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Specific heat of the ytterbium monopnictides above 5 K from a band-structure calculation
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Applying the self-consistent large-degeneracy expansion to the degenerate Anderson impurity
model in the presence of crystal fields, we compute the specific heat of YbN, YbP, and YbAs above
5 K. Each crystal-field level couples to the band states with its own hybridization function, deter-
mined from a tight-binding fit to an ab initio band-structure calculation. The different amplitudes
of the couplings naturally explain the anomalous crystal-field splittings observed by inelastic neu-
tron scattering. Our calculations reproduce the hitherto unexplained excess specific-heat peak seen
in all three compounds around 5 K, which we interpret as being due to the Kondo effect for the

ground-state doublet.

INTRODUCTION

The occurrence of a broad hump in the specific heat of
all ytterbium pnictides around 5 K,"? with no apparent
relation to the Schottky anomaly expected from the
crystal-field splitting of the 413 2F; , ground state of the
Yb ion measured by inelastic neutron scattering,®”> has
led to the conjecture that the quasiparticles in these com-
pounds are heavy fermions.® As will be shown below, the
above feature is a natural consequence of the interplay
between crystal field and Kondo effect for an isolated
magnetic impurity, and the coherent or Bloch-type na-
ture of the quasiparticle states needs not be invoked.
This is also true for the interactions between the rare-
earth ions, the scale of which is set by the magnetic or-
dering temperatures of 0.4 K for YbP (Ref. 7) and 0.6 K
for YbAs (Ref. 8) observed by Mossbauer spectroscopy.

Nearly integer-valent rare-earth impurities in metals
are commonly described by the infinite-U degenerate An-
derson model or the equivalent Cogblin-Schrieffer model,
for which the exact ground state’ !> and thermodynam-
ics!3715 have been derived in the Bethe ansatz formalism.
Recently the method has been generalized to include the
presence of crystal fields (CF),'®"!® and explicit curves
for the temperature-dependent excess specific heat have
been given for different CF configurations.!”'® For a
doublet ground state which is the case of interest in the
present context,’ > and crystal-field splitting comparable
to'® or larger than'? the characteristic Kondo tempera-
ture T, of the unsplit multiplet, the specific heat displays
a well-resolved two-peak structure. The peak at low tem-
perature corresponds to the Kondo resonance of the
ground-state doublet, with an effective Kondo tempera-
ture T.; strongly reduced with respect to T,.!" The
upper peak is the Schottky anomaly describing the exci-
tations between the now “magnetic” ground-state doublet
and higher CF levels.

Although the Bethe ansatz method leads to an exact
solution of the impurity problem, the conditions it im-
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poses on the model in order to insure its integrability are
fairly restrictive. In particular it assumes that the cou-
pling to the band states is constant in energy and the
same for all crystal-fields levels, which is certainly not
true in reality. An alternative approach which does not
suffer from this restriction is the self-consistent large-N
(=degeneracy) expansion’®~?? in the so-called noncross-
ing approximation?> (NCA). For vanishing CF and
N =6, the temperature-dependent specific heat and mag-
netic susceptibilities obtained by the two methods are in
excellent agreement with each other.’ As the degenera-
cy is lowered to 4, the large-N expansion puts the Kondo
peak in the specific heat at slightly too high a tempera-
ture and fails to reproduce the small finite-temperature
maximum observed in the Bethe ansatz result for the
magnetic susceptibility.’’ No comparison is available for
N =2, but we expect the self-consistent approach to yield
sufficiently accurate results in the temperature range
relevant for our study?* which, to our knowledge, is the
first to include CF effects in the calculation of the specific
heat within that framework.

THE MODEL

We consider the infinite-U limit of the degenerate An-
derson model in the presence of CF:

HY=“=H,,+H/=*+HJ >, (1)

mix

where Hy,.4 is obtained from a tight-binding fit to an ab
initio band-structure calculation, as described in detail in
Ref. 25;
Nrg Nry Nr,
HfU_"°=£r62 ﬁ{~6+er82 ﬁjl“s+5r7 S ﬁ{-7 , ()
j=1 i=1 j=1
with the bare’® CF levels er_(ground state, degeneracy
Nl~6 =2),Er8 (first state, Nr8 =4) and

er, (Np, =2) for the 4f3F, ,, multiplet. The ﬁfr, are

excited
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projection operators on the CF states:

At =0Tyl (2a)
and similarly we define the projector on the full-shell
(zero-hole) configuration:

A,=10)(0] . (2b)

The mixing matrix elements between localized and
band states take a particularly simple form in a tight-
binding basis. Numbering the basis vectors by |k;a ), we
get
HU= © _—

mix

S la (Vi el Fr j+He], (3)
k,v,a
r,.j

where the normalized eigenvector for band v at the point
k is given by

k,v)=3F ay(Klka), (3a)

and the operator c,jya creates a hole in the basis state
[k;a );

Fr j=10)(T;jl (3b)

and

Vi =(kalVIT ;) . (3¢)
Explicit expression for the matrix elements have been
given in Ref. 25 for the semirelativistic case in which
only the orbital angular momentum of the f hole is con-
sidered. The inclusion of spin-orbit coupling is straight-
forward and the derivation can be found in Appendix A.
The NCA leads to the following set of coupled integral
equations for the empty and occupied state propaga-

tors:20——23
Go(z)= |z = S v, [ e f

XGrl(z+e)f(e)de]_l, (4)
Gr,(Z): Z—Er,_f )Vrl(t:)\2

X Gylz—e)[1—f(e)]lde ]'1 ,

(ab)
where f(¢) is the Fermi distribution function and
lVr,<e>|2=za;v<k)a{,(k)V[;;V[;,;"*8<e—s;) (40)
k,v

a,B
is diagonal in j,j’ and describes the hopping of a hole
from the level |T';,j ) to any of the conduction bands and
back. In Fig. 1, we show this function for the three CF
levels of the f hole in YbN, YbP, and YbAs.
Although all properties can, in principle, be derived
from the spectral functions

B(s)=~—71;ImGo(e+io+) , (5a)
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Arl(s)=—$ImGr‘(s+iO+), (5b)

the fact that they vanish exponentially fast below the
NCA ground-state energy E, makes it necessary, for nu-

merical reasons, to introduce ‘“negative-frequency-
distribution functions”?%?’
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FIG. 1. Energy-dependent coupling functions lVr,(s)lz, for

the three crystal-field levels I'g, I'g, and IT'; of a 4f hole on the
ytterbium ion in YbN, YbP, and YbAs. The zero of energy is at
the Fermi level, which is fixed by imposing charge neutrality.
In the first two compounds, the coupling is only to the anion p
bands, in YbAs there is a metal-metal d-f hybridization as well.
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ble)=——e 7%

f

B(e), (6a)

ar (e)=——¢ " V4L (o), (6b)
! Zf !
where Z is the impurity partition function

Zf=f:zanafg—ﬁE B(€)+§Nr,‘4ri(€) 7))

1

and g, is an offset energy chosen for convenience. The
function b(€) and a (¢) must be computed independent-

ly as self-consistent solutions of the following new set of
coupled integral equations:

b(e)=|Gy(e—i0")|?
xS Nr [ 'Vrl(e')'zar’(s’%-s)
rl

X[1—f(e")])de', (8a)

ar‘(E)ZIGrI(E—iO+)]2
x [ ‘Vr,(s’)'Zb(a’—s)f(e’)de’. (8b)

The impurity partition function is then readily ob-
tained as?’

Zf—;B(Eo)/b(Eo)zArl(Eo)/ar‘(Eo), VF, , 9)

and from it we derive the excess specific heat in the com-
putationally convenient form:?°

82

9
C — e
d(lnB)> dInB

imp(T)= InZA(T) . (10)

From the above defined spectral functions (g,=0), we
can derive the photoemission and inverse photoemission
spectra

p(w)=pslo)f(w)

=3 Nr [ar (0+e)B(e)de , (11a)
lNl
p(w)=pso)l-flo)]
=3 Nr [ 4 (0+elb(e)de, (11b)
T !
where the temperature-dependent f density of states
prl@)=p~(w0)+p”(w) (11c)

carries all the information concerning the effect of hy-
bridization on the CF splittings.?®

Finally we introduce the partial f moment spectrum:*°

Url(ﬂ))E iIer‘(CO'FlO-’—)

= [ar ()N Ar (e+0)— A (e—w)lde, (12)

in terms of which the static spin susceptibility is obtained
as a sum of principal value integrals

Url((l))
do , (13)

(0]

1 ©
X(T)=32er,u2r‘Pf
r, -

where pur is the effective high-temperature moment for
l

the level T; [VJ(J +1 )g;up for the unsplit multiplet
with total angular momentum J and Landé factor g; :

_ 16 == 1040 = 432
/'LI‘G_\/T.H'Br .urg“\/_‘ml‘B’ Hr,=V ks >

for the 43 2F, , state with g,,, =%, in a cubic CF.

APPLICATION TO THE YTTERBIUM PNICTIDES

Our approach differs from previous model calculations
in that the absolute position of the Fermi level E is
unambiguously fixed by the condition of charge neutrali-
ty for any given f-level occupation n,. Since the latter is
in turn determined by the distance between the manifold
of CF levels and E, both quantities have to be computed
self-consistently. In Table I, we present the parameters
used in our calculations. The values of n, for YbN and
YbP are about 5% lower than those obtained from a
careful analysis of the 3d core-level spectra of the three
pnictides?® with the variational method.’® Due to the
proximity of E to the bottom of the (hole) band (see Fig.
1), higher values of the f-level occupation lead to numeri-
cal instabilities for these compounds. The CF splittings
are taken from inelastic neutron scattering experiments
and, in view of the prohibitive computational effort in-
volved, no attempt has been made to extract the position
of the bare levels?® from these measurements. Finally we
note that the low hybridization strength of the I'; level
allows us to treat it as isolated, which limits its contribu-
tion to the specific heat to the region of the Schottky
anomaly. Furthermore, due to its high energy, the corre-
sponding component of the static spin susceptibility, Eq.
(13), is negligibly small below room temperature.

TABLE 1. Parameters used in the calculation of the thermo-
dynamic properties of the ytterbium pnictides. The values of n,
are from the analysis of the 3d core-level spectra in Ref. 28.
The crystal-field splittings are taken from inelastic neutron
scattering experiments. E, is the resulting NCA ground-state
energy. E(E ™) is the peak position of the positive (negative)
energy resonance in the 4/ density of states at 14.6 K.

YbN YbP YbAs
ny (T=0) 0.94 0.95 0.921
(er,—Er) (meV) —500 —200 —100
(ers—-erﬁ) (meV) 552 20° 18°¢
(er,—€r,) (meV) 32° 40°
E, (meV) —566.3 —238.8 —128.8
E* (meV) 73 34 28
|[E~| (meV) 71 33 25

“Ref. 5: The I'; level is not seen, as it is not accessible from the
ground state and the I'g level lies too high in energy to be appre-
ciably populated at room temperature.

"Ref. 3.

‘Ref. 4.
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In Fig. 2, we present our calculated specific heats and
spin susceptibilities’’ for the I'¢-doublet-I'g-quartet
configuration on a logarithmic temperature scale. For all
three compounds we observe the characteristic two-peak
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FIG. 2. Specific heat per mole and spin susceptibility normal-
ized to its zero temperature value for (a) YbN, (b) YbP, and (c)
YbAs, as obtained from the self-consistent large degeneracy ex-
pansion for the crystal-field configuration I'¢-I';. The tempera-
ture is scaled to its value at the first maximum in ¢, (=9, 15,
and 5 K, respectively). Also shown for YbP and YbAs are the
Schottky anomalies expected for the I'¢-I'y and I'¢-I's-I';
crystal-field configurations. For YbN the two-level Schottky
anomaly is indistinguishable from the self-consistent result
above 20 K.

structure in C,,,(T) already found in the Bethe Ansatz
model calculations.!”!® Also shown for YbP and YbAs
are the Schottky anomalies corresponding to the CF
splittings of Table I, with and without inclusion of the I',
level. For YbN, the two-level Schottky anomaly is indis-
tinguishable from our calculated high-temperature peak.
A comparison of our low-temperature results with those
obtained by Rajan'® for an isolated doublet shows that
the scaling temperature for the specific heat is much
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FIG. 3. Calculated specific heats at low temperature (open
circles) for (a) YbN, (b) YbP, and (c) YbAs, compared to the ex-
perimental ones (solid circles) where available. The latter were
obtained by subtracting from the measured values those for the
corresponding Lutetium compound: (Ref. 1 for YbN, Ref. 2 for
YbP) so as to keep only the contribution due to the open 4f
shell.
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larger than the one for the susceptibility, reflecting the
limitations of the self-consistent approach for N=2.
Nevertheless, as seen in Fig. 3, where C;,,,(T) is com-
pared with the published experimental data below 40 K,
the impurity model does, at least semiquantitatively, ac-
count for the observed behavior, and that without adjust-
able parameters. The origin of the excess specific heat
measured in YbN (Ref. 1) above 15 K is not clear. We
note, however, that the Schottky anomaly in that experi-
ment has its maximum at ~ 190 K instead of ~240 K as
expected from the CF splitting, which indicates that the
sample may contain other phases. Setting the CF split-
ting to zero produces the expected single peak in
Cimp(T), of amplitude roughly equal to the one found at
high temperature for the configuration with two split lev-
els. In YbAs, our best converged case, the maximum lies
at ~29 K, which corresponds to a Kondo temperature of
~90 K for the unsplit sextuplet.?®

The 4f density of states for a two-level system has been
calculated before by Bickers et al.?’ in the limit where
the singlet binding energy is much smaller than the level
splitting A (due in their case to the spin-orbit interaction),
and the spectrum at positive energies consisted in two
narrow peaks separated by A. As seen in Table I, the sit-
uation here is completely different, the CF splitting being
between 20 and 50 percent smaller than the energy
5= ’Eo_£r6| gained through hybridization with the con-

duction bands. The positive-energy spectrum consists of
a large peak with its maximum near 6, the weight of
which is entirely concentrated in the excited level (I'y)
component. At negative energies one finds the expected
broad ionization peak at ~er, and a resonance at rough-

ly 8, which we interpret as being due to the emission of a
Fermi-level hole with a simultaneous excitation from the
singlet ground state to the relaxed (=fully hybridized) ex-
cited level I's. In this picture the position of the reso-
nance is a direct measure of the renormalized?® CF split-
ting one would observe in an inelastic neutron scattering
experiment. As seen in Fig. 4 which shows the 4 f density
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FIG. 4. Temperature-dependent 4/ density of states in YbAs.
At T=14.6 K, we show separately the contribution from the [,
ground level and from the excited level I'g, weighted by their
respective degeneracies. At T=146 K, we show the photoemis-
sion (XPS) and inverse photoemission (BIS) spectrum.

of states for YbAs, representative for all three com-
pounds, the spectrum at low temperature also displays
the expected Kondo resonance for the ground-state dou-
blet. The corresponding Kondo temperature T.; of
~2.8 K compares well with the position of the maximum
in Cp,(T) found at ~5 K. On the other hand, the ratio
aré(w)/w, which determines the low-temperature suscep-

tibility, clearly reflects the || "[!/2¥*+ V] divergence pre-

dicted for the large degeneracy expansion at T=0.>"3
The physical maximum expected at ~=* 1.4k T4 is bare-
ly discernable as a slight flattening in the wing of a huge
peak centered at the origin. As a result, Y(T') becomes
too large and furthermore does not appear to change its
curvature.

SUMMARY AND CONCLUSION

We have presented a calculation of the specific heat of
the ytterbium pnictides above 5 K, based on the degen-
erate Anderson impurity model in the presence of crystal
fields. Using the hybridization matrix elements obtained
from a tight-binding fit to a semirelativistic band-
structure calculation, the mixing term in the Anderson
Hamiltonian was transformed into an effective, energy-
dependent potential for each of the three CF levels I,
I'g, and I'; of the 4f hole on the Yb ion. The different
amplitudes of the three potentials naturally explain the
anomalously large CF splittings observed in these com-
pounds by inelastic neutron scattering. Applying the
self-consistent large degeneracy expansion to the model
with the above potentials leads to a two-peak structure in
the specific heat, characteristic of a situation with finite
CF splittings. The upper peak is very close to the
Schottky anomaly for the corresponding CF
configuration, while the one at low temperature is inter-
preted as being due to the Kondo effect for the I'g
ground-state doublet.

Our results strongly suggest that the broad hump seen
in the specific heat of all Yb pnictides around 5K is a
single-site effect. Also, the logarithmic temperature
dependence above T predicted by the impurity model is
consistent with the very slow approach to R In, observed
experimentally.>®

In contrast to the specific heat which is obtained as a
thermodynamic derivative, the spin susceptibility by its
definition directly reflects the limitations of the self-
consistent approach at low temperature and cannot be
used to draw any conclusions about the true ground state
of the system. We note, however, that the Bethe ansatz
treatments do produce a susceptibility whose shape is
compatible with the observed one, and that the work of
Okiji and Kawakami*’ on the magnetic properties of the
Cogblin-Schrieffer model in the presence of crystal fields
immediately explains the observation that the magnetiza-
tion per Yb ion in YbP at 1.6 K and 70 kOe only reaches
a third of the saturation value of 1.33 uj for the I'¢ level,
as due to the fact that the corresponding Zeeman energy
of 0.4 meV is much smaller than the Kondo energy k3T
for the unsplit multiplet.
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APPENDIX A

In a cubic CF the J = ground-state multiplet of the
4f hole splits into two doublets and a quartet:

ITg D) =v3S|+1)+vZI-1),

(A1)
ITg2)=v3S|=1)+vZ1+1)
IT;1)=v"2% l+5>—\/32—3)

(A2)
IT;2)=v21=3) =51+
|F8’1> \/12 2> ‘/152|_|)
ITg2)=vZ|=1)—v/ 31+

(A3)
ITg3)=1v2+3)+v/21-3),

’F8,4)—\/3 ]—5)+\/° [+32)

where the kets on the right-hand side are indexed by the z
component of the angular momentum. The hybridization
matrix elements are independent of spin and couple only
to the orbital part of the impurity wave function, for
which the CF decomposition is

I FZ’ > =

1
V§(|2> [—2)) (A4)

ITisx)=v/Z(U1D—[—1)—y/Z(3)—|-3)),

Ty =—ivV/ZUD+ =1 =i/ S(3)+]=3))
(AS)
ITy52)=10),
ITysp)=—ivV/ D +—1)+iy/2(3)+]-3)),
1
|F25;z)=7§(|2)+|—2)) (A6)

[Tysx ) =1/ =[=1)+/Z(13)—=[=3)),

with the same notation as above, but with m; replaced by
my . All states in (A4)-(A6) are doubly degenerate in
spin |+ ) and | — ), and the two sets of states (A1)-(A3)
and (A4)-(A6) can be related with help of the following
relation from elementary quantum mechanics:

172
J+m
U=Ltkm)= |57 | [Lim=I+)
1/2
J—m
S| ILimEDI-)

(A7)

In the semirelativistic treatment of Ref. 25, it was
found that the hybridization is dominated by nearest-
neighbor ligand-metal (pfo) and (pfw) interactions,
which led to the following form for the matrix elements
(3c):

Vr'sx“N"/2 2(pfo)cosk, 5
)l/z(pffr) cosk, +cosk
(A8)
07
‘ (a)
06f YbN
gos
&
& o.4v>tk\ 7‘
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FIG. 5. Self-consistent semirelativistic band structures of
YbN, YbP, and YbAs.
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[ysx

Vi, =N"VA)!pfm) (A9)

cosk, % —cosk, g—

and the corresponding permutation for y and z.

Whereas in YbN and YbP these are the only couplings
that need to be considered, in the ‘“more metallic’” YbAs
it is important to include the second -neighbor metal-
metal (dfo) interaction between the I'js-like f orbitals
and the bands derived from the Yb-5d orbitals of e, sym-
metry, for which a typical example is
I‘ls,z
k,(lzz—r

In (A8)-(A10), N is the number of unit cells in the
crystal and a is the lattice constant. If interactions
beyond nearest-neighbor metal ligand and second-
neighbor metal metal are ignored, the I',. level does not
couple to the bands at all.

After forming the combination (4¢c) of the above matrix
elements, one is left with the following energy-dependent
CF Hamiltonian for the impurity in the absence of spin-
orbit coupling:

Hg(e)=|Vr (e)*Z IT 5a)(T53al

14 2, =N"'22i(dfo)sink,a . (A10)

+‘Vr25(£)|22|F25;a)(F25;a{ . (A11)

After multiplication by the unit operator in spin space,
matrix elements can be taken between the states
(A1)-(A3) with the result

(T j HR (€)@ 13| T i) =1 Vr, (£)|28]"‘I‘"8jj' , (Al12)

and
Ve e)*=IVr (o),

Ve (&)= (P+&IVe, (), (A13)

[Vr (e)=3Vp ().

From these expressions and (A8)-(A10) it is immedi-
ately apparent that the I'¢ level will be the most affected
by the hybridization, followed by I'y; and I';, which ex-
plains why the crystal-field splittings observed in the Yb
pnictides are larger than expected from a straightforward
extrapolation from pnictides of lighter rare earths, based
on a point ion model.>

APPENDIX B: NUMERICAL DETAILS

All convolutions in the integral equations were per-
formed by fast Fourier transform methods. A linear en-
ergy mesh with a step size 2X 1073 eV (4X 1073 eV) and

TABLE II. LCAO parameters (in Rydbergs) obtained from the fit of the band structure. We use the notation of Ref. 34; the pa-
rameters in brackets [e.g., (ffo)] are in the two-center approximation. The rms deviation refers to 85 inequivalent points in the irre-

ducible part of the Brillouin zone.

YbN YbP YbAs
Metal
E,(0,0,0) 14429128 0.9193997 0.848981 1
E,(1,1,0) —0.063264 8 —0.003909 6 —0.0019153
E, ,,(1,1,0) —0.008942 3 —0.0043197 0.000643 3
E .2 (1,1,0) —0.039 730 —0.002946 6 —0.0195092
E,; +(0,0,0) 1.009 403 0.7784417 0.659 1161
E 5(1,1,0) —0.060765 4 —.0535403 —0.0374689
E, (0,1,1) 0.0155434 0.0106030 0.090 733
E., (0,1,1) —0.0062358 0.002 1989 —0.007 468 5
E 2 (1,1,0) —0.0355812 —0.006701 6 0.004 509 9
E» 2,2 20000 1.1700232 0.8875239 0.8770049
E 2 2,2 ,2(1,1,0) —0.007 3245 —0.009270 6 —0.0057377
Ea 2.2 (1,1,0) —0.0113768 0.001 8032 —0.0098239
E,(2,0,0) 0.0220899 —0.0311066 —0.020902 1
E .. 20,0,2) 0.0387192 0.037676 6 0.0212758
E., .,(2,0,0) —0.0138490 —0.0101585 —0.006007 5
E.;+(0,0,2) 0.003 8957 0.001 7440 0.003 599 3
E , 1,2 20200 —0.0109258 —0.049401 1 —0.0472826
E; 2,2 ,20002) —0.0001997 0.001 165 1 —0.0029715
E, 2 3,2 ,2(0,0,0) 0.502799 3 0.3878135 0.1644164
E,yzx.(0,0,0) 0.4984363 0.3851351 0.165 1494
isx2— 1 x(5x2—3(0:0:0) 0.505745 8 0.3874742 0.1644330
(ffo) 0.0011039 —0.000273 8 0.0002804
(ffmh —0.000497 —0.0002979 —0.000 5669
(ffd) 0.000 653 2 0.000 1499 0.000082 3
(fféh —0.000494 7 0.000297 —0.000048 8
(sfo) 0.0100619 0.006 388 4 0.0010291
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TABLE I1. (Continued).
YbN YbP YbAs
Metal
(dfo), —0.006 595 4 —0.000446 6 —0.0052203
(dfm), 0.0032670 0.0009116 0.0006170
(dfd), 0.0052367 0.0005807 0.002 4067
(sfo), —0.018056 8 0.008 3753 0.0018523
(dfo), —0.0072517 0.005004 6 —0.0050787
(dfm), 0.002 4552 —0.0020470 0.0035184
(df&), —0.0001673 —0.002 009 2 —0.004 1399
(pfo), 0.0131965 0.004 6477 0.000981 8
(pfm) 0.006 8215 —0.002054 7 —0.003 878
(pfo), 0.014067 6 0.0003495 0.006 852 6
(pfm), 0.003 6619 —0.001 391 0.006 7262
E, .(0,0,0) 1.6336379 1.002 8418 1.1889702
E, .(1,0,0) —0.0167727 0.016 168 2 —0.0222489
E, .(0,1,1) —0.0777493 —0.0119090 0.0351542
E, ,(1,1,0) 0.0537437 —0.0379334 0.0432834
E, .,(1,1,0) —0.052708 8 —0.0424734 —0.0251719
E, ., (0,1,1) 0.024 5823 0.0116017 0.0120919
EZJZL’Z(O,I,I) 0.0116969 0.0012976 0.0322351
Emzwz(O,l,l) —0.0212528 —0.0127905 0.0057702
E,.(1,1,0) —0.0150713 0.01004138 0.0019725
E, .(2,0,0) 0.0549831 0.020703 8 0.020588 3
E, ,(2,0,0) —0.034001 4 0.016 6374 0.066 607 2
E, ,(2,0,0) 0.047056 5 0.0224401 0.0057105
E, +,(0,2,0) —0.023 5663 —0.0163172 —0.0051133
Ez 3;2~r2(0’0’2) —0.004061 6 0.0351330 —0.0388163
Ligand
E,,(0,0,0) —0.201 346 8 —0.0014625 —0.109686 1
E,(1,1,0) —0.0142358 —0.0187661 —0.0227480
E, .(0,0,0) 0.537556 8 0.4218832 0.4337173
E, .(1,1,0) 0.004 1357 0.002 6454 0.0234269
E, ,.(0,1,1) —0.001 806 8 0.004 606 5 0.000 6362
E, ,(1,1,0) 0.0331044 0.0165773 0.002 3258
E,,(1,1,0) —0.0008915 0.014 000 0.213989
E, (2,0,0) —0.0024225 —0.003 1835 —0.0002197
E,,(2,0,0) 0.0042105 —0.001 687 8 0.0116358
E, .(2,0,0) 0.0058116 0.0285821 0.003 3328
E, ,(2,0,0) —0.0000113 —0.0031183 —0.0050218
Metal Ligand
E ,(1,0,0) 0.0577398 —0.469493 —0.005466 8
E, ,(1,0,0) —0.010404 3 0.082033 8 0.1000730
E . , (001 0.1391949 0.132 607 0.1341316
E,, .(0,1,0) 0.0524293 0.057 5805 0.079943 6
E}zzﬂz_z((),o,l) 0.1654192 0.087 468 2 0.1020327
(fpo) —0.0164136 —0.014067 5 —0.008974 6
(fpm), 0.0195770 0.013969 3 0.010897 1
E, .(1,0,0) 0.0954954 0.077 6611 —0.0534643
E,,,y( 1,0,0) —0.0212265 —0.055378 1 —0.0435973
E, ((1,0,0) 0.096 039 4 0.1183672 —0.1100097
E, (1,1,1) 0.004 503 2 0.0013311 —0.002 608 2
E,  (1,1,1) 0.000 530 0.0037186 —0.0007511
Exz_yz,,(l’l’l) —0.001 1021 0.0003499 0.
E,.(1,1,1) 0.0027319 0.0057759 0.
E (1,1,1) —0.0160853 —0.0044896 0.
E  (1,1,1) —0.0025513 0.0052177 0.
rms (mRy) 2.0 1.9 1.5
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a periodically continued interval of 10.5 eV (21 eV) was
used for the YbN and YbP (YbAs). As in Ref. 20, the
calculations were started by a seed at high temperature
and the converged values for B(e) and A (e) were used

as input for the iterations at the next lower temperature.
Due to the weak coupling of the I'; level to the bands,
calculations which included this level in the self-
consistency cycle became unstable below 500 K, so that
only the lowest and first excited level were considered ex-
plicitly. The two sum rules

[Ble)de=1, (B1)

2[ A (e)de+a [ Ar (e)de=6, (B2)
were satisfied to better than 0.5%, 1%, 0.4% for (B1) and
3%, 2.7%, 0.8% for (B2) at the lowest temperature con-
sidered for YbN, YnP, and YbAs, respectively, and to
better than 1072 above 30 K for all three compounds. In
the sum rule on the occupied part of the f density of
states

[r<(@do=n;=2[a; (@)do+4 [ar (@)do, (B3)

the two expressions for n, lead to values which, e.g., at
14.6 K differ by 3X107* 6 X103, and 10~° with, again,
a better agreement at higher temperature.

APPENDIX C: INPUT BAND STRUCTURES
AND LCAO PARAMETERS

For the sake of completeness, we show in Fig. 5 the
self-consistent semirelativistic band structures of YbN,
YbP, and YbAs. They are all characterized by a strong
metal f-anion p hybridization and differ only in details.
For the linear combination of atomic orbitals (LCAOQ) pa-
rametrization®* we consider the rare-earth 4 f, 5d, and 6s
and the pnictide 3s, 3p orbitals, with first- and second-
neighbor metal-metal, ligand-ligand, and metal-liquid in-
teractions, except for the direct f-f and the f-ligand cou-
pling, where we take into account only nearest neighbors.
We further make the two-center approximation for all in-
tegrals involving f orbitals. This leads to 72 independent
parameters, listed in Table II.
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