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k-Space Mapping of Majority and Minority Bands on the Fermi Surface
of Nickel below and above the Curie Temperature
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A section through the three-dimensional Fermi surface of Ni has been mapped perpendicular to the
[110] direction using angle-scanned photoemission. Regions of minority and majority spin bands, well
separated itk space, can clearly be identified through comparison with a band structure calculation. The
behavior of the different bands is observed for temperatures below and above the Curie temperature
We find bands which move and bands which stay in place for going ffom 7T to T > T¢.

PACS numbers: 75.25.+z, 71.18.+y, 75.10.Lp, 79.60.Bm

Despite a large amount of experimental data on theccess to a wide range knispace. Recently we demon-
electronic and magnetic structure of nickel, conflictingstrated the efficiency and accuracy of this method by mea-
conclusions persist about the behavior of the exchangsuring the two-dimensional FS of a Bi cuprate [15] and
splitting AE.x as a function of temperature [1-5]: cuts through the three-dimensional FS of Cu [16]. The
While some experiments point to a largely temperatureobvious advantage of this procedure is that it provides a
independent exchange splitting in going across the Curigery accurate intensity mapping with a selectable uniform
temperature Tc = 631 K) others give evidence for sampling density. In contrast to conventional photoemis-
changes of the Fermi surface (FS) in traversifig.  sion experiments measuring complete energy-distribution
Insight into this question has also been gained fronturves (EDC's), but at fewer locations in the Brillouin
photoemission and inverse photoemission experimentgone (BZ), the present measurement will not miss any di-
[6—12], and again conflicting views were obtained withrect transitions crossingr. The experimental procedure
respect to the temperature dependenc@ Bf,. Recent was outlined in Refs. [14—16], and we refer the reader to
experiments found that spin-split bands merged withthis work for details.
temperature at somé locations while their splitting In Fig. 1(a) we present the room temperature (RJ)
remained temperature independent at others [10]. Inversaapping of the intensity of Heexcited photoelectrons
photoemission studies [12] reported on collapsing spineollected within an energy window of about 30 meV, de-
split bands upon approachiri- even for the magnetic termined by the instrumental energy resolution, centered
Z, band, and the experimentally determined exchangat Er. The outer circle corresponds to a polar angle of
splitting followed the rescaled bulk magnetization curve. 90°, and the center of the image represents normal emis-

Considering these results showing both temperaturesion. Intensities are linearly color coded as indicated in
independent or collapsing exchange splittings, and thus irthe color bar. High intensities resultlag locations where
dicating at the same time the persistence of local momentdirect transitions move throughy, yielding therefore a
and a Stoner-type behavior, it is important to obtain a moré&S of Ni. These locations show up as relatively fine, well
systematic view of the temperature behaviorAddf., in  defined lines. Judging from these data, the violation of the
k space, and, in particular, of the magnetic bands crossonservation of the wave vector component perpendicular
ing the Fermi levellEF). We therefore present a high- to the surfacdk ; ) does not appear to be too severe. The
resolution temperature-dependent mapping of a complet@apping corresponds to a section through the FS perpen-
section through the FS of Ni, as viewed through the (110¢icular to the [110] direction as has been demonstrated
surface, in which several magnetic bands are observed at [16] for the example of Cu. Intensities are modulated
the same time. It is important to note that the present exalong these lines due to matrix element effects.
periment resolves majority and minority bandsispace. We distinguish several sets of lines, which we label A,

Recently, Santonet al.[13] used a two-dimensional B, and C in Fig. 1(a), as well as their symmetry-related
display-type analyzer to map the FS of layered graphiteounterparts. Since our experiment is not inherently
directly by measuring the total photoelectron intensityspin resolved, we have to compare these data to the
within a narrow energy window afr. High intensities result of a spin-polarized FS calculation in order to
are recorded at locations of the wave vector componerdetermine which lines correspond to the majority FS
parallel to the surfac€k;) where direct transitions dis- (which should be essentialgp-like as the majorityd band
perse through this window, namely, through the FS. Ins filled) and which to the minority FS. In Fig. 1(c) we
the present work we use sequential angle-scanning dathsplay the result of a calculation using the spin-polarized
acquisition [14], providing a high energy resolution andlayer Korringa-Kohn-Rostoker (LKKR) formalism [17],
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FIG. 1(color). (a) RT(T/Tc ~ 0.48) mapping of the intensity of He(21.2 eV) excited photoelectrons collected within an energy
window of about 30 meV centered &Y, linear ink;. The outer circle indicates an emission angle of, 9Be center represents
normal emission ok; = 0. Intensities are given in a linear color code as indicated in the color bar. (b) Same as (a) but for
T/Tc ~ 1.1. (c) Calculated cut through the bulk FS using the spin-polarized LKKR scheme for the initial state and a free-electron
final state (see text). Majority spins are given in blue and minority spins in red. (d) LKKR calculation as in (c) but unpolarized.

stacking (111) layers up to convergence. Calculationsa recent band structure calculation along high-symmetry
along high symmetry directions agree well with publisheddirections by Eckardt and Fritsche [20] we can identify
band calculations such as [18]. For a given energy anthe three locations marked in Fig. 1(c) with the Fermi-
k|, this code delivers the corresponding eigenvalkes level crossmgs of the minoritg band near theX line

of the Bloch functions for majority and minority spins and (namedEz) and of the st Sp|IBp bands between th&
hence their constant energy surface. Assuming a onemnd the3, lines (named| andS}) [21].

beam free electron approximation for the photoelectron Comparing Figs. 1(c) and 1(a) we find an excellent
final state in the extended BZ as described in Ref. [16hgreement of intensity lines in the data with the calculated
a spherical section through the calculated FS is create#S section. Indeed, the agreement is of a quality that it
An inner potential of 10.7 eV [19] and a work function s justified to use this calculation in order to spin label the
of 4.7 eV were assumed. In order to allow a point toobserved lines in the experiment. In this way the majority
be plotted in the calculation of Fig. 1(c) a maximum and minority bands can be well separated just by their
difference of 0.1 inverse atomic units (ai). between different locations ik space. Moreover, this agreement
the free electrork ; and the calculatedk; on the FS indicates that our experiment is representative for the bulk
is accepted. No attempt has been made to optimizeagnetism, since surface effects are not included in the
parameters in the calculation. We find that while majoritycalculations. The feature B can be, identified with the
(blue) and minority (red) spin bands overlap in somemagnetic minorlt}/d band includingX;. The splitting
regions they are well separated in others. Consultingf the sp band §&; and 3} 1) is also well resolved in the
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experiment, which is more obvious in Fig. 2(a), providing A very obvious change happens to the feature C in
a polar section through the data of Fig. 1(a) alondti®]  Fig. 1(a), which is related to thep band &} and 3}):
azimuth. The splitting collapses but the line remains rather fine.

At this point we have to briefly comment upon the This is clearly seen in the section given in Fig. 2(b)
relation of the data in Fig. 1(a) to a conventional FSindicating also that phonon effects as described in [25]
measurement. The photoemission experiment with= for x-ray excitation do not seem to play an important role
21.2 eV ‘“takes place” in the second BZ. Therefore, here. In this same figure one finds a different behavior for
as indicated in Fig. 3 [22], thé measured in tilting the g hand related feature BS4), which becomes much
the electron detection angle away from the normal ig)roader and shows, if at all, a slight shift towards lower
alongX'-T'pz9 (and notl'ogo-K) if one filts towards[110].  polar angles. The overall amount of diffuse intensity also
This explains the fact that in Fig. 1(a) one observes withcreases with temperature. This seems to be related with
increasingk along the[ 110] direction the ordering;,  the magnetism or at least with the flat bands of Ni since
ETI, and Ell, which is reversed from that in the first the measurements on Cu do not show such a behavior
BZ. To make the connection with the ordinary Brillouin [24]. Furthermore we observe a change of the feature
zone obvious we give in Fig. 4 one quadrant of the BZin the center of Fig. 1(a), which does not disappear upon
in the (001) plane containing the results of a de Haas-heating, but changes its relative weight in Fig. 1(b).
van Alphen (dHvA) experiment (open symbols [23]) and It is not obvious from the calculation in Fig. 1(c) to
data obtained from Fig. 1(a) (filled ellipses). The dashedssess which is the spin character of bands that move in
line follows the locations scanned during the polar scanthe region of feature A since minority bands, with mainly
as indicated in Fig. 3. Thé& crossings [Fig. 1(a) and d character atEr and majority bands with mainlsp
2(a)] are represented by ellipses with dimensions reflectingharacter akr are degenerate. But we can say that some
approximately the experimental widths of the transitionsbands (A, B) move while others do nGd’). This is not
We find three intensity maxima in good coincidence withconsistent with a simple Stoner picture where all bands
crossings of the FS observed by dHvA measurements. are expected to move smoothly. Also, the increase of

Figure 1(b) shows a FS map analogous to that ofliffuse intensity indicates a more complex behavior. This
Fig. 1(a) but for a temperature corresponding to a valués further confirmed by the calculation given in Fig. 1(d),
of T/Tc ~ 1.1. Noticeable changes occur. The changesvhich represents the FS obtained by the unpolarized
between Figs. 1(a) and 1(b) occur smoothly with temperakKKR method. Clearly, the agreement with the high-
ture [24]. We find regions where lines are considerablytemperature experiment [Fig. 1(b)] is poor except for the
broader than in Fig. 1(a), while others remain as fine as
before. Measurements performed on Cu for comparison
under the same conditions stay virtually unchanged [24].
Therefore we are assured to observe the influence of K
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r 1 I T T T I T FIG. 3. View of the (001) plane in reciprocal space, indicating
0 10 20 30 40 50 60 70 the Brillouin zone boundaries for Ni in the extended zone
Polar Angle 8 (Degrees) scheme [22]. High-symmetry points and lines are indicated as
well as the [110] surface normal. The circle represents the free-
FIG. 2. (a) Polar section through the RT intensity map ofelectron final-state wave vectors for emission from the Fermi
Fig. 1(a) along thd 110] azimuth. (b) Same as in (a) but for edge at a photon energy of 21.2 eV. The full range of polar
T/Tc ~ 1. emission angle$ is indicated by the curved arrow.
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