VoLUME 34, NUMBER 24

PHYSICAL REVIEW LETTERS

16 JUNE 1975

tionary density perturbations can be established
by a beam-driven pump wave with finite 2, at w
~w,, (2) the localization of field arises from the
nonlinear development of the stationary instabil-
ity, and (3) the localized intense fields can be re-
sponsible for the generation of high-energy elec-
trons in electron-beam-plasma interactions.
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Single crystals of iron-doped TaS, grown from sintered powders of composition Feg,gs-
TaS, show a rise in critical temperature to above 3 K and an enhanced anisotropy of H,
which is comparable to that observed in 2H-TaS,(pyridine)s. Single crystals grown from
Fey, 05T, 955, powders are stabilized in the 1T phase and are semiconducting at all tem-
peratures below room temperature with no resistive anomaly at 200 K.

Dilute concentrations of Fe in TaS, produce
major changes in both the superconducting and
normal phases of this layer structure. The re-
sults suggest that the electronic and crystal
structure is extremely sensitive to the way in
which iron is incorporated into the crystal. Pre-
vious results on Fe, NbSe, single crystals' and
powders? have shown a rapid quenching of the
superconducting transition. In addition the sin-
gle crystals' of Fe, NbSe, show a strong resistiv-

ity minimum in the range 10 to 15 K. Single crys-

tals of Fe, TaSe, also show a strong resistance
minimum as well as evidence for magnetic be-
havior of the iron impurities, and this data will
be presented in a later paper. The behavior of
Fe, TaS, is quite different and initial results on
these alloys as well as dilute alloys of composi-
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tion Fe, Ta,., S, are presented below.

Single crystals have been grown by two meth-
ods. In one case an intercalation alloy is pro-
duced by sintering additional Fe with stoichio-
metric amounts of Ta and S to give a compound
Fe, TaS, where x ranged from 0-10 at.% and cor-
responds to excess metal ions. In the second
case Fe was mixed with Ta and S to give an alloy
Fe, Ta,., S, where the total metal ion content is
stoichiometric with S. Single crystals were
grown from the sintered materials by iodine-va-
por transport. Mass spectrographic analysis has
shown that the iron content of the single crystal
is practically identical to that of the initial sin-
tered powder. A comparison of iron spectral
line intensities for a powder and the resulting
single crystal of Fe, ,;TaS, is shown in the inset
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FIG. 1. Superconducting to normal state transitions
measured in a resistance versus temperature experi-
ment. Transition in Fey, sTaS, and in 2H-TaS, (pyri-
dine);s,. Inset shows comparison of mass spectrograph
lines for iron isotopes 54, 56, and 57 in powder and sin-
gle crystal of Feg, ¢sTaS,.

of Fig. 1. The analysis also indicates little or
no loss of Ta or S during the transport process.
X-ray powder patterns for the sintered powders
show the Fe, ;Ta, oS, to be in the 17 phase
while the Fe, ,;TaS, sintered powder is predomi-
nantly in the 2H phase. The electronic proper-
ties and crystal phases obtained by the two meth-
ods are completely different and in this Letter
we report initial measurements of the electronic
behavior using resistance and magnetoresistance
methods.

For the alloys with excess metal, addition of
iron steadily increases the transition tempera-
ture of the 2H phase to a maximum of ~3.5 K
corresponding to approximately 5 at.% iron. The
superconducting transition is completely sup-
pressed in powders only after the addition of ~10
at.% iron. For the higher excess-iron concentra-
tions nearly perfect small crystals of a second
phase form in the growth chamber and these do
not transform during cooling. The electronic
properties of this phase will be reported later. -

For the substitutional iron alloy, 5 at.% Fe is
sufficient to stabilize the 17 phase at all temper-
atures below the growth temperature and pro-
duces shiny gold-tinted single-phase crystals as
checked by x-ray diffraction. Reheating and cool-
ing has no effect on these crystals which are
completely stable at all temperatures below the
growth temperature. They are semiconducting
in the temperature range 1-300 K, but show no

sharp resistive transition as is observed® in pure
17T-TaS, at ~200 K,

We first discuss the superconducting proper-
ties of the intercalation alloys. In this case the
alloy appears to grow in the 17 phase and trans-
form to the 2H phase during cooling from the
growth temperature in the same way as observed
for pure TaS,. These crystals remain in the
shiny gold-tinted 1T phase when quenched from
the growth temperature. Reheating and slow
cooling will transform them into the low-temper-
ature 2H phase showing the high 7, and critical-
field anisotropy. The iron is thought to enter the
octahedral holes between the prismatic layers of
TaS, as Fe®* ions although this has been estab-
lished in detail* only for much more concentrated
intercalation alloys in powder form. Figure 1
shows resistive transitions for five single crys-
tals of Fe, (;TaS, from a given growth. Selected
crystals show transitions comparable to those
observed in well-intercalated 2H-TaS,(pyridine), /,
crystals® © and data for a pyridine-intercalated
crystal are also shown in Fig. 1.

The Fe, ,;TaS, single crystals show a greatly
enhanced anisotropy of H,, which is comparable
to that observed in TaS,(pyridine),,, and Figs.
2(a) and 2(b) show the critical-field anisotropy
observed for Fe, ,,TaS, and TaS,(pyridine), /, for
angles of H between 0 and 10° relative to the ori-
entation parallel to the layers. The critical-field
anisotropy was first treated by Lawrence and
Doniach” and by Kats® using anisotropic Ginzburg-
Landau equations with a Josephson coupling be-
tween the layers. Such models lead to a useful
representation for the angular dependence of the
form [H_,(6)]?/[H ,,(90°)]? =1/(sin?0 + €2 cos?6),
where € is the Ginzburg-Landau anisotropic
mass ratio m/M. Data for Fe, ,;TaS, and 2H-
TaS,(pyridine), s, are fitted with this model by the
dashed lines in Fig. 2 and give values of 1/¢€®
=M/m> 400 which is ten times larger than ob-
served for pure 2H-TaS, (M/m ~45) [ see lower
curve of Fig. 2(b)].

Klemm, Luther, and Beasley® and Bulaevskii'®
have recently examined the upper critical field
of layer structures in much greater detail. Bu-
laevskii'® has given an expression for the criti-
cal-field anisotropy for temperatures close to T,
where the normal to superconducting transition
is second order and this is given below.

H,2(0) _1+2x%— (1+4x°)2
H 2 (1) 2x* sin®g

’ 1)
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FIG. 2. Angular dependence of critical field H.,(6) as
a function of angle measured from H parallel to the lay-
ers. The ratio [H,,(6)]%/[H_(90°)? is plotted over the
range 1°-10°. Dashed curves represent the function
1/[sin%6 + €2 cos?6]. (a) Data for Fey ¢;TaS; at 1.1 K and
fit by formula (1). (b) Data for 2H-TaS, at 1.0 K and
2H-TaS,(pyridine) 4 at 2.86 and 1.4 K.

where

27T (1 = t)/2

A, (= W,

ch(H)sinG

Ko=glg/2 and ¢(3) is the Reimann ¢ function,
The data on TaS,(py),/, in Fig. 2(b) for T'=2.86
K (t=T/T,=0.88) are fit very well by this expres-
sion with the correct T, and ratio H,,(L)/H_,(]|)
(see details in Ref. 10). The data at 1.4 K (¢
=0.43) were taken later and the resistivity of the
pyridine-intercalated sample had increased from
p;=10"°Q ecm to p,=6x10"°Q cm observed for
the Fe, ,;TaS, crystal used for the data in Fig.
2(a). These crystals are closer to the dirty lim-
it and values of H_,(9) calculated from expression
(1) with all parameters determined from experi-
ment are lower than observed. However, with x

X =
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FIG. 3. Temperature dependence of parallel resistiv-
ity for Feg osTaS,, Feg, o;NbSe,y, and pure 2H-TaS, in the
range 1-40 K.

treated as an adjustable parameter expression (1)
can be fitted quite well to the angular data as
shown in Fig. 2(a) and the resulting value of x is
in agreement with the observed ratio H,,(1)/
Hy([)-

The temperature dependence of resistance for
Fe, o;TaS, is shown in Fig. 3 and no resistance
minimum is observed in contrast to the results
for Fe, ,,NbSe, and Fe, ,;TaSe, (see inset in Fig.
3). The resistance minimum in Fe, ,;NbSe, is
field dependent and highly anisotropic' and no
such effects are observed in Fe, o, TaS, indicating
that the Fe in 2H-TaS, up to at least 5-at.% ex-
cess exhibits no magnetic character in contrast
to excess Fe in NbSe, and TaSe,. The enhanced
superconductivity and anisotropy in Fe, TaS, in-
dicates an effective decoupling of the layers.

This would require the iron to be very effective

in breaking the superconducting pairs moving per-
pendicular to the layers. This could be accom-
plished by strong interaction with iron impurities
between the layers or by some more complex
phase modification in which alternating sandwiches
show strong superconductivity and are weakly
coupled across layers modified by the iron. Such
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a phase would be similar in behavior to the pure
4Hb-TaS, phase where alternating metallic and
semiconducting layers exist'! in the normal
phase. The initial measurements of p,/p, for
Fe, ,;TaS, above 7, at 4.2 K show values > 1000
and these are comparable to the ratios observed
for 4Hb-TaS, by DiSalvo ef al.'’ in the helium-
temperature range.

When the Fe is added substitutionally for the
Ta the resulting alloy Fe, T, 455, appears to en-
tirely stabilize in the 17 phase. No crystallo-
graphic phase transition occurs on cooling from
the growth temperature and the resistivity shows
semiconducting behavior down to 1 K with no evi-
dence of the transition anomaly at 200 K (see Fig.
4)., Wilson, DiSalvo, and Mahajan'? have exten-
sively discussed the formation of charge-density
waves (CDW) particularly in the 17 phases of
these materials. In general substitutional im-
purities tend to suppress the commensurate
CDW temperature and reduce the amplitude of
the CDW. In Ref. 12, in fact, it was found that
1 at.% substitutional Ti in TaS, also completely
removes the 200-K transition in 17-TaS,.

In the 2H or 4Hb phases the CDW’s generally
have lower amplitude and a more complex be-
havior, but could certainly have effects on the
superconducting transition. Morris'® has sug-
gested on the basis of Hall-effect measurements
that suppression of the CDW in 2H-NbSe, by Fe
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FIG. 4. Temperature dependence of parallel resistiv-
ity for Feg, ¢5T. 955, in the range 1-300 K. Resistivity
versus temperature for pure 17-TaS, is also shown
from Ref. 8.

or Mn correlates with the suppression of 7, in
this material. In the present case of enhance-
ment of T, by Fe it would be interesting to ex-
plore a possible relation between the CDW and
the increase of 7, and more experiments will be
required on these interesting systems.
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