
PHYSICAL REVIEW B, VOLUME 65, 212411
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 magn
zation precession is in a great part caused by the reviva
projects of fast magnetic memories, stretching back to
period of intensive research in the 1950s and 1960s.
microscopic mechanisms of relaxing populations of el
tronic states, with energies depending on the direction
magnetization,1,2 has recently been discussed in detail
Suhl.3 Since much of the present applied research conc
metallic magnetic films, it is to recall that the interactions
macroscopic magnetization with the electronic degrees
freedom in 3d metals and oxides are fundamentally diffe
ent. The ‘‘valence-exchange’’ process in metals is very fa
the 3d electrons are strongly delocalized, with band width
several eV. Therefore the proper description of the electro
degrees of freedom around the Fermi level is in terms
delocalized Bloch states. The fast ‘‘hopping’’ quenches
orbital moment of the Bloch states and the spin-orbit int
action appears as a perturbation on top of the kinetic
electrostatic energy. This basic picture has been used alr
in 1940 by Brooks4 to estimate the magneticg factors and
magnetocrystalline anisotropy energy of 3d metals and it
changed only quantitatively since then.

As a consequence of the spin-orbit coupling, the energ
of the Bloch statesek,m depend on the direction of magnet
zation a5M /M . Hence quasistatic changes ofa produce
small changes of the shape~‘‘breathing’’! of the Fermi
surface,5,6 connected with relaxation of populationsnk,m to
the actual equilibrium values. Such relaxation occurs thro
transitions between the Bloch states close to the Fermi l
EF , resulting from collisions with lattice defects~including
phonons!. The same mechanisms are responsible for
electric resistance. The damping of magnetic precession
results from the phase lag between the changes ofa and the
population response. Estimates of the damping rates, b
on this picture, were done by one of the authors some t
ago7 as a formal analogy to the Clogston valence-excha
mechanism.2. We briefly describe the model.

Variation of the total electron energy density

E5V21(
k,m

ek,mnk,m ~1!

with a is equivalent to action of an effective field
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H52~MV!21(
k,m

nk,m

]ek,m

]a
, ~2!

where thek summation is over the first Brillouin zone~BZ!.
The nonequilibrium populations are approximately given
nm5 f m2tmd fm /dt, where f m5 f (em), f (e) is the Fermi
function, andtm is the lifetime of a statem. Thek index was
omitted for simplicity. This approximation pertains to fa
relaxation, relatively to the frequency of magnetic precess
(tmd fm /dt!1 and tmd2f m /dt2!d fm /dt). At microwave
frequencies it is realistic even in quite pure crystals at l
temperatures. Sincef m depends ont throughem@a(t)#, the
out-of-phase part of the effective field is obtained simply
the chain rule

Hi52~MV!21(
k,m

tk,mS 2
] f k,m

]ek,m
D ]ek,m

]a i

]ek,m

]a j

da j

dt
.

~3!

This is to be compared with the damping field components
the macroscopic Gilbert equation

Hi52
l

~gM !2

dMi

dt

in the form used by Bhagat8 for ferromagnetic resonanc
~FMR!. Here l is the Landau-Lifshitz damping frequenc
and g is the gyromagnetic ratio. As in Gilbert’s origina
work9 ~and in Suhl’s discussion3!, the damping parameterl
appears to be a matrix, reflecting possible anisotropy. H
ever, it is isotropic~scalar! in linear ~low-power! FMR if a
precesses around a staticM0 direction parallel to a high sym
metry axis. At low temperatures, Eq.~3! further simplifies as
2] f m /]em'd(eF2em). Using the same effective lifetimet
for all the states we arrive at

l

t
5g2V21(

k,m
S ]ek,m

]a j
D 2

d~eF2ek,m!, ~4!

wherea j is a component perpendicular toM0. As with other
‘‘fast relaxing’’ mechanisms, this model predicts an increa
of the magnetic damping ratel with decreasing scattering
frequencyt21. The latter is to be identified with the Drud
©2002 The American Physical Society11-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 212411
scattering frequency of itinerant electron states, which
creases roughly asT2 with decreasing temperature, to a lim
determined by the residual resistivity. In FMR, the ‘‘effe
tive’’ t is also limited by the mean ‘‘time of flight’’ of elec-
trons in the electromagnetic skin depth and so the unifo
relaxation model is not quantitatively correct in anomalo
skin effect conditions.10 To these limits, the model thus pre
dictsl;T22 behavior of the magnetic damping frequency
low temperatures.

Experimentally, a low-temperature increase ofl has been
observed in FMR in pure single crystals of Ni~Refs. 8, 11–
14! and~hcp! Co.8 The factorlT2 was evaluated for Ni from
transmission experiments near the ferromagnetic antir
nance~FMAR!, i.e., near the minimum of rf permeabilit
and maximum rf penetration depth where the uniform rel
ation model is applicable.12 Comparison of low-temperatur
FMR results in Ni and Co indicated8 that this factor is of the
same order of magnitude in both systems. On the other h
no low-temperature increase ofl has been found in analo
gous experiments performed on Fe single crystals.15,16

The aim of the present work is to evaluate thel/t ratio
for Ni, Co, and Fe using Eq.~4! and the electronic structur
from anab initio calculation. For this purpose the full poten
tial linearized augmented-plane-wave~FLAPW! method as
implemented in theWIEN97 code17 is used. Calculations o
this ratio had already been performed18 for Ni on the basis of
a semiempirical (LCAO1OPW) band structure.19 No at-
tempt has been made so far to estimate theoretically the
responding values for Co and particularly for Fe, where
absence of the low-temperature increase ofl arouses suspi
cion about applicability of the present model.

Alternatively, Eq.~4! also follows from a linear-respons
formulation18,20 ~as a particular contribution, in addition t
damping caused by changing polarizations of the Blo
states!. If the spin-orbit coupling is considered as a perturb
tion of a spin-polarized electronic structure,4–6,17–21written
schematically as21

HSO5(
j

j jL j•S, ~5!

where S is the spin andL j the orbital angular momentum
with respect to the lattice sitej, then by geometrica
arguments22

]ek,m

]a i
5^k,muTi uk,m&, ~6!

whereT is the transverse torque operator

T5a3(
j

~j jL j3S!. ~7!

It may be noted that its diagonal elements are involved in
first order in the expression for the magnetocrystalline
isotropy energy,21 where high precision integration is re
quired since contributions of various occupied states co
pensate each other to a large extent. The expression fo
magnetic damping involves only the squares of the tor
matrix elements, thus only positive numbers are summed
21241
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the procedure is much less computationally demanding.
summation in Eq.~4! amounts to a modification of the com
putation of the density of states, performed by the Blo¨chl
tetrahedron method.23,17

The calculations were performed for experimental valu
of the lattice constants. The size of the LAPW basis is ch
acterized by the productRmtKmax59.5 of the atomic sphere
radius and the plane-wave cutoff. The spin-orbit coupli
was treated by the second variational step with the cu
energy around 1 Ry above the Fermi level, which w
checked to be high enough. The electronic structure was c
verged on a mesh of 1470k points in 1/16 of BZ ~and
equivalently for Ni@111# and hcp Co where the irreducibl
part of BZ is 1/12!. However already 405 irreduciblek points
are enough to get the charge density accurately. Evalua
of expression~4! is expected to be sensitive to thek point
sampling. Therefore we performed a careful testing for b
Fe, up to 10 500k points in 1/16 of BZ. We found that for
more than 3000k points the accuracy of the BZ integration
better than 10%. Finally we remark that the calculations
Ni@001# and Ni@111# were performed on compatiblek
meshes and therefore their difference does not originate f
the integration inaccuracies.

The main result appears to be the order-of-magnitude
ference between thel/t ratio in bcc Fe and the other tw
systems. The results of the calculations are shown in Tab
The values obtained for Ni are in fair agreement with t
previous numerical results18 yielding l/t50.931022s22,
for M along @001#.

The difference between the results for Ni and Fe can
qualitatively explained from the band picture. The mat
elements~6! are zero in the nonrelativistic band structu
with ‘‘quenched’’ orbital moments, they arise from the spi
orbit coupling. Large values, significant in the sum~4!, occur
in the vicinity of points or lines where nonrelativistic band
are degenerate at the Fermi leveleF . The volume of these
effectivek-space regions increases with decreasing angle
der which the nonrelativistic bands~and the Fermi surface
sheets! cross. Such accidental low-angle crossing of tw
minority-spin Fermi surface sheets with high 3d contents is
observed in Ni near thê110& planes in the BZ, and it gives
the major contribution to the computedl/t in Ni. It also
contributes to the well-known peak in minority-spin dens
of states ateF . These features are not present ateF in Fe.
The symmetry degeneracies along 100 axes, found bot
Fe and Ni and quoted previously7 as a possible source o
high l/t values, have negligible integral weight in th
present results. We did not investigate in detail the origin
the high value for hcp Co.

Quantitative comparison withl/t deduced from experi-

TABLE I. Damping ratiosl/t from ab initio calculations

l/t(1022 s22)

fcc Ni @001# 1.2
fcc Ni @111# 1.0
hcp Co@0001# 1.6
bcc Fe@001# 0.14
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 212411
ment is straightforward in Ni where Heinrichet al.12 ana-
lyzed in detail their results of FMAR transmission expe
ments in Ni crystals magnetized along@001#. The
temperature dependence ofl between 300 and 77 K found i
this analysis may be described as

l5F1.13S 300

T@K# D
2

11.23S T@K#

300 D 2G3108 s21.

While the second term increases with the temperature
corresponds to effects of relaxing polarizations,20 the first
term corresponds to the mechanism of fast relaxing pop
tions. The calculated value ofl/t shown in Table I corre-
sponds to

t2151.13S T@K#

300 D 2

31014 s21,

which is about a half of the scattering frequency of cond
tion electrons assumed by Heinrichet al. The authors also
show that the FMAR analysis is not affected~more than by
10%! by the finite rf penetration depth.

The low-temperature FMR data for Ni~Refs. 8,13! are,
however, affected strongly, because FMR is measu
around the maximum of rf permeability, i.e., minimum sk
depth. At 80 K the ‘‘effective’’l measured in FMR is only
one half of the value from FMAR, and at 25 K, in ‘‘extrem
anomalous’’ conditions,8,10,18 it is only 1/10 of the extrapo-
lated FMAR value. Since only FMR data are available
Co and Fe, comparison with the present calculation may
only qualitative. The ‘‘effective’’l in Co is about three times
i-

pl.
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lower than in Ni at very low temperatures,8 while the calcu-
lated value ofl/t is even somewhat higher. This may b
plausibly explained by the significantly lower penetrati
depth in Co than in Ni, due to the higher magnetization a
rf permeability in Co, and almost three times higher rf fr
quency used in the Co experiment.8 In the Co and Fe
experiments8,15,16the above criteria for the penetration dep
were roughly the same but the ‘‘effective’’l in Co increased
5 times at 4 K from about 1.3108 s21 at 100 K, while in Fe
it remained at 0.73108 s21. This experimental difference is
in accordance with the large difference found in the co
putedl/t for Co and Fe. It must of course be recalled that
the ‘‘anomalous’’ skin effect the Fermi surface integral~4! is
not uniformly reduced but contains additional weight facto
favoring the ‘‘surf riding’’ conditions for electrons.10,18

We conclude that the numerical results from the unifo
relaxation model agree with the FMAR experiment in
with a reasonable assumption about the average electron
time, and at least qualitatively explain the differences fou
in low-temperature FMR results in Fe, Co, and Ni. Calcu
tions based on previously indicated more gene
formulations10,20 ~taking into account off-diagonal elemen
of the population matrix, thus including the magnon wav
length for low electron scattering rates and interband po
izations for high rates! should provide a broader basis fo
comparison with experimental results.
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