VoOLUME 43, NUMBER 4

PHYSICAL REVIEW LETTERS

23 JuLy 1¥/9

Divergence of the Very-Low-Temperature Residual Resistivity of Tm,Se as x —1
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The resistivity of the intermediate-valence compounds Tm,Se (0.79<x<0,993) has been
measured down to 10 mK. The variation of the residual resistivity with composition (i.e.,
with the proportion of Tm?*) suggests that a perfectly stoichiometric system might be-
come insulating at 0 K. This divergence seems to take place when the two valence states
are equal in concentration. A possible interpretation based on the recent developments

of the Kondo-lattice models is discussed.

Since Bucher and co-workers first reported on
the intermediate valence of TmSe,! one of the
major advances has been the recognition that de-
viations from stoichiometry have a drastic effect
on the physical properties of this compound.? In
particular, the lattice constant a,, which reflects
the valence state of Tm, can be varied from
about 5.71 A in nearly stoichiometric samples,
to about 5.62 A in samples with the largest thuli-
um deficiency.®** These a,’s correspond, respec-
tively, to an intermediate-valence state and a
nearly 3+ state. The Curie constant exhibits a
similar variation from 4.90 emu/mole (intermedi-
ate) to 6.95 emu/mole (almost that of Tm3*).% In
contrast with most intermediate-valence systems,
TmSe orders antiferromagnetically at low temper-
atures.! Depending on a,, the Néel temperature
Ty varies from 1.7 to 3.5 K. No sizable valence
change occurs at Ty as shown by the thermal ex-

" pansion data.® The antiferromagnetic (AF) struc-
ture has been characterized by neutron diffrac-
tion measurements® to be type I in a sample with
a large lattice constant. The application of a
magnetic field converts this AF phase to a ferro-
magnetic (FM) phase, via a metamagnetic transi-

tion, at a critical-field H, of a few kilo-oersteds®;

a jump appears at H, in the magnetization curve.!*®"

‘The transport properties of such nearly stoichio-
metric TmSe samples are very unusual.? Their
electrical resistivities, which increase smoothly
from room temperature (RT) down to Ty, exhibit
a gtdden rise below this temperature.®*® This ef-
feet is destroyed by the magnetic field and the
resistivity in the FM phase then lies below the

RT value,®'®1° In the past, these anomalous elec-
trical properties of TmSe have been ascribed
either to the Kondo effect of Tm?" “impurities”

in a matrix of Tm?* (Refs. 7, 8, 9) or to a double-
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exchange mechanism involving 4f electrons mov-
ing between strongly coupled Hund’s-rule at-
oms,'®!! However, our previous measurements®
had shown that the resistivity of a nearly stoichio-
metric TmSe saturates at a high value (4500 uQ
cm) at very low temperatures (10 mK) and, from
the measurements of Batlogg et a/.? (made down
to 1.5 K),® one expects even higher residual resis-
tivities in more stoichiometric samples. There-
fore, to better understand this anomaly, we have
undertaken a more systematic experimental study
at very low temperatures.

We report here experiments performed on five
Tm,Se single crystals with lattice parameters
ranging from 5.625 to 5,712 A (see Table I). The
preparation of the starting Tm,Se ingot was de-
scribed previously.* The Néel temperatures, de-
duced from the ac susceptlbllity peaks, are re-
ported in Table I. The resistivity was then meas-
ured with a low-frequency ac brdige. The con-
tacts consisted of four indium-soldered wires in
the Van der Pauw geometry.!? The very low-
temperature measurements were performed in

TABLE I. Physical parameters of the Tm,Se sam-
ples. The room-temperature lattice parameters (a
were determined by x-rays on .adjacent parts of the
samples.

LX)

Sample  Batch 2y, ° pRT) Ty
number reference x (i) (M) Aam) (K
1 76-1-80 . 0.993 5.712 217+7 . 3.46
2 77-1-9  ° 0.991 5,709 2116  3.33
3 75-11-92 = 0.970 5.684 1929 1.8
4 76-1-70 0.935 5.665 182x9 2.5
5 75-1-98 0.790 5.625 17415 2.2
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the mixing chamber of a dilution refrigerator.
Particular attention was paid to the choice of the
measuring currents so as to minimize Joule heat-
ing., With this restriction, the precision of meas-
urements ranged from 1072~10"% near 1 K to 10°2
at 8 mK,

The RT resistivities, which are given in Table
I, are of the order of 200 1Q cm, close to those
reported by Batlogg ef al.> On cooling from 300
to 4.2 X, the resistivities of samples 1 to 4 in-
crease and exhibit a In T variation between about
50 and 5 K; however, sample 5, which is near-
ly 3+, shows a decreasing resistivity, Our re-
sults, between 8 mK and 4.2 K, are shown in
Fig. 1 as a function of In T, in the same scale at
the upper part and in expanded scales at the low-
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FIG. 1. Resistivities of the five Tm,Se samples as
function of In 7. Lower part: expanded scales. Inset:
detail of the anomalies at 7'y in samples 1 and 2 (note
the linear temperature scale).

er part. The resistivities of samples 1 and 2
have a jump at T (see detail in the inset). At

10 mK they reach residual resistivity values, Pos
of 5700 and 14000 uQ cm, respectively, Surpris-
ingly, the resistivity varies almost linearly with
the logarithm of temperature between 50 mk and 1
K. However, an activation-type law, o « ¢~ %/%T,
does not fit our data in any temperature range,
even if a residual term o0, is added to account for
the saturation at very low temperature, With de-
creasing Tm concentration, the anomaly at 7'
disappears gradually; the total increase of the
resistivity in the AF phase is only 20% in sample
8 and 10% in sample 4. Both of these still have a
logarithmic term below Ty, but saturation oc-
curs much sooner at low temperature. The most
striking feature of the results in Fig, 1 is the
drastic enhancement of the residual resistivity
on approaching stoichiometry, This is better
seen in Fig. 2, where p, is plotted as a function
of the proportion ¢ of Tm?*, We obtained ¢ from
the RT Curie constant Cy, by assuming a linear
relation between C, and ¢ rather than from the
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FIG. 2. Residual resistivities as function of the pro<’
portion of the 2+. state (deduced from the RT Curie
constant).
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classical Vegard’s law (when C, was not meas-
ured directly on the sample, its value was taken
from the plot of a, vs C,, of Ref. 4). In contrast
to Vegard’s law which gives c=30% of Tm?*, C,
leads to ¢~ 50% for a stoichiometric sample.

This higher value for ¢ is supported by the low-
temperature magnetization!® and by recent x-ray-
absorption results,*

In Fig, 2, a divergence of p, appears near sto-
ichiometry suggesting that a sample containing
exactly 50% of Tm?®" might become insulating.
We believe that this is a fundamental property of
stoichiometric TmSe and that it can help us to
understand what actually happens below Ty in
these compounds. In particular, the interpreta-
tions proposed previously cannot account for this
behavior. The residual resistivity seems to be
much too large to be ascribed to an ordinary
Kondo effect of Tm?" “impurities” in a type-I AF
matrix, On the other hand, the anisotropic con-
duction in the AF domains invoked in Ref. 10 can-
not contribute more than a few percent to the low-
temperature anomaly, since we observe only a
small reduction of p when the system is prepared
in the two domain state by cooling in an applied
field. Moreover, the existence of some critical
value for the proportion of 2* and 3*, apparently
very close to 50:50, where p, diverges, is not
taken into account by this model.

A possible explanation, somewhat speculative
at present, is based on the “Kondo-lattice” Ham-
iltonian considered by Jullien ef af,** This model
treats the 4f electrons as localized spins, with
an exchange coupling to the conduction electrons
described by the parameter J, The main proper-
ty of this Hamiltonian is the existence of a criti-
cal value of J, above which a gap is opened in the
conduction band at 0 K. As a consequence, the
system is an insulator at 0 K if there is exactly
one conduction electron per localized spin, and
it remains metallic otherwise. Application of a
magnetic field destroys the insulating state and
restores the metallic conductivity. In TmSe, the
instant state of the system can be regarded as a
mixture of ¢cN Tm?* and (1 -¢)N Tm3", with (1
— ¢)N carriers in the conduction band. If the
Kondo coupling takes place only in the divalent
staté (because the crystal-field ground state of
Tm3* is a singlet), the critical condition of the
model of Jullien ef al. is fulfilled when the va-
lence states are in the proportion 50:50, We have
seen above that this is nearly the case in the
most stoichiometric samples. This interpreta-
tion is more relevant to the case of a heterogene-
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ous mixed valence. However, the resistivity
measurement probes the microscopic state of the
system with a characteristic time, which can be
shorter than that of the valence fluctuation, A
similar argument has been proposed®® to explain
the spin fluctuation contribution to the resistivity
in actinide compounds, The properties of the
model have not yet been derived for T#0, but it
is to be expected that the gap will disappear at
some temperature, Although the occurrence of
AF order, which obviously plays an important
role in TmSe, is not predicted, it is not definite-
ly excluded by the model. On the other hand, the
justification for using this Kondo-lattice Hamilton-
ian is certainly open to question since the large
values of J required for the opening of a gap are
probably beyond the limit of validity of the Schrief-
fer-Wolff transformation,'” which allows one to
derive the Kondo Hamiltonian from the Anderson
Hamiltonian. In a recent paper,'® the Kondo prob-
lem for concentrated systems is treated as an ex-
tension of the dilute case. When the concentration
approaches unity, the authors obtain a gap of
width Ty at the Fermi level. Accordingly, the
residual resistivity per impurity increases dras-
tically and diverges when the concentration reach-
es 100%.'° Thus we believe that the Kondo-lat-
tice model might contain some of the physical in-
gredients necessary to describe the transport
properties of TmSe, provided the parameters
entering the starting Hamiltonian are not taken
too literally,

In conclusion, the new results reported in this
paper show that the residual resistivity of Tm,Se
diverges when x tends to unity. They strongly
suggest that perfectly stoichiometric TmSe might
become insulating at T'=0, Whether this phenom-
enon is due to a Kondo-lattice insulating state,
or to some other mechanism, is still open to dis-
cussion and we hope these new results will stimu-
late further theoretical work on the low-tempera-
ture transport properties of TmSe.
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Pair-field susceptibilities of Al films doped with the magnetic impurity Er have been
measured. The spin-flip scattering time determined from studies above T, is consistent
with the results of electron spin resonance measurements. Below T the transverse mode
of the order parameter propagates only when there is a gap in the excitation spectrum.

The simplest and most complete technique for
studying the dynamical properties of the super-
conducting order parameter is to measure the
wave-vector- and frequency-dependent pair-field
susceptibility.’ This method was first applied in
the normal state where the order parameter is
described by a time-dependent Ginzburg-Landau
equation.? When the technique was extended be-
low T,, a propagating mode was found.® This
mode has been interpreted as an oscillation in
the phase of the order parameter and is the high-
frequency limit of what is known as the “trans-
verse” mode or 7 mode.* There is also a “longi-
tudinal” mode or L mode, which is diffusive,
associated with the amplitude of the order pa-
rameter. Branch imbalance experiments® have
been used to determine the relaxation of the T
mode in a nonpropagating regime. The relaxation
of the “longitudinal” mode has been studied in a
number of ways including laser excitation.®

The detailed character of the dynamics of the
order parameter is determined by the “anoma-
lous” term in the self-consistency equation of the
Eliashberg theory.” This term describes the
deviations from equilibrium of the order param-
eter and the quasiparticle distribution function.
As magnetic impurities, which break pairs, alter
the “anomalous” term, the nature of this term
may be inferred from the magnetic-impurity con-
centration dependence of the pair-field suscepti-
bility.®

Here we report measurements of the pair-field
susceptibility of dirty-limit Al films doped with
Er. Measurements above T, have been used to
determine the spin-flip scattering time 7., which
along with the transition temperature and the dif-
fusion constant D serve to fully parametrize theo-
ries proposed for the regime below 7,. For Al,
the phonon inelastic scattering time 7, is such
that w7 > 1 is always satisfied and thus 7, is
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