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The determination of collective spin excitations and their contribution to the intrinsic resistivity via spin-flip
electronic scattering are addressed fdrf8rromagnets using magnetotransport experiments. We present lon-
gitudinal high-field magnetoresistan@R) 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 0.0}-0®8 T * 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 intrabasié 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 il 3erromagnets. 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.
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[. INTRODUCTION the predominansg-d interaction. The strength of this interac-
tion and the thermal spin disorder are thought to have a

Strong 3 ferromagnets like Fe, Co, and Ni have beensevere impact on the spin coherence length which is a critical
intensively studied for more than half a century in the frameparameter for giant magnetoresistive effects. However, de-
of the controversy between localized and itinerant-electrorspite intensive studies in the 1970’s on the electronic scatter-
theories of magnetism. Their magnetic properties like théng processes responsible for the resistivity in metallic
temperature dependence of the magnetization or the highierromagnets?~2%the magnitude of the-d interaction and
magnetic-field susceptibility have been successfully deits contribution to the magnetic resistivity via spin-flip elec-
scribed by the band splitting modef once major improve-  tronic transitions remains poorly known. No experiment has
ments have been introduced. Among them, we shall cite thinferred a direct estimate of the pure spin-flip electronic scat-
temperature dependence of the spin densities of states or thering contribution to the resistivity in a temperature range
existence of collective spin excitatiofis® With the achieve- where spin excitations, electron-phonon scattering, and inter-
ment of high-energy neutron sources, inelastic neutron scaelectronic collisions coexist.
tering in these metallic magnets revealed new properties of In this paper, we report on an original manner to deter-
the magnon relation dispersion which validates the band femine both the nature of the spin disorder and its contribution
romagnetism: in the low-temperature regime, both the temto the intrinsic resistivity of the three ferromagnets Fe, Co,
perature dependence of the spin-wave stiffness wifi?a and Ni up toT./2. Whereas standard galvanomagnetic stud-
term’® and the existence of an optic branch for magnon conies are performed in low fields, we measure the longitudinal
firm the itinerant nature of thedBmagnetisn? ™! More re- magnetoresistancéMR) in epitaxial Fe, Co, and Ni thin
cent topics on &8 transition metals deal with the interplay of films in a 40-T pulsed magnetic field, well above the techni-
spin-polarized transport and spin-dependent scattering pr@al saturation of the magnetization, between 1.8 and 500 K.
cesses in nanostructured devices for magneto electronics. Feur measurements exhibit an almost linear and nonsaturating
Co, and Ni layers are the most encountered ferromagnetigegative MR in the single-domain magnetic state. The resis-
electrodes in magnetic devices with a spin polarization of aive slope is around 0.01-0.022cm T ! at 300 K for the
few tens of a percent. Recently, a study of spin polarizatiorthree ferromagnets. We assign the decrease in resistivity to
in cobalt-based tunnel junctions has demonstrated tthe 3the high-field effect on the intrinsic spin disorder and its
character of the tunneling electrons in Ednteresting re-  coupling to charge carriers. We demonstrate that this effect
sults are also obtained on the understanding of the “ultivesults from a reduction of electron-magnon scattering pro-
mate” magnetoresistance originating from the spin-cesses due to a damping of the spin waves at high fields. We
dependent scattering on nanoscale magnetic inhomogeneitipeopose a theoretical calculation of spin-flip electronic relax-
like magnetic domain walls in ferromagnetic thin fillis. ation times via electron-magnon collision. Convincing agree-
The magnitude of these resistive effects is spin polarizatioment between the high-field measurements and our model
dependent at the Fermi level and relies on the spin couplingnsures the consistence of the theoretical approach and pro-
between charge carriers and the local magnetic moment viades a unique estimate of the resistivity of magnetic origin
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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 in-
volved in the electronic scattering for the three magnets.

In Sec. Il after a brief summary of experimental details,
we present our experimental results on longitudinal MR in
Fe-, Co-, and Ni-patterned thin films as a function of field
and temperature and we extract the temperature and field
variation of the magnetic part of the resistiviyp o, T,B).

In Sec. Illl, following the formalism developed by
Goodingst® we derive a theoretical expression of the mag-
netic resistivity in strong ferromagnetic metals based on in-
traband[s-s;d-d] and interband s-d] spin-flip electronic
transitions due to electron-magnon scattering. High-field ef-
fects on the low-energy magnons as well as the magnon mass
renormalization are introduced to derive an analytical ex-
pression of the field and temperature dependence of the mag-
netic resistivityp,od T,B), relying on standard band struc-
ture parameters for Fe, Co, and Ni. In the last section,
comparison between the experimental results and the model

Fe :AR/R (%)

Co :ARR (%)

Ni :AR/R (%)
S
//
%

provides an accurate determination(fthe spin-flip[s-d] 4 ;fg: zéi}f [ ——
relaxation time via electron-magnon interaction up to 500 K, g0k 403K

(i) the high-field spin-wave damping and the magnon mass -6 L e : :
renormalization, andii ) the magnitude of the magnetic con- 0 10 20 30
tribution to the intrinsic resistivity. B(T)

FIG. 1. Longitudinal high-field magnetoresistan&li() at vari-
Il. EXPERIMENT AND RESULTS ous temperatures for Fe, Co, and Ni epitaxial filmBesy ,,/ MgO,
Co; ym/Al,03, and N,/ MgO. Note the extrinsic negative MR

_ Magneto_resistance is measured on Fe, Co, and Ni thigejow the technical saturation of the magnetization for Co due to
films deposited on MgO and AD; substrates by molecular grain boundary effects.

beam epitaxy(for Fe and N) and by thermal evaporation
under ultrahigh vacuunfor Co). The films thickness range average electronic relaxation timeand its field dependence
fr(?m 7 tO 80 nm. A reS|dUa.| rQSIStance ratio aI’Ol'Jnd 27 fOI’ th%sptotal( T) = 01(1/7-) + CZ(WCT)n!l7 WhereWC is the Cyc|0tron
thicker films attests to their high structural quality. The high-frequency. The first term expresses the electronic scattering
field magnetotransport experiments have been performed ifrocesses limiting the conductivity. The second one accounts
the LNCMP facilities (Toulouse, Frande using a 40-T  for the positive MR with am power law depending onand
pulsed field with a 1-sec total pulse duration. Standard agne applied field. In the frame of the two-current model for
techniques for low-level signals were used to measure thgetallic ferromagneté’ even if the transition rates of the
longitudinal MR (1IB) on patterned thin films. We focus electronic diffusions originating from different scattering
here on the high-field electronic scattering regime where thgources remain additive within each conduction band, some
intrinsic anisotropic MR and any possible giant MR due todeviations to Matthiessen’s rule have been pointed?dfit.
?rain 'boulndaries have no more effects on the magnetoresigherefore, the terne,(1/7) is conveniently expressed by
ive signal.

Our systematic study of longitudinal MAFig. 1) on Fe, =0
Co, andyNi thin filmsyshowsga normal MF\%J in the low- S =Pimpt PeeT)+ £o(T)+ Proad T.B)+ P T.B).
temperature regime resulting from the well-known LorentzHerepiy,, is the residual resistivity due to impuritigs,..(T)
force on charge carriers. A crossover from a positive to ds due to the electron-electron interactiof®aber tern?),
negative resistance slope is observed as the temperatureasd py(T) is the electron-phonon scattering. These three
increased. It follows the temperature-induced reduction ofirst terms are supposed weakly dependent on an applied
the electronic mean free path. In the high-temperature remagnetic field in the saturated magnetic staig,{ T,B) is
gime, but still well below the Curie temperatufe, a nega- the magnetic resistivity originating from the spin disorder,
tive MR clearly dominates the high-field signal for applied and p4(T,B) represents the deviation to Matthiessen’s rule
fields well above the demagnetization field of the magnet anihherent to the inter band mixing. However, for pure metals,
its magnitude significantly increases with temperature. Fotheoretical predictions estimate that, above the low-
the three ferromagnets, the MR roughly reackd$o at 30 T  temperature regime, let us say 50 K, the deviations to Mat-
for temperatures arountl/3 and exhibits an almost linear thiessen’s rule are expected to have a minor influence on the
field dependence for higher temperatures, with no departur®tal resistivity: pq(T,B) is about one order of magnitude
toward saturation in 40 T. lower thanp . T,B) for temperatures larger than the char-

It is customary to define the resistivity as a function of theacteristic temperaturél for electron-magnon scattering
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tivity variations which rules out any surface effect. To attest
the intrinsic origin of the negative MR, measurements have
also carried out on Lkm Co films deposited by sputtering at
room temperature and giving rise to comparable
ﬁAPmag(T,B)/ﬁB|B>MOMs values. Therefore, structural qual-

ity little influences the magnetic contribution to the overall
resistivity. It only determines the low-temperature limit be-
low which the normal MR overcomes the pure magnetic sig-
nal. No attempt has been made to subtract the positive MR in
order to extend the temperature range in whighy,.{ T,B)

Ap,g(B) (1 €2 . cm)

—-: 8 B is observable. The Khoeler law commonly used to scale the
§ \ normal MR in metals does not provide reliable reSL_JIts versus
a 6l s s Ze | temperature because the temperature does not simply affect
i 4 Z Ni" the number of scatters: it also modifies their nature, like the
S o | wavelength of phonons involved in the scattering proé@ss.

2 000 " vioeos  © Besides, it is worth noting that in principle the magnetic
E 5 R TS A S A | resistivity decrease is also present for low applied magnetic
= I . °° P fields (of the order of 1 J. However, despite a tremendous

%E ol oo a0 oo a@?” - b | number of papers on m.agneFOtranspé)rt experiment; in ferro-
2 : . magnets, few mention its existerf¢e’® and no quantitative

study has been performed. In low field, its magnitude of the
order of 510" % ) cm at 500 Oe is widely dominated by
FIG. 2. (a) High-field magnetic resistivity variations deduced _Other galvanomag.neti_c effects related to the teCh”iC".’" order-
from the experimental MR on kg,/MgO. (b) High-field mag- ing of the magnetization. Therefore, an accurate estimate of
nm' .

netic resistivity SlopegA pmad T,B)/B|gs. s VS temperature for the intrinsic resistivityp,,od T,B) requires magnetotransport

Fe, Co, and Ni. In the inset, the temperature is normalized dpr experiments above th? demagqetizing field.
the three magnets. Note that the negative high-field MR has to be related to

the high-field magnetic susceptibility;B) (Refs. 31 and

(temperature below which the electron-magnon diffusion is32) and the magnetizatioM(B) in ferromagnets in the
frozen).22 Therefore, in a high enough temperature range an@@raproces¥:** Pioneer theoretical studies op(B) pre-
under high magnetic fields, we make the reasonable assumficted a simple way to infer thé-band density of state at the
tion that both the normal MR and the,(T,B) term do not ~ Fermi level’ however, it appeared tha¢n(B) originates
contribute significantly to the field-dependent resistivity wefrom several contributions in addition to tieband suscep-
measure. In term of field-induced resistivity variations, weliPility, including the orbital van Vleck susceptibility, the dia-

straightforwardly conclude that our results can be expresse@agnetic core contribution, and spin-wave excitatidfs.
as These various contributions associated with experimental

difficulties to measure magnetization variations below 100
Ap(T,B)=p(T,B)—p(T,B=0)~Apmad T.B). ppm in high fields have constituted a severe limit to the
high-field M (B) studies. Our approach, based on transport

We infer a quantitative estimate of the field dependence fopeasurements, is an alternative way to probe the paraprocess
the pure magnetic resistivity of Fe, Co, and Ni even if itsj5 electron-spin disorder scattering.

absolute value in zero field remains unknofffig. 2(a)]. In
Fig. 2(b), we present the negative MR slopes
ﬁApmag(T,B)/(9B|B>ﬂ0,\,IS for the three ferromagnets in the

intermediate temperature regime. Hoe T./3, the resistivity
decrease is around 0.X2 cm T~1. When plotted as a func- The starting point for the longitudinal high-field MR
tion of the normalized temperatureE/ T, the resistivity model is to assume that the magnetic field mainly affects
slopes scale on a unique curimset, Fig. 2b)]. This crucial  spin-flip electronic scattering processes. It is well known that
result provides strong evidence that the high-field longitudi-both spin-flip and non-spin flip diffusions govern the elec-
nal MR in a temperature range well beldvy is of magnetic  tronic resistivity. The latter is driven by electron-phonon
origin. It probes the electron-spin disorder scattering pro-scattering and electron-electron interactions for whseti
cesses once the Lorentz MR is negligible. It also validatesnterband transitions arstd interactions play a predominant
the above assumptions on Matthiessen’s deviations and emsle?®??The spin-flip scattering results 87 -s*,d*-d™ in-
sures a unified picture of thermally activated spin excitationgraband and™-d* interband electronic transitions and nec-
in 3d transition metals. essarily involves annihilation or creation of oBelectronic
We mention that in Fig. () are plotted results obtained spin via Stoner excitations or collective spin excitations.
for Fe, Co, and Ni epitaxial thin films with various thick- These scattering processes are enhanced by the electronic
nesses, from 7 to 80 nm. No significant thickness depenproperties of the partially filled polarized band—i.e., its
dence in this range has been observed on the magnetic reslarge effective massny and the high electronic density of

T(K)

Ill. HIGH-MAGNETIC-FIELD ELECTRON-MAGNON
SCATTERING MODEL
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states at the Fermi levehy(Eg). All of them significantly  wavesq per unit of volume, ané& - (k-k’) is the exchange
contribute to the magnitude of the intrinsic resistivity in the potential in the reciprocal space between the two bands
temperature range of our study. An accurate distinctiorand «’. In the following calculation, we consider that the
among the various contributions remain an unresolved tasg&lectronic interaction as éfunction. ThusG,,/(q) are con-
above 70 K: theoretical calculations rely on drastic simpli-stant ink space and contain three parame®ts, G44, and
fications and the resistivities exhibit very similar temperatureG corresponding to the intraband and interband interaction
dependences, in particular fpg.o(T) andpmad T,B). How-  strengths. The transition probability f&™a—k’“a’ pro-
ever, we may wonder how a 40-T applied field induces acess via magnon scatteringis

monotonous resistivity decrease well above the technical B

saturation of the magnetization. It certainly reduces the spinW(ka™,n(q)—k’a’*,n(q)*1)

disorder and therefore increases the spin-flip electronic relax- IS 11

ation time. On the other hand, assuming a rigid band model, = L(n(q)Jr —t—) |G |2

the corresponding Zeeman energy is approximately 4 meV in N7:° 272
high field. We do not expect the field-induced band shift to e P —
be large enough to have a significant effect on stendd X O kzqd(E(ka™) —E(K'a" ") TE(q)).
densities of state & . The absence of a singularity in the (2

temperature dependence of the high-field MR also rules ouf;he last & function imposes energy conservation where
d-band susceptibility effects on the electronic scattering. S%(ka) is the energy of a conduction electrn and E(q)

in a first approximation we consider that high magnetic fieldsthe q spin-wave energy. In the approximation of long-

do not significantly alter the electron-phonon and the Babe.\r/vavelength magnons, which will be justified later, the mag-

scattering. Besides, below 500 K, both thermal and magnetlé)on energy has a quadratidependence in the central Bril-

energy per spin under_ 40. T are_much lower than the require uin zone and an energy gap due to the magnetic anisotropy
energy for Stoner excitations—i.e., the band-splitting energyBA’ the spin-wave demagnetizatiqnsM,sir? 6, and the

Single-particle excitations and,fortiori, their high-field de- internal magnetic inductioB,, (Ref. 17:
pendence can be neglected for Fe and Co. Nevertheless, we int e
argue that a 4-meV magnetic energy introduces a significant
gap in the dispersion relation of long-wavelength magnons
which is responsible for the reduction of magnetization up toHere D is the exchange stiffnesB;,; the external magnetic
approximatelyT /2.3 These arguments are consistent withinductionB plus xo,Ms, and 6, the direction of propagation
the idea that the magnetic resistivity is essentially dominatedf the magnon with respect to the magnetizatidp. As we
by spin-flip electronic scattering via electron-magnon colli-focus on the high-field study, well above the technical satu-
sions and our magnetotransport measurements are a dirgeation of the magnetizatiorB® uoM,), both the anisotropy
probe of the field-induced spin-wave damping. energy and the spin-wave demagnetization are negligible
As an extension of Gooding's workson spin disorder compared to the 4-meV energy duegtagB in high field. To
resistivity in zero field and low temperatures, we propose account for the temperature dependence of spin waves, we
new analytical expression for the contribution of electron-introduce the magnon mass renormalization in the stiffness
spin-wave scattering to the magnetic resistivity,{ T,B), and the high-magnetic-field dispersion relation we will use is
including high-magnetic-field effects on the spin-flip diffu-
sion and the magnon mass renormalization for the high- E(q,T,B)~(Dy—D;T?2—D,T*?q?+gugB. (4

temperature regime. The | f the effecti ith
Gooding’s model is based on two spherical enesgndd e increase of the e ectlvze magnon mass with temperature
has two contributions: &< term due to the temperature

bands for whichs-d transitions require spin waves whoge o 5
wave vectors exceed the radial distance between the tmgependgnce Of. the Fermi Q|Strlbutlon andr&” variation
expressing a higher corrective term due to magnon-magnon

Fermi sphere&rs andkg4. The matrix elements of the in- | ond ) i
teraction Hamiltoniamd ;4 between a conduction-electréw interactions. HereD, is the zero-temperature magnon P;ass,
D,/Dy andD,/D, are constants of the order of 10K

and a spin-wave system is expressed by and 10°8 K-52 for Fe®

- + ¥ 2 The calculation ofp,,,,{T,B) is based on the standard
I(k"a@'=,n(q) £ 1[Hgdka™,n(q))] derivation of the Boltzmagsm equation and the application of
1 i the variational method which yields @,,{T,B) value by
-N n(a)+ §i§|GM,(k—k )6k kzq |- excess. Since steps of the calculation closely follow earlier
works® only the major differences in the analytical treat-
) ment due to magnon mass renormalization and the high-field
effects are detailed. Using Colquitt’s notatiththe station-
ary solution of the conductivityr is equal to

E(0)=Dg?+gup(Bint+Bat usMsSi? 6,). (3

A k™ conduction electron in aa band is scattered intokd *
electron state in an’ band with creatiorior destruction of
? spin wavey (k- —k’ ") _(or k*—k’"). Herea anda’ hold 0~2D¢+2Dy— (Lsst Mgo) — (Lgg+ Myg) +2Mgq. (5)

or the s and d conduction bands. We assume a coherent

diffusion with momentum conservation, and the spin-waveThe termsDg and Dy represent the rate of change of the
umklapp processes are neglectefly) is the number of spin  distribution functions of the andd conduction electrons due
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to the electri_cal potential: Da~§68YU Na@ ey wherena_ T4 4(T,B) =2diln{exd —Xminqa(T,B) 1}
is the density of state at the Fermi energy, the Fermi
velocity of electrons in thex band,V is the sample volume,
and® , is the variational function. ;s andL 44 correspond to
the intrabands®™—s* and d*—d* spin-flip electron- 5
magnon scattering via th8¢s and G4q exchanges, whereas _ kB8P _

Mg and Myq4 are connected to the interbasd —d* and ket "N X aa(T, B) 13-
d*—s™* scattering effects within thB, andD4 conductivi-
ties, respectively. Th# 4 term is less intuitive: it represents . ; . . AR T i+
a coupling between the twd®andd electronic channels. It is i(r;r!r;i:irl;?agnon dispersion relation fdr-d= ands™-d
worth mentioning that Gooding’s approach is not antinomic '
to the two-spin-current model. Tigandd bands act like two 2
spin-polarized conductivity channels with intraband and in- , D(T)q$22§§+g“58

terband spin-flip transitions. The coupling teivhyy has a xmindd(T,B) = KT

strong analogy with the spin-mixing resistivity calculated by

Fert for electron-magnon interactiofsWith little algebra ~ The final expression, Eq7), we obtain provides a quantita-
on Eq.(5), the general expression pf,,{ T,B) for a cubic tive estimate of the magnetic resistivipy,.d T,B) in 3d
ferromagnet with one low-energy acoustic magnon branclierromagnets due to electron-magnon scattering, including

1
— 5 diln{ex] — 2Xminao(T,B) 1}

Xmindd @Nd Xminsg @re the field-induced gaps normalized by

becomes the magnon mass renormalization and the high-field magne-
toresistance. It relies on the standard band structure param-
Pmad T.B) eters which allow a direct comparison with the experimental
5 5 high-field resistivity we measure. One can notice that our Eq.
_Ve® (Lsst Mg (Lgg+Mga) — Mgy (7) at zero field and neglecting both the magnon renormal-
KT (LestMgg)D3+2M DD g+ (Lgg+ Mgq) D2’ ization and the exchange splitting between the and d
bands leads to a similar result as that obtained by Godding.
(6) Our pmad T,B) expression brings the following general
As we include the magnon mass renormalization and th€omments. _ o
high-field effects on the magnon spectrumg, Ms, Lyg, (i) The s™-s~ intraband scattering: The contributions to

Mg, andM .y are temperature and field dependent. We dethe magnetic resistivity originating frost -s=, d*-d*, and

rive substantially different expressions compared to formep -d~ transitions are obviously not additive. However, in

works>% they are presented in the Appendix. the calculation, terms expressing teé-s* intraband scat-

Solving the integrals, Eq$A5) and (A6), and after suc- tering are negligible relative to thé~-d™ ands=-d™ tran-
cessive simplifications of Ed6), we infer an analytical and Sitions. The inefficiency of this interaction in terms of scat-

compact form of the magnetic resistivipy T,B): tering stems from the largeng/mg rgtio in 3d transition _
metals: the electron-magnon scattering affects the conductiv-
~n 2 * ity much more once heavg electrons are involved in the
Pmad T.B)=pol (T)Rs(T.B) spin-flip processes. So tleesterms have been neglected for
T:(T.B)(1+ Kyg/Kys) + Mg /M Ti4(T,B) compactness in Eq7), with no alteration of the final result.
— , (i) The interplay between the different parameters in
ma/MsT54(T,B) O(T)+ RE(T,B)k?a? pmad T.B=0): It is of interest to understand the respective

7) effects of the band structure parameters and the expression
for spin waves on the magnitude of the magnetic resistivity

where and its temperature dependence. In zero field, dhg(T)
value, at a given temperature, is an increasing function of
377VSij§d a’kT my, Ng(Eg), the effective spirg the magnon mass, and the
PO~ ANKE- ka2 O(T:B)= : exchange constan®s,, . The last term reinforces the intra-
re“(kga) D(T) aa

band and interband electronic transitions and appears
squared inpmaf T,B). Unfortunately, little is known of the
Gss, Gyg, and Gg4 values. They are thought to range be-
tween 0.2 and 0.4 eV for free atorffswhereas, for 8 met-

K2=K2 4+ k& g/ kst KR al K s+ K ol Kk s

REd(T,B)=—In{tant Xpin sa(T,B) 1}, als, the energies deduced from indirect exchange coupling
theories are around 1-3 éVFor convenience, we assume
T:(T,B)=2diln{exd —Xminsa(T,B) 1} that the three parameters are equal around 0.5-1 eV. Here

Pmad T,B=0) is also strongly influenced by the spin-wave

exchange stiffnes®, which defines the collective spin exci-

tations involved in the scattering process. In first order, the

prefactor of Eq.(7) is roughly proportional toD?. For a

. M—BBR* (T.B) given magnon energi(q), related to a thermal activation
kT “sdEl KT, the corresponding] magnon has a largeg vector for

- %diln{ex[{ ~ 2Xminsd(T,B) 1}
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12} D(T)=D,-D,T?-D,T?*

z 6 (KeKey)@ =02 E
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d o« 4 -
g .t 2
S 6 r ,‘: —_—
e ¥ @ 06
2 g
13 0 Q.
a 3l b=/ ]
15 30 45 oM = 0, < o8l
500 -
a. B(T) b.
0 - . ) . | 10 450 ) ‘ )
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T(K)
FIG. 3. (a) Effect of the magnon mass renormalization on the magnetic resistivi'g/(Td)educed fron7)EQmad T), with Dy

=350meV A2, D,;/Dy=2.5x10 6, andD,/D,=2x10"8. The band structure parameters used for the calculation are those f¢Fatula

). In inset, effect of thek gap between the andd bands on the temperature dependencef(T) in the low-temperature regimeb)

High-field magnetic resistivity calculated for different temperatures, from 50 to 450 K. In the inset, very-high-field theoretical MR exhibiting

the saturation field of the magnon damping with the iron parameters.

heavier spin waves. However, short-wavelength magnons a@o, and Ni°~*!In contrast, at higher temperatures, more than
responsible for larger diffusion angles in the scattering pro20% of the total magnetic resistivity involves magnon ener-
cess, inducing a reduction of the spin-flip relaxation time.gies above 200 meV. Even if such magnons are statistically
That is why the magnetic resistivity is a decreasing factor otare, they are supposed to have a large impact on the elec-
D. The temperature dependence of the magnetic resistivity igonic relaxation time. The open question is to know whether
roughly driven by two terms acting in distinct temperaturethe spin waves we probe by transport measurements equally
ranges. For temperatures lower thBgZ, 44 and Dqﬁqinsd, affect the magnetization and the electronic spin diffusion.
spin waves do not have high enough energy to indlicel™  For Fe and Ni, high-energy neutron diffraction reveals a
or s-delectronic transitions angy,4 T) tends exponentially broadness of the acoustic branch above 150 meV due to in-
to zero below the energy gap. The zero fip|gi{T) varia-  teractions with Stoner excitations and the existence of an
tion is mainly defined by the intrabartf -d* and the inter-  optical mode forq vectors larger than the zone ceritert
bands-d gap values irk spacefinset, Fig. 3a)]. For higher  Therefore, considering a single quadratic acoustic mode in
temperatures, the magnon mass renormalization has a seveygr model is a rather crude approximation for the high-
effect on the temperature variation gf,.{ T) [Fig. 3@]. A energy magnon spectrum in the high-temperature regime; it
larger temperature dependence observediadT) is a tends to somehow underestimate the electron-magnon scat-
straightforward consequence of the temperature-induced etering.
hancement of the magnon mass. The temperature effect on (iv) The magnetoresistance: The field dependence of the
the spin-wave spectrum is therefore a crucial parameter famagnetic resistivity is directly related to the field induced
an accurate estimate pf,afT). gap in the magnon dispersion relation which reduces the
(i) The low-energy magnon approximation: The uppernumber of collective spin excitations. Huge magnetic fields
limits of the integrations oveq space in Eqs(A5) and(A6)  are theoretically necessary to fully suppress electron-magnon
refer to the highest-energy magnon thermally excited andcattering processes. Using the standard band structure pa-
involved in the spin-flip process, for coherent scattering. Inrameters for iron(Table ), we estimate that the magnon
terms of normalized energy, the upper limit for the integralssaturation fields vary from 80 T at 50 K to 2000 T at 450 K
is 2Dk§/kT, which was replaced by infinity in the calcula- [inset, Fig. 3b)]. These large values are a straightforward
tion. If we perform the calculation 0, T) with a finite ~ consequence of the role in the scattering processes of mag-
value—i.e., restricting the accessible high-energy magnon-rons of high energy compared to the Zeeman energy induced
the result could give information on the magnon energyby the applied field. The temperature dependence of the
range which does effectively affect the electronic diffusion athigh-field MR exhibits a strong increase afp,,T,B) as
a given temperature. In that respect, we estimate the maghe temperature increasgsg. 3(b)]. This is only due to the
netic resistivity as a function of an artificially high-energy enhancement of the magnetic resistivity value in zero field
cut off in the dispersion relation. From the determination ofwith temperature. We also point out that the negative MR is
the required magnon energy to reach the total value of theot quite linear; a curvature in the field dependence is always
magnetic resistivity, we infer that below 300 K, the low- present and is band structure dependent. The shape of the
energy magnon approximation remains justified: the mainm\ p,,d B) curve is mainly driven by the minimum wave vec-
part of the resistivity comes from electron-magnon scatteringor between the Fermi spheres—i.e., the minimum magnon
with magnon energies below 150 meV. Up to such energiegnergy responsible for spin-flp™-d* andd*™-d™~ electronic
the predominance of the acoustic mode with a quadmtic transitions. A stronger field dependence with a larger curva-
dependence has been experimentally confirmed for both Féyre is observed for small gapskrspace between tre” and
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d* bands. This is consistently explained by the field effects TABLE I. Band structure parameters for Fe, Co, and Ni used for
first damping the lowest-energy magnon involved in the scatthe magnetic resistivity calculations, E@).
tering process.

(v) Other models: Since the 1950’s, various models have }’ng Er Gsg
dealt with the field dependence of the resistivity in magnetic (10 2°¢n®) (eV) kesxa (Kes—keg)xXa my/ms S (eV)
metals and semiconductdrs®®* The spin fluctuations re- o 118 71 337 0.48 9 1 o7

sponsible for thes-electron scattering are derived from the
spin correlation functions including the longitudinal and Ni
transverse spin susceptibilty*! In the low-field regime
(ugB<<kT), models forp(B) yield a linear resistivity de-
crease forT<T, (Refs. 21 and 40and aB?® dependence
nearT. (Ref. 21. In our model, we only deal with transverse
spin fluctuations which restricts the validity range 1o
<T./2. However, our calculation, based on the standadd .
interaction, takes into account tilseand d conducting chan-
nels with an explicit calculation of the interbasd-d* elec-
tronic transitions. It provides a more realistic description of
the magnitude of the magnon induced spin-flip scattering t
be compared with experimental results.

In the remainder of the paper, E(.) will be used to fit
the data. However, this expression being rather complicate

11 7.3 347 0.57 14 0.77 0.8
1.09 7.3 3.46 0.14 22 05 13

experimentall p ., B) curves, their curvature, and tempera-
ture dependence.

For iron thin films, the high-field resistivity decrease has
en accurately measured from 160 to 450 K. Table | sum-
marizes the band structure parameters we use for the fit. The
major uncertainty is due to the exchange potential v&yg
which is a square-multiplicative term in the prefactor of
%pmag(B). However, its value does not affect the shape of
the temperature and field dependence. An excellent agree-
ment is obtained between the high-field electron-magnon

. ; = thodel and the experimental MR, both in terms of field and
we propose an approximate expression for the resistivity 'Qemperature dependentiig. 4 and inset From the fit pro-
thg paraprocess, above_ the low-temperature regime. I:%rédure, we infer the magnon stiffness and its temperature
Xm!nzg(T,B)<1, which typically corresponds to experimen-
min

renormalization for iron films:
tally accessible magnetic fields<100 T) and above about

T./5, Eq. (7) is straightforwardly transformed to a simple P 5
analytical form D(T)=(350+20)[1—(2.5+0.2 X 10" °T?] meV A2,

BT sB The simplified gxpressioqu. (8)] a[so leads to a very good
Ap(T,B)=~p(T,B)—p(T,0)x —zm(—)- (8) fit to the datd Fig. 2(b), solid line] with a second-order term
D(T) kT d;~4x107% in good agreement with the magnon mass
renormalization. The extrapolated magnon mais® & is
We conclude that, for a band ferromagnet, the high-field refy|ly consistent with other experimental values obtained by
sistivity driven by the electron-magnon scattering, roughlyneutron scattering*>**The negative coefficient we find for
follows a B In(B) dependence. From the above expressionthe T2 dependence is also in agreement with theoretical
we get the temperature dependence of the MR slopes:  predictions’ very few experimental values are available,

JdA T,B 0.0
% 2 T(1+2d,T2)(InT+cte),

B>ugMs
. . -0.2
where cte is a temperature-independent term aug
=D,/Dy. We checked that this simplified temperature de-
pendence constitutes an excellent approximation to the ex-
perimental MR slopes.

- 8Ap ,,4(B,TVEB
04 (10 %uQ2.cm)

APpeg(B) (1€2.cm)

IV. COMPARISON WITH EXPERIMENTAL RESULTS

Our experimental MR measurements expressed in term of i N
variation of magnetic resistivityFigs. 2a) and Zb)] are . T ! .
compared to the theoretical expression for the magnetic re- 0 10 20 30
sistivity deduced from the electron-magnon scattering model. B(T)

As Eq.(7) relies on a significant number of parameters de- FIG. 4. Experimental high-field magnetic resistivitppen
scribing thes- andd-band structures plus the collective spin gqares and theoreticaldp,,, {B) curves (solid lines deduced
excitations, our strategy consists in fixing the band structurgqm Eq. (7) for Feyqn/MgO thin films with the band structure
parameters for Fe, Co, and Ni to the most commonly admitparameters listed in Table | and the magnon mass renormalization
ted values o, Kgs, Kpq, Mg/mg, Ggq, andS Only the  as only fitting parameterésee text In the inset, the agreement
magnon mass and its renormalizatidd,(D,) are consid- between the experimental temperature dependence of the high-field
ered free parameters to account for both the magnitude of th@R slope(open circles and the theoretical ongsolid line).
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0.00 , . N . , 0.0 e
. 01
§ 0.07 L
g 0.2}
=
Q o1 03}
g FIG. 5. Experimental high-
<O1- ] 04l field magnetic resistivity (open
. 286K circles and theoreticald py, B)
0.21 a T 1 o5 curves(solid line9 deduced from
Eq. (7) for Co; yy/AlL,O5 (a) and
e T e s 20 % w 0 5 10 15 20 25 30 35 Coy nm/ Al 05 thin films (b) with
B(T) band structure parameters listed in
B(T) Table | and the magnon mass

renormalization as unique fit pa-
rameters for both sampletsee

text). In (c), the agreement be-
16 tween the experimental tempera-
r ture dependence of the high-field
8 ‘i’: MR slope (open circley and the
= £ 1.2 theoretical ondsolid line) for the
. £
1) (;}, two samples.
< A 08}
g o
w
' 0.4
0.0bee oc? ‘ ‘ | C.
0 100 200 300 400 500

T(K)

ranging from 1.4 107 % to 5x 107 %.844 Let us mention that scatterin§’*®and ranging from 435 to 540 me\?Adepend-
the T%2 corrective term due to magnon-magnon interactiondng on crystallographic orientations. The average value we
has little influence on thé(T) variation belowT./3. Its  find is consistent with the absence of in-plane texture in the
value is within the uncertainty we get in the fitting param- Co films we measure. The magnitude of fifeterm, around
eters. Therefore, from the temperature range and the fitting' 1.57<10°°K™2, also  agrees  with  theoretical

procedure, we cannot extract thé/? coefficient of the mag- calculations! o o

The same analysis is performed on cobalt; we model théémperature range where we unambiguously measure the
high-field MR obtained for different Co filmiFigs. 5a) and  Negative MR with a negligible normal MR contribution is
5(b)] by the theoretical expression of the electron-magnon-80—450 K. The highest of these temperatures reach@&g 0.7
scattering in high field, relying on the standard band strucwhich is too high for the simple picture of collective spin
ture parameters for CéTable ). Good agreementfFigs. e?<C|ta_t|ons we depict. Figure 6 presents the experimental
5(a)-5(c)] between Eq(7) and the experimental data are high-field MR and the results of the electron-magnon model
obtained from which we deduce the collective spin excitafor the band structure parameters of Ni listed in Table I. We

tions in cobalt: shall notice that the rather high experimental values of
Apmad B) are accounted by E@7) only if essential param-
D(T)=(470=20)[1— (1.5+0.2) X 10" 6T2] meV A2. eters like the exchange integi@k or the effective spin are

little boosted. Similar conclusions have been reached by

We note that the experimental measurements from 4.2 to 45§00ding in the view of the low curvesy,{T) he obtained

K include several Co polycrystalline layers, with thicknessWith the “standard” band structure parametétsOnly for
varying from 6 to 20 nnnot all shown here Within the full ~ Gsq €qual to 1.3 eMwhich belongs to the upper theoretical
temperature range, a unique stiffness value is used for all th@ccessible valugss a satisfactory agreement obtained be-
Co samples. The collective spin excitations are thereforéveen our model and the high-field MR. The magnon mass
little dependent on the structural properties and thicknesgnd its renormalization we extract from the fits are

Even for the thinnest films, we do probe a bulk effect. The D(T)=(390% 20)[1— (1.5+0.2) X 10 6T2+ (6.4=0.2)
extrapolated stiffness valué @ K is in full agreement with

previous data obtained by Brillodin*® and neutron X 107 8T52] meV A2
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FIG. 6. Experimental high-field magnetic resistivitppen
squarep and theoreticalA p,,fB) curves (solid lines deduced
from Eq. (7) for Nisgm/MgO thin films with the band structure
parameters listed in Table | and the magnon mass renormalization
as the only fitting parametefsee text Note the high-field discrep-
ancy above 20 T fof >T./2. In the inset, the agreement between
the experimental temperature dependence of the high-field MR
slope(open circleg and the theoretical ongsolid line).

PragT) & PIT)P,,,, ()

Like for Fe and Co, the spin-wave stiffness value extrapo-
lated b O K agrees with neutron scattering studié8The
temperature dependence we infer is also consistent with the-
oretical prediction¥’ and the value of th&' term we obtain 0 40 80 120 160 200 240 280

is positive, as expected for a large number dfband T(K)

electron€ To the best of our knowledge, these values con- N . I

stitute the first experimental estimate of the Ni magnon masg, FIG. 7. (3 Determungﬂo? of the maggetu_c freS'St'V'tyld.ue to
renormalization. However, fof >T./2, we notice on Fig. 6 electron-magnon scattering for Fe, Co, and Ni, from &gjrelying

. - on the adequate band structure parameters and collective spin exci-
that t.heht.hﬁofr.e}g:aﬁpmagﬁla) curvgs eXhIIblt a Iarg\er. Cu.rf\./a- tations inferred from the high-field MR measurements. In inset, the
ture in high field than the experimental ones. A signi Icantmagnetic resistivity as a function of the normalized temperature

discrepancy is observed for MR curves above 320 K and 2€f/TC. (b) Contribution of the estimated magnetic resistivity to the

T. The model for electron-magnon scattering underestimategyperimental resistivity after subtraction of the residual resistivity
the spin disorder in Ni films abovE./2. This is not surpris-  for Fe, Co, and Ni.

ing, as approachind., both optical magnons and Stoner

excitations start to be thermally populated which enhance thxctive spin excitations is accessible by magnetotransport ex-
spin disorder. To account for the magnetic resistivity de-periments via the electron-spin disorder diffusion. At room
crease in high field above./2, short-range spin fluctuations temperature, we conclude that the electron-magnon scatter-
and a broadness of the spin-wave dispersion relation shouldlg contribution to the resistivity reaches 1.8, 2, and 5.2

be included in the spin-flip scattering model. uQcm for Co, Fe, and Ni, respectively. The surprisingly
high-temperature dependence we observe for Ni mainly
V. DISCUSSION comes from the smak gap between the™-d* bands which

determines the frozen temperatufe for electron-magnon

The convincing consistence between calculations and ex"-d™ scattering. The large magnitude and the well-
perimental data, based on very few parameters, strongly supronounced curvature dfp,.fB) below T/2 imply small
ports the validity of the high-field electron-magnon scatter-gaps in thek space. The frozen temperature for-d = tran-
ing model we developed. For Fe, Co, and Ni, the temperatursitions we infer for Ni isTrsq~ 15 K, which is far below the
dependence of the magnetic part of the resistivity can béemperatures we obtain for Fe and Teg4~ 160 K (Fe) and
estimated using Eq(7) with spin-wave characteristics ex- Tgqq~250 K (Co). Ford™-d™* electronic transitions, the fro-
tracted from the high-field measuremenfsg. 7(a)]. The  zen temperatures we deduce for the three magnets are around
measurements provide evidence that the high-field slope w0 K, in rough agreement with former estimates in the frame
measure does originate from magnon damping in high fielaf the spin mixing calculation for the two-current mod@If
which reduces spin-flip electron-magnon scattering eventsve plot the magnetic resistivities versus the normalized tem-
We also demonstrate that an accurate determination of coperatureT/T., the dispersion of the.{T) curves for Fe,
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Co, and Ni is strongly reduced even if substantial differenceshe resistivity. The departure to the model observed for Ni
in the temperature dependence renfémset, Fig. Ta)]. For  aboveT./2 hints that Stoner excitations and the existence of
instance, al =T /4, the corresponding magnetic resistivities an optical magnon branch become important in the high-
equal 1.2, 2.5, and 1.2Q cm for Fe, Co, and Ni, respec- temperature regime. Our approach can be extended to other
tively. The success of the crude scalingaymakes sense as magnets like weak ferromagnets or half-metallic ferromag-

the magnitude of the band splitting which drives the spin-flipnets to probe the spin disorder and their coupling to the
s-d transition roughly follows the Curie temperature. Be- conductivity.

sides, it is worth noting that above the frozen temperatures,
the magnetic resistivity we infer exhibits a temperature de-
pendence stronger than the well-knoWh law for electron-
magnon scattering as a consequence of the magnon mass
renormalization. In this appendix, we evaluaté (T,B), M(T,B),
Comparing the estimategl,f T) to the experimental re- |, ,(T,B), My4(T,B), and M¢4(T,B) starting from results

sistivity {p(T) — pimp} We measure, we probe the magnetic optained in Ref. 15. The integrals over the accessikgin
contribution to the total electronic scatterifiig. 7(b)]. At waves give rise to new expressions which express the mag-

room temperature, the spin-flip scattering via magnon is renon mass renormalization, the field-induced gap in the mag-
sponsible for 15%, 18%, and 30% of the total resistivity fornon spectrum, and thé-band splitting:

Fe, Co, and Ni, respectiveljafter subtraction of the residual
resistivity pimp).
The theoreticalApn,¢B) curves in the very-high-field
regime can also be extrapolated to infer an estimate of the Lw(T,B)=(
magnetic field necessary to fully damp the spin waves, i.e.,
to depopulate the magnons and decrease the magnetic resis-
tivity close to zero. For Fe and Co, the saturation fields are

APPENDIX

kTV? 7S

2.2~2
—Nﬁkia4)<banaGaa27;a(T,B), (A1)

. . 2
roughly identical, of the order of 80, 500, and 1500 T for [ kTV'@S) ., 2 AL22
temperatures of 20, 100, and 300 K, respectively. Ms(T.B)= N7 kksa? PnsngGstksa™Rsd(T.B),
(A2)
VI. CONCLUSION
The general behavior of nonsaturation of magnetotrans- kT\VZ7S 5 2 2o
port measurements in the paraprocess regime in ferromag- Mad(T.B)=| {513 —a D4nsNyGsAkga Rsd(T,B),
nets has been addressed. We demonstrate that the resistivity dts (A3)

decrease in high field, of the order of 0.01-0@@cmT !

at 300 K for Fe, Co, and Ni, is due to a reduction of the

spin-flip electron-magnon scattering induced by damping of

spin waves. A new expression has been developed for they_ T B)=
magnetic resistivity based on intraband and interband spin

flip transitions due to magnon scattering with a band struc-

ture consisting of two polarizesiandd bands. The analytical X[ —2T(T,B) +2(kZa®+kja®) Rsd(T.B)1.
expression opmad T,B) [Eq. (7) or the simplified equation (A4)
(8)] includes temperature and magnetic field effects on col-

lective spin excitations, and it relies on the standard band

structure parameters of thel Jerromagnets. The model we The functions7,(T,B), Z4(T,B), and Rs¢(T,B) are inte-
propose is successfully applied to the experimental high-fiel@rals over the accessibtgvectors defined by

negative MR. It ensures a unified picture for spin waves and

the s-dinteraction in the &8 ferromagnets. From the magne-

totransport measurements, direct comparison with the high- ss . o a % 3 D(T)q*+gugB q

field spin-flip model gives an estimate of the magnon stiff- gg( B)=% i gad CC¢ 2KT ’
ness and the temperature-induced renormalization for Fe, Co, Amin sd
and Ni in agreement with neutron experiments. The elec- (A5)
tronic transport analysis is therefore an accurate manner to

probe the spin disorder above the technical saturation of the

magnetization as well as the strength of #id interaction. a* (o D(T)g?+gugB

Finally, from the parameters we extract from the high-field Rsd(T.B) = _faminsd "(T d

kTV27S
N7kZkia®

)q)sq)dnsndegd

6
fits, we can estimate the contribution to the total resistivity (AB)

due to the electron-magnon scattering in a large temperature

range where electron-phonon and electron-electron diffu-

sions also contribute to the scattering. Our approach leads fbhe Q vector is the maximum accessible magnon wave-
the determination of the pure spin disorder contribution tolength equal to R-. The low limits for theq integrations are
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0, Umindd> and gminsq for the intrabands®-s* andd*-d~

and interbands™-d* electronic transitions, respectively. We

neglect the exchange splitting for teé ands™ bands. The

PHYSICAL REVIEW B 66, 024433 (2002

Omin dd @Nd gmin sg Wave vectors represent the minimum gaps

in k space between thé"-d~ ands-d bands. Assuming a
2G44S energy exchange splitting for thepolarized bands,
the minimumq vectors ar&!8

GyaSkeqa
OUminad@=|Ke . —Ke |2~ TE (AT)
B my GsaS(Ke + ke )a
Umin sda_|kFS_ de|a~ ms 2EF :
(A8)
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