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Change of the Fermi surface of Gd metal upon magnetic ordering as seen via angle-resolved
photoelectron spectroscopy
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Fermi surface and valence-band structure of Gd metal were studied in a complete Brillouin zone by angle-
resolved photoelectron spectroscopy in both the paramagnetic and the ferromagnetic phases, revealing sub-
stantial changes upon magnetic ordering. These comprehensive experimental Fermi-surface data represent a
reference for various theoretical results and are essential for an improved understanding of the origin of

magnetic ordering in lanthanide metals.
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The electronic states at the Fermi energy (Er) of a metal,
which form the Fermi surface (FS) in k space, determine its
macroscopic low-energy excitation properties, such as elec-
trical conductivity, heat capacity, and optical properties. For
the magnetic lanthanide (Ln) metals, their role is even more
important since the conduction electrons at Er are known to
mediate the coupling between the localized 4f moments
(Ruderman-Kittel-Kasuya-Yoshida, RKKY, interaction) and
the shape of the FS determines the development of various
types of long-range magnetically ordered phases.!= In a few
cases, theoretical results are available that predict changes of
the FS and of valence-band states upon magnetic ordering.
For Gd metal, calculations of the electronic band structure
(BS) along specific high-symmetry lines of the Brillouin
zone (BZ) have been reported.*-® The experimental situation
with respect to FS of Ln metals and their changes upon mag-
netic ordering, however, is still quite unsatisfactory. Previous
photoemission (PE) studies of Gd metal focused on specific
aspects of the electronic structure, e.g., the positions of band
states at high-symmetry points or specific symmetry lines of
the BZ,” as well as the temperature dependence of the mag-
netic exchange splitting of specific bands (bulk and surface),
again at certain positions in k space.®'* In the case of Gd
metal, the FS had previously been studied experimentally in
the paramagnetic (PM) phase by positron annihilation,
while in the ferromagnetic (FM) phase, de-Haas-van-Alphen
(dHvA) frequencies for certain extremal orbits had been re-
ported and compared with theoretical results.'®

In this Brief Report, we present a comprehensive angle-
resolved photoelectron spectroscopy (ARPES) study of the
FS and the valence BS of Gd metal. Data are presented for
the valence bands along several high-symmetry lines of the
hexagonal BZ of Gd metal, i.e., parallel to the surface of the
(0001)-oriented sample, and cuts of its FS with high-
symmetry planes of the BZ are shown. We focus in particular
on differences between the PM and the FM phases that are
shown to originate mainly from magnetic exchange splitting
AE,, of bands in the FM phase. The derived FS maps pro-
vide a comprehensive experimental picture of the BS of Gd
metal and reveal the effects of FM ordering on the FS within
a complete BZ. Furthermore, we compare the experimental
data with the results of various theoretical approaches and
point out remaining discrepancies.
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PACS number(s): 75.50.Cc, 71.18.+y, 71.20.Eh, 79.60.—i

The measurements were performed at beamline 7.0.1 of
the Advanced Light Source, Lawrence Berkeley National
Laboratory, on 10-nm-thick Gd films grown in situ on
W(110). Photon energies from 85 to 110 eV were employed
giving access to the A,-like bands.!” The FS data were de-
rived from a series of angle-resolved maps of PE intensities
at various photon energies and emission angles. Data sets
were recorded both at room temperature, where Gd is PM,
and at 50 K, where Gd is FM (Curie temperature
T=293 K). At 50 K, AE,, amounts already to almost the
full ground-state splitting.!!

Figure 1 displays measured electronic bands along the
I'M, MK, and I'K high-symmetry directions for (b) the
PM and (c) the FM phase, respectively; the hexagonal
BZ is shown in (a). For the I'M section, e.g., k, and k, are
kept constant and the PE intensity, proportional to the dark-
ness of the gray tones, is plotted versus k, and (E-Ep). In
(b), two bands are readily identified, with one of them
fully occupied (thick line) crossing the I' point at
(E-Er)=—1.87=0.03 eV. In I'K direction, this band comes
close to Ef, but does not cross. A second band, unoccupied at
I' (thin line), crosses Ep twice, at positions labeled 1 in 'M
and 2 in 'K direction, with k; components of the Fermi
vectors amounting to 0.31 and 0.36 A~!, respectively. Fermi
vectors were determined as described in Ref. 17, yielding
experimental error bars of +0.03 A~'. The band forms a
holelike feature of the FS. In our previous study of Tb
metal,!” with its related electronic structure, the former band
has been identified as band 2 and the latter one as band 3. In
the FM phase (c), the bands are exchange split, with the
majority (1) and minority (|) components at I at
(E-Ep)=-2.26+0.03 and -1.37+0.03 eV, respectively.
This results in AE,,=0.9 eV (fit analyses are not shown
here), in very good agreement with the results of earlier PE
studies.®!>!* The majority band 27 has a lower PE peak
intensity than the minority component 2|, caused by in-
creased lifetime broadening in case of the deeper photo hole.
In the FM phase, band 2| (thick dashed line) crosses Ef
close to the K point (at 3’, k;=1.15 A~") and on the I'K line
(at 4', k,=0.70 A1), resulting in a new FS feature, while
band 27 (thick solid line) moves away from the Fermi level.
Magnetic exchange splitting is also observed for band 3,
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FIG. 1. (Color online) (a) BZ of Gd metal with high-symmetry
points and directions in k space; the wedge spanned by the dotted
lines marks the irreducible part of the BZ. (b) Observed PE inten-
sity from Gd metal in the PM phase at 300 K as a function of
(E-Ep) along the T'M, MK, and T'K high-symmetry directions
(k,=5.24 A", hv=105-110 eV); (c) same in the FM phase at 50
K. Lines serve as a guide to the eyes and highlight the dispersions
of band 2 (thick) and band 3 (thin); band crossings with E, are
numbered. In the FM phase, the bands are exchange split in major-
ity (solid) and minority (dashed) states.

where the majority and minority parts cross Ef at the loca-
tions 1’, 5’ and 2, 4’, at k; of 0.28, 0.40, 0.60, and
0.70 A‘l, respectively. The calculated BS for I'M, MK, and
'K, presented in Refs. 5 and 6, are in good agreement with
our experimental results; details, however, are at variance: In
Ref. 5, the bands are too low in energy relative to Er, an
effect that is stronger for the majority bands. The calculated
AE,, is also overestimated by =100 meV, depending on the
specific band and the position in k space. These findings are
similar to what has been reported for Tb.!” In Ref. 6, the
agreement with the experimental data is better for the major-
ity states than for the minority states, and generally for states
closer to Ep; these drawbacks of the calculated BS may be
caused by hybridization with unoccupied 4f states. On the
other hand, earlier theoretical results'® are at much greater
variance with the experiment.

The Fermi contours in the 'MK plane are obtained by
plotting the PE intensities at E. for constant k. We first
discuss the PM phase [see Fig. 2(a)], where a ring-shaped
contour centered at I' is observed (note that the data are
mirrored along the high-symmetry lines of the hexagonal
BZ; for details, see further below).

Increased PE intensities occur also in the middle of the
I'K line, due to finite experimental resolution and phonon
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FIG. 2. (Color online) Fermi contours of Gd metal in the PM
phase at 300 K: (a) in the I'MK plane, i.e., parallel to the sample
surface, measured at photon energies from 105 eV at I' to 110 eV at
M. Band 3 forms a I'-centered ring (hole pocket). In I'K direction,
high PE intensity is observed, when band 2 comes close to Ef. (b)
The cut perpendicular to the sample surface in the 'TALM plane
reveals a ring-shaped feature that disperses toward the zone bound-
ary with varying diameter; the line on the left follows the dispersion
as a guide to the eyes (photon energies from 85 eV at A to 110 eV
at M).

broadening, when band 2 approaches E [see Fig. 1(b)]. The
hexagonal sixfold rotational symmetry around I" is clearly
visible. The dashed triangle spanned by I', M, and K follows
the bandmap shown in Fig. 1(b), including the numbered
crossings of the bands with E. In order to follow the Fermi
contours perpendicular to the sample surface on the I'LM
plane, we plot the PE intensities I(ky,kz) at Ep for
k,=constant in Fig. 2(b). The ring-shaped FS feature in the
I'MK plane, which is formed by band 3, continues toward
the AL zone boundary with varying diameters, showing its
maximum in the 'MK plane.

In the FM phase (Fig. 3), the FS changes quite dramati-
cally due to magnetic exchange splitting of the bands, caus-
ing the majority and minority Fermi contours to separate, as
shown for the 'MK plane in Fig. 3(a). While the 37 contour
shrinks with increasing AE,, and moves toward I', the 3]
contour grows and turns hexagonal when coming closer to
the zone boundary. The observed behavior follows a general
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FIG. 3. (Color online). Fermi contours of Gd metal in the FM
phase at 50 K: (a) in the 'MK plane; (b) in the 'LM plane. Mag-
netic exchange splitting causes the electronic states to separate,
which induces significant changes of the FS. The lines follow the
Fermi contours and serve as a guide to the eyes.

tendency: majority hole pockets of the FS shrink and move
closer to their center with increasing AE,,, while minority
hole pockets grow and move away from their center (elec-
tron pockets behave oppositely). As already seen in Fig. 1(c),
band 2| now crosses Ep, resulting in an elliptically shaped
FS feature with low PE intensity that is marked by the white
dashed line; it starts at the K point and extends halfway to
the I" point. Again, the numbering of the band crossings with
Ej follows the band map in Fig. 1(c) (data mirrored as in
Fig. 2). In the 'LM plane [Fig. 3(b)], the exchange splitting
of the bands leads also to significant changes of the FS; the
band-37 contour has a smaller diameter as compared to the
PM phase in Fig. 2(b) and lies closer to the I'A line. Conse-
quently, it reaches the zone boundary close to the A point.
Band 3] is observed with high PE intensities in the middle of
the I'M line. It shows a straight dispersion in k, direction
(i.e., toward the AL zone boundary) and turns toward the ML
line at the position marked by an arrow. At the kink, the PE
intensity drops significantly. The 3| contour can be traced
toward the zone boundary with very low intensity, slightly
above background level (see raw data marked by vertical
arrows on the right the side of the figure). It reaches the zone
boundary at about halfway on the ML line. This behavior is
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FIG. 4. (Color online). Fermi surface of Gd metal, covering a
complete BZ: (a) PM phase, where band 3 forms a central pillarlike
structure; (b) FM phase, where minority and majority Fermi-surface
sheets are separated due to exchange splitting. Dashed lines indicate
the dispersion of the Fermi contours according to Figs. 3(a) and
3(b) in the region close to the MKHL zone boundary, where PE
intensities of the Fermi contours are too weak to be seen in the
three-dimensional plots.

similar to previous observations for Tb metal.!” The calcula-
tions in Ref. 16 show good agreement for bands 37 and 3| in
the I'MK plane (note that these bands were labeled 5| and
71, respectively, in Ref. 16), however the feature stemming
from band 2| is missing. In the TALM azimuth, the calcu-
lated band 37 reaches the AL zone boundary too close to the
L point, and the dispersion of band 3| deviates significantly
from the experimental data.

In order to provide a comprehensive picture of the FS of
Gd metal, we plot I(k,,k,,k,) for E=Ep. This requires a uni-
form normalization of the PE intensities throughout the
BZ.2° A mirroring procedure, exploiting the hexagonal sym-
metry, was applied to overcome this problem. To this end a
special numerical routine was developed: First, the irreduc-
ible part of the BZ was picked at a given k_, starting on the
I'MK plane, where the irreducible part is the area of the
triangle spanned by I', M, and K [marked by dashed lines in
Figs. 2(a) and 3(a)]. In a second step, hexagonal rotational
and mirror symmetries were applied, and the data were du-
plicated several times, to cover the full hexagon of the BZ in
the I'MK plane. The PE intensities at const. k, were normal-
ized to the range of 0 to 1 by setting the lowest observed
intensity to 0 (background level) and the highest intensity to
1 (brightest Fermi contour), using a linear scale for interme-

012401-3



BRIEF REPORTS

diate PE intensities. This symmetrization and normalization
procedure was repeated for all planes parallel to 'MK, lead-
ing in this way to a uniform normalization of PE intensities
(see also Ref. 18).

The results of this data treatment are shown in Fig. 4,
where the FS formed by band 3 in a range comprising a
complete BZ, is displayed. In (a), the pillarlike structure of
the FS of Gd in the PM phase is displayed, with its maxi-
mum diameter in the 'MK plane. These results are in very
good qualitative agreement with the FS obtained by positron
annihilation'® (note that the FS of Gd shown in Ref. 15 is cut
along 'MK). Temperature-dependent studies of the FS have
not been reported by positron annihilation, however, due to
very long data-acquisition times of up to several months."”
With ARPES, a comparable data set can be recorded within 3
to 4 h, providing experimental access to changes of the FS
induced by magnetic ordering. In Fig. 4(b) the FS of Gd
metal in the FM phase is shown. The central pillarlike struc-
ture, formed by majority states, has a smaller diameter than
in the PM phase, according to the general behavior of hole
pockets discussed above. The minority states form a hexagon
that is separated from and surrounds the central structure.
The sections of the 3| feature that disperse parallel to the
I'MK plane cannot be seen in the plot due to very low PE
intensities in the region close to the MKL zone boundary.
The dashed line close to the ML line (dotted) reflects the
dispersion on the I'LM azimuth, as shown in Fig. 3(b). Due
to low PE intensity, only the innermost part of the band-2|
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contour is visible, manifesting itself as an extension parallel
to the KH line at the corners of the 3| hexagon. Its disper-
sion in the 'MK plane, see Fig. 3(a), is marked by the
dashed line close to K.

In summary, we have presented a comprehensive study of
the electronic properties of the heavy Ln metal Gd, covering
a broad temperature range and a wide region in k space.
ARPES provides direct access to the shape of the FS, with
no need for theoretical input, as it is the case with dHvA
measurements that are limited to bulk crystals and the FM
phase at low temperatures. Our FS data for the PM phase are
in agreement with previous results of positron-annihilation
studies. A comparison of results from various theoretical ap-
proaches with the present experimental data reveals discrep-
ancies, such as an overestimation of AE,, as well as differ-
ences in the dispersions of bands and in Fermi contours. The
present results serve as an experimental reference and are
expected to play a role in improving future theoretical mod-
els as well as the understanding of the magnetic ordering in
Ln metals.
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