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Spin-resolved photoemission study of photohole lifetimes in ferromagnetic gadolinium
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High-resolution spin-resolved photoemission is used to probe the decay channels available to a photohole
created in a G@00)) surface state. The photoemission linewidths show that at low temperatures, the lifetime
of a majority-spin hole is predominantly limited by electron-phonon scattering and that of a minority-spin hole
by electron-magnon scattering. With increasing temperature this state shows both spin-mixing behavior reflect-
ing the exchange of magnons and a reduced exchange splitting.
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In photoemission a photon of known energys adsorbed a single magnetic domafhLow-energy electron diffraction
and the outgoing electron’s energy € ¢,) and momentum (LEED) monitored the crystallographic order.
are measuretlinteraction effects cause the sharp line spec- Figure 1 shows spectral density maps in I azimuth
trum with shape defined by Im k—e¢,—i7) arising from  from the clean G@O001) surface at different temperatures.
independent electron theory to evolve into Ifidfe,  The width,z/7=—2Im2, of the surface state at a binding
—2(k,w)] where the complex self-energy(k,w) contains energy of~170 meV increases as the temperature is raised
the effects of the interactions. The real pait(k,w) from 82 to 300 K indicating a reduction in the lifetime as a
~—wky gives a shift in energy and mass enhancementiesult of increased electron-phonon and electron-magnon
while the imaginary part 2,(k,w) =T (w,T) gives the life-  scattering at highef. In the low-temperature plot, the sur-
time broadeningi/ 7, where 7 is the lifetime. Recent im- face state ha#&/r~const until the emission angle exceeds
provements in the energy and momentum resolution of pho5°. At this point, band-structure calculatiSnimdicate that
toemission have enabled detailed studies of self-energthe surface state leaves the bulk band gap and begins to
effects reflecting various interactions including the electrontesonate with bulk bands.
phonon coupling:® In a study of Mo, contributions to Figure 1 also shows a temperature-dependent shift of 75
I'(w,T) reflecting electron-phonon, electron-electron, andmeV in the binding energy of the state. Noltirgal1° have
electron-impurity scattering were all resolve@hese studies shown that, depending on the coupling between conduction
have led to an intense discussion in the field of high and localized electrons, the quasiparticle band may show ei-
superconductivity where a mass renormalization in the vicinther a Stoner-like reduction of exchange splitting with in-
ity of the Fermi level has been attributed alternatively tocreasing temperaturqweak coupling or temperature-
coupling to phonorfsand to spin excitationsThe cuprates dependent spin mixing without reduction of exchange
represent doped antiferromagnetic insulators. Here, we reposplitting (strong coupling At intermediate coupling, a mix-
a spin-resolved study of lifetime effects in a localized ferro-ture of the two behaviors is anticipated. Fedoemal!* and
magnetic system, namely Gd. In such a system the possibilMeschkeet al? both measured a reduction of the exchange
ity again exists for a hole to scatter from spin excitations asplitting with increasing temperature. Similar behavior was
well as phonons. Surprisingly, we demonstrate that at lowseen in a spin-polarized inverse photoemission by Donath
temperatures, a majority-spin photohole relaxes mainly byt al'® In contrast, Liet al,'* using spin-polarized photo-
phonon emission whereas a minority-spin hole relaxeemission, saw a spin-mixing behavior. In a recent scanning
mainly by spin-wave emission. A preliminary report of sometunneling spectroscopySTS study, Getzlaffet al. saw a
aspects of this work has been given elsewfere. mixture of the two behaviors. With higher energy resolu-

The experiments employed a Scienta SES200 electron etion than previous spin-resolved photoemission stdfies
ergy analyzef, which can be used either for high-resolution confirm the results found in the STS study.
angle-resolved photoemission or for spin-resolved photo- Figure 2 shows spin-polarized photoemission spectra re-
emission. Spin polarization is detected with a micro-Mottcorded from the surface held &t=20 K in an angular ac-
polarimeter, modified from the design of the Rice University ceptanceA #~ *=3°. Such an angular acceptance adds only
Group! UV photons of energy 21.2 eV were provided by a minimally to the measured linewidths. The peaks in the
resonance lamp. The energy resolution in both the anglemajority- and minority-spin spectra occur at nearly identical
resolved and spin-resolved studies~§0 meV. An angular  binding energies. Earlier experimetft$’ and calculation$
resolution of A 6~0.2° is achieved without spin resolution indicate that the surface state should be 100% majority spin,
but for spin-resolved studies, because of the reduced intemue to parallel alignment of the surface and bulk moments.
sity, A9~ +3°. Gadolinium films of thickness 200 A were Our observation of a minority-spin component could be
evaporated onto a M&10 substrate at room temperature taken as evidence of either incomplete saturation of the mag-
and annealed to 750 K to produce well-defined surfaces witmetization or the presence of minority domains. However, the
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FIG. 1. (Color Upper panel: Spin-integrated photoemitted spectral response for 0@@isurface as a function of binding energy and
angle of emission measured from the surface normal. The samgl@00 K and the incident photon energy is 21.2 eV. Lower panel: As
above but now the sampleis 82 K.

growth procedure is known to yield a single magneticfinal state being of opposite sptiFrom consideration of the
domain® The coexistence of both spin components at thespin-dependent densities of states, we estimate the scattering
same energy is therefore an intrinsic property of the surfaceate from this process to be equal for majority- and minority-
state arising from a combination of spin-orbit and spin-spin holes. The electron-phonon and impurity scattering rate
exchange processes as discussed by No#iraj!° A simple  are proportional to the density of states at the hole binding
model allows us to quantify the effect of the former giving aenergy for the same spin while the electron-magnon rate is
polarization P=A/\[(A%Z+ %) in each quasiparticle state. proportional to the density of states for the opposite spin.
With a spin-orbit parameteg=0.3 eV and exchange split- Since the majority-spin density of states is large and the
ting A=0.7 eV at 0 K, we get a spin-orbit induced mixing minority-spin component small, impurity and electron-
R=(n,/n;)=(1-P)/(1+P)~5%. This increases to 8% at phonon scattering should be most important in the majority-
T=150 K because of the reduced exchange splitting. spin channel. The fact that the minority-spin channel is

Fitting the spectra in Fig. 2 with Lorentzians shows thatbroader indicates an electron-magnon mechanism.TAt
the minority-spin peak has a larger width than its majority-=0 K, the minority-spin component of the photohole can
spin counterpart, 116 meV as opposed to 86 meV. Extractingcatter to the majority-spin component higher in the surface
the experimental resolution these widths become approxieand by emitting a spin wave. The corresponding spin-flip
mately 105 meV in the minority-spin channel and 70 meV inprocess is not available to the majority-spin component of
the majority channel. The lifetime of a photohole can bethe photohole aff=0 because the localizetlspins have
limited by electron-electron, electron-phonon, and electronsaturated magnetization. At higher temperatures, inelastic
impurity scattering, and in a magnetic system, by electronscattering can occur back and forth between the two spin
magnon scattering. At the edge of the surface band, the staghannels mediated by the emission or absorption of mag-
also couples to the bulk states as seen in Fig. 19feb°. nons, but the minority-spin component always has the higher
However, such coupling will be stronger in the majority-spindensity of final states to scatter into. An approximate
channel since the state falls closer to the bulk majority-spirireatmer® using the ‘s-f’ Hamiltonian** finds the result
band edge than to the minority-spin countergart.

Each scattering mechanism gives distinct spin-dependent ) . )
contributions to the total scattering rate. Electron-electron ﬁ/r(1)=§ P'(T)m (ﬁ'ﬂl @
scattering by exchange processes favors the two holes in the 4 S h
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FIG. 3. The full width half maximun{FWHM) of the majority-
spin peak as a function @f. The solid line indicates a fit to the data
using Eq.(2) as given in the text.
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. o or inverse lifetime of the photohole is described by the rela-
FIG. 2. Spin-resolved photoemission spectra recorded from thﬁonship

Gd(000) surface at 20 K. The upper and lower spectra represent

the emission in the majority- and minority-spin channels, respec- % %

tively. The lines indicate Lorentzian fits to the spectra superimposed —(0,T)= 27-rf do'a’F(o)[1-f(o—w')

on appropriate backgrounds. The inset shows the relative intensities 0

in the two spin channels. +f(wt o) +2n(w")], )

for the decay of the minority|) spin component due to Wheref(w) andn(w) are Fermi and Bose distribution func-
spin-flip scattering with magnon emission. Hekés thes-f  tions andeF(w) is the Eliashberg coupling function. For
exchange parameter giving the exchange splittingS2 T=0p/3 (O is the Debye temperaturéhe phonon contri-
=0.65 measur@dfor the surface staten* =1.21 is the ef- bution to the width ish/ 7= 2’777\kBT, that is, linear inT. As
fective mass measured for the surface band, BAE) shown in Fig. 3, fitting the experimentally determined
=0.87 is the experimentally measured majority componentnajority-spin linewidths with the expression given in E2).
of the band. WithS=% anda=3.6 A, #/7(|)~0.095 eVv. leads to a value of the electron-phonon coupling constant
Conversely, replacement d®’(1) by P'(|)=1—P'(1) ~1.0 for the majority-spin channel. This value may be com-
gives 7/ 7(1)~0.014 eV for the majority-spin component. pared with a value of 1.2bulk, spin averaged extracted
Thus at lowT, the majority_spin channel is dominated by from the measured specific h&and a theoretical value of
electron-phonon scattering whereas the minority-spin char?-4 (also bulk and spin averagedbtained in a spin-
nel is dominated by electron-magnon scattering. Using th@olarized calculation of the electron-phonon coupling
same densities of states arguments we can anticipate the dgnstant.
posite behavior in the unoccupied bands. Thus at Towhe The electron-phonon coupling parameter may be written
decay of an excited electron in the unoccupied majority-spirdsh =Ng(13)/M(w?) whereNs represents the spin-projected
band will preferentially involve magnons and the decay of ardensity of states at the hole binding enerdg) is the Fermi
excited electron in the unoccupied minority-spin band will surface average of the electron-phonon matrix elenidrig
preferentially involve phonons. the atomic mass, ang»?) is an average phonon frequency.
Turning to the temperature dependence of the line shapeBpllowing the analysis of Skriver and Mertig put allowing
first consider electron-electron scattering. As the hole movefor spin-dependent coupling, one arrives at valies0.73
to lower binding energies, the phase space for such scatterirand 0.31 for the majority- and minority-spin bulk bands, re-
is reduced. On the contrary, Fig. 1 shows thaTas raised, spectively. Our value for the majority-spin channel is higher,
the state moves closer #®© and the peak broadens. This reflecting perhaps a higher electron density of states in the
indicates that electron-phonon and electron-magnon scattesurface region. Wit al. have in fact calculated an enhanced
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magnetic moment in the surface layetsing their calcu- Gd. We show that at lowl, the majority-spin lifetime is
lated majority- and minority-spin densities, one obtals predominantly limited by electron-phonon scattering
~1.15 and 0.25 for the surface majority-and minority-spinWhel'eaS the minority—spin lifetime is determined by electron-
electron-phonon coupling. The spin-dependent density offagnon scattering. A% increases there is an increasing ad-
states available for scattering is not constant but varies witfixture of the two decay modes in each channel. The obser-
T as shown in Fig. 1. A rough estimate suggests theould ~ Vation of a magnon contribution to the decay of the
change by as much as 10% over the rangd @ Fig. 3 excitations is consistent with de Haas—Van Alphen studies of
decreasing for the majority-spin channel and increasing fofyclotron Masses In gadohmum_wh_u_:h suggests that electron-
the minority-spin channel. Electron-magnon scattering will™magnon scattering makes a significant contribution to the

show the opposite behavior, increasing with in the mass enhancemefit.

majority-spin channel and decreasing in the minority-spin  The authors acknowledge useful discussions with W.
channel. Nolting, G. A. Sawatzky, D. Singh, and R. E. Watson. This

In summary, our spin-resolved photoemission studies witlwork was supported in part by the Department of Energy
high-energy resolution have allowed us to directly measur@&inder Contract No. DE-AC02-98CH10886. Work of P.B.A.
the different contributions to the spin-dependent lifetimes inwas supported by NSF Grant No. DMR0089492.
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