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Electron-magnon scattering and magnetic resistivity in 3d ferromagnets
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The determination of collective spin excitations and their contribution to the intrinsic resistivity via spin-flip
electronic scattering are addressed for 3d ferromagnets using magnetotransport experiments. We present lon-
gitudinal high-field magnetoresistance~MR! measurements from 4 to 500 K and up to 40 T on Fe-, Co-, and
Ni-patterned thin films. Well above the technical saturation of the magnetization—i.e., in the paraprocess
regime—we report an almost linear and nonsaturating negative MR of around 0.01–0.03mV cm T21 at 300 K
for the three magnets. We demonstrate its magnetic origin, and we assign this high-field resistivity decrease to
the electron-magnon scattering and the spin-wave damping in high fields. We propose a theoretical calculation
of the magnetic resistivity originating from spin-flip intrabands-s andd-d and interbands-d transitions via
electron-magnon diffusion including both the high-field effect on the magnon spectrum and the magnon mass
renormalization. Convincing agreements between the high-field measurements and our model provide a unique
estimate of the pure magnetic resistivity in 3d ferromagnets. Our analysis also gives an insight into the
low-energy spin waves—i.e., the theoretical magnon saturation field and the magnon mass renormalization
consistent with neutron scattering results for the three magnets.

DOI: 10.1103/PhysRevB.66.024433 PACS number~s!: 72.10.Di, 72.15.Gd, 72.25.Ba
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I. INTRODUCTION

Strong 3d ferromagnets like Fe, Co, and Ni have be
intensively studied for more than half a century in the fra
of the controversy between localized and itinerant-elect
theories of magnetism. Their magnetic properties like
temperature dependence of the magnetization or the h
magnetic-field susceptibility have been successfully
scribed by the band splitting model1–3 once major improve-
ments have been introduced. Among them, we shall cite
temperature dependence of the spin densities of states o
existence of collective spin excitations.4–6 With the achieve-
ment of high-energy neutron sources, inelastic neutron s
tering in these metallic magnets revealed new propertie
the magnon relation dispersion which validates the band
romagnetism: in the low-temperature regime, both the te
perature dependence of the spin-wave stiffness with aT2

term7,8 and the existence of an optic branch for magnon c
firm the itinerant nature of the 3d magnetism.9–11 More re-
cent topics on 3d transition metals deal with the interplay o
spin-polarized transport and spin-dependent scattering
cesses in nanostructured devices for magneto electronics
Co, and Ni layers are the most encountered ferromagn
electrodes in magnetic devices with a spin polarization o
few tens of a percent. Recently, a study of spin polarizat
in cobalt-based tunnel junctions has demonstrated thed
character of the tunneling electrons in Co.12 Interesting re-
sults are also obtained on the understanding of the ‘‘u
mate’’ magnetoresistance originating from the sp
dependent scattering on nanoscale magnetic inhomogen
like magnetic domain walls in ferromagnetic thin films.13

The magnitude of these resistive effects is spin polariza
dependent at the Fermi level and relies on the spin coup
between charge carriers and the local magnetic momen
0163-1829/2002/66~2!/024433~11!/$20.00 66 0244
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the predominants-d interaction. The strength of this interac
tion and the thermal spin disorder are thought to hav
severe impact on the spin coherence length which is a crit
parameter for giant magnetoresistive effects. However,
spite intensive studies in the 1970’s on the electronic sca
ing processes responsible for the resistivity in meta
ferromagnets,14–23 the magnitude of thes-d interaction and
its contribution to the magnetic resistivity via spin-flip ele
tronic transitions remains poorly known. No experiment h
inferred a direct estimate of the pure spin-flip electronic sc
tering contribution to the resistivity in a temperature ran
where spin excitations, electron-phonon scattering, and in
electronic collisions coexist.

In this paper, we report on an original manner to det
mine both the nature of the spin disorder and its contribut
to the intrinsic resistivity of the three ferromagnets Fe, C
and Ni up toTc/2. Whereas standard galvanomagnetic st
ies are performed in low fields, we measure the longitudi
magnetoresistance~MR! in epitaxial Fe, Co, and Ni thin
films in a 40-T pulsed magnetic field, well above the tech
cal saturation of the magnetization, between 1.8 and 500
Our measurements exhibit an almost linear and nonsatura
negative MR in the single-domain magnetic state. The re
tive slope is around 0.01–0.03mV cm T21 at 300 K for the
three ferromagnets. We assign the decrease in resistivit
the high-field effect on the intrinsic spin disorder and
coupling to charge carriers. We demonstrate that this ef
results from a reduction of electron-magnon scattering p
cesses due to a damping of the spin waves at high fields
propose a theoretical calculation of spin-flip electronic rela
ation times via electron-magnon collision. Convincing agre
ment between the high-field measurements and our m
ensures the consistence of the theoretical approach and
vides a unique estimate of the resistivity of magnetic orig
©2002 The American Physical Society33-1
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in 3d ferromagnets. Our analysis also gives an insight i
the low-energy spin waves—i.e., the theoretical magn
saturation field and the magnon mass renormalization
volved in the electronic scattering for the three magnets.

In Sec. II after a brief summary of experimental deta
we present our experimental results on longitudinal MR
Fe-, Co-, and Ni-patterned thin films as a function of fie
and temperature and we extract the temperature and
variation of the magnetic part of the resistivityDrmag(T,B).
In Sec. III, following the formalism developed b
Goodings,15 we derive a theoretical expression of the ma
netic resistivity in strong ferromagnetic metals based on
traband@s-s;d-d# and interband@s-d# spin-flip electronic
transitions due to electron-magnon scattering. High-field
fects on the low-energy magnons as well as the magnon m
renormalization are introduced to derive an analytical
pression of the field and temperature dependence of the m
netic resistivityrmag(T,B), relying on standard band struc
ture parameters for Fe, Co, and Ni. In the last secti
comparison between the experimental results and the m
provides an accurate determination of~i! the spin-flip@s-d#
relaxation time via electron-magnon interaction up to 500
~ii ! the high-field spin-wave damping and the magnon m
renormalization, and~iii ! the magnitude of the magnetic con
tribution to the intrinsic resistivity.

II. EXPERIMENT AND RESULTS

Magnetoresistance is measured on Fe, Co, and Ni
films deposited on MgO and Al2O3 substrates by molecula
beam epitaxy~for Fe and Ni! and by thermal evaporatio
under ultrahigh vacuum~for Co!. The films thickness range
from 7 to 80 nm. A residual resistance ratio around 27 for
thicker films attests to their high structural quality. The hig
field magnetotransport experiments have been performe
the LNCMP facilities ~Toulouse, France!, using a 40-T
pulsed field with a 1-sec total pulse duration. Standard
techniques for low-level signals were used to measure
longitudinal MR (i iB) on patterned thin films. We focu
here on the high-field electronic scattering regime where
intrinsic anisotropic MR and any possible giant MR due
grain boundaries have no more effects on the magnetor
tive signal.

Our systematic study of longitudinal MR~Fig. 1! on Fe,
Co, and Ni thin films shows a normal MR in the low
temperature regime resulting from the well-known Loren
force on charge carriers. A crossover from a positive to
negative resistance slope is observed as the temperatu
increased. It follows the temperature-induced reduction
the electronic mean free path. In the high-temperature
gime, but still well below the Curie temperatureTc , a nega-
tive MR clearly dominates the high-field signal for applie
fields well above the demagnetization field of the magnet
its magnitude significantly increases with temperature.
the three ferromagnets, the MR roughly reaches21% at 30 T
for temperatures aroundTc/3 and exhibits an almost linea
field dependence for higher temperatures, with no depar
toward saturation in 40 T.

It is customary to define the resistivity as a function of t
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average electronic relaxation timet and its field dependenc
asr total(t)5c1(1/t)1c2(wct)n,17 wherewc is the cyclotron
frequency. The first term expresses the electronic scatte
processes limiting the conductivity. The second one accou
for the positive MR with ann power law depending ont and
the applied field. In the frame of the two-current model f
metallic ferromagnets,24 even if the transition rates of th
electronic diffusions originating from different scatterin
sources remain additive within each conduction band, so
deviations to Matthiessen’s rule have been pointed out.22,23

Therefore, the termc1(1/t) is conveniently expressed by

c1~1/t!5r imp1re-e~T!1rph~T!1rmag~T,B!1rdev~T,B!.

Herer imp is the residual resistivity due to impurities,re-e(T)
is due to the electron-electron interactions~Baber term25!,
and rph(T) is the electron-phonon scattering. These th
first terms are supposed weakly dependent on an app
magnetic field in the saturated magnetic state.rmag(T,B) is
the magnetic resistivity originating from the spin disord
and rdev(T,B) represents the deviation to Matthiessen’s ru
inherent to the inter band mixing. However, for pure meta
theoretical predictions estimate that, above the lo
temperature regime, let us say 50 K, the deviations to M
thiessen’s rule are expected to have a minor influence on
total resistivity: rdev(T,B) is about one order of magnitud
lower thanrmag(T,B) for temperatures larger than the cha
acteristic temperatureTF for electron-magnon scatterin

FIG. 1. Longitudinal high-field magnetoresistance (Bi i ) at vari-
ous temperatures for Fe, Co, and Ni epitaxial films2Fe80 nm/MgO,
Co7 nm/Al2O3 , and Ni20 nm/MgO. Note the extrinsic negative MR
below the technical saturation of the magnetization for Co due
grain boundary effects.
3-2
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~temperature below which the electron-magnon diffusion
frozen!.22 Therefore, in a high enough temperature range
under high magnetic fields, we make the reasonable assu
tion that both the normal MR and therdev(T,B) term do not
contribute significantly to the field-dependent resistivity w
measure. In term of field-induced resistivity variations,
straightforwardly conclude that our results can be expres
as

Dr~T,B!5r~T,B!2r~T,B50!'Drmag~T,B!.

We infer a quantitative estimate of the field dependence
the pure magnetic resistivity of Fe, Co, and Ni even if
absolute value in zero field remains unknown@Fig. 2~a!#. In
Fig. 2~b!, we present the negative MR slope
]Drmag(T,B)/]BuB@m0Ms for the three ferromagnets in th

intermediate temperature regime. ForT'Tc/3, the resistivity
decrease is around 0.01mV cm T21. When plotted as a func
tion of the normalized temperaturesT/Tc the resistivity
slopes scale on a unique curve@inset, Fig. 2~b!#. This crucial
result provides strong evidence that the high-field longitu
nal MR in a temperature range well belowTc is of magnetic
origin. It probes the electron-spin disorder scattering p
cesses once the Lorentz MR is negligible. It also valida
the above assumptions on Matthiessen’s deviations and
sures a unified picture of thermally activated spin excitatio
in 3d transition metals.

We mention that in Fig. 2~b! are plotted results obtaine
for Fe, Co, and Ni epitaxial thin films with various thick
nesses, from 7 to 80 nm. No significant thickness dep
dence in this range has been observed on the magnetic r

FIG. 2. ~a! High-field magnetic resistivity variations deduce
from the experimental MR on Fe80 nm/MgO. ~b! High-field mag-
netic resistivity slopes]Drmag(T,B)/]BuB@m0Ms vs temperature for
Fe, Co, and Ni. In the inset, the temperature is normalized byTc for
the three magnets.
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tivity variations which rules out any surface effect. To atte
the intrinsic origin of the negative MR, measurements ha
also carried out on 1mm Co films deposited by sputtering a
room temperature and giving rise to comparab
]Drmag(T,B)/]BuB@m0Ms values. Therefore, structural qua
ity little influences the magnetic contribution to the over
resistivity. It only determines the low-temperature limit b
low which the normal MR overcomes the pure magnetic s
nal. No attempt has been made to subtract the positive M
order to extend the temperature range in whichDrmag(T,B)
is observable. The Khoeler law commonly used to scale
normal MR in metals does not provide reliable results ver
temperature because the temperature does not simply a
the number of scatters: it also modifies their nature, like
wavelength of phonons involved in the scattering proces26

Besides, it is worth noting that in principle the magne
resistivity decrease is also present for low applied magn
fields ~of the order of 1 T!. However, despite a tremendou
number of papers on magnetotransport experiments in fe
magnets, few mention its existence27–30 and no quantitative
study has been performed. In low field, its magnitude of
order of 531024 mV cm at 500 Oe is widely dominated b
other galvanomagnetic effects related to the technical or
ing of the magnetization. Therefore, an accurate estimat
the intrinsic resistivityrmag(T,B) requires magnetotranspo
experiments above the demagnetizing field.

Note that the negative high-field MR has to be related
the high-field magnetic susceptibilityxhf(B) ~Refs. 31 and
32! and the magnetizationM (B) in ferromagnets in the
paraprocess.33,34 Pioneer theoretical studies onxhf(B) pre-
dicted a simple way to infer thed-band density of state at th
Fermi level;31 however, it appeared thatxhf(B) originates
from several contributions in addition to thed-band suscep-
tibility, including the orbital van Vleck susceptibility, the dia
magnetic core contribution, and spin-wave excitations.6,35

These various contributions associated with experime
difficulties to measure magnetization variations below 1
ppm in high fields have constituted a severe limit to t
high-field M (B) studies. Our approach, based on transp
measurements, is an alternative way to probe the parapro
via electron-spin disorder scattering.

III. HIGH-MAGNETIC-FIELD ELECTRON-MAGNON
SCATTERING MODEL

The starting point for the longitudinal high-field MR
model is to assume that the magnetic field mainly affe
spin-flip electronic scattering processes. It is well known t
both spin-flip and non-spin flip diffusions govern the ele
tronic resistivity. The latter is driven by electron-phono
scattering and electron-electron interactions for whichs-d
interband transitions ands-d interactions play a predominan
role.20,22The spin-flip scattering results ins6-s7,d6-d7 in-
traband ands6-d7 interband electronic transitions and ne
essarily involves annihilation or creation of oneS electronic
spin via Stoner excitations or collective spin excitation
These scattering processes are enhanced by the elect
properties of the partially filled polarizedd band—i.e., its
large effective massmd and the high electronic density o
3-3
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states at the Fermi level,nd(EF). All of them significantly
contribute to the magnitude of the intrinsic resistivity in t
temperature range of our study. An accurate distinct
among the various contributions remain an unresolved
above 70 K: theoretical calculations rely on drastic simp
fications and the resistivities exhibit very similar temperat
dependences, in particular forre-e(T) andrmag(T,B). How-
ever, we may wonder how a 40-T applied field induces
monotonous resistivity decrease well above the techn
saturation of the magnetization. It certainly reduces the s
disorder and therefore increases the spin-flip electronic re
ation time. On the other hand, assuming a rigid band mo
the corresponding Zeeman energy is approximately 4 me
high field. We do not expect the field-induced band shift
be large enough to have a significant effect on thes and d
densities of state atEF . The absence of a singularity in th
temperature dependence of the high-field MR also rules
d-band susceptibility effects on the electronic scattering.
in a first approximation we consider that high magnetic fie
do not significantly alter the electron-phonon and the Ba
scattering. Besides, below 500 K, both thermal and magn
energy per spin under 40 T are much lower than the requ
energy for Stoner excitations—i.e., the band-splitting ene
Single-particle excitations and,a fortiori, their high-field de-
pendence can be neglected for Fe and Co. Nevertheless
argue that a 4-meV magnetic energy introduces a signific
gap in the dispersion relation of long-wavelength magn
which is responsible for the reduction of magnetization up
approximatelyTc/2.36 These arguments are consistent w
the idea that the magnetic resistivity is essentially domina
by spin-flip electronic scattering via electron-magnon co
sions and our magnetotransport measurements are a d
probe of the field-induced spin-wave damping.

As an extension of Gooding’s works15 on spin disorder
resistivity in zero field and low temperatures, we propos
new analytical expression for the contribution of electro
spin-wave scattering to the magnetic resistivityrmag(T,B),
including high-magnetic-field effects on the spin-flip diffu
sion and the magnon mass renormalization for the hi
temperature regime.

Gooding’s model is based on two spherical energys andd
bands for whichs-d transitions require spin waves whoseq
wave vectors exceed the radial distance between the
Fermi sphereskFs and kFd . The matrix elements of the in
teraction HamiltonianHsd between a conduction-electronka
and a spin-wave system is expressed by

u^k8a86,n~q!61uHsduka7,n~q!&u2

5
2S

N S n~q!1
1

2
6

1

2
uGaa8~k2k8!u2dk8,k7qD .

~1!

A k7 conduction electron in ana band is scattered into ak86

electron state in ana8 band with creation~or destruction! of
a spin waveq (k2→k81) ~or k1→k82!. Herea anda8 hold
for the s and d conduction bands. We assume a coher
diffusion with momentum conservation, and the spin-wa
umklapp processes are neglected.n(q) is the number of spin
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wavesq per unit of volume, andGaa8(k-k8) is the exchange
potential in the reciprocal space between the two banda
and a8. In the following calculation, we consider that th
electronic interaction as ad function. ThusGaa8(q) are con-
stant ink space and contain three parametersGss, Gdd , and
Gsd corresponding to the intraband and interband interac
strengths. The transition probability fork7a→k86a8 pro-
cess via magnon scattering is15

W„ka7,n~q!→k8a86,n~q!61…

5
4pS

N\2 S n~q!1
1

2
6

1

2D uGaa8u
2

3dk8,k7qd„E~ka7!2E~k8a86!7E~q!….

~2!

The last d function imposes energy conservation whe
E(ka) is the energy of a conduction electronka andE(q),
the q spin-wave energy. In the approximation of lon
wavelength magnons, which will be justified later, the ma
non energy has a quadraticq dependence in the central Bri
louin zone and an energy gap due to the magnetic anisot
BA , the spin-wave demagnetizationmBMs sin2 uk , and the
internal magnetic inductionBint ~Ref. 17!:

E~q!5Dq21gmB~Bint1BA1mBMs sin2 uk!. ~3!

HereD is the exchange stiffness,Bint the external magnetic
inductionB plus m0Ms , anduk the direction of propagation
of the magnon with respect to the magnetizationMs . As we
focus on the high-field study, well above the technical sa
ration of the magnetization (B@m0Ms), both the anisotropy
energy and the spin-wave demagnetization are neglig
compared to the 4-meV energy due togmBB in high field. To
account for the temperature dependence of spin waves
introduce the magnon mass renormalization in the stiffn
and the high-magnetic-field dispersion relation we will use

E~q,T,B!'~D02D1T22D2T5/2!q21gmBB. ~4!

The increase of the effective magnon mass with tempera
has two contributions: aT2 term due to the temperatur
dependence of the Fermi distribution and aT5/2 variation
expressing a higher corrective term due to magnon-mag
interactions.7 HereD0 is the zero-temperature magnon ma
D1 /D0 andD2 /D0 are constants of the order of 1026 K22

and 1028 K25/2 for Fe.8

The calculation ofrmag(T,B) is based on the standar
derivation of the Boltzmann equation and the application
the variational method which yields armag(T,B) value by
excess. Since steps of the calculation closely follow ear
works,15 only the major differences in the analytical trea
ment due to magnon mass renormalization and the high-fi
effects are detailed. Using Colquitt’s notation,37 the station-
ary solution of the conductivitys is equal to

s'2Ds12Dd2~Lss1Mss!2~Ldd1Mdd!12Msd . ~5!

The termsDs and Dd represent the rate of change of th
distribution functions of thes andd conduction electrons due
3-4
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to the electrical potential«: Da' 2
3 e«VvanaFa , wherena

is the density of state at the Fermi energy,va the Fermi
velocity of electrons in thea band,V is the sample volume
andFa is the variational function.Lss andLdd correspond to
the intraband s7→s6 and d7→d6 spin-flip electron-
magnon scattering via theGss andGdd exchanges, wherea
Mss and Mdd are connected to the interbands7→d6 and
d7→s6 scattering effects within theDs andDd conductivi-
ties, respectively. TheMsd term is less intuitive: it represent
a coupling between the twos andd electronic channels. It is
worth mentioning that Gooding’s approach is not antinom
to the two-spin-current model. Thes andd bands act like two
spin-polarized conductivity channels with intraband and
terband spin-flip transitions. The coupling termMsd has a
strong analogy with the spin-mixing resistivity calculated
Fert for electron-magnon interactions.18 With little algebra
on Eq.~5!, the general expression ofrmag(T,B) for a cubic
ferromagnet with one low-energy acoustic magnon bra
becomes

rmag~T,B!

'
V«2

kT

~Lss1Mss!~Ldd1Mdd!2Msd
2

~Lss1Mdd!Dd
212MsdDsDd1~Ldd1Mdd!Ds

2 .

~6!

As we include the magnon mass renormalization and
high-field effects on the magnon spectrum,Lss, Mss, Ldd ,
Mdd , andMsd are temperature and field dependent. We
rive substantially different expressions compared to form
works;15,37 they are presented in the Appendix.

Solving the integrals, Eqs.~A5! and ~A6!, and after suc-
cessive simplifications of Eq.~6!, we infer an analytical and
compact form of the magnetic resistivityrmag(T,B):

rmag~T,B!'r0u2~T!Rsd* ~T,B!

Tsd* ~T,B!~11kKd /kKs!1md /msTdd* ~T,B!

md /msTdd* ~T,B!u~T!1Rsd* ~T,B!k̃2a2
,

~7!

where

r05
3pVSmdGsd

2

4N\EFe2~kFa!2 , u~T,B!5
a2kT

D~T!
,

k̃25kKd
2 1kKd

3 /kKs1kKd
5 /kKs

3 1kKd
6 /kKs

4 ,

Rsd* ~T,B!52 ln$tanh@xmin sd~T,B!#%,

Tsd* ~T,B!52diln$exp@2xmin sd~T,B!#%

2
1

2
diln$exp@22xmin sd~T,B!#%

2
mBB

kT
Rsd* ~T,B!,
02443
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Tdd* ~T,B!52diln$exp@2xmin dd~T,B!#%

2
1

2
diln$exp@22xmin dd~T,B!#%

2
mBB

kT
ln$tanh@xmin dd~T,B!#%.

xmin dd and xmin sd are the field-induced gaps normalized b
kT in the magnon dispersion relation ford7-d6 ands7-d6

transitions:

xmin dd
min sd

~T,B!5

D~T!qmin dd
min sd

2
1gmBB

2kT
.

The final expression, Eq.~7!, we obtain provides a quantita
tive estimate of the magnetic resistivityrmag(T,B) in 3d
ferromagnets due to electron-magnon scattering, includ
the magnon mass renormalization and the high-field mag
toresistance. It relies on the standard band structure pa
eters which allow a direct comparison with the experimen
high-field resistivity we measure. One can notice that our
~7! at zero field and neglecting both the magnon renorm
ization and the exchange splitting between thed1 and d2

bands leads to a similar result as that obtained by Goodin15

Our rmag(T,B) expression brings the following gener
comments.

~i! The s7-s6 intraband scattering: The contributions
the magnetic resistivity originating froms7-s6, d7-d6, and
s7-d6 transitions are obviously not additive. However,
the calculation, terms expressing thes6-s7 intraband scat-
tering are negligible relative to thed6-d7 ands6-d7 tran-
sitions. The inefficiency of this interaction in terms of sca
tering stems from the largemd /ms ratio in 3d transition
metals: the electron-magnon scattering affects the condu
ity much more once heavyd electrons are involved in the
spin-flip processes. So thes-s terms have been neglected fo
compactness in Eq.~7!, with no alteration of the final result

~ii ! The interplay between the different parameters
rmag(T,B50): It is of interest to understand the respecti
effects of the band structure parameters and the expres
for spin waves on the magnitude of the magnetic resistiv
and its temperature dependence. In zero field, thermag(T)
value, at a given temperature, is an increasing function
md , nd(EF), the effective spinS, the magnon mass, and th
exchange constantsGaa . The last term reinforces the intra
band and interband electronic transitions and appe
squared inrmag(T,B). Unfortunately, little is known of the
Gss, Gdd , and Gsd values. They are thought to range b
tween 0.2 and 0.4 eV for free atoms,38 whereas, for 3d met-
als, the energies deduced from indirect exchange coup
theories are around 1–3 eV.39 For convenience, we assum
that the three parameters are equal around 0.5–1 eV. H
rmag(T,B50) is also strongly influenced by the spin-wav
exchange stiffnessD, which defines the collective spin exc
tations involved in the scattering process. In first order,
prefactor of Eq.~7! is roughly proportional toD2. For a
given magnon energyE(q), related to a thermal activation
kT, the correspondingq magnon has a largerq vector for
3-5
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FIG. 3. ~a! Effect of the magnon mass renormalization on the magnetic resistivity deduced from Eq.~7!, rmag(T), with D0

5350 meV Å2, D1 /D052.531026, andD2 /D05231028. The band structure parameters used for the calculation are those for iron~Table
I!. In inset, effect of thek gap between thes and d bands on the temperature dependence ofrmag(T) in the low-temperature regime.~b!
High-field magnetic resistivity calculated for different temperatures, from 50 to 450 K. In the inset, very-high-field theoretical MR exh
the saturation field of the magnon damping with the iron parameters.
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heavier spin waves. However, short-wavelength magnons
responsible for larger diffusion angles in the scattering p
cess, inducing a reduction of the spin-flip relaxation tim
That is why the magnetic resistivity is a decreasing factor
D. The temperature dependence of the magnetic resistivi
roughly driven by two terms acting in distinct temperatu
ranges. For temperatures lower thanDqmin dd

2 and Dqmin sd
2 ,

spin waves do not have high enough energy to induced7-d6

or s-d electronic transitions andrmag(T) tends exponentially
to zero below the energy gap. The zero fieldrmag(T) varia-
tion is mainly defined by the intrabandd7-d6 and the inter-
bands-d gap values ink space@inset, Fig. 3~a!#. For higher
temperatures, the magnon mass renormalization has a s
effect on the temperature variation ofrmag(T) @Fig. 3~a!#. A
larger temperature dependence observed inrmag(T) is a
straightforward consequence of the temperature-induced
hancement of the magnon mass. The temperature effec
the spin-wave spectrum is therefore a crucial parameter
an accurate estimate ofrmag(T).

~iii ! The low-energy magnon approximation: The upp
limits of the integrations overq space in Eqs.~A5! and~A6!
refer to the highest-energy magnon thermally excited
involved in the spin-flip process, for coherent scattering.
terms of normalized energy, the upper limit for the integr
is 2DkF

2/kT, which was replaced by infinity in the calcula
tion. If we perform the calculation ofrmag(T) with a finite
value—i.e., restricting the accessible high-energy magno
the result could give information on the magnon ene
range which does effectively affect the electronic diffusion
a given temperature. In that respect, we estimate the m
netic resistivity as a function of an artificially high-energ
cut off in the dispersion relation. From the determination
the required magnon energy to reach the total value of
magnetic resistivity, we infer that below 300 K, the low
energy magnon approximation remains justified: the m
part of the resistivity comes from electron-magnon scatter
with magnon energies below 150 meV. Up to such energ
the predominance of the acoustic mode with a quadratq
dependence has been experimentally confirmed for both
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Co, and Ni.9–11In contrast, at higher temperatures, more th
20% of the total magnetic resistivity involves magnon en
gies above 200 meV. Even if such magnons are statistic
rare, they are supposed to have a large impact on the e
tronic relaxation time. The open question is to know wheth
the spin waves we probe by transport measurements eq
affect the magnetization and the electronic spin diffusio
For Fe and Ni, high-energy neutron diffraction reveals
broadness of the acoustic branch above 150 meV due to
teractions with Stoner excitations and the existence of
optical mode forq vectors larger than the zone center.9–11

Therefore, considering a single quadratic acoustic mode
our model is a rather crude approximation for the hig
energy magnon spectrum in the high-temperature regim
tends to somehow underestimate the electron-magnon
tering.

~iv! The magnetoresistance: The field dependence of
magnetic resistivity is directly related to the field induc
gap in the magnon dispersion relation which reduces
number of collective spin excitations. Huge magnetic fie
are theoretically necessary to fully suppress electron-mag
scattering processes. Using the standard band structure
rameters for iron~Table I!, we estimate that the magno
saturation fields vary from 80 T at 50 K to 2000 T at 450
@inset, Fig. 3~b!#. These large values are a straightforwa
consequence of the role in the scattering processes of m
nons of high energy compared to the Zeeman energy indu
by the applied field. The temperature dependence of
high-field MR exhibits a strong increase ofDrmag(T,B) as
the temperature increases@Fig. 3~b!#. This is only due to the
enhancement of the magnetic resistivity value in zero fi
with temperature. We also point out that the negative MR
not quite linear; a curvature in the field dependence is alw
present and is band structure dependent. The shape o
Drmag(B) curve is mainly driven by the minimum wave vec
tor between the Fermi spheres—i.e., the minimum mag
energy responsible for spin-flips7-d6 andd7-d6 electronic
transitions. A stronger field dependence with a larger cur
ture is observed for small gaps ink space between thes7 and
3-6
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ELECTRON-MAGNON SCATTERING AND MAGNETIC . . . PHYSICAL REVIEW B 66, 024433 ~2002!
d6 bands. This is consistently explained by the field effe
first damping the lowest-energy magnon involved in the sc
tering process.

~v! Other models: Since the 1950’s, various models h
dealt with the field dependence of the resistivity in magne
metals and semiconductors.21,40,41 The spin fluctuations re
sponsible for thes-electron scattering are derived from th
spin correlation functions including the longitudinal an
transverse spin susceptibility.21,41 In the low-field regime
(mBB!kT), models forr(B) yield a linear resistivity de-
crease forT!Tc ~Refs. 21 and 40! and aB2/3 dependence
nearTc ~Ref. 21!. In our model, we only deal with transvers
spin fluctuations which restricts the validity range toT
<Tc/2. However, our calculation, based on the standards-d
interaction, takes into account thes andd conducting chan-
nels with an explicit calculation of the interbands6-d7 elec-
tronic transitions. It provides a more realistic description
the magnitude of the magnon induced spin-flip scattering
be compared with experimental results.

In the remainder of the paper, Eq.~7! will be used to fit
the data. However, this expression being rather complica
we propose an approximate expression for the resistivity
the paraprocess, above the low-temperature regime.
x

min dd
min sd(T,B),1, which typically corresponds to experime

tally accessible magnetic fields~,100 T! and above abou
Tc/5, Eq. ~7! is straightforwardly transformed to a simp
analytical form

Dr~T,B!'r~T,B!2r~T,0!}
BT

D~T!2 lnS mBB

kT D . ~8!

We conclude that, for a band ferromagnet, the high-field
sistivity driven by the electron-magnon scattering, roug
follows a B ln(B) dependence. From the above expressi
we get the temperature dependence of the MR slopes:

]Drmag~T,B!

]B U
B@m0Ms

}T~112d1T2!~ ln T1cte!,

where cte is a temperature-independent term andd1
5D1 /D0 . We checked that this simplified temperature d
pendence constitutes an excellent approximation to the
perimental MR slopes.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

Our experimental MR measurements expressed in term
variation of magnetic resistivity@Figs. 2~a! and 2~b!# are
compared to the theoretical expression for the magnetic
sistivity deduced from the electron-magnon scattering mo
As Eq. ~7! relies on a significant number of parameters d
scribing thes- andd-band structures plus the collective sp
excitations, our strategy consists in fixing the band struct
parameters for Fe, Co, and Ni to the most commonly adm
ted values ofEF , kFs , kFd , md /ms , Gsd , andS. Only the
magnon mass and its renormalization (D1 ,D2) are consid-
ered free parameters to account for both the magnitude o
02443
s
t-

e
c

f
o

d,
in
or

-
y
,

-
x-

of

e-
l.
-

re
t-

he

experimentalDrmag(B) curves, their curvature, and temper
ture dependence.

For iron thin films, the high-field resistivity decrease h
been accurately measured from 160 to 450 K. Table I su
marizes the band structure parameters we use for the fit.
major uncertainty is due to the exchange potential valueGsd
which is a square-multiplicative term in the prefactor
Drmag(B). However, its value does not affect the shape
the temperature and field dependence. An excellent ag
ment is obtained between the high-field electron-magn
model and the experimental MR, both in terms of field a
temperature dependence~Fig. 4 and inset!. From the fit pro-
cedure, we infer the magnon stiffness and its tempera
renormalization for iron films:

D~T!5~350620!@12~2.560.2!31026T2# meV Å2.

The simplified expression@Eq. ~8!# also leads to a very good
fit to the data@Fig. 2~b!, solid line# with a second-order term
d1'431026, in good agreement with the magnon ma
renormalization. The extrapolated magnon mass at 0 K is
fully consistent with other experimental values obtained
neutron scattering.8,42,43The negative coefficient we find fo
the T2 dependence is also in agreement with theoret
predictions;7 very few experimental values are availabl

FIG. 4. Experimental high-field magnetic resistivity~open
squares! and theoreticalDrmag(B) curves ~solid lines! deduced
from Eq. ~7! for Fe80 nm/MgO thin films with the band structure
parameters listed in Table I and the magnon mass renormaliza
as only fitting parameters~see text!. In the inset, the agreemen
between the experimental temperature dependence of the high
MR slope~open circles! and the theoretical one~solid line!.

TABLE I. Band structure parameters for Fe, Co, and Ni used
the magnetic resistivity calculations, Eq.~6!.

V/N
(10223 cm3)

EF

~eV! kFs3a (kFs2kFd)3a md /ms S
Gsd

~eV!

Fe 1.18 7.1 3.37 0.48 9 1 0
Co 1.1 7.3 3.47 0.57 14 0.77 0
Ni 1.09 7.3 3.46 0.14 22 0.5 1.
3-7
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FIG. 5. Experimental high-
field magnetic resistivity ~open
circles! and theoreticalDrmag(B)
curves~solid lines! deduced from
Eq. ~7! for Co7 nm/Al2O3 ~a! and
Co10 nm/Al2O3 thin films ~b! with
band structure parameters listed
Table I and the magnon mas
renormalization as unique fit pa
rameters for both samples~see
text!. In ~c!, the agreement be
tween the experimental tempera
ture dependence of the high-fiel
MR slope ~open circles! and the
theoretical one~solid line! for the
two samples.
n

-
tin

th

o
uc

re
ita

4
ss

l t
o
s

he

we
the

l

he
the

is
.7
in
ntal
del

e
of

by

al
e-

ass
ranging from 1.431026 to 531026.8,44 Let us mention that
the T5/2 corrective term due to magnon-magnon interactio
has little influence on theD(T) variation belowTc/3. Its
value is within the uncertainty we get in the fitting param
eters. Therefore, from the temperature range and the fit
procedure, we cannot extract theT5/2 coefficient of the mag-
non mass renormalization for Fe and Co.

The same analysis is performed on cobalt; we model
high-field MR obtained for different Co films@Figs. 5~a! and
5~b!# by the theoretical expression of the electron-magn
scattering in high field, relying on the standard band str
ture parameters for Co~Table I!. Good agreements@Figs.
5~a!–5~c!# between Eq.~7! and the experimental data a
obtained from which we deduce the collective spin exc
tions in cobalt:

D~T!5~470620!@12~1.560.2!31026T2# meV Å2.

We note that the experimental measurements from 4.2 to
K include several Co polycrystalline layers, with thickne
varying from 6 to 20 nm~not all shown here!. Within the full
temperature range, a unique stiffness value is used for al
Co samples. The collective spin excitations are theref
little dependent on the structural properties and thickne
Even for the thinnest films, we do probe a bulk effect. T
extrapolated stiffness value at 0 K is in full agreement with
previous data obtained by Brillouin45,46 and neutron
02443
s
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e

n
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50

he
re
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scattering47,48and ranging from 435 to 540 meV Å2, depend-
ing on crystallographic orientations. The average value
find is consistent with the absence of in-plane texture in
Co films we measure. The magnitude of theT2 term, around
21.5731026 K22, also agrees with theoretica
calculations.7

The analysis is somehow more complex for Ni films. T
temperature range where we unambiguously measure
negative MR with a negligible normal MR contribution
180–450 K. The highest of these temperatures reaches 0Tc
which is too high for the simple picture of collective sp
excitations we depict. Figure 6 presents the experime
high-field MR and the results of the electron-magnon mo
for the band structure parameters of Ni listed in Table I. W
shall notice that the rather high experimental values
Drmag(B) are accounted by Eq.~7! only if essential param-
eters like the exchange integralGsd or the effective spin are
little boosted. Similar conclusions have been reached
Gooding in the view of the low curvesrmag(T) he obtained
with the ‘‘standard’’ band structure parameters.15 Only for
Gsd equal to 1.3 eV~which belongs to the upper theoretic
accessible values! is a satisfactory agreement obtained b
tween our model and the high-field MR. The magnon m
and its renormalization we extract from the fits are

D~T!5~390620!@12~1.560.2!31026T21~6.460.2!

31028T5/2# meV Å2.
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ELECTRON-MAGNON SCATTERING AND MAGNETIC . . . PHYSICAL REVIEW B 66, 024433 ~2002!
Like for Fe and Co, the spin-wave stiffness value extra
lated to 0 K agrees with neutron scattering studies.8,49 The
temperature dependence we infer is also consistent with
oretical predictions50 and the value of theT5/2 term we obtain
is positive, as expected for a large number ofd band
electrons.8 To the best of our knowledge, these values co
stitute the first experimental estimate of the Ni magnon m
renormalization. However, forT.Tc/2, we notice on Fig. 6
that the theoreticalDrmag(B) curves exhibit a larger curva
ture in high field than the experimental ones. A significa
discrepancy is observed for MR curves above 320 K and
T. The model for electron-magnon scattering underestim
the spin disorder in Ni films aboveTc/2. This is not surpris-
ing, as approachingTc , both optical magnons and Ston
excitations start to be thermally populated which enhance
spin disorder. To account for the magnetic resistivity d
crease in high field aboveTc/2, short-range spin fluctuation
and a broadness of the spin-wave dispersion relation sh
be included in the spin-flip scattering model.

V. DISCUSSION

The convincing consistence between calculations and
perimental data, based on very few parameters, strongly
ports the validity of the high-field electron-magnon scatt
ing model we developed. For Fe, Co, and Ni, the tempera
dependence of the magnetic part of the resistivity can
estimated using Eq.~7! with spin-wave characteristics ex
tracted from the high-field measurements@Fig. 7~a!#. The
measurements provide evidence that the high-field slope
measure does originate from magnon damping in high fi
which reduces spin-flip electron-magnon scattering eve
We also demonstrate that an accurate determination of

FIG. 6. Experimental high-field magnetic resistivity~open
squares! and theoreticalDrmag(B) curves ~solid lines! deduced
from Eq. ~7! for Ni20 nm/MgO thin films with the band structure
parameters listed in Table I and the magnon mass renormaliza
as the only fitting parameters~see text!. Note the high-field discrep-
ancy above 20 T forT.Tc/2. In the inset, the agreement betwe
the experimental temperature dependence of the high-field
slope~open circles! and the theoretical one~solid line!.
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lective spin excitations is accessible by magnetotransport
periments via the electron-spin disorder diffusion. At roo
temperature, we conclude that the electron-magnon sca
ing contribution to the resistivity reaches 1.8, 2, and 5
mV cm for Co, Fe, and Ni, respectively. The surprising
high-temperature dependence we observe for Ni ma
comes from the smallk gap between thes7-d6 bands which
determines the frozen temperatureTF for electron-magnon
s7-d6 scattering. The large magnitude and the we
pronounced curvature ofDrmag(B) below Tc/2 imply small
gaps in thek space. The frozen temperature fors7-d6 tran-
sitions we infer for Ni isTFsd'15 K, which is far below the
temperatures we obtain for Fe and Co,TFsd'160 K ~Fe! and
TFsd'250 K ~Co!. For d7-d6 electronic transitions, the fro
zen temperatures we deduce for the three magnets are ar
40 K, in rough agreement with former estimates in the fra
of the spin mixing calculation for the two-current model.18 If
we plot the magnetic resistivities versus the normalized te
peratureT/Tc , the dispersion of thermag(T) curves for Fe,

on

R

FIG. 7. ~a! Determination of the magnetic resistivity due
electron-magnon scattering for Fe, Co, and Ni, from Eq.~7! relying
on the adequate band structure parameters and collective spin
tations inferred from the high-field MR measurements. In inset,
magnetic resistivity as a function of the normalized temperat
T/Tc . ~b! Contribution of the estimated magnetic resistivity to t
experimental resistivity after subtraction of the residual resistiv
for Fe, Co, and Ni.
3-9
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Co, and Ni is strongly reduced even if substantial differen
in the temperature dependence remain@inset, Fig. 7~a!#. For
instance, atT5Tc/4, the corresponding magnetic resistiviti
equal 1.2, 2.5, and 1.2mV cm for Fe, Co, and Ni, respec
tively. The success of the crude scaling byTc makes sense a
the magnitude of the band splitting which drives the spin-
s-d transition roughly follows the Curie temperature. B
sides, it is worth noting that above the frozen temperatu
the magnetic resistivity we infer exhibits a temperature
pendence stronger than the well-knownT2 law for electron-
magnon scattering as a consequence of the magnon
renormalization.

Comparing the estimatedrmag(T) to the experimental re
sistivity $r(T)2r imp% we measure, we probe the magne
contribution to the total electronic scattering@Fig. 7~b!#. At
room temperature, the spin-flip scattering via magnon is
sponsible for 15%, 18%, and 30% of the total resistivity
Fe, Co, and Ni, respectively~after subtraction of the residua
resistivity r imp!.

The theoreticalDrmag(B) curves in the very-high-field
regime can also be extrapolated to infer an estimate of
magnetic field necessary to fully damp the spin waves,
to depopulate the magnons and decrease the magnetic
tivity close to zero. For Fe and Co, the saturation fields
roughly identical, of the order of 80, 500, and 1500 T f
temperatures of 20, 100, and 300 K, respectively.

VI. CONCLUSION

The general behavior of nonsaturation of magnetotra
port measurements in the paraprocess regime in ferrom
nets has been addressed. We demonstrate that the resis
decrease in high field, of the order of 0.01–0.03mV cm T21

at 300 K for Fe, Co, and Ni, is due to a reduction of t
spin-flip electron-magnon scattering induced by damping
spin waves. A new expression has been developed for
magnetic resistivity based on intraband and interband s
flip transitions due to magnon scattering with a band str
ture consisting of two polarizeds andd bands. The analytica
expression ofrmag(T,B) @Eq. ~7! or the simplified equation
~8!# includes temperature and magnetic field effects on c
lective spin excitations, and it relies on the standard b
structure parameters of the 3d ferromagnets. The model w
propose is successfully applied to the experimental high-fi
negative MR. It ensures a unified picture for spin waves a
the s-d interaction in the 3d ferromagnets. From the magne
totransport measurements, direct comparison with the h
field spin-flip model gives an estimate of the magnon st
ness and the temperature-induced renormalization for Fe,
and Ni in agreement with neutron experiments. The el
tronic transport analysis is therefore an accurate manne
probe the spin disorder above the technical saturation of
magnetization as well as the strength of thes-d interaction.
Finally, from the parameters we extract from the high-fie
fits, we can estimate the contribution to the total resistiv
due to the electron-magnon scattering in a large tempera
range where electron-phonon and electron-electron di
sions also contribute to the scattering. Our approach lead
the determination of the pure spin disorder contribution
02443
s

s,
-

ass

-
r

e
.,
sis-
e

s-
g-
vity

f
he
in
-

l-
d

ld
d

h-
-
o,
-
to
e

y
re
-
to

o

the resistivity. The departure to the model observed for
aboveTc/2 hints that Stoner excitations and the existence
an optical magnon branch become important in the hi
temperature regime. Our approach can be extended to o
magnets like weak ferromagnets or half-metallic ferroma
nets to probe the spin disorder and their coupling to
conductivity.

APPENDIX

In this appendix, we evaluateLss(T,B), Mss(T,B),
Ldd(T,B), Mdd(T,B), and Msd(T,B) starting from results
obtained in Ref. 15. The integrals over the accessibleq spin
waves give rise to new expressions which express the m
non mass renormalization, the field-induced gap in the m
non spectrum, and thed-band splitting:

Laa~T,B!5S kTV2pS

N\ka
4a4 DFa

2na
2Gaa

2 2Taa~T,B!, ~A1!

Mss~T,B!5S kTV2pS

N\ks
3kda4DFs

2nsndGsd
2 4ks

2a2Rsd~T,B!,

~A2!

Mdd~T,B!5S kTV2pS

N\kd
3ksa

4DFd
2nsndGsd

2 4kd
2a2Rsd~T,B!,

~A3!

Msd~T,B!5S kTV2pS

N\ks
2kd

2a4DFsFdnsndGsd
2

3@22Tsd~T,B!12~ks
2a21kd

2a2!Rsd~T,B!#.

~A4!

The functionsTa(T,B), Tsd(T,B), andRsd(T,B) are inte-
grals over the accessibleq vectors defined by

Tss
dd
sd

~T,B!5
a4

6 E 0
qmin dd
qmin sd

Q

q3 cschS D~T!q21gmBB

2kT Ddq,

~A5!

Rsd~T,B!5
a4

6 E
amin sd

Q

q cschS D~T!q21gmBB

2kT Ddq.

~A6!

The Q vector is the maximum accessible magnon wa
length equal to 2kF . The low limits for theq integrations are
3-10
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0, qmin dd, and qmin sd for the intrabands7-s6 and d7-d6

and interbands7-d6 electronic transitions, respectively. W
neglect the exchange splitting for thes1 ands2 bands. The
qmin dd andqmin sd wave vectors represent the minimum ga
in k space between thed1-d2 and s-d bands. Assuming a
2GddS energy exchange splitting for thed-polarized bands,
the minimumq vectors are15,18
-

r

e

.

O

t
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qmin dda5ukFd12kFd2ua'
GddSkFda

EF
, ~A7!

qmin sda5ukFs
2kFd

ua'Amd

ms

GsdS~kFs
1kFd

!a

2EF
.

~A8!
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