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Abstract

A high-resolution angle-resolved photoemission spectroscopy (ARPES) study of Fe(110) single crystal was conducted to elucidate many-body

interactions between quasi-particles at the Fermi level at low temperature. Two kink structures were observed in the energy-band dispersion at

the binding energies of ~40 meV and ~270 meV for the bulk-derived band on the majority-spin Fermi surface around the I' point. Based on

analyses of the experimentally obtained real parts of the self-energy, these kink structures are derived from electron-phonon and electron-

magnon interactions.

The electronic structure of an itinerant ferromagnet iron has
been studied extensively both theoretically [1-3] and

experimentally  [4-10].  Angle-resolved  photoemission
spectroscopy (ARPES), which is one of the most powerful
methods to directly examine the energy-band and Fermi
surface (FS) of solids [11], has already been applied to Fe
single crystals [4-9]. Recently, the energy and angular
resolution of ARPES has been drastically improved. It is now
possible, by means of detailed spectral shape analyses, to
estimate the real (ReX) and imaginary (ImX) parts of the self-
energy, and therefore study the underlying many-body
interactions. Schifer et al. examined the surface state of
Fe(110) thin film grown on W(110) using high-resolution
ARPES, and evaluated ReX and ImX [7]. They found

electronic states are coupled to a bosonic mode with a

characteristic cut-off energy at ~160 meV in the density-of-

states (DOS). On the basis of the inelastic neutron scattering
results [10], it was claimed that the bosonic mode should be
magnon. Furthermore, they undertook extensive FS mapping
and concluded that the experimental Fermi velocities were
much smaller than those given by the band-structure
calculation [8]. This implies that strong renormalization exists
near the Fermi level (Eg) [8].

In order to elucidate many-body interactions between quasi-
particles in the bulk-derived electronic states quantitatively,
we carried out a high-resolution ARPES study using Fe(110)
single crystal at low temperature, and examined in detail the
majority-spin band on a FS surrounding the I" point. We found
two kink structures in the energy-band dispersion. The real
part of the self-energy was experimentally determined. On the
basis of the analyses of ReX, these two kink structures

originate from the electron-phonon and -electron-magnon



interactions.

The Fe(110) single crystal sample was cleaned by Ar” ion
sputtering and subsequent annealing at 570°C for 30
minutes.[6,9] Cleanliness of the sample surface was checked
by Auger electron spectroscopy and ultraviolet photoemission
spectra. Impurities such as carbon, nitrogen, oxygen and sulfur
were below the detection limit. The high-resolution ARPES
measurements were carried out at the linear undulator
beamline BL-1 on a compact electron-storage ring (HiSOR) at
the Hiroshima Synchrotron Radiation Center (HSRC),
Hiroshima University [12]. The hemispherical electron-energy
analyzer (ESCA200, SCIENTA), operating in multi-channel
angular mode, was used for ARPES measurements. Angular
and energy resolutions were set respectively at AB =0.3° (Ak
=0.016A") and 9 meV at the photon energy of hv=40 eV. The
single crystal sample was mounted on a low-temperature
goniometer (R-Dec Co. Ltd., i-GONIO LT) and cooled to 15
K. The pressure of the main chamber was better than 1x10™"°
Torr. The parallel and perpendicular components of the
photoelectron wave vectors relative to the surface, k, and k,,

were determined by the equations £, :J2mEk/ h’sin@ and

k, :J (@m/h*)(E, cos’ @+V,) , where E, is the kinetic energy
of the photoelectron, V, is the inner potential. Here we
assumed V,=14.3 eV [8].

Figure 1 shows the majority-spin (thick lines) and minority-
spin (thin lines) FSs around the I' point, calculated by the
band-structure calculation [13], for the parts of the FSs
covered by this study. The electron-energy-analyzer slit and
the [112] direction of the sample were parallel. The polar
angle of the ARPES measurements was set parallel to the
[ 111] direction. We varied the polar angle and observed the
majority-spin band crossing Er. We selected the incident
photon energy of hv=40 eV, at which one can see a majority-

spin band crossing Er at a k£ point indicated in a grey circle in

Fig. 1. This band is most suitable since the peak has a narrow
width and a parabolic dispersion. Furthermore, the background
interference is minimal.

Figure 2(a) shows the obtained intensity plot of the
majority-spin band crossing Ep. Figures 2(b) and 2(c) show
energy distribution curves (EDCs) and a momentum
distribution curve (MDC) at Ep, respectively. As the peak
approaches Ep, the peak becomes stronger and narrower. As
the peak binding energy increases, especially for Eg> ~400
meV, the peak broadens rapidly.

We determined the band points by fitting a MDC for each
binding energy with a Lorentzian on a linear background as
shown in Fig. 3(a). The group velocity, v, = (1/h)(dE/dk),
decreases below Eg ~ 270 meV; One can recognize a ‘kink’,
or a sudden change of vg, below Eg ~ 270 meV. The energy of
the kink coincides well with the cut-off energy of the
calculated magnon DOS [14]. Since the cut-off energy in the
magnon DOS is determined by the optic mode, the correlation
with the optic mode cannot be ignored. We should also note
that we cannot see clearly an anomaly in the present bulk-
derived band at Eg~160 meV as seen in the surface state of Fe
[8].

Figure 3(b) exhibits observed energy-band dispersion near
Er. One can also recognize a kink around Eg~40 meV. Since
the Debye temperature of Fe is ®p=470 K (kg®p = 40 meV),
it is reasonable to assume that the spectral features at Eg ~ 40
meV are derived from the electron-phonon interaction [9]. We
should also note that the cut-off energy of the calculated
phonon DOS [15] coincides well with the energy scale of the
observed kink structure.

In order to elucidate many-body interactions in more detail,
we evaluated the real part of the self-energy. ARPES spectrum

measures the quasi-particle spectral function [11,16,17]:



’ 7 [w—&,—ReZ(k,w)]’ +[ImZ(k, »)]’

One can evaluate 2|ImY| and ReX experimentally by the
spectral width (I' = 6E = 2|ImX|) and the energy shift from the
non-interacting band, &’ ReY = g - &', where g is the
observed energy for the band points [11,16,17]. In the present
case, we assumed that the non-interacting energy-band
dispersion is given by gy(k) = - a (k-kg) + b (k-kg)>. We found
that @ =2.63 eV-A and b =1.63 eV-A ? reproduce the
experimental group velocity for Eg > ~350 meV. The resulting
ReX is shown in Fig. 3(c). One can see the observed ReX
exhibit two peak features at Eg ~ 40 meV and ~ 270 meV.
This indicates that there exist two different energy scales
derived from many-body interactions.

Here we assumed that the lifetime broadening of ARPES
spectra (') can be expressed by the sum of independent
interactions: i1 = Letph + etcet + Tetemag + To, Where eipn, Tt
mag and I'eiq are the lifetime broadening due to the electron-
phonon, electron-magnon, and electron-electron, respectively
[17]. Ty represents the energy independent term mainly
derived from the final-state broadening [17]. Since the energy
scale of the electron-electron interaction is expected to be the
bandwidth of Fe 3d states, ~5 eV, it is much larger compared
to those of the -electron-phonon and -electron-magnon
interactions. The real part of the self-energy due to electron-
electron interaction should not yield fine spectral structures in
the energy range we examined. Therefore we will consider
ReX derived from the electron-phonon and electron-magnon
interactions in the present analyses.

The lifetime broadening due to I'c.,, is given by

L, =27 ] @ PN+ f0+ 0.1+ fo- 0o (2)

where n(v,T) and f(v,T) are Bose-Einstein, and Fermi-Dirac

distribution functions, respectively [16,17]. The function
aF(v) is the Eliashberg function, and we assumed that o is an
adjustable parameter multiplied by the calculated phonon DOS,
F(v) [15]. We also assumed (2) for the lifetime broadening of
the electron-magnon interaction (I'e.mqe). Here we calculated
[emag using the magnon DOS given by band-structure
calculation [14]. ReX values are calculated to satisfy the
Kramers-Kronig relation with respect to [ImZ|=I"/2 [17].

The calculated ReZs derived from the electron-phonon and
electron-magnon interactions are shown in Fig. 3(c). One can
clearly see that the peak at ~40 meV and ~270 meV in the
observed ReX closely correlate with the calculated ones. This
confirms that the kink structures at ~40 meV and ~270 meV
originate from the electron-phonon and -electron-magnon
interactions, respectively.

The strength of a many-body interaction is measured by the
coupling constant; A = |6Re Z/6w|w:0. We obtained A = 0.07 +
0.01 and 0.14 £ 0.03 for electron-phonon and electron-magnon
interactions, respectively. The strength of the coupling
constant of the electron-magnon interaction is larger than that
of the electron-phonon interaction.

In summary, we performed high-resolution ARPES
measurements on a Fe(110) bulk single crystal at low
temperature. We examined a bulk-derived majority-spin band
on a FS surrounding the I" point and found two kink structures
at ~40 meV and ~270 meV in the energy-band dispersion. On
the basis of the analyses of ReZ, the former is derived from
the electron-phonon interaction and the latter from the
electron-magnon interaction. For the band we examined, the
contribution of the electron-magnon interaction to the quasi-
particle effective mass enhancement is more significant than
that of the electron-phonon interaction.
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Fig.1

Measured portion of the FSs in the present study together with
the calculated cross-section of the majority-spin (thick lines) and
minority-spin (thin lines) FSs [13].
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Fig. 2

ARPES results of Fe(110) taken at hy= 40 eV at 15 K. (a) Intensity
plot. White line indicates evaluated peak locations. (b) EDCs as a
function of kg-k. (¢) MDC near Eg. The solid line shows a fitted
curve.
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(a) Experimentally determined band points

(open circles)

determined from the MDCs taken at hy= 40 eV. The solid line
indicates the assumed non-interacting band, . The magnon DOS
of bee Fe [14] is also shown. (b) Experimental band dispersion
near Ep. Dashed and solid lines represent the gradient of the
energy-band dispersion at Ey and &, respectively. Calculated
phonon DOS [15] is also shown. (c) Observed ReX compared with
calculated ReX¢j g and ReZep pp.
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