than a
simple bce solid solution.

The putative (220) peak at ¥ = 0°;20 = 44° is of sig-
nificantly reduced amplitude for ng. = 0.28 for the 200 °C
annealed samples and is no longer detectable for ng. > 0.3.
For the 245 and 300°C annealed samples, the (220) peak
starts to drop significantly in amplitude relative to the Cu
(111) peak atyr = 0°;20 = 43° forng. > 0.3 andng. > 0.26,
respectively. This suggests that an excessive Ge content
eventually leads to either a reduction or complete absence
of order for the CMG films, although other processes such as a
transition to an alternate phase cannot be strictly excluded. We
also note that the near absence of a room-temperature moment
in the 200 °C anneal films coincides with the absence of any
XRD signal from the nominal (220) plane.

We should emphasize that the observation of XRD peaks
associated with B2 and/or L2; ordering does not imply
that the entire sample is ordered. It signifies only some
fractional presence of such ordering in the samples. A
determination of the degree of ordering requires substantially
more measurements.>?

III. FERROMAGNETIC RESONANCE MEASUREMENT
TECHNIQUE

A broadband FMR spectrometer based on the vector
network analyzer (VNA) FMR technique®*=7 was used to
measure the resonance frequency and the linewidth in the
P-FMR geometry; a static out-of-plane magnetic field as high
as uoH = 2.35 T, sufficient to saturate the magnetization
out of the film plane, was applied to the sample. A variable
in-plane microwave field with a frequency range between
0.01 and 40 GHz was applied to the sample via a coplanar
waveguide with a 100-um-wide center conductor. Before
being placed face down on the waveguide, samples were
spin-coated with less than 1 ym of a protective, nonconducting
poly(methyl methacrylate) (PMMA) layer to avoid shorting of
the waveguide. The complex transmission parameter S; was
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measured with a VNA at a fixed frequency while the external
magnetic field was swept.

To analyze the data, we assume the general under-
standing that the complex reflection parameter S;; and the
complex transmission parameter S;; can be broken into
magnetic and nonmagnetic contributions, where AS;; and
AS; are the magnetic contributions to the reflection and
transmission parameters, respectively, and S, and S9, are
the nonmagnetic contributions. We then make the following
definitions to relate the magnetic and nonmagnetic contri-
butions, with Sll1 = S?l + AS;; and 5211 = Sgl + ASy. We
then employ the following analytical relationship between the
complex susceptibility x (H) and the S parameters, as derived
in Ref. 36:

1+ S8), =S5

H)= -
x(H) Xo( st

1457, — 89
11 5 21>’ (1)
1 -5

where yo is an imaginary function of the experimental
parameters, such as frequency and film thickness. (We refer
the reader to Ref. 36 to find the details concerning xy.) In the
limit of weak reflection of microwave power from the sample
@i.e., |S11] < 1), the complex susceptibility can be reduced to

X(H) = xo[(2+28), — 89)ASH — (1+82)Asn]. )

In the quasi-static limit, we can show that AS|; = —A Sy, 3
and we can further simplify Eq. (2) to
X(H) = —xo(3(1+ 87,) — S3,)ASa. (3)

Note that we obtain the intuitively satisfying result of
X(H) = —2x9AS;; from Eq. (3) in the limit of 100%
transmission of the microwave excitations, i.e., with perfect
impedance matching between the waveguide and measurement
system when the magnetic contribution has been nullified by
either raising the temperature above the Curie temperature or
by saturating the magnetization parallel to the direction of the
linearly polarized microwave field.

In this particular study, we are not interested in the
amplitude of the susceptibility. As such, it is easiest in practice
to extract the resonance field and the linewidth for each
excitation frequency by simply fitting the S,; data to the
complex function
D, 4)

X0

where D is a purely phenomenological complex, first-order
correction for the time-dependent drift of the measurement
electronics, and jo = xo(3(1 + S?I) - Sgl). We found in
practice that signal drift was a nonnegligible quantity and
that minimization of the empirical quantity D, as well as
the presumption of applicability of a simple linear correction,
required a rapid sweep rate of the applied magnetic field.

The susceptibility is derived from the Landau-Lifshitz
equation.’® For the perpendicular geometry, x(H) is given
by

Soi(H,t) = S, + Dt —

Mg (H — Mefr)

x(H) = : ,
(H — Mcy)> — HE — i 3L (H — Megr)

®

where Hegr = 27 f /(v 1Lo) and Mg = My — Hkl. In Eq. (9),
the microwave frequency is f, uo is the permeability of free
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space, M is the saturation magnetization, Hy is the out-of-
plane anisotropy field, AH is the full-width-half-maximum
(FWHM) linewidth, y = (gup)/h is the gyromagnetic ratio,
g is the Landé spectroscopic splitting factor, g is the Bohr
magneton, and 7 is the reduced Planck’s constant.

The procedure to determine linewidth A H, the resonance
field H,, and the effective magnetization M.y from S
measurements involves several steps: (1) We set g = 2 in order
to calculate H.. (We have verified that setting g = 2 does not
influence any of the final results for H.s and AH, provided
we use g = 2 in step 3 as well); (2) Sy is fitted to Eq. (1)
with the following eight fitting parameters: |S9,|, arg (S9,),
|D|, arg (D),|%ol, arg (}o), Mes, and A H; 3) the resonant field
H, is determined for each excitation frequency f by use of
the Kittel equation for this perpendicular geometry:

2 f
Hies = —— + M. (6)
1yl 1o
For this step, we assign g = 2, as in step 1, to eliminate any
influence of the choice of g on Hie; 4) Hyes vs. f s fitted with
the Kittel equation, Eq. (6), but this time with g and M. as
the fitting parameters, where the slope is proportional to 1/g
and the y-axis intercept is equal to —M.g. The uncertainties
of the fitted results were obtained by means of the standard
method for the determination of confidence limits on estimated
parameters for nonlinear models under the assumption of
Gaussian white noise, whereby we rely on the inversion of the
calculated curvature matrix to estimate the covariance matrix
of the standard errors in the fitted parameters.>

We wish to emphasize that use of Eq. (6) to fit our FMR
data does not rely on prior knowledge of M for the samples
in question. Both the spectroscopic splitting factor g and Mg
are fully determined by fitting of the FMR field data with
Eq. (6).

In the framework of the Landau-Lifshitz model for damp-
ing by itself, the linewidth depends linearly on the product of
the excitation frequency and the phenomenological damping
parameter o, with an expected zero-frequency intercept of
zero. In general, a nonzero intercept A Hy is experimentally
observed, which is usually attributed to an inhomogeneity of
the local resonance field.*® Thus, following common practice,
we can fit AH at each frequency with the function

dra
AH = f
ly | 1o

which is then used to extract &« and A Hy from the linewidth
vs. frequency data.

+ AH, (N

IV. EXPERIMENTAL RESULTS

A. 200°C anneal

In Fig. 4(a), we present AH as a function of f for the
samples that were annealed at 200 °C with nge < 0.28. The
overall slope of AH vs. f is clearly decreasing with increasing
Ge contentup tonge = 0.26. Figure 4(b) shows the fitted values
of AHy and « from the data of Fig. 4(a). Values of o decrease
with increasing Ge content down to a minimum value of 0.0042
4 0.0007 for nge = 0.26. (The nominal damping for nge =
0.28 is even smaller, with o« = 0.0025, but with substantially
greater uncertainty, for reasons that will be discussed below.)
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FIG. 4. (Color online) (a) FMR linewidth as a function of
frequency for the 200 °C sample series. Shown are linewidths for four
different amounts of Ge content in the range of 0.20 < ng. < 0.28.
The dependence on frequency is linear, with decreasing slope as the
Ge content increases. (b) Landau-Lifshitz damping parameter v and
inhomogeneous broadening A H, for the 200 °C sample series as a
function of Ge content.

The inhomogeneous linewidth broadening shown in Fig. 4(b)
drops somewhat from nge. = 0.20 to 0.22 and then remains
at about oA Hy = 20 mT until ng. = 0.28, whereupon the
inhomogenous broadening rapidly grows to almost 100 mT.
The reduction of o with increasing Ge content up to nge =
0.26 is evocative of similar experimental findings for the B2-
ordered alloy?*? CoFeGe and is indeed in qualitative agreement
with theories that predict very small values for the damping
parameter for the case of true half-metallic Heusler alloys
of Co,MnGe and Co,MnSi,” insofar as a prerequisite for
the formation of a Heusler alloy is the correct stoichiometric
ratios of the constituent species. However, the smallest value
of damping reported here for 200 °C is still considerably larger
than the theoretically predicted values for CMG.

The omission in Fig. 4 of the data for samples with
nge > 0.26 Ge is explained as follows. Figure 5 shows the
measured real part of Sp; for a Ge content of nge = 0.26
[Fig. 5(a)] and 0.28 [Fig. 5(b)] to illustrate the sudden and
strong broadening of the linewidth when the Ge content is
increased from ng. = 0.26 to nge = 0.28. For ng. = 0.28,
the extracted inhomogeneous linewidth is oA Hy = (94.7 +
2.6) mT. AH, is even broader for samples with higher Ge
content. Thus we excluded the data for nge > 0.28 from Figs. 4
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FIG. 5. (a) The real part of S,; for the 200 °C sample with nge =
0.26, and (b) the real part of S,; for the 200 °C sample with ng. =
0.28. The values of S,; have been adjusted to remove offsets and linear
drift. Comparison of the two data sets illustrates how the linewidth

of the spectra broadens very suddenly with only a 2% increase in Ge
content.

and 6 because the large linewidths led to unacceptably large
uncertainties in the fitted values for o, Mg, and g.

We note that the onset of the large linewidths for the 200 °C
annealed samples for ng. > 0.28 coincides with the apparent
rapid reduction and eventual loss of both the magnetic moment
and the presumed disordering of CMG with increasing Ge
content, as observed in the XRD data, suggesting that the
linewidth broadening is potentially the result of diminished
crystalline order.

Data for M. and g vs. Ge content for the 200 °C annealed
samples are shown in Fig. 6. We find that g is greater than
2 for all the data presented, with an average value of (g) =
2.028 £ 0.006, where the uncertainty is simply the statistical
standard deviation. In Fig. 6, uoMg displays a maximum of
0.98 T at ng. = 0.24, with a sudden drop of almost 20% for
nge = 0.28.

B. 245 °C anneal

The samples annealed at 245°C show a significantly
different behavior for AH vs. f. In Fig. 7, we present AH
vs. f data for samples annealed at 245 °C with Figs. 7(a),
7(b), and 7(c) showing the data for ng. = 0.20, 0.28, and
0.30, respectively. Over the range of measured frequencies,
we find that the linewidth exhibits richer behavior than the
expected linear dependence predicted by Eq. (4). In the
low-frequency range, the linewidth increases sharply with
decreasing frequency. Atintermediate frequencies, we observe
a broad yet distinct bump in the linewidth for ng, > 0.22.
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FIG. 6. (Color online) Spectroscopic quantities oM. and g as
functions of Ge content for the 200 °C sample series.

Nonlinearities in linewidth vs. frequency data that have the
qualitative appearance of peaks have been previously observed
in films of yttrium iron garnet (YIG).*' The previously
observed peaks in YIG were attributed to the slow-relaxing
impurity mechanism, whereby damping is facilitated by the
thermally driven longitudinal relaxation of an impurity atom
that is exchange-coupled to the ferromagnetic lattice.?’ The
exchange coupling gives rise to an “exchange anisotropy,’
whereby the splitting of a particular thermally occupied energy
level of the impurity depends on the instantaneous direction of
the magnetization. Note that the thermally driven repopulation
of the dynamically fluctuating energy level in accordance
with the demands of Boltzmann statistics results in damping
of the ferromagnetic precession.*? In the original encounter
with slow-relaxer damping, first observed experimentally by
Dillon and Nielsen in 1959,* and eventually explained by
Van Vleck and Orbach,?’ the relaxation is mediated by the
exchange-induced anisotropy of the two lowest-energy levels
of rare-earth ions in YIG. More recently, the theory was
successfully extended to explain the dependence of damping
in rare-earth-doped Permalloy (Nig;Fej9) films on rare earth
concentration and temperature.44 Indeed, we refer the reader
to Ref. 44 for an excellent review of the underlying physics
behind the slow-relaxing impurity mechanism.

The thermal relaxation of the impurity level results in an
effective fluctuating magnetic field that acts on the ferromag-
netic moment with an autocorrelation function given by

<h2>e—t/‘c;t > 0

(h(to)h(to + 1)) = { 0r<0 ®)

where t is the thermal-relaxation time for exchange-mediated
dopant energy levels and (h?) is the variance of the field fluctu-
ations. From fluctuation-dissipation theory,**~’ the frequency
response of the damping associated with such field fluctua-
tions is obtained by Fourier transform of the autocorrelation
function:*$->0

2 o0
a(w) = [%](/ﬂ) f D(t) e " dt, )

where D(t) = (h(to)h(ty + 1)) /(h?) and V is the volume of
the affected macrospin. In the specific case of a slow-relaxing
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FIG. 7. (Color online) Linewidth data for the 245°C sample
series, with (a) nge = 0.20, (b) nge = 0.28, and (¢) nge = 0.30. Black
squares are the measured data points, and the orange solid curves are
the fit to Eq. (13). The contributions of the different terms in Eq. (13)
are shown as the dotted (green) line for the low field loss, the dashed
(blue) line for the Landau-Lifshitz damping plus inhomogeneity, and
the dot-dashed (red) line for the “generalized” slow-relaxing impurity
loss.

impurity-relaxation mechanism, the frequency-domain damp-
ing is given by

(@) = CF(T) LT (10)
elowl0) = I+ @r? 1+ @rR]
where
C = |V|Nslow 8Eslow)2 + <3Eslow)2 (11)
- 8MkgT A a0 '
F(T) = sech? @) (12)
o kgT )

Nsiow 18 the concentration of slow-relaxing impurities, kp
is Boltzmann’s constant, 7 is temperature, and Eg,, is the
spin splitting of the impurity ion. The angular derivatives
of Egyow (where 6 and ¢ are the inclination and azimuth
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polar coordinate angles, respectively, as typically defined)
reflect the anisotropic exchange coupling of the impurity
with the ferromagnetic moment. We note that C has units
of inverse seconds.™! The real part of Eq. (10) is the effective
Landau-Lifshitz-like damping parameter with an associated
FWHM linewidth A Hgow = 41 Re (a510w) f /(Y| 10), and the
imaginary part is proportional to the shift of the resonance
field § H, where §H = 27 Im (asiow) f /17 |100. [We note that
there appears to be a typographical error in Ref. 44, wherein
an erroneous positive sign is ascribed to the imaginary part
of Eq. (10)]. In Ref. 44, it was presumed that ot < 1
over the entire range of frequencies employed for FMR,
precluding the ability to observe a peak in linewidth vs.
frequency. However, if wt & 1 in the measurement range
of FMR, Eq. (10) predicts the occurrence of a peak in the
linewidth.

We used Eq. (10), together with the conventional Landau—
Lifshitz model of Eq. (7) and a power-law term o f~" for
the low-field losses, to fit our linewidth data for the samples
annealed at 245 and 300 °C:

47

T (& + Re(@gon 27 1))
[y | o

+AHIOW<7) . (13)

While the fits were adequate, given the signal-to-noise ratio
of the data, we also found that the fits yielded unphysically
small values for the inhomogeneous broadening A Hy, with fits
often returning values of A Hy = 0. (Fitting yielded AHy = 0
for nge = 0.26, 0.28, 0.30 with the 245 °C annealed samples,
as well as the samples annealed at 300 °C with nge = 0.20,
0.22, and 0.24, to be discussed later.) However, the observation
of strong low-field losses for both the high-concentration Ge
samples in the 245 °C series and all of the samples annealed
at 300°C is inconsistent with the hypothesis of negligible
inhomogeneity. Indeed, low-field losses result when the
applied field is insufficient to fully saturate the magnetization,
as occurs when there is a strong spatial variation of the local
anisotropy, which leads to inhomogeneous broadening as a
consequence.

In the case of standard ‘“slow-relaxer” theory, the peak
in the linewidth is not the result of a peak in the damping
parameter itself. Instead, ooy 1S @ maximum at f = 0, and
the peak in the linewidth is a mathematical consequence of
the fact that linewidth is the product of frequency and a
function that is a Lorentzian, centered at zero. (Physically,
this describes the competition during the damping process
between the relaxation mechanism, which tends to keep the
dopant electronic system in thermal equilibrium, and the
precession process, which tends to disrupt the electronic
system out of thermal equilibrium.) Careful observation of
the presented linewidth data suggested to us that the peak in
the linewidth may actually be a result of a peak in ooy for
f > 0. Such a peak could occur in the context of slow-relaxer
theory if we allow for a more general consideration of
coherence in the slowly relaxing impurity, to be explained
below.

Let us suppose that the relaxation rate of the impurity ion
was sufficiently slow such that 7 > 1/wy, where w, is the

AH(f) = AHy +
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natural oscillation frequency of the exchange-coupled impurity
spin. In this case, the autocorrelation of the field fluctuations

PHYSICAL REVIEW B 84, 054424 (2011)

would need to be generalized to account for the occurrence of
transient coherence in the impurity-relaxation process:

(h(to)h(to + 1)) = hj cos(wpt)e " (14)

The resultant functional form for the damping would now be

(@o7)* + (@T)* + 1) + i(@D)[(@p7)* = (wT)* = 1]

&slow(w) = CF(T)T{
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FIG. 8. (Color online) Linewidth fitting results for the 245°C
sample series. (a) Landau-Lifshitz damping parameter « and inho-
mogeneous broadening A Hy vs. Ge content. (b) Amplitude C F(T)
and coherence frequency fy of slow-relaxing impurity damping vs.
Ge content.

where the tilde over oy, signifies the more general form
for the impurity-driven damping term. This generalized slow-
relaxer damping is equivalent to the more specific theory in
the limit wgt — 0.

The real part of Eq. (15) has a maximum near o = wy.
When applied to the fitting of the linewidth data by substituting
Aslow (@) for agow (w) in Eq. (14) for the 245 and 300°C
annealed samples, Eq. (15) was found to yield superior fits
with significantly reduced residues and consistently nonzero
values for A Hj (with the exception of one particular sample,
discussed in more detail below). Some of the fitting results
for the 245°C sample are shown in Figs. 7(a), 7(b), and
7(c), where we also show the relative contributions of the
various parts in Eq. (13) [with the aforementioned substitution
Uglow (@) — @gow (w)] to the overall linewidth. The dotted
(green) line is the low-field loss, the dashed (blue) line is the
Landau-Lifshitz damping plus inhomogeneous broadening,

[(@o7)* — (@T)*1* + 2[(@o7)* + (wT)*] + 1

}, as)

and the dot-dashed (red) line is the generalized slow-relaxing
impurity loss. The sum of all terms is shown by the solid line
(orange), which agrees very well with the measured linewidth.

The low-field-loss exponent n was allowed to float in the
fitting process. The fitted values varied from between 2.6 and
4.7, with a mean of 3.7 and a standard deviation of 0.9. In the
theory for low-field loss, the linewidth broadening is ascribed
to details of the hysteretic process by which domain formation
occurs when the applied field is insufficient to fully saturate
the sample.’! While it is beyond the scope of this paper to
fully explain the low-field-loss contribution to the measured
linewidth in our samples, we believe the invocation of low-field
loss to be sufficiently credible to warrant the use of a power-law
term in the fitting procedure to model the linewidth behavior
at low frequencies. However, modification of the details of the
fitting at low frequencies had only a weak effect on the fitted
values for « and the slow-relaxer parameters.

For the case of the 245 °C annealed sample with nge = 0.22,
the application of the generalized slow-relaxer model resulted
in excessive error bars for almost all the fitted parameters.
Since we observe no peak in the field-swept linewidth for that
particular sample, we reverted to fitting with the conventional
linewidth model of Eq. (7) for that particular sample.

In Fig. 8(a), we show the fitted Landau—Lifshitz damping
coefficient o and the inhomogeneous linewidth broadening
A H for all the samples annealed at 245 °C except for nge =
0.32. (There is a substantial increase in the estimated error of
the fitting process for the largest Ge content of ng. = 0.32
due to the extremely large linewidth measured at that Ge
concentration.) The inhomogeneous broadening oA Hy is less
than 2.5 mT for nge <0.26 and steadily increases by almost
a factor of 6 (14 mT) for larger ng.. The damping « starts at
0.0057 for nge = 0.20, then steadily decreases with increasing
Ge content up to nge = 0.28 (¢ = 0.0037 £ 0.0001), beyond
which « increases, albeit slightly. For samples with nge >
0.26, the generalized slow-relaxer contribution is significant
and the amplitude C F(T) increases strongly from frequencies
less than 0.1 GHz to almost 3 GHz with increasing Ge content.
The coherence frequency fy = wp /27 decreases from ~14 to
3 GHz over the same range of nge, as shown in Fig. 8(b). The
fitted impurity-relaxation time t (not shown) varies between
20 and 30 ps without any systematic trend with varying nge.
We note that the substantial increase in the inhomogenous
broadening is somewhat correlated with the onset of the
putative slow-relaxer damping mechanism for this sample
series.
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FIG. 9. (Color online) Linewidth data for the 300°C sample
series, with ng. = 0.20 (red open squares), ng. = 0.22 (blue open
circles), and nge = 0.24 (green open triangles). Fits according to
Eq. (13) are shown as solid (black) lines through the data.

C. 300°C anneal

The samples annealed at 300 °C show linewidth behavior
very similar to those annealed at 245 °C, though over a more
limited range of Ge content, as shown in Fig. 9. For ng. >
0.26 the linewidth again incurs a substantial increase, similar
to what was observed in the samples annealed at 200 °C with
nge = 0.28 and at 245 °C with nge = 0.32. Again, the jump
in the linewidth with increasing Ge content coincides with
the point at which XRD data indicate a significant diminution
of the presumptive (220) diffraction peak, suggesting a loss
of texturing with excessive Ge content. Just as we found for
the 200 and 245 °C samples, the strong enhancement in the
linewidth also resulted in significant uncertainty in the fitted
values for Mg, g, and «, so we omit the nge > 0.26 data
from our analysis. In Fig. 9, the measured linewidth is shown
together with a fit of the data to Eq. (13). Again, we found that
the additional damping terms associated with low-field loss
and the generalized slow-relaxer model adequately account for
the deviation from the Gilbert damping behavior, with similar
qualitative results as a function of increasing Ge content. The
extracted values for oA Hy and « are presented in Fig. 10(a).
oA Hy starts at 7.5 mT for nge = 0.20, then rises up to 15 mT
for nge = 0.24. Conversely, « starts at 0.0039 for ng. = 0.20,
then eventually drops to « = 0.0026 =+ 0.0003 for ng. = 0.24,
which was the smallest value of damping observed for all the
samples we measured. The slow-relaxer contribution to the
linewidth was substantial for all three of the 300 °C samples
that were analyzed, with CF(T') increasing almost linearly with
increasing nge from 1.6 to approximately 4 GHz, as shown in
Fig. 10(b). The coherence frequency fj changed only slightly
with ng., varying within the frequency range of 10-11 GHz.
The relaxation time T (not shown) was about half of that in the
case of the 245 °C annealed samples, varying between 15 and
17 ps.

V. SELF-CONSISTENT SPECTROSCOPIC ANALYSIS

Unlike the case of the data set for the 200 °C anneal, we
could not simply use the Kittel eqution [Eq. (6)] to extract
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the spectroscopic parameters g and M.y for the 245 and
300 °C data; to be consistent with the slow-relaxer model, we
needed to adjust the fitting process for the spectroscopic data of
resonance field vs. frequency in accordance with the imaginary
part of Eq. (15), which describes the purely reactive influence
of the slowly relaxing impurities on the magnetization. We
found that the predicted variations in the resonant field given
by the imaginary part of Eq. (15) were too small in comparison
with the magnitude of the applied field to permit direct fitting
against the reactive part of the generalized slow-relaxer model.
Instead, with Eq. (13), we used the extracted values from the
fits of the linewidth data to inform the use of the imaginary
part of Eq. (15) as a correction of the field-swept spectroscopy
data, which were then fitted to the Kittel equation, Eq. (6).
The corrected, self-consistent values for oM. in the case
of the 200, 245, and 300 °C sample series are presented in
Fig. 11. For the 245 °C series shown in Fig. 11, oM. steadily
decreases with increasing Ge content, starting at a little over
1 T and ending just above 0.8 T. Similarly, in the case of
the 300 °C samples, oM. started at 1.08 T for nge = 0.20
and ended just above 1 T for nge = 0.24. A similar trend
was observed for the spectroscopic g-factor, shown in Fig. 12,
with g dropping with increasing nge from 2.02 to just over
1.98 in the 245 °C series, while g drops from 1.97 to a little
over 1.94 in the 300 °C series. A weighted linear fit of the data
for g suggests the functional form of g = 2.08 — 0.30 - nge
for the 245 °C sample series, and g = 2.17 — 1.08 - ng, for
the 300 °C sample series. As a point of comparison, the same
linear regression for the 200 °C sample series (also shown in
Fig. 12) yields g = 2.0092 + 0.086 - nge.
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FIG. 10. (Color online) Linewidth fitting results for the 300°C
sample series. (a) Landau-Lifshitz damping parameter « and inho-
mogeneous broadening A Hy vs. Ge content. (b) Amplitude C F(T')
and coherence frequency f; of slow-relaxing impurity damping vs.
Ge content.
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VI. DISCUSSION

Similar nonlinearities in AH vs. f have been reported
for FMR measurements of other Heusler alloys, including
sputtered Co,FeAl?' and CoFeGe?? films. In both of these
cited cases, nonlinearities were observed with the saturating
magnetic field oriented in the film plane, while in Ref. 22
linear behavior was observed for out-of-plane measurements.
In both cases, the observed nonlinearities were attributed to
two-magnon scattering. However, for the P-FMR geometry
employed for our particular study, in which the applied field
points out of the film plane, the contribution of two-magnon
scattering to the linewidth should be minimal; the frequency of
the spin-wave band increases monotonically with increasing
wavenumber in such a geometry, thereby excluding the
possibility of any modes that are degenerate with the FMR.

Some magnons can still be generated by the uniform
magnetization precession caused by the finite linewidth of
the resonance and the spin-wave modes resulting from
Landau-Lifshitz-like damping processes, which in turn results
in nonzero overlap of the initial and final states.”® Since
the frequency-swept linewidth is linearly proportional to
excitation frequency for P-FMR, we expect the two-magnon
contribution to the field-swept linewidth would also be linear in
frequency to first order, thereby simply adding to the measured
value of the damping parameter.

We can exclude nonlinear three- and four-magnon pro-
cesses as the source of the nonlinearity of the linewidth because
we verified that the effect does not depend on excitation
amplitude. This is to be expected because of the absence
of available degenerate spin-wave states that would fulfill
the momentum and energy conservation simultaneously, as
discussed above.

Having fitted our data in the context of both conventional
Landau-Lifshitz theory and a generalized form of the slow-
relaxer theory, we find that the smallest values of « for
these particular films (300 °C anneal, ng. = 0.24) is less by
about a factor of 2 than what we obtained with Permalloy
films of a similar thickness in the P-FMR geometry (a¢ =
0.0054 £ 0.0001). A small value of « for CMG is of concern
for the application of such alloys for HDD applications.”® The
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FIG. 11. (Color online) Self-consistent values for poM.g for all
three annealing temperatures. Data for the 245 and 300 °C anneals
were corrected for the reactive part of the slow-relaxer damping
process, as formulated in the imaginary part of Eq. (15).
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FIG. 12. (Color online) Self-consistent values of the spectro-
scopic g-factor for the 245 and 300 °C annealed samples, including
fits with linear regression. Data were corrected for the reactive part
of the slow-relaxer damping process, as formulated in the imaginary
part of Eq. (15). Inset shows the approximated slope from linear
regression of g vs. nge as a function of the annealing temperature.

discrepancy between our data and theory may indicate that our
samples are not completely half-metallic, though analysis of
our data in the context of generalized Slater Pauling (GSP)
theory (presented below) does confirm that the Fermi surface
is located in a deep minimum (if not a complete bandgap)
within the density of states (DOS) for the minority band.

Another source of discrepancy between our data and
theoretical predictions for damping in CMG may be the result
of spin pumping. In the spin-pumping mechanism, transverse
components of spin are driven from the ferromagnetic film into
any sandwiching nonmagnetic metallic film via a peristaltic-
pumping action.”>33 This pumping of transverse spin, in turn,
acts to damp the ferromagnetic precession in the magnetic film.
Measurements of the spin-pumping contribution to damping in
5-nm NiFe films indicate that the enhancement of the measured
damping can be as large as 0.0016 due to spin pumping through
a single metallic interface with Cu.>* If we assume for the
sake of comparison only that the spin-mixing conductance for
NiFe—Cu and CMG-Cu is the same, we then estimate that
the spin-pumping contribution to the measured damping in
7.5-nm CMG films would be 0.0021. Such a contribution
would be a substantial correction to the measured values
presented here. Indeed, such a correction would imply that the
smallest intrinsic damping that we observed might be as small
as @ = 6.3 x 10~*. However, until appropriate spin-pumping
measurements have been performed to determine the spin-
mixing conductance of the CMG—Cu interface, we emphasize
that the damping values reported here must be treated as upper
bounds for the intrinsic damping that would be measured in
the absence of any spin-pumping effects.

The presence of an additional damping mechanism, albeit
one with a strong frequency dependence, implies the possibil-
ity of engineering the total damping in such alloys once we
understand the physical mechanism that underlies the observed
enhancement of the FMR linewidth. Fitting of our data to
the model for a slow-relaxing impurity raises the question as
to the particular impurity acting on the magnetic moment of
CMG. In the case of the 245 °C annealed samples, we find
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FIG. 13. (Color online) Perpendicular anisotropy H as a func-
tion of Ge content for all three annealing temperature series. The
anisotropy is negative for the 245°C anneal series, indicative of
easy-plane anisotropy, and positive for the 200 and 300°C series.

that the reduction of the spectroscopic g-factor below 2 at
approximately ng. &~ 0.28 is correlated with the onset of the
slow-relaxer damping mechanism, as well as the threshold
for both the loss of (220) texturing and the increase of the
inhomogeneous broadening. This would seem to suggest that
the metalloid component of the sputtered alloy and its effect on
the crystal structure of the film might play important roles in
determining the dynamical properties of this particular alloy.
It is well known that the spectroscopic g-factor is propor-
tional to the total average magnetic moment per uncompen-
sated spin for the compound in question. The total moment
includes any orbital contributions that are the result of spin-
orbit coupling (SOC). (SOC is the only available mechanism
for orbital moment in solids with cubic symmetry, given that
the crystal field quenches any orbital moment that might be
otherwise present for isolated atoms.) As such, we expect g > 2
for crystalline ferromagnetic solids, as is generally observed.
Thus the observation of g < 2 is a surprising result that is not
easily explained in the context of conventional FMR theory.
In Fig. 12, we show a plot of g vs. Ge content for the
245 and 300 °C annealed samples on a single plot. Higher
anneal temperatures appear to reduce the slope of g vs. nge,
dg/dnge. Intheinset of Fig. 11, we show dg /dng. as a function
of anneal temperature, indicating a linear dependence of the
slope on the annealing temperature over the range we have
explored in this study. The implication is that Ge is in some
way responsible for the partial compensation of the magnetic
moment of the 245 and 300 °C sample series (i.e., more Ge
reduces the moment per spin, which is proportional to g),
though without significantly altering the average number of
spins in the formula unit. Such compensatory behavior has
been observed for rare-earth and transition- metal intermetallic
alloys.>>® Theory has shown that Ge should indeed contribute
a negative moment to the magnetization in a perfect L2;
structure.”’ However, the calculated moment of Ge (~0.07 )
is very modest and unlikely to cause the scale of effects
observed here. While the data are insufficient to draw any
firm conclusions, either interstitial or substitutional defects
of Ge may possibly carry a much stronger negative moment.
For example, a substitutional defect of Ge at a Co site would
incur a much different exchange overlap with neighboring

FIG. 14. (Color online) Spin density per f.u. Ny, as a function
of Ge content for all three annealing series. The spin density near
the ideal stoichiometry of ng. = 0.25 is Ngin = 4.0 £0.1. This is
20% less than the generally accepted bulk value of approximately
Ngpin = 5.

Co atoms, thereby having a very different resultant moment.
Hence, such Ge point defects could also reasonably be
the slow-relaxing “impurities” responsible for the observed
frequency dependence of the linewidth. Further evidence for
a negative moment associated with the Ge sites is presented
below.

Having data for M, M., and g, we are now able to
determine both the perpendicular anisotropy H,f- and the spin
density N for our samples. The perpendicular anisotropy is
given by H}* = M; — M. Figure 13 is a plot of H;" vs.
Ge content for all three anneal series. The perpendicular
anisotropy was found to be negative for the 245 °C annealed
samples (easy-plane anisotropy), with values ranging from
—20 to —70 mT, and positive (easy-axis anisotropy) for
the 200 and 300 °C annealed samples, with a similar range
for the magnitude of H;, with the sole exception of the
nge = 0.28/200 °C annealed sample, where the anisotropy is
in excess of 0.25 T. For both the 200 and 245 °C annealed
samples, the magnitude of the anisotropy appears to be
minimized within a couple percent of the “ideal” Heusler
stoichiometry of ng. = 0.25.

To calculate the spin density N, we begin with the definition
of the g-factor as being proportional to the average magnetic
moment per uncompensated electron in the material:

2M,

1429:]
where M; is the volume density of the magnetic moment, as
determined by magnetometry. Because there are four atoms
per unit cell in the case of Co,MnGe, we can conveniently
consider the spin density per formula unit Nypi:

N =

(16)

Neo = Na3 _ Ma?

PR 4 2gup

A plot of Ngin vs. nge for the three different anneal
temperatures is shown in Fig. 14. Except for the 200°C
samples, we find that Ny, tends to have a negative lin-
ear dependence on Ge content with a negative slope of
approximately dN /dnge &~ —6.7. In addition, we find that
Ngpin at the ideal Heusler stoichiometry of nge = 0.25 is

a7
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approximately 20% less than what is expected for bulk
Co,MnGe.”-10

Wurmehl et al>® and Fecher et al>® showed that the
magnetic moment of the Co-based Heusler compounds follows
closely to the GSP curve on the localized portion of the GSP
curve where the average valence per atom Z satisfies Z < 8.
Such behavior is indicative of a minority spin density that is
relatively insensitive to changes in the alloy composition,%
which is in turn a hallmark signature that the Fermi energy
is near a deep minimum in the d-band DOS.®' According to
the theory associated with the GSP curve in Ref. 38, the total
number of uncompensated spins Ngpi, per formula unit (f.u.)
is given by

Nspin:NT[ZniZi_ZZniNiisz (18)

where N7 is the total number of atoms in the fu., 0 < n; <1
is the fractional atomic concentration of the ith species per
fu., Z; is the valence number for the ith species, and Nf
is the composition-insensitive number of minority spins for
the ith species usually associated with a nearly filled minority
band DOS in strong ferromagnets. In the case of Co,MnGe,
the valence values are Z =9, 7, and 4 for Co, Mn, and
Ge, respectively. Bulk measurements'®? and calculations®’
have shown that the fixed number of minority spins for each
species are approximately given by Néo =4.1, Nltln = 1.8,
and Née = 2. Thus the net number of uncompensated spins
per f.u. is expected to be Ny, = 5, with each Co contributing
0.8 spins, each Mn contributing 3.4 spins, and each Ge
contributing zero spins. Residual deviations of the measured
magnetic moment of Co,MnGe from Su g per f.u. are usually
attributed to the effects of SOC on the net effective moment per
electron, i.e., g # 2.57:63 However, the data presented in Fig. 14
clearly indicate that our samples are missing the equivalent
of an entire spin compared with accepted bulk values for
Co,MnGe.

If we assume that our samples are amenable to GSP curve
analysis, we can make a further determination as to the relative
responsibility of each atomic species for the apparent “missing
spin”. For our particular case, we can rewrite Eq. (18) as

Nspin = Nr[ncoZco + nvnZvn + NGeZGe
—2[ncoNgy + nunNyyy + 16eNG 1. (19)

Since we vary only the Ge concentration while leaving the
relative concentration of Co to Mn unchanged (i.e., nco, =
2nmm), and we know that the total concentration must always
obey nce + nyvm + nge = 1, we can rewrite Eq. (19) in terms
of the Ge concentration alone:

Nypin=Nr [%(1 —nge)Zcot+ %(1 —nGe)ZMn+1Ge ZGe
—2[3(1=nce )N, + 5 (1 =n6e) Ny +nceN& ] .
(20)

If we then take the derivative of Eq. (20) with respect to nge,
we obtain
stpin 1
5 = NT[ - §(ZZC0 + Zmn) + Zae
dnge

—2[ = J@N& + Ny + NG ]] @D
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By use of the fact that Ny = 4 and the known valences for the
constituent atoms, we obtain
13 3dNgp
! ! J spin
NG Mo = INGel = 5% § e
Using our magnetometry result of Ny, =~ 4 for nge = 0.25,
along with Eq. (20), we then determine that

(22)

[2N¢, + Ny, + Nl = 3. (23)
Combining Egs. (22) and (23), we obtain

1 1 dNg
Nl — 3 - spin )
Ge [2 32 dnge

Substituting known values of the valence electron number and
the experimentally measured slope d Ngyin/dnge ~ —6.7 into
Eq. (24), we obtain N, & 2.125 and 2N, + Ny, = 10.375
and, according to the rules of GSP theory, commensurate site-
specific excess spin values of sge = Zge — ZNée ~ —0.25 and
Scon = 2Zco + Zim — 2QNE, + NYy,) ~ 4.25. (We remind
the reader that the nominal bulk values for Co,MnGe are
2N, + Ny, ~ 10 and N, ~ 2.)

While these calculations suggest that there is a 15%
suppression of the spin population on the transition-metal sites
relative to theoretical predictions, it implies a compensating
inverted spin population at Ge sites of 0.25 minority spins
that is particularly striking. While recent band structure
calculations indeed lead to predictions of a nonzero negative
spin density on the Ge sites, the theoretical values are of the
order of only 0.065 spins or less,?” as expected for the relatively
small spin-orbit perturbation in this particular Heusler alloy.
In our case, however, we note from the above analysis of our
magnetometry data in the context of GSP theory that the Ge
sublattice exhibits 4x greater antiferromagnetic (AF) moment
than would generally be expected for this system.

An independent analysis of the spectroscopy data without
reliance on the assumptions of GSP analysis also provides
a means of estimating the spin polarization of the metalloid
component in our samples. We begin by assuming that the
net moments of the different constituent atoms of the alloy do
not change when we vary the stoichiometry slightly about the
ideal stoichiometric composition of Co,MnGe. At the ideal
Heusler stoichiometry, the joint moment of the Co and Mn
atoms per f.u. and the moment of the Ge atoms per f.u. are
given by ficomn, flce, respectively, where the tilde denotes
normalization by the Bohr magneton. As previously defined,
the fractional number of Ge atoms in the alloy is nge, and the
total number of unpaired spins per f.u. at a given Ge content
is parametrized by the function Ny, (n6e). We can then write
the following equation for the spectroscopic splitting factor as
a function of the Ge content:

Acomn (558 + Ae(555)
Nspin(”Ge)
ﬂCoMn(%) + ﬂGe(&%)

Ns/pin + Lillzz;“ (nge —0.25)
<2> (Ns/pin — fige)(1 — nge) + 3figenge

3 AN + D2 (Ange — 1)

(24)

g(nGe) =2

12

2

(25)
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where we made use of our assumption that the total number of
atoms per unit cell remains unchanged, i.e., ncomn + Ge = 1.
The denominator describes how the number of spins in
the formula unit changes with varying Ge content, and the
numerator describes how the net moment of the f. u. depends
on the relative contents of Co,Mn and Ge. We approximated
the denominator using a Taylor’s series expansion in deriving
the second line, with S/pin = Ngpin (nge = 0.25), and we
made the substitution ficomn = Ns’pin — fige in the third line.
We then have the following equation describing the slope
of g vs. nge:

dg 32 { [ AfiGe — Ny }
dnge 3 (4 s/pin + %SGP;" (4nge — 1))
4stpin ( ;pin —fige) (1 —nge)+3figenGe

d spin 2
dnge (4N + dﬁjge (4nge—1))

(26)

We can now solve for fige:

1 dg
e = ——— | 163
HGe 256Ns’pin[ |:dnGe
dg
24
+ [ :

+ 8] NG

d Ny,
(@nge — 1) +4 | Ny ——2m
P dnge

nGe

d st in 2
35 dnge — 2 (£} | 27
dnge dnge

For the measured values of ;l—i = —0.30 £ 0.07 (see Fig. 12),
WNoin _ —6.7, and N/ . = 4.07 for the 245°C anneal series

dnge spin
sar%ples, we obtain [L(se = —0.35 £ 0.03. Alternatively, if we
assume the theoretically expected value of N, =5 for the
nominal Heusler alloy, disregarding the results of our magne-
tometry analysis for the moment, we obtain fige = —0.15 +
0.03. For the 300 °C samples, if we use previously extracted
values of dg /dng. = —0.76 £ 0.09, d Nypin /dng. = —6.0, and
NS’pin = 3.95, we find that fige = —0.42 & 0.03. Alternatively,
if we use Ny, = 5.0, we then obtain fige = —0.23 £0.04.
In all four cases, we find that the Ge atoms contribute a
significant negative moment to the sample magnetization,
providing qualitative confirmation of our GSP analysis results
from which we concluded there was a significant negative
spin polarization at the Ge sites. In the case of the 245°C
sample series, the extracted value for the spin density on the
Ge sites from these estimates based on the dependence of g
on Ge content is within 50% of the estimate obtained from the
GSP analysis of the magnetometry data for the same samples.
Thus both spectroscopy and magnetometry data concur in
the indication that the Ge sites have a significant (of the
order of several tens of percent) antiferromagnet-coupled spin
polarization.

As the approximate calculations presented above have
shown, the postulate of AF-ordered Ge atoms simultaneously
explains the quantitative dependence of the total sample
moment on Ge content for all but a few anomalous samples
that were annealed at only 200 °C, as well as the dependence
of g on the Ge content. However, the mechanism that
would give rise to such significant ferrimagnetic order in our
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samples is not yet clear. Nor is there sufficient supplementary
experimental evidence to make an unambiguous determination
concerning a Ge moment. Indeed, existent x-ray magnetic
circular dichroism (XMCD) data for Co,MnGe conflict as
to whether there is a moment associated with Ge.®>% We may
very well conclude that our samples are sufficiently disordered
as to not be amenable to a GSP analysis and that such
an approach might be inherently flawed, thereby rendering
our extracted values for Ge moment as erroneous. However,
this does not explain why the analysis of the spectroscopic
splitting factor also yields large negative moments on the
Ge sites. In addition, films very similar to these may have been
successfully used in nanoscale CPP-GMR heads, showing
substantial improvements in signal levels in comparison with
those fabricated with conventional transition-metal alloys.%
Assuming as we might that the superior performance of
Co,MnGe as a head material implies a high degree of spin
polarization, which concurrently implies that the Fermi energy
is indeed located within a deep minimum of the minority band,
if not a complete gap, we are then left with few alternatives
to explain such unexpected spin ordering that are consistent
with impressive performance at the device level. One possible
explanation for the large negative moment due to Ge stems
from the substantial strain in our films, as indicated from the
XRD data. Alternatively, some of the Ge atoms may contribute
to the formation of either interstitial or substitutional defects
within the Co sublattice. Indeed, once the Ge content exceeds
25%, such defects are increasingly likely. For example, in a
qualitative anomalous XRD study, which used a combinatorial
epitaxial CMG film, a preponderance of vacancy defects was
observed in the Co sublattice as the Ge content was increased
beyond the ideal Heusler stoichiometry (~20% Co vacancies
for nge = 0.5).%" It is generally understood that ferromagnetic
Heusler alloys can be treated as a composite of localized
moments that are amenable to theoretical consideration with
a Heisenberg Hamiltonian and that the exchange between the
various moments is the result of indirect Rudermann—Kittel—
Kasuya—Yosida- (RKKY-) type exchange via the mobile
electrons within the system.? As such, we may suppose that
either lattice strain or the occurrence of point defects might
indeed induce a significant AF-coupled moment at the Ge
sites.

The correlation of significant damping of the slow-relaxing
impurity type for samples where g < 2, coupled with the
earlier analysis of Ge moments, suggests that Ge point defects
within the ordered crystal lattice might be the “impurity”
responsible for the frequency-dependent component of the
damping. The fact that the slow-relaxer damping was not
observed in the samples annealed at only 200 °C suggests that
crystal order beyond a simple bee solid solution is also required
for this specific damping mechanism since the samples in
question did not exhibit a detectable (222) diffraction peak
(otherwise indicative of 1.2y and/or B2 order) in the XRD
analysis that was presented earlier.

The types of impurities that have been invoked in the past
to explain slow-relaxing processes include rare-earth dopants
in both insulating and metallic ferromagnets and various Fe
cations that result from various defects in iron garnet films,
including both Fe?* and Fe** states.*' However, we are not
aware of any previous studies investigating the possibility that
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Ge atoms can act as relaxers in ferromagnetic metals, let alone
potential half-metals.

In Fig. 8, we see that the strength of the slow-relaxer
damping mechanism tends to increase with increasing Ge
content for the 245 °C anneal series in the case of nge > 0.24.
A similar trend is seen in Fig. 10 for all of the 300°C
annealed samples that we have analyzed. Such proportionality
suggests that excess Ge content beyond some temperature-
dependent threshold level is leading to the formation of the
slow-relaxing impurity sites. The slope of the dependence of
the slow-relaxing damping strength in the quasi-linear regime
is approximately d(C F(T))/dng. = 120 GHz. Taking the
derivative of Eq. (11) with respect to nge, we obtain

dC i |)/|E2 stlow

dnge  8MkpT dng. ’
where E,,; = [(25520)? + (254)?]'/? is the anisotropy energy
associated with the angular-dependent exchange perturbation

of the impurity’s electronic transition. Assuming that the
energy gap of the absorbing impurity is insensitive to the Ge

density, we can write

|V|E3m stlow SCCh2 Eslow . (29)
8M,kgT dnge kpT

Now let’s assume that all the Ge atoms in excess of 25% act

as slow-relaxers (a specific example pertinent for the 245 °C
annealed samples):

(28)

d(CF(T))/dnge =

Ngow = Naom(nge — 0.25)®(nge — 0.25), (30)

where Nyeom 1S the atomic density and @ (x) is the Heaviside
step function. We can now solve Eq. (29) for the unknown
energy factors, with the following result:

Eslow d(CF(T)) SMskBT
Enisech = ;
kBT dnGe |V|Nat0m

nge > 0.25.

€29}

Substituting known parameter values, and remembering that
0 < sech(x) < 1, we can determine a lower bound for the
impurity exchange anisotropy as E,; > 2.7 meV. We note that
the exchange integral for transition-metal ferromagnets is of
the order of 100 meV. In addition, the anisotropic exchange
between the 4f moments of various rare earth ions and the
Fe** spins in YIG is approximately 2 meV.%® Thus, the order
of magnitude for our estimated exchange-coupled anisotropy
for the Ge atoms at the assumed impurity concentration, while

not definitive, is well within the range of plausibility.
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VII. CONCLUSION

We have presented results obtained by perpendicular
VNA-FMR measurements on CMG samples for varying Ge
content and annealing temperatures. Landau—Lifshitz damping
plus inhomogeneous broadening alone cannot describe the
damping in this material for all annealing temperatures and Ge
contents. We found it necessary to add two additional terms: a
low-field-loss term, and a “slow-relaxing” impurity-damping
term. With these additions, the model can describe the entire
frequency dependence of the linewidth. Moreover, the samples
annealed at 245 and 300°C exhibit a Landé g-factor that
decreases linearly with increasing Ge content. The onset of
slow-relaxer damping is correlated with the reduction of g
below 2. Analysis of both magnetometry data in the context of
GSP theory, as well as spectroscopic data for the dependence
of g on Ge content, reveals that there is a significant spin
polarization at the Ge sites that are antiferromagnetically
coupled to the rest of the sample moment. The correlation
of the amplitude of slow-relaxer damping, with Ge content
for those samples where g < 2, suggests that some portion of
the Ge sites act as the slow-relaxing “impurities” that lead to
frequency-dependent damping, though the detailed energetics
of the absorption mechanism are not yet understood. An
understanding of the origin of the slow-relaxer damping might
allow us to tune the damping in Heusler alloys to a desired
value; i.e., either suppress it for spin-torque applications or
enhance it for sensor applications.
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