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Abstract. The heavy-fermion compound CgBas been studied using the fully relativistic spin-
polarized mean muffin-tin orbital method within the local density approximation. Two separate
calculations, one where the f electron is treated as a valence electron and the other where it is
treated as part of the core, have been performed and the Fermi surface is obtained. The angular-
dependent de Haas—van Alphen (dHvA) frequencies are calculated in both cases and they are
compared with the experimental dHVA frequencies. We also calculated the electron momentum
densities and compared them with the electron—positron momentum densities measured from
the two-dimensional angular correlation of electron—positron annihilation radiation. The spin
polarization of the Fermi surface is analysed and we present a new interpretation of the
experimental data of Harrisoet al

1. Introduction

An important question in heavy-fermion physics is whether the f electron contribute to the
Fermi surface. In URt the most thoroughly studied heavy-fermion system, the agreement
of the de Haas—van Alphen (dHvA) frequencies obtained from a band calculation where
f electrons are treated as valence electrons with the experimental results was a clear
indication that the f electrons do contribute to the Fermi surface [1]. This is also true in the
other U-based heavy-fermion system, URId, where a satisfactory agreement is obtained
between the experimental and the calculated dHvVA frequencies [2]. In Ce compounds a
clear picture has not emerged yet, particularly in the heavy-fermion compourg] ®bBh
has been well studied using dHvVA measurements [3—7] and with positron annihilation [8].
All these experiments seem to suggest that the f electron is almost localized. To shed some
light on this important issue, we perform band structure calculations.

The Fermi surface of CeFesembles closely that of LgBa reference compound which
has no f electron, suggesting the f electron might be localized. In other words, this seems
to suggest that a band calculation which keeps the f electron as part of the core should
reproduce the observed data. However the large mass enhancements; ifs@zific heat
coefficient,y = 250 mJ mot! K—2 compared with the value of.@ mJ mot K2 in LaBg)
suggest that the f electrons in Ge8re itinerant rather than localized. This paper contains a
detailed comparison between theory and experimental dHVA data and the electron—positron
momentum density measured by two-dimensional angular correlation of electron—positron
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annihilation radiation (2D ACAR), to address the issue of the localization of the f electron
in CeBs.

In this paper we use the two different models of a localized and a valence f electron to
reinvestigate the Fermi surface of the heavy-fermion compound;.C&Bese calculations
are an improvement over the previously reported band structure calculations [9] @n CeB
in that we use a fully relativistic band structure method. Two separate calculations are
performed, one where the f electron is treated as itinerant (f-band calculations) and the
other where it is treated as part of the core (f-core calculations). Hereafter, we refer to these
calculations as ‘f band’ and ‘f core’. The Fermi surface is obtained from spin-polarized,
ferromagnetic, f-band and f-core calculations and the dHVA frequencies and the momentum
densities are calculated and compared with experiments.

Itis a known fact that the simple local density approximation (LDA) employed in a band
structure calculation is not adequate to treat strongly correlated systems. In heavy-fermion
systems the effective mass is underestimated by a factor of 20 [10]. The LDA however has
been successful with regards Eermi surface topologyfor instance in URt[9]. Recently
we found that the metamagnetic transition of {JPan also be explained within the LDA
[11]. Thus one expects a reasonable model of the Fermi surface and ground state energies
within the LDA.

CeBs undergoes two phase transitions, one at 3.2 K to the antiferroquadrupolar phase
and the other at 2.3 K to the antiferromagnetic phase [12]. The dHVA experiments are
performed in the antiferroquadrupolar phase. According to Norman and Koelling, non-
magnetic f-core calculations give a better fit to the experiment [13]. The spin-polarized
f-band calculations of Langfordt al [9] on the other hand do not give a good quantitative
agreement with experiments and a shiftAg of more than 10 mRyd is needed to match
the « frequency, while the other branches were not calculated. This calculation does not
include spin—orbit coupling and this could prove to be important as the bands forming the
Fermi surface have substantial f content. A fully relativistic and spin-polarized calculation
however can determine the influence of the spin—orbit coupling on the spin polarization of
the electron bands. A consequence is the spin is no longer a good quantum number and the
electronic bands can be differently spin polarized. In particular, each of the Fermi surface
sheets can have a different spin polarization.

In section 2, we summarize the dHVA experimental situation in . aBd CeB.
Section 3 contains the details of the band theoretical calculation. Section 4 gives the
results of both the f-core and the f-band calculations. The band structure, the description of
the Fermi surface and the dHVA frequencies are presented here. In section 5, we compare
the theoretical results with dHVA experiments. An analysis of the polarization of the Fermi
surface is also included. In section 6, we comment on the calculated momentum density
and that obtained from 2D ACAR experiments.

2. dHVA results in LaBg and CebBs

The Fermi surface of Cephas been well studied by the dHVA effect by several groups in
the past. One important result which emerged from all this work is its close resemblance
with LaBg. The observed frequencies of GeBre being interpreted therefore using the
Fermi surface model of LaB[6]. Hence, it would be useful to briefly summarize here the
situation in LaB.

The « branch, consisting of1, «2 anda3, gives a frequency of the order of 1G.
They are prominent in most of the (010) and (110) planes but disappear at certain angles.
Around this frequency range there are also frequencies labgliad y, observed only in
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a small angular region. The lower frequencies, of the order 8f@0which are labelled
g, 8 and¢ are observed again in a small angular regf©@0; and {110} planes. There are
also frequencies higher than®G observed, which are labellgd, v, » and & [14, 15].
Finally, there are the lowest-frequency branches), of the order of 4G5, which show
considerable variation over the field angle in {i©0; and {110} planes [14].

The observed frequencies in LgBare interpreted with the Fermi surface model
consisting of nearly spherical ellipsoids centred at X connected by necks intersecting the
'-M axis with small electron ellipsoids aloig-M. The alpha branch consisting ef., a2
anda 3 arises from three equivalent spherical pieces of Fermi surface centred at the X point,
and they ande frequencies from the hole orbits circulating inside the multiply connected
ellipsoids centred at M an&’. The observed dHvA frequencies in RrBnd CeB have
been interpreted using the above model for .48 .

One of the earliest Fermi surface calculations of pafas performed by Hasegawa
and Yanase [16] using the symmetrized non-relativistic self-consistent APW method. The
one-electron potential in their calculation is based on thenXethod and the calculations
were performed for two different values of the exchange parameter,2/3 and 1. The
Fermi surface consists of balls located at X points connected by necks alofgfhaxis.

This confirmed the proposed Fermi surface model [14,15]. In their calculation the necks
are short and thick and even if the Fermi energy is displaced the shape is not changed.
With this Fermi surface, though they could explain the main branches, in particular the
frequenciesx3, y ande, the overall agreement is not very good. The disagreement with
the experiment remained even with a change in the exchange parameter.

The interpretation in which the low-frequengy orbits which were initially assigned
to the necks was later found to be inadequate. Hamnal [17] interpreted these orbits
as arising from small flat electron pockets centred at neck positions. These pockets were
obtained from the LDA band structure calculations by displacing the 4f level upwards by
as much as 100 mRyd.

van Deurseret al [3] first studied the Fermi surface of CgBnd found the main features
of CeBs are similar to LaB, indicating the 4f electron is almost localized. Onekial [6]
continued the investigation of the Fermi surface in fields up to 14 T and temperatures
down to 20 mK. They detected the3 branch in the limited angular region of 04 the
{110} plane and 0-35in the {100} plane, which is measured from tH&00 direction to
(110, while van Deurseret al [3] observed it throughout thf1l00} plane. Moreover, they
observed thexl anda?2 in a narrow angular region in thel0G plane; this is presumed
to be due to magnetic breakdown. These are not observed by @nhaki[6] except at
an orientation 0f(110 which corresponds ta1 of van Deurseret al [3]. In addition to
observing the maime branch they also found the branch and thus, comparing this with
that of LaBs, they confirmed the existence of an electron pocket in@Bich has been
shown to exist in LaB.

Besides the mai orbits and theo orbits there are several other frequencies in £eB
which are centred atL00), (110 and(111) directions. Among them, two branches centred
at (100 are thought to correspond to theande branches of LaB arising from hole-like
orbits circulating inside the multiply connected ellipsoids. The cross sectional areas of these
orbits depend on the size of the neck.

It was suggested [6] that there were frequencies with heavier mass undetected in dHvVA
experiments as there was a discrepancy between the quasi-particle mass obtained from
dHVA experiments and the thermodynamic mass deduced from specific heat, but recent
analysis [7] has confirmed that this is not so. By modelling the Fermi surface sheets for a
more general case of prolate ellipsoids of revolution, instead of the spherical approximation
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considered earlier, the effective mass was obtained in agreement with that inferred from
specific heat.

A detailed calculation of the dependence of the frequencies on the orientation of the
magnetic field is needed to confirm the Fermi surface madsumedfor CeB;. Though
the major features of the Fermi surface such as the X-centred ellipsoids were confirmed by
previous calculations, the detailed shape of the Fermi surface is not clear. In the following
sections we present the Fermi surface and the dHVA frequencies obtained from our band
calculations.

3. Details of the calculation

CebB; crystallizes in the cubic CeRBastructure. The atomic arrangement may be described

in terms of the space groupm3m using its special positions: Ce at the (1a) site (0,0,0)
and B at the (6f) sites-(1/2,1/2, u; 1/2, u, 1/2; u, 1/2, 1/2) with u = 0.207 and a lattice
constant of 7.825 au [25]. We use the fully relativistic spin-polarized linear muffin-tin
orbital (SPRLMTO) method [18] where the spin-polarized Dirac equation is solved within
the relativistic local spin density functional theory. The valence states incldd&difand

65 of Ce and 25and 2p of B. The Ce 5p electrons were treated as part of the core. The
unscreened muffin-tin orbitals include s, p, d and f states on Ce (ASA radius 4.040 au) and s
and p states of B (ASA radius 2.006 au). For the f-core calculations where'ttededtron

is part of the Ce core, we use only s, p, and d muffin-tin orbitals. The ferromagnetic
calculations have been performed for the moments aligned along thés and in this

case the symmetry is reduced from cubic to tetragonal. For the self-consistent calculations
252k points were used in the irreducible wedge of the tetragonal Brillouin zone. However,
for calculation of the Fermi surface and dHVA frequencies a densegsh of 485% points

in the irreducible wedge (1/16th of the Brillouin zone) was used. Also, the same mesh was
used in the calculation of momentum densities.

4. Results

4.1. f-band calculations

With the f electron included as a valence electron, the fully relativistic spin-polarized
calculations converge to a stable magnetic state with the spin magnetic mome®0f O
and the orbital moment-1.06u.3. The stabilization energy for the magnetic state however
is very small, namely 3 mRyd.

Figure 1 shows the band structure of Ge@ully relativistic) along the symmetry
directions of the tetragonal Brillouin zone in the magnetic state. The degeneracy of the
up and down spin bands is lifted due to spin—orbit coupling, which is clearly seen at the
point A in figure 1, where there are the two sets of up and down spin Ce f bands.

As we can see in figure 1, there are four bands which cross the Fermi energy. The lower
two bands at the M point (bands 21 and 22), which are broad, correspond to those bands
at the Fermi energy in LaB It is a hybridized band of Ce d states and B p states with a
little mixture of Ce f states neafr. The third and fourth bands at the M point (bands 23
and 24), which are flat, are mostly of Ce f character with a small mixtfii p states.

The density of states at the Fermi energy is 11.096 state&/enit cell. Using this one
can obtain the specific heat coefficient as

y = [(wkg)?/3IN (Er).
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Comparing this with the experimental (250 mJ mot! K—2) one can obtain the mass
enhancement as

mexp/mtheory = yexp/yfheory~

The values are tabulated in table 1. The values for f band are comparable to those found in
other heavy-fermion systems [10, 19, 20] while those for f core seem to be unusually large.
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Figure 1. The spin-polarized relativistic band structure of Geldith the f electron treated as
valence.

Table 1. The density of states, specific heat coefficient and mass enhancement forilCei2
f-core and f-band cases.

N(EF) Y

(states eVl/cell)  (MmI mott K=2)  mexp/muneory
f-band 11.1 26.12 9.57
f-core 0.61 1.43 174.7

Figure 2 shows the density of states (dos). The vertical line at 0.0 Ryd marks the Fermi
energy. The density of states at the Fermi energy is dominated by the Ce f contribution of
92%. The sharp peak centred-al.1 Ryd consists mainlyfoB s states. The double-peak
structure extending betweer0.8 and—0.3 Ryd has mainl B p states hybridizing strongly
with s states with a small mixing of Ce s, p and d states. The peak structurezpear
almost all Ce f states with 92% of the dos B} from Ce f states (of up spin), with a
small contribution from Ce d states@i p states. This is separated from the one above
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Figure 2. The total dos of CeBwith the f electron treated as valence in states Ryckll.

it, centred at 0.3 Ryd, made up of Ce d states. This is different from a scalar relativistic
calculation. First of all, the peak structure nedy is much broadened from 0.07 Ryd
without spin—orbit interaction, by almost 100%, to 0.13 Ryd in a relativistic calculation,
increasing the dos & . In a relativistic calculation this consists of admixtures of Ce up
and down states while in the case of a scalar relativistic calculation the Ce up states at
are separated from Ce down states. Thus the Fermi surface is only partially spin polarized
in a relativistic approach because of significant hybridization between the up and down spin
bands while in a scalar relativistic calculation the Fermi surface will be predominantly of
one spin character.

The calculations have also been performed by including the ‘combined corrections’ [21]
and we do not find any significant changes to the Fermi surface. The results reported here
are without the combined corrections.

Figure 3 shows the different sheets of the Fermi surface obtained from our f-band
calculations. The third band (band 23), which gives about 61% of the contribution to
the dos at the Fermi energy, forms the main piece of the Fermi surface, the X-centred
‘ellipsoidal’ orbits (figure 3). They are not closed perfect ellipsoids as in the case qf LaB
but are open. Moreover, since the symmetry is reduced from cubic to tetragonal in our
calculations where the magnetic moment is aligned along; taeis, the surface centred at
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Figure 3. The different sheets of the Fermi surface in the f-band case formeal) bb§ band 23
(c) band 21 ¢l) band 22 and€) band 24.

Z (001) is a multiply connected surface, different from the other two centred at (100) and
(010). These ellipsoids are connected by necks aldi@ directions similar to the case

of LaBs. Separated from the main sheets are four small surfaces centred at off-symmetry
positions situated alonj—X andI'-Y at (+0.4, 0, 0) and at (0+0.4, 0) but there are none
alongI'-Z (figure 3(b)). This piece of Fermi surface formed by band 23 is much more
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Figure 3. (Continued)

complicated than the simple ellipsoids of LaB

The bands 21 and 22, which are nearly degenerate give rise to more complicated closed
large hole surfaces centred at the A point (figures) 3hd 3¢l)). The bands 22 and 21
contribute about 23% and 14% respectively to the density of stat&s-.atThese bands,
being very flat, are very sensitive to the position of the Fermi energy. A shift in the Fermi
energy of 5 mRyd will make the hole orbit of band 21 completely disappear. These bands
have mostly f character hybridizing with Boron p, but farther away frém they have
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(e)

Figure 3. (Continued)

mostly Ce d character.

Finally, the band 24 forms a small closed electron surface centred ar theint
(figure 3€)). This band contributes only about 2% to the total density of statég-at

The dHVA frequency spectrum in thd00 and {110} planes as observed by Onuki
et al [6] is reproduced in figure 4 and the frequency spectrum calculated from the above
Fermi surface sheets is shown in figure 5.

Firstly, the highest-frequenay branch, of the order of 110 MG or.1Lx 10* T, which
remains almost flat in the entire angular region of {b@0} plane and part of thgl 10} plane,
arises from the ‘ellipsoidal’ orbits centred at the X and Y points. They are degenerate in the
{110} plane. In the angular region between 50 and ifOthe {110} plane, the frequencies
become higher, of the order of 125 MG, this could be the result of the contribution from
other sheets and is not included in the figure. The Fermi energy has been shifted upwards
by 3 mRyd, which results in a change of the number of electrons by 0.19. The surface
centred at Z is more complicated and different from the other two, centred at X and Y,
for reasons mentioned earlier, and it was not straightforward to obtain the corresponding
frequency. It has not been obtained here.

We assign the next two frequencies below thébranch, which show quite a large
dispersion, toy ande. They arise from the complicated hole surfaces of the bands 22 and
21 centred at the A point. The band calculations give the hole orbit of the band 22 as
too big and we have shifted the Fermi energy upwards by 5 mRyd, which brings down the
frequency to just & 10° T in the (011) direction. A further shift ofE - upwards by 1 mRyd
changes the frequency to just belowk510° T. For the frequency branch just below this
one, which arises from band 2k, is shifted upwards by 2 mRyd.

The next frequency, aroundx21C® T, is namede’. This arises from the closed electron
pocket around th€& point of band 24. Finally, there is the lowest-frequency branch, given by
the small hole pockets of band 23, which are disconnected from the main ellipsoidal sheets
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Figure 4. The experimental dHvVA frequencies in thE00} and {110} planes as obtained in [6].

and are situated along—X andI'-Y. These frequencies are degenerate in{ftik} plane
but they branch off in th¢100} plane. Table 2 summarizes the frequencies and the band
masses for different orbits along th&00 direction.

4.2. f-core calculations

The non-magnetic band structure of GeBith the f electron as part of the core is shown
in figure 6. The calculations are performed first without including the f states in the LMTO
basis function. Only one band crosses the Fermi energy giving the density of stateast
0.608 eVY/cell, a factor of 18.25 smaller than an f-band calculation. At the Fermi energy
the d states contribute about 65% of the total; the next highest contribution is from the
Boron p states, which is about 34%.

The Fermi surface consists of large ‘ellipsoidal’ electron orbits centred at the X point.
Unlike the f-band case, the system is non-magnetic and so we would restore the cubic
symmetry, although the calculations have been done in the tetragonal Brillouin zone. These
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Figure 5. The dHVA frequencies in th€l00} and the{110} planes for the f-band case.

‘ellipsoids’, as in the case of the f band, are open. Consequently they do not form a closed
hole orbit centred at thE point. Disconnected from this main sheet is a small hole pocket
centred at thad point. The Fermi surface is different from the Fermi surface of ¢,aiit
with a shift in the Fermi level of+20 mRyd one ends up with a Fermi surface topology
the same as that of LaB

As a separate calculation, we included the 5f states in the basis set and our results are
similar to the case with no f states in the basis set, except that the small hole orbit at the
centre appears to be connected with the main sheet, unlike the former case, where it was
disconnected from the main sheet. However with a upward shift in the Fermi level it is the
same as before. The calculations have also been performed with the core polarized and the
band structure remains almost unchanged.

The frequencies obtained in the f-core case with no shiff jnare shown in figure 7.
The highest frequency arises again from the large ‘ellipsoidal’ electron orbite Tranch,
consisting of two frequencies in tH&00} plane, is due to the ‘ellipsoids’ centred at X and
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Figure 6. The non-magnetic band structure of GeReating the f electron as part of the core.

Table 2. The dHVA frequencies and band masses of £&Bhe f-band case, for the field along
the (001) direction.

Experiment Theory

F(T) m*/mo F(T) m*/mo Band

a 8670 14-21 10870 5.14 23
y 2190 15.5 7278 8.54 22
€ 1300 9.2 2557 12.33 21
& 2015 1.4 24
P 120 35 496 2.1 23

Y, and they are degenerate in tfL0} plane. The f-core frequencies are slightly less than
those of the f-band case but the frequency variation is similar. The next highest frequency
(y branch) arises from the ‘ellipsoid’ centred at Z, which could be obtained only in a limited
angular region. The frequency around % 10° T arises from the hole orbit formed by the
multiply connected ellipsoids centred at M. The lowest frequencpranch), of the order

of 1% T, arises from the small'-centred hole orbit.
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5. Discussion

5.1. Frequencies compared with experiment

The highest frequency, i.e., thebranch, is present in all the hexaborides kaBeBs and
PrBs [6], and originates from the X-centred ellipsoidal orbits, where much attention has
been focused. It is interesting to note however that this frequency, which is in agreement
with the experiment, is obtained in the calculations, irrespective of whether the f electron
is treated as a core electron or as a band electron.

In the f-core case it is the broad d band of Ce hybridizinchvitp states which gives
rise to thise frequency. This is also true in the case of lkaB/here thex orbit comes
from the broad band consisting mainly of La d states, hybridizindy Bitp with a little
contribution (12%) from La f states. Thus the general band structure features are very
similar in LaBs, CeBs (f core) and Pri [9].

Including the f electron as a valence electron in ggMills the unoccupied f bands
from their high-lying position in LaB to a position just abové r, thus making the Ce f
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contribution to the dos at the Fermi energy as high as 92%. Band 23, which gives rise to
the ‘ellipsoidal’ surface, similar to LaBor CeBs (f core) contributing to ther frequency,
is essentially of f character.

Thus although the f-core and f-band calculations give rise to similar frequencies, the
character of the states at the Fermi energy is completely different. This is revealed in
the calculated band masses. In the f-core case, the enhancement over the bare electron
mass f1,q,q/m.) is between 0.23 and 0.42 and it is about 0.5 for §.aBn the f-band
case, the enhancement ranges between five and eight depending on the orientation of the
magnetic field. Though the band masses are enhanced compared to the f corg,ahé&pB
are significantly short of the observed enhancement, suggesting that the f electrons are not
sufficiently localized. This is a known failure of the LDA when applied to strongly correlated
electron systems, where many-body effects are not included. A renormalized band structure
[22] or one incorporating self-interaction correction (SIC) [23] would perhaps improve the
values for the band masses.

The f-core calculations do not give a satisfactory account of all the frequencies. We
obtain too few frequencies to account for all the observed frequencies of. C&Be
« frequency is obtained in agreement with experiment. We also obtain two frequencies
in the middle region, which could be identified with theand p branches of Ceg but
in a higher-frequency range. Thebranch arises from the pocket centred at Eh@oint
and we obtain only one frequency instead of multiple branches. The topology of the Fermi
surface however can be changed to resemble that of lbgBshifting the Fermi level, in
which case thep branch can be interpreted satisfactorily as similar to that ofgLidB],
but still we would fail to account for all the frequencies observed in £ eBpecially those
in the middle region of the frequency spectrum betweenotlad thep branches.

Thus the frequencies in the middle region seem to be more crucial than bhanch
or the p branch as they are the ones which mainly make the frequency spectrum gf CeB
different from that of LaB. These are now the orbitals which will be reinvestigated in
detail [27].

In the f-band case we do obtain additional frequencies in the middle region in comparison
to the f-core case. Experimentally, in the frequency range betwegrard® 2x 10° T
one sees two or three frequencies, depending on the direction. There areatid the
& branches, which are continuous up to 1% the {100} and in the{110} planes, similar to
what is observed in LaB There are also other frequencies in this range betweand ¢,
continuous in both th¢110} plane and thg100} plane.

In our case, there are three frequencies in the range betwéamdGx 10° T. They and
the e branches are in a higher range than what is observed. For #mel thes frequencies
which originate from the hole orbits centred at the A point formed by bands 21 and 22, the
band masses are between seven and nine times the bare electron mass. This high value for
the band mass is due to the fact that these bands are flatter, giving rise to big hole orbits
at the A point, resulting in higher frequencies and higher band masses. For the frequency
branch below these(branch) from the -centred electron orbit the masses are in the range
between one and three which is also true for phieranch.

The lowest-frequency branch in our calculations is again higher compared to the
experimental values in both the f-band and f-core calculations. In the f-band case, these
arise from the small hole pockets alomg-X and I'-Y as shown in figure ®). This
interpretation of thep branch is different from the earlier one based on the Fermi surface
of LaBg in which case it is due to the existence of ellipsoidal electron pockets &l
[17].

In summary, the f-band calculations are not satisfactory either. This is particularly
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true for the frequencies and y, characterized by large f—d hybridization, which appear
much higher than what is observed. Moreover, thédranch, which is observed to be
non-degenerate ifiL10}, appears degenerate in our calculations. One possible explanation
for the discrepancies may be the fact that the calculations are performed for a specific
direction of the magnetic field, namely theaxis, which makes the system have tetragonal
symmetry. This may not correspond to the magnetic structure in which the experiments are
performed. A different magnetic structure would change the conduction-electron—f-electron
hybridization, thus affecting the topology of the bands and hence the frequencies. The
polarization of the Fermi surface will also be affected.

5.2. Spin polarization of the Fermi surface

In the present calculations, the total spin moment@94u 5 at the calculated value @,
indicating a strong polarization at the Fermi energy. To see whether one can change this
strong polarization at the Fermi level by a mere shifttigf, we calculated the spin moment

by varying the Fermi energy. This is plotted in figure 8. We see that the spin polarization
does remain strong and it is inherent in the band structure.

Total
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0.4 1 //K////k/”ﬁz,xkﬁ*»-~/’* Band 23
00 L — / """ Bard 22
o ///‘//e/
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-0.004 0. 000 0.004 0.008
Energy ( Ry )

Figure 8. The total spin moment and spin moment;ip from individual bands for different
values of the Fermi energy.

To see to what extent each sheet of the Fermi surface is polarized in the present
calculations, we plotted, in figure 8, the spin polarization of each of those bands which
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occur at the Fermi energy separately. The four bands have very different behaviour in their
spin polarization. Band 24 is not included as its contribution to the density of states in
the energy range considered here is very little. We find that band 23, which forms the
biggest piece of the Fermi surface, giving rise to éheranch, is not as heavily polarized

as band 21. It disperses from about 10 mRyd belywto about 14 mRyd abovér, and

the spin polarization varies from almost zero at 4 mRyd belowto 0.33up at 3 mRyd
aboveE. It carries almost all of the polarization in the f channel and the sharp rise in the
total polarization originates from this f contribution.

Bands 21 and 22, which form the A-centred hole orbit, have a considerable contribution
to the spin moment from the d channel also. Band 21 gives the biggest contribution to the
spin moment at the Fermi surface, of abow0;, and this remains constant with a shift
in Er. For band 21, the f contribution varies from 66% at 4 mRyd below the calculated
Er to about 71% at 5 mRyd abov€&r, and the rest is due to the d channel. The d and f
channels add up to enhance the polarization. For band 22, the d contribution is of similar
magnitude as for band 21, but in the opposite direction. The f spin moment is only about
0.03up while the d spin moment is-0.2up at 4 mRyd belowEg, but at 5 mRyd above
Er it increases to @3u g, which is of similar magnitude to the d contribution. However
as they are in the opposite directions, the resultant net moment is very small.

The polarization of ther orbit, being only 21% of the total &, is consistent with the
experimental finding [7] that the orbit is unpolarized. Thus we have a different interpretation
of the data from that of Harrisoat al [7]. In [7], they used the experimental observation
that thea orbit is unpolarized to deduce that thesheet (and all other sheets) was doubly
degenerate. This interpretation left an experimental puzzle as to why no splitting of the
a orbit was observed in the high magnetic fields used in the experiments [27]. In our
calculations we find that the orbit is both (essentially) unpolarized and non-degenerate
and so would not be expected to show splitting in a magnetic field.

Harrisonet al [7] used the observed sheets of the Fermi surface with their deduction
of double degeneracy to estimate the total number of metallic electrons to confirm their
assumption that the Ce f electron is fully localized. This deduction is not necessary as in
our calculations the f electron has been treated as a band electron.

5.3. Comparison with 2D ACAR

In this paper, although the main emphasis is on the results of dHVA frequencies, we also
calculated the electron occupancieskirspace by integrating the Fermi surface obtained
in the f-core and in the f-band cases along the [001] direction, so that the results can
be compared with the recent 2D angular correlation of electron—positron annihilation
radiation [8] experiments in CeB The integrated results were directly convoluted with
the experimental resolution [8] so that what we obtain is directly comparable with the
experimental results. This, we hoped, would help to provide an unambiguous result about
the f-electron contribution to the Fermi surface.

In [8], the authors used a Fermi surface model consisting of nearly symmetrical electron
ellipsoids centred at the X points and connected by necks alorig-ieaxes for comparison
with their experimental momentum density integrated along the [100] direction, filtered as
described in [8]. This Fermi surface model is based on that of;LaB

Figure 9@) shows the experimental filtered projected momentum density fog @&Br
being LCW [26] folded in the first Brillouin zonek{space occupancy). Figuretf(@nd 9¢)
shows our theoretical results of the f-core calculations without and with shifting of the Fermi
level respectively. As we can see figurdpis very different from the experimental filtered
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Figure 9. (a) The experimental momentum density compared with that obtained from

calculations: ), (c) f-core calculations with the calculatedy (0.035 Ryd) and shifted

Er (0.01 Ryd) respectively;d) f-band calculations with adjusteHr (see the text); €) the
contribution from band 23 only. In the grey scale white corresponds to high and dark to low
intensity. The spread of intensities of the LCW-folded filtered date i£3 times the average

(or ‘typical’) statistical uncertainty of the intensity.



7122 M Suvasini et al

0.4
0.2
3
@ 1
. 00
o
S
v
-0.2
-0.4
-0.4
3 Ay __‘“x\
= =i ik
n 0.0; |
S hasie gl
D i ™~ _.4- /Il o]
v mngt

-0.4 -0.2 0.0 0.2 0.4
<100> a.u.

Figure 9. (Continued)

k-space occupancy of CeBby shifting the Fermi energy one obtains closer agreement
to the experimental data but the shift in the Fermi level is very large. However, a full
comparison between the calculations and the experiments should not be sought since the
calculations neglect the electron—positron matrix elements. We should only concentrate on

the gross features of agreement.
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Figure 9¢1) shows thek-space occupancy from the f-band calculations. Here there are
four bands involved and the adjustments of Fermi energy for the bands are the same as
for the calculation of the dHVA frequencies (refer to subsection 4.1). This does not give
a good agreement with the experimental results but compared with the f-core calculations
the agreement is better. In contrast to the f-core, the f-liagplace occupancy sums over
four bands and therefore the neglect of the electron—positron matrix elements might be
more severe here, since they could affect each band contribution differently. To investigate
this, we calculated the contribution of only band 23 to thepace occupancy. This is
shown in figure %). This demonstrates that the 2D ACAR experiments probe mostly the
contribution of band 23. To further investigate this, one would need to consider the electron—
positron matrix elements [24]. Another caveat is that the calculations are performed in the
ferromagnetic phase and the experiments are performed at 30 K, where the system will be
in the paramagnetic phase, which most probably is a disordered local moment phase.

6. Conclusions

We have performed fully relativistic LMTO calculation of CgBvithin the LDA, which

is an improvement over the previous calculations [9, 13] and calculated the Fermi surface
and dHvA frequencies. In the f-band case, the calculations are performed in the simple
ferromagnetic structure and not in the antiferroquadrupolar phase in which the dHvA
experiments are performed.

The dHVA frequencies obtained from both the f-core and f-band calculations is in
agreement with the experiment for thebranch but neither of them give a satisfactory
explanation for all the other observed frequencies. The f-band calculations give some
additional features in the frequency spectrum. In particular, we conclude that thand
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y frequencies from bands 21 and 22 are due to the f-electron contribution to the Fermi
surface. Comparing with the positron annihilation experiments seems to indicate that the
contribution of thew sheet dominates the spectrum.

Summarizing, we find the angular dependence of the dHVA frequencies in the f core
to be too similar to that of Laand to miss the additional features seen in £e®hilst
these features can be seen in the f band their detailed frequency spectrum does not have the
required agreement with the experiment. Though one can attribute the failure of the f-band
model to the LDA, one cannot rule out changes to the calculated dHVA frequencies due to
magnetic structure effects.

CeBs was originally one of the few heavy-fermion materials in which dHvVA data are
used with the results from the band theory to deduce that the f electron is localized, but
we have shown that this is more subtle and it would be too simplistic to assume that the
f-core calculations of CeBwould be more appropriate, although similarities exist between
the dHVA spectrum of CeBand LaBk. When spin polarization is taken into account, the
experimental data seem to be consistent with the f-band picture. Further experiments to
deduce the spin polarization of other orbits are needed to confirm the theoretical picture.
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