VoLUME 37, NUMBER 1

PHYSICAL REVIEW LETTERS

5 JuLy 1976

we shall describe in the future.
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The electrical resistivity of Tb, Y. Sb has been measured as a function of tempera-
ture and of Tb concentration. The resistivity contribution from scattering of conduction
electrons by Tb 4f electrons has been calculated in the paramagnetic regime in order to
examine the competing effects of the crystal field and the exchange interaction. Excel-
lent agreement with experiment is obtained for the entire range of ¢ with one value for
each of the two adjustable parameters, the Fermi momentum, and the electron-ion ex-

change constant.

Rare-earth metals and compounds normally
undergo a magnetic phase transition due to the
indirect exchange interaction between the mag-
netic 4f electrons. If the rare-earth ion is of the
non-Kramers type, the crystal field may split
the 4f multiplet in such a way that the lowest lev-
el is a singlet. Depending on whether the ratio of
exchange to crystal field is larger or smaller
than a critical value, the crystal will or will not
order at the lowest temperatures.® The Th,Y,.Sb
system is of particular interest since the ex-
change interaction between the Tb ions varies
with ¢ whereas the crystal field is virtually un-
affected, thus allowing the behavior to be studied
as the ratio passes through its critical value.? In
this Letter we calculate the effect of the coexist-
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ence of magnetic exchange and crystal field on
the resistivity in the paramagnetic temperature
regime and compare this to our measured resis-
tivity.

We have measured the resistivity of fifteen 2—
6-mm-long single crystals of Th,Y,. Sb with vari-
ous values of the Tb concentration in the tempera-
ture range from 1.5 to 300 K. The resistivity
was determined by a four-terminal d¢ method
and the temperature measured with a thermo-
couple.

Figure 1 shows the experimental results in the
temperature range up to 30 K. The residual re-
sistivity has been subtracted and each resistivity
versus temperature curve has an arbitrary ori-
gin. Since the absolute resistivity for some of
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FIG. 1. Electrical resistivity of Tb,Y;. Sb. For each
value of ¢ the residual resistivity has been subtracted
and the origin has been displaced. The arrows indicate
the molecular-field transition temperature T'y. Above
Ty the resistivity calculated from Eq. (1) is shown as a
solid line. For comparison the single-ion model is
shown for three values of c.

the very small samples was rather poorly de-
fined, the resistivities have been adjusted such
that all curves have the same high-temperature
slope. The Tb concentration indicated in Fig. 1
was determined by neutron activation analysis
giving an uncertainty of 0.02 in ¢. These values
of ¢ differ significantly (up to a difference in c of
0.14) from the nominal ones. These deviations
we believe are due to segregation processes dur-
ing the growth of the crystals. Electron-micro-
probe analyses did not, however, reveal any con-
centration gradients in the single crystals.

As a consequence of the exchange interaction
between the conduction electrons and the unfilled
Tb 41 shell (J=6) a temperature-dependent (mag-
netic) resistivity contribution can be observed.
The gradual increase of this contribution with the
concentration of Tb ions is obvious in Fig. 1. In
addition there is a contribution to the resistivity
from electron-phonon scattering. We expect this
contribution in all alloys to have a temperature
dependence similar to that of YSb where there is
no magnetic scattering, and to increase some-
what in magnitude on going from YSb to TbSh.

For the dilute systems (¢ < 1) the measured
anomalous temperature dependence of the resis-
tivity was previously®* explained by a single-ion
model in which the Tb ions scatter the conduction
electrons independently, the total resistivity be-
ing simply the number of ions times the contribu-
tion from each ion. The electron-ion exchange
interaction makes possible a variety of elastic
and inelastic scattering processes. Due to the
singlet nature of the ground state for a Tb ion in
the cubic crystal field the contribution of these
processes to the resistivity vanishes at zero tem-
perature. At temperatures much greater than a
characteristic energy splitting in the 4f multiplet
it approaches a constant, the spin-disorder limit
Pr-». At Tb concentrations above about 0.3 the
ion-ion interaction begins to be important, and
the single-ion model can no longer be used. When
¢ 50.4 this interaction is strong enough to cause
an antiferromagnetic transition. The observed
Néel temperature is in good agreement with the
one calculated in the molecular-field approxima-
tion applied to the full level scheme (we neglect
in this work the sixth-order crystal field contri-
bution). In the resistivity curves on Fig. 1, the
transition is clearly identifiable in the alloys with
1>¢>0.5.

In the presence of an indirect exchange inter-
action between the ions the crystal field levels
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broaden into bands of magnetic excitons. To cal-
culate the resistivity in the spatially ordered al-
loy TbSb we treat the electron-ion interaction in
the Born approximation and express the scatter-
ing cross section in terms of the imaginary part

ﬁQ)/kB

o=nn (i) (35) %

P, is a constant proportional to the square of the
electron-ion exchange constant. It is chosen

such that pp..=J(J +1)p,, the spin disorder lim-
it of the single-ion model.* The value of the Fer-
mi momentum %y is an important parameter in
the calculation because it determines which ex-
citons affect the resistivity. In particular if 2

is very small only the low-momentum excitons,
whose energies are relatively higher than in the
single-ion model, can scatter the electrons. Con-
sequently the resistivity increases less rapidly
towards its saturation value than predicted by the
single-ion model. Confining ourselves to the
paramagnetic regime we calculate x(q,w) within
the random-phase approximation with a pseudo-
fermion representation of the crystal field states®
For simplicity we include only the lowest singlet
(T, and the next two lowest triplets (I, and I,®)
of the crystal field multiplet. This approxima-
tion to the level scheme is excellent in the tem-
perature range considered (7 <30 K) since the
next higher state in the multiplet (T},) lies at 92 K.
Our result for the susceptibility function corre-
sponds to that obtained by Holden and Buyers®
from an equation-of-motion method. In general
the calculation of p from Eq. (1) must be per-
formed numerically. In the absence of ion-ion
interaction the resistivity becomes identical to
that obtained in Ref. 4. In the actual calculation
only next-nearest-neighbor interactions are taken
into account and the ion-ion exchange parameter
is chosen such that the result of the molecular
field calculation of the transition temperature
agrees with the experimentally observed value of
15.1°K.

For the alloys with ¢ <1, in which the Tb ions
do not form a spatially periodic lattice, we shall
assume that the excitonic modes are still reason-
ably well defined, and that their dispersion may
be calculated approximately by letting the Tb ions
be periodically distributed on a hypothetical lat-
tice with a spacing proportional to ¢ "5 We then
take the Tb concentration into account by multi-
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of the ion-ion susceptibility function x(q,w).° For
the electron-ion exchange interaction we use the
same spatially localized form as in Ref. 4. Since
the Fermi surface of these alloys is unknown, we
take it to be spherical. The resistivity may then
be expressed as

1

fd(h )smhz(hw/z;eBT)nImx(q,w) I

plying the ion-ion exchange parameter by c.2
Furthermore we take 2kf to be concentration in-
dependent and given by the value which yields the
best overall fit, 2k;=0.67/a, where a is the lat-
tice constant for the Tb lattice in TbSb. The re-
sult of the calculation is shown by the solid lines
in Fig. 1. The curves have been fitted to experi-
ment at 10 K, or just above Ty in cases where Ty
exceeds 10 K. In fitting the curves for the alloys
that order magnetically we have taken into ac-
count contributions to the residual resistivity
from the disorder in the spatial configuration of
the magnetic ions, as calculated within the mole-
cular field approximation. At zero temperature
this contribution vanishes as a function of con-
centration at ¢ =1 and at the critical concentra-
tion ¢ =0.42. In between it has a maximum equal
to about 15% of pr.. for the value of ¢ in ques-
tion,

We conclude that the experimental and theo-
retical results shown in Fig. 1 are in excellent
agreement considering the crudeness of the mod-
el. The difference between the measured and cal-
culated curves, similar in all alloys, is attrib-
uted to electron-phonon scattering. The only sig-
nificant deviation of theory from experiment is
seen at low temperature for the alloys of nearly
critical concentration. This is hardly surprising
since the magnetic properties of the system
change very rapidly in this concentration regime.
The agreement between our calculated electron-
exciton resistivity and the experimental curves
has been obtained by just one concentration inde-
pendent choice of the Fermi momentum and a
scaling of each theoretical curve in terms of ab-
solute resistivity. However, there is the con-
straint that the high-temperature saturation value
should scale with Tb concentration ¢ (for the
three-level scheme used here it turns out that
this saturation value is only a few percent lower
than the one calculated for the full multiplet).
Thus from our fits we determine the high-tem-
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FIG. 2. The concentration dependence of pp -, ., as
determined from Fig. 1. The straight line indicates
the theoretical prediction.

perature spin-disorder resistivity ps .. for each
concentration. In Fig. 2 we have plotted this
Pr-w versus c. Indeed we find pgmeo <cC.
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Analysis of new Li 1s x-ray-photoemission data as a function of temperature unambig-
uously shows a lavge phonon-broadening contribution and a small lifetime width. Our
values account quantitatively for the observed rounding in all the recent Li K absorption-

edge measurements.

The rounded K-x-ray edge of lithium metal has
been the source of controversy for almost thirty
years. Following the theory of Mahan, Noziéres,
and De Dominicis (MND),%2? calculations®"® of the
threshold exponent have all predicted a rounded
edge, but one that was insufficiently broad® to ex-
plain the data.®® This, along with the electron-
scattering results by Ritsko, Schnatterly, and
Gibbons,® has challenged the importance of the
MND theory in explaining the Li measurements.
Several years before that theory was questioned,
McAlister,'? using a model due to Overhauser,*!
suggested that a transition density of states

broadened by phonons could explain the data.
Overhauser’s model, however, also predicted
phonon broadening of the Na edge in excess of
the reported width in that material.'*> Bergerson,
McMullen, and Carbotte'® recalculated the pho-
non broadening for Li and Na and found them both
to be considerably smaller than Overhauser’s
values, but both of comparable magnitude. Dow,
Robinson, and Carver,® using a different mecha-
nism, made estimates of large phonon broaden-
ing for Li and argued for a smaller broadening
for Na. Their approach, rebutted by Bergerson,
Jena, and McMullen'* and by Mahan,® subsequent-
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