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Magnetic susceptibility of YbN
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Applying the Zwicknagl, Zevin, and Fulde (ZZF) approximation for the spectral densities of the
occupied and empty f states resulting from a degenerate-Anderson-impurity model, which incorpo-
rates crystal fields, we compute the low-temperature magnetic susceptibility of YbN. The model, in
which each crystal-field level couples to the band states with its own hybridization function, has
previously been successfully applied without the ZZF approximation to explain the specific-heat
structure at low temperatures. The ZZF approximation removes the spurious zero-temperature be-
havior of the parent noncrossing approximation for the susceptibility. Surprisingly, even at the low
crystal-field degeneracy (%=2) of YbN, the Shiba relation is very nearly satisfied. The appropriate
experimental impurity susceptibility for comparison is extracted from the measurement by remov-

ing an empirical exchange interaction. The resultant Kondo temperature ( To =8.49 K) is consistent
with previous specific-heat estimates (10—11 K), and the agreement with experiment is good.

I. INTRODUCTION

Much effort has been expended on understanding the
properties of hybridizing rare-earth systems such as the
ytterbium monopnictides. The compact size of the Yb f
orbitals severely limits the range of their interactions, and
they are frequently approximated as an assembly of un-
coupled impurities. Such rare-earth impurities in metals
are commonly described by the infinite-U degenerate An-
derson mode. ' For the severely restricted case in which
the f orbital coupling to the band states is constant in en-

ergy and independent of orbital, the Bethe-ansatz formal-
ism yields the exact ground-state and the thermodynamic
properties of the model. A numerical approach not
suffering from these restrictions is the so-called noncross-
ing approximation NCA, ' in which the magnetic de-

generacy N is used as a self-consistent expansion parame-
ter. Diagrammatic 1/N expansion is performed to solve
two coupled integral equations for the self-energy of emp-
ty and occupied f states, from which the spectral densi-
ties of these two f states can be derived. It is observed
that the empty f spectral density po has a very sharp
peak at an energy slightly below the f orbital energy and
a broad feature around the Fermi energy. The low-
energy peak corresponds to the ground state of the in-
teracting many particle system and, therefore, plays an
important role in the low-temperature properties of the
system. Th.e broad features near the Fermi energy
represent excited states of the system and should be less
important at low temperatures. The specific heat of yt-
terbium pnictides in the presence of crystal fields (CF)
with a doublet ground state has been calculated using
NCA with reasonably satisfactory results. '

Experimentally, the magnetic susceptibility of these Yb
pnictide materials changes from a Curie-like behavior at
high temperature to a constant value, indicative of a non-
magnetic Fermi-liquid state, below a characteristic (Kon-
do) temperature. "' Attempts to reproduce that behav-
ior using the NCA for YbN, YbP, and YbAs (Ref. 10)
have previously failed because the NCA does not satisfy
certain Fermi-liquid relations (e.g. , the Shiba relation) in
the zero-temperature limit. This non-Fermi-liquid be-
havior causes a singularity in the localized f moment
spectral density at zero temperature, which leads to a
divergent magnetic susceptibility at low temperatures.

Recently, Zwicknagl, Zevin, and Fulde' (ZZF) have
proposed a scheme in which the low-energy peak in the
empty f spectral function po is approximated as a 5 func-

tion, and other high-energy features of po are ignored.
This approximation, to our benefit, does not exhibit the
low-temperature spurious features of the NCA. Addi-
tionally, the (magnitude of the numerical calculation for
practical physical properties is significantly reduced.
ZZF applied this scheme to a CF-split model in which
the coupling between band states and impurity states was
constant in energy. For this system, with an f—ground-
state degeneracy of 6, the magnetic susceptibility at low
temperature compares well with those obtained from the
NCA. In this paper, we assess the ZZF approximation
scheme for the susceptibility of YbN by calculating the
low-temperature magnetic susceptibility in the presence
of CF splittings where the lowest f level degeneracy is
only 2, and we compare the results with recent experi-
mental data.

II. THE MODEL

In the presence of CF, the 4f '
F7&i& multiplet of Yb is

split into three levels I 6 (ground state with energy e6,
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degeneracy N6=2), I s (Ns=4) and I I(N7=2). As de-
scribed in detail in Refs. 14 and 10, we consider the
infinite U limit of the degenerate Anderson model:

mined using a tight-binding fit to an ab initio band-
structure calculation.

The relation between To and f valence nf can be ob-
tained for zero temperature using

a~=-=a +aU--+a'-- .band f mix gN, J defoe ~ p;(co)zf - OO

In the ZZF approximation, the spectral function po(co)
of the empty 4f state is

where Zf is the partition function of the 4f electron

Zf =(1 n—f )e '+gN, f defoe ~"p;(co),

po(co) = (1 nf—)5(co —coo),

where

(2)
in which Eq. (2) has been used. With a spectral function
given by Eq. (4), and setting the energy to zero at the Fer-
mi energy, the relation between nf and To follows the
simple expression

C
f

coo —c6 To (3) where

nf is the f valence at zero temperature, and To is the
Kondo temperature. With Eq. (2), the spectral function
p, (co) of the occupied 4f state can be obtained from an
integral equation of the NCA

77 CQ (Qj+ Q) E. )

This same result can be derived from a variational ap-
proach. ' ' Taking the hybridization width y, as a con-
stant in energy, Eq. (8) can be further simplified to

(1 nf )y; (co coo)—f(coo co)— —
p;(~) =—

~ (co —E;) +[(1 nf )y;(co —coo)f (cop co)]—2—
(4)

Vl
nf =(1 nf )Q—N;

77 To+ E; E6
(10)

where f(co) is the Fermi function

(~)= 1

e~"+1 '

and y;(co)=IrV (co) is the coupling width between band
states and each CF level I; as a function of energy deter-

which is exactly the same as Eq. (1 la) in Ref. 13. Howev-
er, with the energy-dependent y;(co) shown in Fig. 1(a) of
Ref. 10, Eq. (9) is used throughout our calculations and
dlscusslons.

%'ith CF levels I 6 and I 8, the imaginary part of the
dynamic susceptibility is '

(1—e ~) p +o.f(co, T)= QN, p; I dse ~'p;(s)p;(a+co)
3Zf —00

(1—e ~) 2 + p,+ N6sp6s ds e '[p6(E)p8(E+co)+p&(c)p6(E+co)],3zf QO

where p,- is the eA'ective high-temperature moment for
the level I, . The appropriate theoretical magnetic mo-
ments for YbN are'

=(N N )' =(8)'

(12b)

16
3 Pa, Ps

1040
147

432
Pa& I 7 49

(12a)
where pz is the Bohr magneton. The van Vleck contri-
bution is included in the second term of the summation in
Eq. (11), in which

y(T)=P f ds (13)

70 3
Pa

68

angd7/2 is the Lande factor (8/7).
The temperature dependence of the static susceptibility

is given by:
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III. CALCULATIONS AND RESULTS

In the calculation, the integral in Eq. (11) was per-
formed numerically using an FFT convolution algorithm.
Consistent with the specific heat calculation, ' the
difference between the Fermi energy cz and the lowest
CF level energy E6 is taken as (E6—EF)= —0.5 eV. The
value of the CF splitting (Es —Es), taken from a very re-
cent inelastic neutron scattering study, ' is 33 meV. '

The I 7 is considered sufficiently high that it is omitted
from the calculation. While investigating the validity of
ZZF approximation for various f orbital degeneracies, nf
is fixed at 0.94, and the Kondo temperature scale To is
determined from Eq. (8). When comparing with experi-
ment, To is treated as a free parameter to get the best fit

between the theory and experiment, and nf is appropri-
ately determined from Eq. (8).

To examine the validity of the ZZF approximation for
the low-degeneracy (%6 =2) YbN system, behavior of the
dynamic susceptibility of(co) for various lowest f level
degeneracies (%6=2,3,4,5, and 6) is investigated (while
the effects of any excited f state are ignored). The result
shows that the spectral function of the lowest f levels
p6(co) has a well-defined single peak at energy es as ex-
pected. Figure l(a) is a plot of af(co)/cu at T « To for
%6=3, 4, 5, and 6. The case %6=2, corresponding to
YbN, is shown in Fig. 2(a). Despite the very different be-
havior for different X6's, it is seen that for no degeneracy
does the dynamic susceptibility o' f(co)/ro diverge at co=0
in the low-temperature limit. This is a distinct advantage
over the NCA, in which o f (co) /co diverges as
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FIG. 1. Behavior of the imaginary part of the dynamical sus-
ceptibility divided by frequency I of(co)/cu] for different f de-
generacies Nf, and static susceptibility g(T) for Nf =6. The
zero-temperature f occupancy nf is set to 0.94 for all cases. (a)
I ow-temperature ( T= 1.5K) behavior for o.f (co) /co for

Nf =3,4,5, and 6, the corresponding Kondo temperature scales
are TO=40. 8, 55.1, 69.5, and 84.1 K as determined from Eq. (8)
in the text. Shiba relation is satisfied within a few percent for all
four cases. (b) Susceptibility p(T) for Nf =6 with all parame-
ters the same as in (a). Note that y(T) becomes a constant at
low temperatures, and that a bump appears similar to the NCA
results.
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FICx. 2. Results of cr/(co)/ro and y(T) for YbN [TO=8.49 +
adjusted for best fit with experimental result and nf =0.980
determined from Eq. (8)]. (a) Low-temperature (T=1.161 K)
behavior of o.f(co)/co shows a peak at co=0 and two small
features around+(c. ,—c6). (b) Both theoretical'(T) (solid line)
and derived experimental gf (circles) results are shown. Good
agreement is obtained over the temperature range where the ex-
periment was performed. However, theory does not reproduce
the low temperature bump appearing in the experimental result.
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~
co

~

' ". The Fermi-liquid relation (Shiba relation)

3y (T=O)
2

co=0, T=0» 6p6
(14)

is satisfied within a few percent for all values of X6.
Figure 1(b) is the plot of y( T) as a function of tempera-

ture for %6=6. For all values of N6 being studied the
ZZF approximation gives a constant static susceptibility
(Pauli law) at temperatures lower than To, indicating a
nonmagnetic Fermi-liquid state, and has a finite limit as
the temperature approaches zero.

To compare this contribution to the susceptibility with
experimental data, ' we subtracted the molecular field
contribution from the experimental result using '

Vleck contribution to the susceptibility evaluation with
Eq. (13) and the second term in Eq. (11) is much smaller,
and the derived experimental impurity susceptibility is
too large for the theory.

The agreement of the theory with experiment at low
temperature shows that the ZZF approach has removed
most of the difficulty encountered in the NCA calcula-
tion. ' It is a little surprising that the Shiba relation is
satisfied for this system with degeneracy as low as 2 since
the approximation was derived from the NCA, which is
only valid for large degeneracies. Even though the zero-
temperature analytic solutions of the NCA offer some in-
sights of why the Fermi-liquid relations are violated,
it is still not clear to us why the Shiba relation is satisfied
within ZZF approximation regardless off degeneracy.

1=1
7

Xm Xf

where g is the measured susceptibility, y& is the experi-
mentally derived contribution from the strongly interact-
ing electrons in f orbitals, and A, is a molecular field con-
stant in the exchange field Hz =A,M. A, is derived by ex-
trapolating the high temperature 1/g to T=O. From
the experimental data of Ref. 21, we obtained k= —10.9
mol/cm, with effective moment p,~=4.85p~ and Curie
temperature Tc = —96.7 K.

o&(co)/co versus co for T(&TO and y(T) versus T are
shown for YbN in Fig. 2. Due to the existence of CF
splittings, it is seen in Fig. 2(a) that, in addition to the
low-frequency feature of o/(co)/co, there are two peaks
near +(E8—E6), arising from the van Vleck contributions
to the susceptibility. To =8.49 K is chosen to obtain the
optimal fit with the g& extracted from the experimental
data using Eq. (15). This value of To is smaller than the
value (10—11 K) obtained from the specific heat calcula-
tion with NCA. For comparison, yI is also shown in Fig.
2(b). It is seen that reasonably good agreement is ob-
tained at temperature range where experiment was per-
formed. The bump observed at low-temperature cannot
be reproduced in the calculation. If an alternative CF
splitting (Es —E6) =55 meV is used as in Ref. 10, the van

IV. CONCLUSIONS

We have presented a calculation for the magnetic sus-
ceptibility of YbN in the presence of crystal fields. Using
the ZZF approximation for the spectral function of the
empty f state, the NCA low-temperature divergence of
o'&(co)/co at co=0 is removed and the calculational effort
greatly reduced. It is found that within this approxima-
tion the Fermi liquid relation for the dynamic susceptibil-
ity (Shiba relation) is satisfied within a few percent, even
for a system with f degeneracy as low as 2, and a con-
stant magnetic susceptibility at temperatures below Kon-
do temperature is obtained. The ZZF approximation
sidesteps the deficiencies of the NCA and seems to yield
good agreement with experiment even for small degenera-
cies. Using coupling functions V(co) determined from a
tight-binding fit to a band structure calculation, the
theoretical magnetic susceptibility of YbN clearly exhib-
its a nonmagnetic Fermi-liquid state in good agreement
with experiment. The full explanation of its success has
not yet been found.
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