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Direct Observation and Calipering of the “Webbing” Fermi Surface of Yttrium
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The first measurement of both the size and shape of the region of the Fermi surface of yttrium known
as the “webbing” is reported. This particular Fermi surface feature is of considerable interest because
it is very similar to that found in a number of the heavier rare earth metals, where it is believed to
play a vital role in driving the exotic magnetic structures found therein. In this positron study, two-
dimensional angular correlation measurements combined with three-dimensional reconstruction provide
a direct image of this part of the yttrium Fermi surface. [S0031-9007(97)03771-X]

PACS numbers: 78.70.Bj, 71.18.+y, 71.20.—-b, 87.59.Fm

Many of the heavier rare earths (e.g., Th, Dy, Ho, Er)transition metal yttrium (Y) arises from the fact that its FS
display a helical antiferromagnetic ordering, where thes predicted to possess a similar and strong webbing feature
localized 4 moments are coupled via the Ruderman-[3] (even though the lack of local moments excludes
Kittel-Kasuya-Yosida indirect exchange interaction in-magnetic ordering). However, if alloyed with the heavier
volving the conduction electrons [1]. The ability of the rare earths, the combination of the local moments of the
conduction electrons to establish magnetic order dependare earths and the strong nesting properties of the yttrium
strongly on the Fermi surface (FS) topology [2]. That de-FS might result in magnetic ordering at the appropriate
pendence is most easily understood in terms of the wavey, and thereby provide a direct test of the concept of
vector dependent susceptibility, FS-driven ordering. This is not a new idea. Long-range

20 (1 — § magnetic ordering in gadolinium-yttrium superstructures

x(q) Z Mk k + @Ffi( = firqrap) (1) has been explained in terms of the Fermi surface topology

K.j,j’ ek +q+G)—¢(k) of the nonmagnetic Y layers [5]. An obvious prerequisite

HereM is a matrix element involving the wave functions for further studies is a direct elucidation of the webbing
of the conduction electrons and the localizéelectrons, feature and associated large parallel Fermi surface sheets
the f;; is the Fermi-Dirac distribution function for reduced in .
wave vectork and bandj, the €;(k) are the single Figure 1 shows the Fermi surface of Y as determined
particle energies, an€ is the reciprocal lattice vector by an augmented plane wave calculation performed by
that bringsk + q back into the first Brillouin zone (BZ). Loucks [3] (subsequent self-consistent calculations, such
Subject to other constraints [1], the maximum jifq)  as that of Skriver and Mackintosh [6], have yielded very
determines theq vector of the most stable magnetic similar Fermi surface topologies). Shown in the double
configuration. If the maximum of(q) is atq = 0, the  zone scheme, the Fermi surface is in bands 3 and 4 (which,
material will be ferromagnetic. If it is at some othgr inthe absence of spin-orbit coupling, are degenerate on the
a more complex arrangement of spins will ensue, with @&-L-H plane). The webbing, identifiable as the flat areas
wavelength defined by that vector. The latter conditionin both bands on either side of theL-H plane, has a
may well occur when there are large parallel sections ofesting vector, denoted in Fig. 1 16),. This vector has
Fermi surface and an appreciable “weight” of the termseen related to the wave vector associated with the exotic
in Eq. (1) have vanishingly small denominators at themagnetic structures [2]. Although de Haas—van Alphen
“spanning” or “nesting” vector. Itis a so-called “webbing” (dHvA) experiments [4,7] have provided evidence for the
feature [3,4] in the Fermi surface of some of the rare earthexistence of a Fermi surface which exhibits this feature,
which provides large parallel FS sheets for a nesting thatuch efforts deliver onlgxtremalFermi surface areas. In
drives the magnetic ordering. this Letter, we present the first glimpse of both the shape

A paucity of high-quality samples of the heavy rare and size of this webbing, uniquely (and directly) obtained
earths has hindered direct investigations of the intimat®y the positron annihilation method.
relationship between FS topology and magnetic behavior For many years, positron annihilation experiments have
in these systems. The interest in the more easily refided 4made significant contributions to our understanding of
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H_ o, L tallographic directions, it is possible to reconstruét (p)
L [8]. Finally, if this 3D density is folded back into the first
HEo = e = = = = .- R P A BZ [9] [and the effects of the positron wave function are
L ) assumed to be small so that tiig ;(k) are essentially
= independent ok], the translational invariance is restored
0 ) 3 and an electron occupancy knspace/(k), is obtained,
7
- n(k) = > p?(k + G), (3)
G
H p; HoX where G is the reciprocal lattice vector necessary to
J ] 1 L bring p[= 7#(k + G)] back into the first BZ. By these
/'/’-'ﬁéﬂff!’i'ffﬂ means, one can directly “image” the Fermi surface in the
K -‘4{[[ I~ K V¥ reconstructed 3D spectra [10].
" ¢ In these experiments, five projections were measured at
K o f 8 7.5° intervals, encompassing tt#° between the direc-
a, \ tions I'-M andT'-K (in the unique segment of the BZ)

on a single crystal specimen of Y, using the 2D-ACAR
FIG. 1. The third and fourth band Fermi surface sheets of Y spectrometer at the University of Texas at Arlington.
proposed by Loucks [3] and reproduced from Mattocks and=gr technical reasons, the experiments were performed at
:0””9 [4]. The labels (e.g.«) denote some of the dHVA ., tamperature, with an overall resolution of approxi-
requencies and the magnetic vectQy; linking the webbing ! .

from the two bands is Shown. mately 0.15 atomic units (a.u.) of momentum. Follow-

ing the usual processing of the measured spectra [8], a

the electronic structure of metals [8]. When a thermal Maximum Entropy” (MaxEnt)-based deconvolution pro-
positron annihilates with an electron in a solid sample c€duré was also applied to each spectrum to suppress the
there is some smaf~mrad deviation from anticollinear- unyvanted smearing introduced by the experlme_ntal reso-
ity of the two photons arising from the finite momentum lution [11]_' The strength of t_he MaxEnt method is tha_t It

of the electron in the laboratory frame. By measuringdoes not m_troduce artifacts into the data. The _beneflt of
the angular distribution of these deviations, one can de2PPlying th'.S procedure be_fore reconstruction, in respect
rive information directly related to the momentum of the ©© the quality of the resulting 3D momentum densities,
electron in the sample immediately before annihilation V&S démonstrated by Fretwell al. [12]. L

The conventional two-dimensional angular correlation of T_echnlques for reconstructing afuncthn from its linear
positron annihilation radiation (2D-ACAR) measurementProjections are often borrowed_ from medical tomograp_hy.
yields a 2D projection (or integral over one dimension),However' reconstruction from just a few measured projec-

N(py, py), of the two-photon momentum densify?” (p). tions requires exploitation of the crystallographic symme-

Within the independent particle model, try. Here, the full 3Dp2”(p) V\‘/‘as r?constructed from the
5 :‘l\{[edr?eas_ure((j: spectr:; (boththr?jw[lgndlg/]laéEr;t de;:_onﬁo-
2y (0 — , e uted) using Cormack’s metho —15], before finally
P (p) ; (; ] dr i, (x)y--(r) exp(=ip - r) following the Lock-Crisp-West prescription [9] to fold
the momentum distribution back into the first BZ. The
= Z nf(k)lcg,j(k)lzcﬁ(p -k —-G), (2) two reconstructions derived from the undeconvoluted and
kG deconvoluted projections will be referred to as raw and

where ¢ ;(r) and ¢ (r) are the electron and positron “MaxEnt,” respectively. The reconstruction procedure it-
wave functions, respectively, is a band indexG is a  self was rigorously tested [15], and was again shown not
reciprocal lattice vector, and’(k) is the electron occu- to introduce artifacts into the data. A more detailed de-
pancy ink space associated with barid The Cg j(k)  scription of these procedures can be found in Dugdale
are the Fourier coefficients of the electron-positron wavef16], and a full report is currently in preparation [17].
function product. The delta function expresses the conser- As noted earlier, the final result of the angular correla-
vation of (crystal) momentum. It may be seen th&(p)  tion experiments is an electron occupancy (or density) in-
contains information about the occupied electron states afluding both fully and partially occupied bands. But, by
the system and their momentum,= 7(k + G). Most using a threshold criterion to differentiate between empty
significantly, in the case of a metal, whenever a partiallyand occupied states (and here that proved easy to do), it is
occupied band crosses the Fermi level, there is a discontpossible to image the occupied bands and the Fermi sur-
nuity in p2”(p) at a number of pointgyr = i(ky + G).  face alone [10]. Figure 2 shows an image of the Fermi
The 2D-ACAR spectra, as already noted above, represesurface of Y, obtained from the MaxEnt-deconvoluted
projections ofp?”(p), but if one measures a small num- projections. The image obtained from the raw reconstruc-
ber of projections, with integrations along different crys-tion (not shown) is similar, but, not unexpectedly, the
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FIG. 2. The Fermi surface of Y obtained from the positrong|g. 4. Experimental cross section, in théf-L-M-K

annihilation experiment. The webbing can clearly be identifiedp|ane, obtained by constructing the difference between the

as the flat areas in the-L-H plane (see Fig. 1). Note the \axEnt and raw reconstructions. The labels indicate the BZ
similarity to the band 3 surface of Fig. 1. symmetry points.

structures are less sharp. In a multiband system, and paas white. The webbing can be identified as the central
ticularly when positron effects are present, one might exblack region of holes. If now the raw and MaxEnt recon-
pect it to be difficult to clearly resolve the Fermi surfacestructions are normalized so that they contain the same
sheets associated with each individual band. Figure Zyumber of “electrons” within the BZ, and the raw recon-
however, shows remarkable similarity with the band 3struction is subtracted from the MaxEnt reconstruction,
Fermi surface of Loucks (Fig. 1), clearly exposing the ex-the distribution shown in Fig. 4 results. This procedure
tensive flat areas which comprise the webbing. The asamounts to an “edge-enhancement” or high-frequency
sertion that the webbing is a relatively flat area of Fermifilter technique which previously has been shown to
surface close to th&-L-H plane can therefore be con- highlight Fermi surface features [11]. It enhances the
firmed. Furthermore, the dHVA experiments of Mattocksedges or discontinuities because it is in the vicinity of
and Young [4] suggested that the webbing was an arethose discontinuities in the occupation density that the
where the density of states was large, which would fur+esolution function has had the most damaging effect.
ther enhance any nesting phenomenon. Thus by subtracting the raw from the “enhanced” distri-
One may examine the webbing in greater detailbution, one is, in essence, amplifying the Fermi surface
Figure 3 shows the section through the webbing in thénformation. Figure 5 displays the “zero” contour, and
H-L-M-K plane (i.e., on the face of the BZ) that resultstherein is a striking resemblance between the theoretical
from the MaxEnt reconstruction. In this figure, the lows prediction (Fig. 1) and this contour, i.e., the contour
(holes) are shown as black, and the highs (electrongyhere the difference between the two distributions is zero
defines the Fermi surface.
M With this technique, it is possible to caliper the width
AT D Lo et Lo iisty L of the webbing in the directio-L-M. In Fig. 6, a sec-

j K tion along this direction through the difference spectrum

~

(Fig. 4) is plotted. It was proposed by Dugdaleal. [11]

)

|

FIG. 3. Experimental cross sections, in tHeL-M-K plane,
showing the webbing, from the MaxEnt reconstruction. TheFIG. 5. The webbing Fermi surface of Y, obtained by plotting
labels indicate the BZ symmetry points. the zero contour of the difference distribution of Fig. 4.
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' ' ' i confirmed by directly imaging the Fermi surface. These
flat areas are ideal for supporting Fermi surface nesting,
which is thought to drive the exotic magnetic structures
found in many of the heavier rare earths. Precise and
unique quantitative information about the shape and size
webbing was obtained.
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FIG. 6. Cut in theM-L-M direction through the distribution
of Fig. 4, used to caliper the Fermi surface, by finding the
locations where this distribution passes through zero.
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