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First-principles investigation of the damping of fast magnetization precession
in ferromagnetic 3d metals
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Understanding of the damping of fast magnetization precession in ferromagnetic materials is important for
technological applications, in particular for the development of fast magnetic memories. We use first-principles
electronic structures together with the model of “breathing Fermi surface” to calculate the magnetic damping
rates for ferromagnetic Fe, Co, and Ni. The numerical results are found to be in reasonable agreement with the
experimental data at low temperatures; in particular, we find an order of magnitude difference between Fe and
the other two studied materials.
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Recently revived interest in the damping of fast magneti- dex
zation precession is in a great part caused by the revival of H=—(MQ) X n, ﬁau 2
projects of fast magnetic memories, stretching back to the Ko
period of intensive research in the 1950s and 1960s. Th@here thek summation is over the first Brillouin zon&Zz).
microscopic mechanisms of relaxing populations of elec-The nonequilibrium populations are approximately given as
tronic states, with energies depending on the direction Oﬁ#:f’u—Tﬁdf#/dt, where f,=f(e,), f(e) is the Fermi
magnetizatiort; has recently been discussed in detail byfunction, andr,, is the lifetime of a statg.. Thek index was
Suhl? Since much of the present applied research concerngmitted for simplicity. This approximation pertains to fast
metallic magnetic films, it is to recall that the interactions of relaxation, relatively to the frequency of magnetic precession
macroscopic magnetization with the electronic degrees Oﬁcrﬂdfﬂldt<1 and Tﬂdzf#/dt2<dfﬂldt). At microwave
freedom in 31 metals and oxides are fundamentally differ- frequencies it is realistic even in quite pure crystals at low
ent. The “valence-exchange” process in metals is very fasttemperatures. Sincg, depends ort throughe,[ a(t)], the
the 3d electrons are strongly delocalized, with band width of out-of-phase part of the effective field is obtained simply by
several eV. Therefore the proper description of the electroni¢ne chain rule
degrees of freedom around the Fermi level is in terms of
delocalized Bloch states. The fast “hopping” quenches the 1 Iy )\ d€ u €k, da
orbital moment of the Bloch states and the spin-orbit inter-  Hi=—=(M{) kZ Tkl T g€ da:  da; dt
action appears as a perturbation on top of the kinetic and “ on ' . 3)
electrostatic energy. This basic picture has been used already
in 1940 by Brook& to estimate the magnetig factors and  This is to be compared with the damping field components in
magnetocrystalline anisotropy energy ofl 3netals and it the macroscopic Gilbert equation
changed only quantitatively since then.

As a consequence of the spin-orbit coupling, the energies AdM

of the Bloch stateg, , depend on the direction of magneti- i 2 dt
; o o (yM)

zation «=M/M. Hence quasistatic changes of produce
small changes of the shapgbreathing”) of the Fermi in the form used by Bhagdfffor ferromagnetic resonance
surface;® connected with relaxation of populationg , to  (FMR). Here\ is the Landau-Lifshitz damping frequency
the actual equilibrium values. Such relaxation occurs througland y is the gyromagnetic ratio. As in Gilbert's original
transitions between the Bloch states close to the Fermi levavork® (and in Suhl's discussidj the damping parameter
Eq, resulting from collisions with lattice defectcluding  appears to be a matrix, reflecting possible anisotropy. How-
phonong. The same mechanisms are responsible for thever, it is isotropic(scalaj in linear (low-powe) FMR if a
electric resistance. The damping of magnetic precession theggrecesses around a st direction parallel to a high sym-
results from the phase lag between the changes aiid the ~ metry axis. At low temperatures, E() further simplifies as
population response. Estimates of the damping rates, baseddf,/de,~ 5(ex—€,). Using the same effective lifetime
on this picture, were done by one of the authors some timéor all the states we arrive at
agd as a formal analogy to the Clogston valence-exchange \ 5 5

; : . e
mechanisnf. We briefly describe the model. == 720_1% ( k,M) Ser— e ), @

Variation of the total electron energy density da;
. whereq; is a component perpendicular k. As with other
E=0 kz:i €k, 1Mk, ) “fast relaxing” mechanisms, this model predicts an increase
' of the magnetic damping rate with decreasing scattering
with « is equivalent to action of an effective field frequencyr 1. The latter is to be identified with the Drude
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scattering frequency of itinerant electron states, which de- TABLE I. Damping ratios\/7 from ab initio calculations
creases roughly aB with decreasing temperature, to a limit
determined by the residual resistivity. In FMR, the “effec- M 7(107 s72)
tive” 7 is also limited by the mean “time of flight” of elec-

. ) . . fcc Ni [001] 1.2

trons in the electromagnetic skin depth and so the unn‘orn?CC Ni [111] 10

relaxation model is not quantitatively correct in anomaloushCIO Co[0001] 1'6
. . 0 .. _ .

skin effect conditions? To these limits, the model thus pre bee Fe[001] 0.14

dicts\ ~T 2 behavior of the magnetic damping frequency at
low temperatures.

Experimentally, a low-temperature increase\dfias been  the procedure is much less computationally demanding. The
observed in FMR in pure single crystals of (Refs. 8, 11— symmation in Eq(4) amounts to a modification of the com-
14) and(hcp) Co? The factor\ T? was evaluated for Ni from  putation of the density of states, performed by thécBlo
transmission experiments near the ferromagnetic antires@etrahedron metho&’
nance(FMAR), i.e., near the minimum of rf permeability = The calculations were performed for experimental values
and maximum rf penetration depth where the uniform relax-of the lattice constants. The size of the LAPW basis is char-
ation model is applicabl® Comparison of low-temperature acterized by the produd®,,K,.,=9.5 of the atomic sphere
FMR results in Ni and Co indicatédhat this factor is of the radius and the plane-wave cutoff. The spin-orbit coupling
same order of magnitude in both systems. On the other handas treated by the second variational step with the cutoff
no low-temperature increase kfhas been found in analo- energy around 1 Ry above the Fermi level, which was
gous experiments performed on Fe single crystai§. checked to be high enough. The electronic structure was con-

The aim of the present work is to evaluate thler ratio  verged on a mesh of 147R points in 1/16 of BZ(and
for Ni, Co, and Fe using Ed4) and the electronic structure equivalently for Ni[111] and hcp Co where the irreducible
from anab initio calculation. For this purpose the full poten- part of BZ is 1/12. However already 405 irreduciblepoints
tial linearized augmented-plane-waleLAPW) method as are enough to get the charge density accurately. Evaluation
implemented in thewiENe7 code”’ is used. Calculations of of expression(4) is expected to be sensitive to thepoint
this ratio had already been performitbr Ni on the basis of  sampling. Therefore we performed a careful testing for bce
a semiempirical (LCAQ-OPW) band structur€ No at-  Fe, up to 1050k points in 1/16 of BZ. We found that for
tempt has been made so far to estimate theoretically the comore than 300& points the accuracy of the BZ integration is
responding values for Co and particularly for Fe, where thepetter than 10%. Finally we remark that the calculations for
absence of the low-temperature increasa @rouses suspi- Ni[001] and N[111] were performed on compatiblé
cion about applicability of the present model. meshes and therefore their difference does not originate from

Alternatively, Eq.(4) also follows from a linear-response the integration inaccuracies.
formulation®?° (as a particular contribution, in addition to  The main result appears to be the order-of-magnitude dif-
damping caused by changing polarizations of the Blocherence between the/r ratio in bcc Fe and the other two
states. If the spin-orbit coupling is considered as a perturba-systems. The results of the calculations are shown in Table I.
tion of a spin-polarized electronic structdfé'~*'written  The values obtained for Ni are in fair agreement with the
schematically & previous numerical resulf yielding \/7=0.9x 10?s 2,

for M along[001].
Hso=2 LS, (5) The _difference petween the results for Ni and Fe can .be
j qualitatively explained from the band picture. The matrix
elements(6) are zero in the nonrelativistic band structure
with “quenched” orbital moments, they arise from the spin-
orbit coupling. Large values, significant in the s, occur

where S is the spin and_; the orbital angular momentum
with respect to the lattice sitg, then by geometrical

arguments’ in the vicinity of points or lines where nonrelativistic bands
ey are degenerate at the Fermi lewgl. The volume of these
£ = (k| Ty, ), (6) effectivek-space regions increases with decreasing angle un-
dai der which the nonrelativistic bandand the Fermi surface
whereT is the transverse torque operator sheetp cross. Such accidental low-angle crossing of two

minority-spin Fermi surface sheets with higd 8ontents is
observed in Ni near th€l10) planes in the BZ, and it gives
T=ax X (§L;xS). (7) " the major contribution to the computed  in Ni. It also
. contributes to the well-known peak in minority-spin density
It may be noted that its diagonal elements are involved in thef states atep. These features are not presenteatin Fe.
first order in the expression for the magnetocrystalline anThe symmetry degeneracies along 100 axes, found both in
isotropy energy. where high precision integration is re- Fe and Ni and quoted previoulas a possible source of
quired since contributions of various occupied states comhigh /7 values, have negligible integral weight in the
pensate each other to a large extent. The expression for tieesent results. We did not investigate in detail the origin of
magnetic damping involves only the squares of the torquehe high value for hcp Co.
matrix elements, thus only positive numbers are summed and Quantitative comparison with/7 deduced from experi-
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ment is straightforward in Ni where Heinrickt all? ana-

lyzed in detail their results of FMAR transmission experi-

ments in Ni crystals magnetized alon§001]. The
temperature dependencexobetween 300 and 77 K found in
this analysis may be described as

2
+1.2X

300 2

TIK]

T[K]

-1
300 x10° s 1.

A=|1.1X
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lower than in Ni at very low temperatursyhile the calcu-
lated value of\/7 is even somewhat higher. This may be
plausibly explained by the significantly lower penetration
depth in Co than in Ni, due to the higher magnetization and
rf permeability in Co, and almost three times higher rf fre-
quency used in the Co experiménin the Co and Fe
experiment$'>1%the above criteria for the penetration depth
were roughly the same but the “effectiva”in Co increased

While the second term increases with the temperature an@dtimes a4 K from about 1x 10°s™* at 100 K, while in Fe

corresponds to effects of relaxing polarizatiéhghe first

it remained at 0.x 108 s~ 1. This experimental difference is

term corresponds to the mechanism of fast relaxing populdh accordance with the large difference found in the com-

tions. The calculated value of/ + shown in Table | corre-
sponds to

TIK]

2
4 ~—1
300 X 10" s71,

=11

puted\/ 7 for Co and Fe. It must of course be recalled that in
the “anomalous” skin effect the Fermi surface integfél is
not uniformly reduced but contains additional weight factors
favoring the “surf riding” conditions for electron¥:18

We conclude that the numerical results from the uniform
relaxation model agree with the FMAR experiment in Ni

which is about a half of the scattering frequency of conducyyith 5 reasonable assumption about the average electron life-

tion electrons assumed by Heinrigh al. The authors also
show that the FMAR analysis is not affectedore than by
10%) by the finite rf penetration depth.

The low-temperature FMR data for NRefs. 8,13 are,

time, and at least qualitatively explain the differences found
in low-temperature FMR results in Fe, Co, and Ni. Calcula-
tions based on previously indicated more general
formulationg®?° (taking into account off-diagonal elements

however, affected strongly, because FMR is measureds ihe population matrix, thus including the magnon wave-
around the maximum of rf permeability, i.e., minimum skin |enqth for low electron scattering rates and interband polar-

depth. At 80 K the “effective”\ measured in FMR is only
one half of the value from FMAR, and at 25 K, in “extreme
anomalous” condition§;}%8it is only 1/10 of the extrapo-

lated FMAR value. Since only FMR data are available for

izations for high ratesshould provide a broader basis for
comparison with experimental results.
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