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PHYSICAL REVIEW B

VOLUME 19, NUMBER 9%

Magnetic properties of iron-doped layer-structure dichalcogenides

S. J. Hillenius and R. V. Coleman
Department of Physics, University of Virginia,
Charlottesville, Virginia 22901

E. R. Domb and D. J. Sellmyer
Behlen Laboratory of Physics, University of Nebraska,
Lincoln, Nebraska 68588
(Received 18 August 1978)

Magnetic-susceptibility measurements have been made on dilute excess Fe alloys of the
layer-structure crystals TaSe,, NbSe,, and TaS,. The 2H selenides show local-moment forma-
tion and obey a Curie-Weiss law in the range 300—30 K with effective moments in the range
(2.5-4.5)up. For 2H-Fe,TaSe, a strong susceptibility maximum is observed at low temperature
and at low fields the maximum has a cusplike shape characteristic of a "spin-glass" type transi-
tion. The temperature of the maximum scales approximately linearly with Fe concentration and
reaches 13 K for x =0.10. The presence of the magnetic impurities decreases the onset tem-
perature of the charge-density wave and smears the transition. At the same time the magnetic
impurities can stabilize a spin-density wave and the data are reviewed in terms of such a possi-
bility. Crystals of 2H-Fe, TaS, do not show local-moment formation and the susceptibility
measurements show a smearing of the charge-density wave but no depression of the onset tem-
perature up to x =0.05. The Fe-doped 4 Hb phases of TaS, and TaSe, show distinctly different
behavior with 4 HHb-Fe,TaS; showing a strong-local-moment formation and a susceptibility max-

1 MAY 1979

imum while 4 Hb-Fe, TaSe, shows only a weak-local-moment formation and no magnetic

anomalies. The susceptibility behavior of the various phases also correlates with magnetic
anomalies observed in the transport properties of the Fe-doped layer structures and these corre-

lations will also be reviewed.

I. INTRODUCTION

Dilute iron alloys of the layer compounds NbSe,,
TaSe,, and TaS; have been studied using measure-
ments of magnetoresistance, Hall effect, and magnet-
ic susceptibility. 'When the compounds are doped
with excess iron in the range 0.01 < x <0.10 to pro-
duce crystals of the form Fe,MX, the electronic pro-
perties are modified in different ways depending on
the specific compound and phase. The 2H phases of
the selenides generally show strong magnetic effects
at low temperature with- anomalous features in the
transport properties! ™ and susceptibility. These in-
clude resistance minima and maxima, negative mag-
netoresistance, anomalous Hall effects and maxima
in susceptibility. In contrast 2 H-TaS, crystals when
doped with excess iron show an increased supercon-
ducting transition temperature, an enhanced super-
conducting anisotropy, !> and no magnetic effects in
either transport or susceptibility. The complete set of
measurements allows a correlation of the electronic
behavior with the charge-density-wave (CDW) transi-
tons® and the modifications produced by the impuri-
ties. While features such as the resistance minima

can be explained by spin-flip Kondo-type scattering
other features such as the susceptibility and resistivity
maxima imply the possible onset of a spin-density
wave (SDW) stabilized by the magnetic impurities.

The susceptibilities and transport properties of
4Hb-Fe, TaS, and 4 Hb-Fe, TaSe, also show a variety
of electronic changes induced by excess iron doping.
Strong local-moment behavior and susceptibility max-
ima are observed in 4 Hb-Fe, TaS, while in 4 Hb-
Fe,TaSe, neither the transport properties nor suscep-
tibility exhibit the features associated with magnetic
scattering or stabilization of a SDW. This difference
in electronic behavior between the two 4 Hb phases is
the reverse of that observed in the 2 H phases of the
same two compounds and suggests a sensitive depen-
dence of the electronic structure and local-moment
formation on the crystal-field environment of the Fe
atom.

In this paper we emphasize the results of suscepti-
bility measurements since a detailed analysis of the
transport properties has previously been published.!
However new transport data on some phases and suf-
ficient transport data on all phases and compounds
will be included in order to establish the appropriate
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correlations with the susceptibility data.

The susceptibility data on 2H-Fe, TaSe, have been
developed in most detail in order to explore further
the possible explanation for the unusual magnetic ef-
fects observed. Antoniou and Cohen’ have recently
developed a theory which relates most of these mag-
netic properties to destabilization of the CDW and
stabilization of a SDW by the magnetic impurities.
This leads to a new kind of spin-glass which they call
a "spin-density-wave glass." The theory has been
developed in the context of a Landau mean-field
theory and a detailed treatment?® is contained in a pa-
per by Antoniou.

Fermi-surface measurements on a number of
phases of TaS, and TaSe, have recently been reported
by Hillenius and Coleman® and the results show de-
finite differences in the detailed Fermi-surface struc-
ture of the CDW state in the various materials and
phases. These results will be reviewed briefly in ord-
er to consider any possible correlation with the ob-
served differences in electronic behavior.induced by
doping with excess iron.

II. EXPERIMENTAL TECHNIQUES

The single crystals used in these experiments were
grown by the method of iodine-vapor transport. The
starting materials mixed in powder form were sin-
tered in vacuum at 950 °C for five days to produce a
free flowing powder of the appropriate iron alloy.
Approximately three grams of powder were then
sealed in a quartz tube with sufficient iodine to pro-
duce about one atmosphere at the growth tempera-
ture. The tube was then heated to the appropriate
growth temperature and a temperature gradient was
set with a programmed temperature controller.

The crystalline phases of the various powders and
single crystals were checked by x-ray powder patterns
and by x-ray precession photographs. The iron con-
centrations in the powders and in the single crystals
were checked for selected alloys with a spark mass
spectrometer. Details of the growth parameters used
to obtain single crystals of the various phases used in
these experiments can be found in Ref. 1.

For crystals of NbSe; and TaS; doped with high ex-
cess iron concentrations (x =0.26) x-ray data'®!! has
shown the iron to be intercalated between the layers
in the octahedral holes. This has not been checked
directly for the low excess iron concentrations studied
in the present experiments. However small concen-
trations of substitutional iron x =0.001 are observed
to stabilize the 17 phase and this does not occur for
crystal growth with excess iron up to x =0.10. The
characteristic transport and susceptibility features
such as minima and maxima all scale monotonically
with iron concentration and the results of many ex-
perimental measurements with x in the range 0—0.10

suggest that a reliable systematic variation of iron
concentration has been obtained. Some inhomo-
geneity in iron concentration can be expected particu-
larly at low concentrations but the major features in
both susceptibility and transport do not appear to be
associated with other than a systematic variation of
the intercalated iron concentration.

Susceptibility measurements were made using Fara-
day balances'?at both the University of Virginia and at
the University of Nebraska. Measurements at Vir-
ginia were made on single crystals in a quartz sample:
holder with fields ranging between 0.5 and 4.5 kG.
Temperature was controlled and measured between
1.5 and 300 K using resistance thermometers. The
measurements at Nebraska were made on powders
and stacked single crystals placed in sample holders
made of quartz and Lexan. The temperature was
varied between 1.5 and 300 K and magnetic fields up
to 10.5 kG were applied. Samples having masses in
the range 10—30 mg were used for the susceptibility
measurements.

The temperature dependence of the resistivity and
the Hall effect were made using standard four lead dc
techniques with the current parallel to the layers.

The samples were cleaved into thin sections and
mounted using silver paint contacts. Typical sample
dimensions were 0.5 x 4 mm? for the resistance
measurement and 4 x 8 mm? for the Hall measure--
ments. Sample thicknesses ranged from 20 to 200
pum. The measurements were made in fields up to 70
kG using a superconducting solenoid. The tempera-
ture dependence of resistance and Hall effect were
made using variable temperature sample holders
operated with resistance heaters and helium exchange
gas. Temperature was controlled and measured using
both resistance and capacitance thermometers.

III. EXPERIMENTAL RESULTS

For excess iron doping in the range 0—10 at.% the
2 H phases of NbSe, and TaSe, both show a resistance
minimum behavior at low temperature and the sus-
ceptibilities can be fit to the Curie-Weiss expression
X(T) =Xy + C/(T —©) over most of the temperature
range. ©Ois a characteristic constant called the Weiss
temperature and C is the Curie constant to be
described in more detail in Sec. IV. A typical nor-
malized resistivity plot for 2 H-Fe, TaSe, as a function
of temperature is shown in Fig. 1. The resistivity
shows a minimum between 10 and 20 K and a loga-
rithmic rise below this minimum. At still lower tem-
peratures a resistance maximum is also observed in
the 2 H-Fe,TaSe; crystals. Below this maximum the
resistance drops rapidly in zero magnetic field while
for very high applied fields on the order of 150 kG
the resistance drop can be completely quenched.
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FIG. 2. Curie-Weiss susceptibility and susceptibility max-

imum observed in 2H-Fe,TaSe,. Temperature range of
measurement is 1.5—300 K and 1/X vs temperature curves

are also shown. (a) x =0.08. (b) x =0.10.
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FIG. 3. Resistivity vs temperature for 2H-TaS, and for
2H-FegosTaS,. The increase in superconducting transition
temperature and residual resistance due to the Fe doping are

clearly shown.
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FIG. 4. Resistance minimum and maximum observed in

4Hb-TaS, due to doping with 5 at.% Fe.
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TABLE 1. Susceptibility data for Fe, MSe, compounds.

Pefr o Xo T ax
Material Phase (up) (K) (107 emu/g) (K)
Feg gosTaSe, 2H (crystal) 1.5+0.2 -1+l 0.60 +0.05
Feg g, TaSe, 2H (crystal) 1.25 -2 0.58
FegosTaSe, 2H (crystal) 29 -1 0.65 2.0 (4.5 kG),
2.6 (0.41 kG) ~
FegogTaSe, - 2H (crystal) 2.8 7 0.65 4.7(4.5 kG)
' 5.6(0.45 kG)
Feo 10TaSe, 2H (crystal) 3.6 21 0.60 12(4.5 kG)
13(0.6 kG)
FegosNbSe, 2H (crystal) 3.0 —6 1.06 cee
Feg osNbSe, 2H (powder) 32 =7 1.0

The susceptibility of the 2 H-Fe,TaSe, crystals also
exhibits a maximum at temperatures in the range
below 10 K as shown for the 2 H-Fey ogTaSe; crystal in
Fig. 2(a) for data taken in a field of 1.5 kG. Strong
magnetic fields reduce the susceptibility maximum
and shift it to lower temperatures. The temperature
of the maxima in both resistivity and susceptibility
scales up with increased iron concentration and
reaches approximately 13 K for the 2H-Feq oTaSe;
crystal as shown in Fig. 2(b).

The 2H-Fe,NbSe, crystals show a similar resistance
minimum below 20 K while no resistance maximum
has been observed although it could occur below the
lowest measuring temperature of ~1.5 K. For both
2H-Fe,TaSe, and 2 H-Fe,NbSe, crystals the resistance
minima can be completely quenched for magnetic
fields of 150 kG applied parallel to the layers. The
Hall effect in both iron-doped NbSe, and TaSe, 2H
phases shows an anomalous magnetic scattering
term!'!? at low temperature. This term is positive
over the entire temperature range and rapidly dom-
inates the negative Hall contribution arising from the
pure CDW phase at low temperatures. Selected data
on both the temperature and field dependence of the
Hall effect will be given in Sec. IIIE.

In contrast with 2H-TaSe, and 2 H-NbSe,, excess
iron doping of the 2 H-TaS crystals does not produce
local-moment behavior and the transport properties
show no evidence of magnetic scattering, but do
show greatly enhanced superconducting properties.'">
Figure 3 shows the resistivity versus temperature
data for a 2H-FegosTaS,; crystal and compares the
‘behavior with that of the pure crystal. The supercon-
ducting transition temperature has increased from 0.8
to 3.5 K and a large increase in residual resistivity is
observed. However no resistance minimum or other
features associated with magnetic scattering are ob-
served. These striking differences between the

selenide and the sulfide 2 H phase crystals doped with
excess iron also correlate with the suppression of the
CDW transition. Both susceptibility and Hall data re-
lating to the CDW transition will be presented below.

In the case of 4 Hb-Fe, TaS; both a resistance
minimum and a resistance maximum are observed as
shown in Fig. 4. These features behave in the same
way as observed for 2H-Fe,TaSe, and the susceptibil-
ity again shows a maximum at low temperature which
can be associated with the onset of an SDW. The
4 Hb-Fe,TaSe, crystals can only be grown with x in
the range 0—0.2 and in this range of Fe concentration
no magnetic effects have been observed in the tran-
sport properties and only a weak moment has been
observed in the susceptibility measurements.

The above summary describes most of the tran-
sport results on the various phases and compounds
and the susceptibility results show a consistent corre-
lation with the differences in transport behavior. The
following sections describe the detailed susceptibility
measurements for each compound and phase.

A. Susceptibility of 2H-Fe, TaSe;

The pure 2H phase of TaSe, has a second-order
normal to incommensurate CDW transition'* at
~122 K followed by a transition to a commensurate
state at ~90 K. Systematic susceptibility measure-
ments for 2 H-Fe, TaSe, crystals with x in the range
0—0.10 have been made in the temperature range
1.5-300 K. All of the Fe doped crystals in the above
concentration range show a Curie-Weiss behavior and
analysis of the X vs T plots has been used to deter-
mine values of the Curie constant C, the Weiss tem-
perature ©, and the effective moment
Peir=28[S(S +1]"2. As shown in Fig. 2 for the
x =0.08 and x =0.10 crystals the X vs 1/T plots give
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FIG. 5. Response of the susceptibility maximum in 2H-
FeggTaSe; to low applied magnetic fields. The cusplike
form of the susceptibility maximum at low fields is charac-
teristic of a spin-glass type of transition. The maximum be-
comes rounded and is depressed to lower temperatures at
higher magnetic fields and is consistent with the onset of a
spin-density wave.

reasonably straight lines and calculated values of peg
are 2.75 and 3.6 up corresponding to spin values
somewhat less than % which would give per=3.9.

Susceptibility maxima occur at S and 13 K for
x =0.08 and x =0.10, respectively. The presence of
these maxima cause deviations in the Curie-Weiss
behavior at low temperature and therefore influence
the values of the calculated constants. The values of
the constants listed in Table I are obtained by elim-
inating data points at the low-temperature end until
successive calculation gives only a small change in
Perr- For the higher Fe concentration range this con-
dition is satisfied for temperatures above 20—30 K.
The susceptibility maxima are relatively insensitive
to magnetic fields from 1 to 5 kG and are substantial-
ly depressed only for fields above 10 kG. However,
the detailed shape of the maximum is quite sensitive
at fields below 1 kG. For example as shown in Fig. 5
for the FegosTaSe; crystal at H;, =0.45 kG the max-
imum has a cusplike shape while it becomes quite
rounded at H, =4.5 kG. The cusplike behavior is ex-
pected for the onset of a spin-density wave (SDW)
and this will be discussed in Sec. IV.
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FIG. 6. Temperature of the susceptibility maximum in
2H-Fe,TaSe; as a function of rheasured Curie constant.
The measured Curie constant also scales monotonically with
the initial iron concentration of the sintered powder used to
grow the crystals.
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FIG. 7. Measured susceptibility vs temperature for 2 H-
Fe,TaSe, with x =0, 0.01, 0.02. The CDW transition is
depressed by ~20 K at x =0.02.
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FIG. 8. Susceptibility as a function of temperature for
2H-Feg gsNbSe,. A Curie-Weiss behavior is observed but
no maximum is present down to ~1.5 K.

The susceptibility maximum occurs at progressively
higher temperatures as the Fe concentration is in-
creased in the 2 H-Fe,TaSe, crystals. The value of
the Curie constant also increases with Fe concentra-
tion and the systematic variation of the Curie con-
stant is probably a good check on the relative Fe con-
centration in a given crystal. The relation between
the susceptibility maximum and the Curie constant is
shown in Fig. 6 and gives a smooth correlated
behavior over the range x =0.02—0.10.

At low Fe concentrations the susceptibility is also
influenced by the presence of the CDW. For x
between 0 and 0.02 the CDW onset is depressed in
temperature and broadened as shown in Fig. 7. At
x =0.02 the onset is depressed by ~20 K, but the
CDW still has a substantial effect on the susceptibili-
ty below 100 K as seen in the lowest curve of Fig. 7.
For crystals with higher Fe concentrations the suscep-
tibility is dominated in this temperature range by the
rapidly increasing contribution from the Fe and the
CDW onset cannot be resolved. However, the
Curie-Weiss plot deviates from a straight line below
100 K and this may indicate a contribution from a
CDW. The Curie-Weiss analysis has not been
corrected for contributions from the CDW and this
may play a role in the variation of pyand © as a
function of Fe concentration.

The © values become progressively more positive
at higher iron concentrations (see Table 1). This can
be the result of SDW formation and can also result
from the formation of a "spin-glass"-type magnetic
state. This will be discussed in more detail in Sec.IV.

B. Susceptibility of 2H-Fe,NbSe,

The pure 2 H phase of NbSe, has a normal to in-
commensurate CDW transition at —~35 K and the
susceptibility of the excess Fe doped 2 H phase of
NbSe, shows a Curie-Weiss behavior similar to that
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FIG. 9. Susceptibility as a function of temperature for
2H-Fe,TaS;. Iron concentrations corresponding to x =0,
0.03, and 0.05 are shown, The CDW transition becomes
smeared but the onset temperature is not reduced.

of 2H-Fe,TaSe,. Both the 2 H single crystals and
powders give values of peg in the range 3.0—3.2 as
listed in Table I. A typical susceptibility plot as a
function of temperature is shown in Fig. 8. The
values of © are in the range —6 to —7 K for 2H-
FegosNbSe, and do not show a trend toward positive
values as observed for the higher Fe concentrations
in 2H-Fe,TaSe,. In the case of 2H-Fe, TaSe,; increas-
ing Fe concentration clearly drives © positive due to
the transition associated with the possible SDW on-
set. Such a transition if present in 2H-Fe,NbSe; is
much weaker and has not been observed down to the
lowest measuring temperature of ~1.5.

C. Susceptibility of 2H-Fe,Ta$,

The pure 2H phase of TaS; has a normal to com-
mensurate CDW transition!® at ~75 K. The magnetic
susceptibility of 2 H-TaS; crystals with excess Fe con-
centrations in the range 0—5 at. % has been measured
in the temperature range 1—300 K. The results are
shown in Fig. 9 for Fe concentrations of 0, 3, and 5
at.%. In the pure 2H-TaS, crystal the CDW transi-
tion is clearly observed as indicated by the onset of a
decreasing susceptibility below 75 K. The 2H-
Fego3TaS,; crystal also shows a strong susceptibility
decrease below 75 K and indicates that the Fe doping
while lowering the susceptibility over the entire tem-
perature range has not suppressed the CDW transi-
tion. The 2 H-Feqos5TaS; also shows a substantial drop
in susceptibility below 75 K although the CDW tran-
sition appears to be smeared in the higher concentra-
tion crystals. The rapid drop at the lowest tempera-
tures for the 3 and 5 at. % crystals results from the
transition to superconductivity below 3.5 K. Numeri-
cal values of X are listed in Table II.

No evidence of magnetic-moment formation is ob-
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TABLE II. Susceptibilities of nonmagnetic layer materials.

Material X, (300 K) X, 4.2 K) X, (300 K) X, (4.2 K)
(107% emu/g) (107% emu/g) (107% emu/g) (107% emu/g)
4Hb-TaSe,? 0.28 £0.05 0.10 £0.05
4Hb-TaS, 0.78 0.26
2H-TaSe, b 0.68 0.56 0.29 0.26
2H-TaS$, 0.83 0.89 0.36 0.35
2H-Feq 43TaS, 0.60 0.30
2H-Feq 4sTa$, 0.40 0.15

2F. J. DiSalvo, D. E. Moncton, J. A. Wilson, and S. Mahajan, Phys. Rev. B 14, 1543 (1976).
bJ. L. Benchimol, F. T. Hedgecock, and F. J. DiSalvo, Solid State Comm. 25, 677 (1978).

served in the susceptibility measurements on 2 H-
Fe,TaS, single crystals for the Fe concentration range
of 5 at.% and below. In general the measurements
indicate a weakening of the CDW in the Fe-doped
crystals with an accompanying rise in the supercon-
ducting transition temperature while the CDW onset
temperature remains approximately constant as a
function of Fe concentration.

D. Susceptibility of 4 Hb-Fe, TaS,
and 4Hb-Fe, TaSe,

The pure 4 Hb phases of TaS; and TaSe; show two
CDW transitions, one at relatively high temperature
associated with the octahedral layers and one at lower
temperature associated with the trigonal prismatic
layers. The onset temperatures are ~315 and 20 K
for the 4 Hb-TaS, crystals'é and ~600 and 75 K for
the 4 Hb-TaSe, crystals.!” The 4 Hb phase of TaS; can
be grown with up to at least 5 at.% excess Fe con-
centration and the CDW transitions are not evident
in the susceptibility of the crystals with S at. % Fe.
The susceptibilities have been measured for fields
both parallel and perpendicular to the layers and
representative plots are shown in Fig. 10 for a 4 Hb-
FeoosTaS; crystal. The susceptibility rises rapidly at
low temperature and reaches a maximum just below
10 K. At lower temperatures a rapid drop is ob-
served indicating a magnetic ordering similar to that
observed in 2H-Fe, TaSe,. At temperatures near the
susceptibility maxima the anisotropy X,/X, is approxi-
mately 2. The susceptibility maximum is nearly field
independent in the range 1—5 kG as shown in Fig. 11
and at very low fields the maximum sharpens to a
more cusplike behavior similar to that observed for
2 H-FegosTaSe, at low magnetic fields (see Fig. 5).

The higher temperature data fit a Curie-Weiss plot
as also shown in Fig. 10 for fields parallel and per-

pendicular to the layers. Calculated values of p.y are
5.0(J]) and 5.2(1), respectively. The values of 6 are
positive and equal to 1.8(||) and 11(1). See Table III.
The 4 Hb phase of TaSe, is limited to a maximum
Fe concentration of ~—2 at.%. Above this concentra-
tion only the 2H or the 1T phase can be grown in the
various temperature ranges. The crystals of 4 Hb-
FegoTaSe; show only a very weak-local-moment for-
mation and analysis of the Curie-Weiss plot gives a
value of per=0.47. This is an order of magnitude
smaller than observed for most of the phases show-
ing a strong-local-moment behavior and no evidence
of susceptibility maxima or transport anomalies is ob-
served. In an earlier experiment® the susceptibility of
a slowly cooled crystal showed a large anisotropy with
the perpendicular p.s=4.4 vs p.;=0.4 parallel to the
layers. Subsequent measurements on rapidly
quenched crystals show only the low value of p.y for
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FIG. 10. Susceptibility as a function of temperature for
4Hb-Fey gsTaS;. A Curie-Weiss behavior is observed and a
susceptibility maximum occurs at 7.5 K.
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TABLE III. Susceptibility data for 4Hb6-Fe, MX, compounds.

Pefr 6 T ax
~Material Phase (up) (K) (K)
Feg g TaSe, Mixed phase 44 +0.2) =5+l
(crystal) 0.4, 0
Feg o;TaSe, 4Hb (crystal) 0.8, —-1.4
FeggsTaS, 4Hb (crystal) 5.2, 11 7.5(4.5 kG)
5.0, 1.8 7.3(4.5 kG)

fields both parallel and perpendicular to the layers.
The previous anisotropy may have been connected
with a slight phase mixture or other anomaly occur-
ring in the more slowly cooled crystal.

E. Hall effect

The Hall effect has been measured in all of the
iron-doped compounds and phases reported in this
work and the main features are outlined below. The
pure phases have negative Hall coefficients at tem-
peratures below the CDW transition while the Fe
doped crystals showing a strong magnetic moment
have positive Hall coefficients. The 2H-Fe,TaSe,
crystals exhibit positive Hall coefficients which show
strong nonlinear magnetic contributions at low fields
as shown in the upper curves of Fig. 12. This non-
linear magnetic contribution reaches a maximum at

T T T T T
(4 Hb) Feyy TasS,
L o H| =45kG 4
L OH| =1.2kG J
100 2%, -
© | f % i
N 8 %
> L > 4
E . ]
- P o
> '-: © 7
‘99 50'.; o5 -
0_ 1 1 1 1 1
0] 10 20 30 40 50 60
T(K)

FIG. 11. Field dependence of the susceptibility maximum
in 4Hb-Fe osTaS;. In the range 1-5 kG very little field
dependence is observed and the magnetic state is quite. stiff
for applied fields in this range.

x =0.05 and has decreased substantially at x =0.10.
The field dependence is logarithmic at high fields and
has previously been analyzed' using expressions for
magnetic scattering developed by Béal-Monod and
Weiner.!® The nonlinear field dependence is also
highly temperature dependent and increases rapidly
below ~20 K as shown in Fig. 13. In the case of

4 Hb-Fe, TaSe, the low-temperature Hall coefficient is
still negative, but is reduced in magnitude from that
of the pure phase as shown in the lower three curves
of Fig. 12. No magnetic contribution is observed at
low fields and the behavior is consistent with the ab-
sence of anomalies in the resistance and magne-
toresistance.

100 | B S B A
i 4Hb PHASE 2H PHASE 1
80 v - TaSe, A -Feg,TaSe, _|

v - Fe.o'TuSez I-ifza.()sTt)Se2

o - Fe_ozTcSe2 o —Fe.osTc:Se2
O0-Fe jgTaSe,

® -Fe‘]o TuSe2

—4OM —
T l T i I T ‘ T I T l
o} 40 80 120 160 200

B(kG)

FIG. 12. Hall coefficient vs magnetic field at 4.2 K for
2H-Fe,TaSe, and 4Hb-Fe,TaSe,. For the 2H phase coeffi-
cients are positive and show a very nonlinear behavior. For
the 4 Hb phase coefficients are negative and a very small.
field dependence is observed.
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FIG. 13. Nonlinear Hall coefficient as a function of tem-
perature in 2H-Feg g3TaSe;. The nonlinear behavior de-
creases rapidly above 20 K.

The Hall coefficient in 2 H-Fe, TaS, shows a posi-
tive to negative transition near the CDW onset as
shown in Fig. 14. This is consistent with the suscep-
tibility measurements and no magnetic behavior is in-
dicated although the magnitude of the negative Hall
coefficient has been reduced by the excess Fe. In
contrast the 4 Hb- Fe, TaS, again shows the positive
nonlinear Hall coefficent associated with magnetic
scattering. : ‘

The anomalous Hall coefficients which show a very

sf T H='70l'(g '2H'Fe;To]SZK A s S ]
s B E

ATt bt
- . 100 200 1
L ]
e J
i 4
= 4
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FI1G. 14. Hall coefficient as a function of temperature in
2H-Fe, TaS,. The CDW transition corresponding to the po-
sitive to negative transition in the Hall coefficient is present
in both iron-doped specimens. The onset of the CDW is
not appreciably changed as was also observed in the suscep-
tibility measurement. See Fig. 9.

strong nonlinear dependence on applied magnetic
field and temperature are predicted within the frame-
work of SDW formation at low temperatures. The
main points are summarized in Sec. IV and theoreti-
cal details can be found in an article by Antoniou.®

IV. DISCUSSION

The susceptibility measurements on the layer-
structure diselenides doped with excess iron have
shown the formation of relatively strong local mo-
ments in some cases and very small or zero moments
in others. 2H-Fe,NbSe,, 2H-Fe,TaSe,, and 4 Hb-
Fe,TaS; show large moments accompanied by mag-
netic behavior in the transport and susceptibility
while 2 H-Fe,TaS, and 4 Hb-Fe,TaSe, show no mag-
netic anomalies. In the cases with magnetic moment
formation the temperature-dependent susceptibilities
follow a Curie-Weiss law of the form;

X(T) =Xo+C/(T—0) . 1

The Curie constant C is generally related to an effec-
tive moment peg by

C=Npdrud/3ks . (2)

where N, is the impurity concentration, wp the Bohr
magneton, and pg is related to the spin by

Per=g[S(S+ D2 | 3)

For 2 H-Fe,TaSe; with x in the range 0.02—0.10 cal-
culations from the observed Curie constants give
values of p in the range 2.5—4.5 corresponding to
spin values between 1 and 2. While p.g values
corresponding to simple spin values of % 1, %, etc.,
are not required by the Friedel-Anderson local-
moment picture the variations in the above numbers
can result from several factors. The CDW is still
present and can modify the susceptibility behavior
particularly in the more dilute alloys. The onset tem-
perature and strength of a possible SDW transition
can also vary with iron concentration and can modify
the Curie-Weiss plot with a corresponding change in
Per- . These factors as well as fluctuations in the pre-
cise iron concentration can all contribute to apparent
variations in pey and the range of values obtained for
different iron concentrations probably reflects a com-
bination of factors.

The transport anomalies characterized by a resis-
tance minimum, a negative magnetoresistance, a log-
arithmic temperature, and field dependence of the
resistance all suggest a possible Kondo-type mechan-
ism. Fits of the data to theoretical expressions of
Béal-Monod and Weiner!'4 showed consistency with
such a mechanism and were fully discussed in Ref. 1.
However the strong resistance and susceptibility max-
ima which were observed in the range 4—10 K for
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concentrations of excess iron up to 10 at.% were not
adequately explained by a Kondo-type mechanism.

Antoniou and Cohen’ have suggested the forma-
tion of a spin-density wave (SDW) as the principal
mechanism leading to the maxima in resistance and
susceptibility. The susceptibility maximum would oc-
cur at the onset of the SDW which forces a reduction
in the magnetization. The resistance maximum
would result from the increase in amplitude of the
SDW with decreasing temperature and a correspond-
ing reduction in the spin-flip scattering. The SDW
formation would also play a role in the negative mag-
netoresistance and the nonlinear Hall effect.

For the iron-doped layer structures where a strong
impurity moment is formed the normal to CDW
transition temperature should be reduced and the
transition smeared so that a sharp susceptibility max-
imum due to the CDW onset should no longer be
observed. At the same time an aperiodic modifica-
tion of a periodic magnetic distortion should be sta-
bilized leading to a rapid increase of susceptibility fol-
lowed by a maximum in the susceptibility at the
SDW onset. These predicted features have been ob-
served particularly well in 2 H-Fe,TaSe; and many of
the detailed experimental results confirm the expect-
ed behavior.

The Antoniou-Cohen theory develops a model cal-
culation of an impurity induced SDW in the back-
ground of a smeared CDW. The susceptibility max-
imum associated with the SDW onset should display
a number of characteristic features: (i) The magni-
tude should decrease with increased applied magnetic
field. (ii) Tmax should decrease and the maximum
become more rounded with increased magnetic fieid.
(iii) There should be a pronounced asymmetry above
and below the susceptibility maximum with the sus-
ceptibility dropping much more rapidly below 7'q.x.
All of these features are observed as shown in the
experimental curves of Figs. 2 and 5.

The detailed calculations can be found in a paper,
by Antoniou®. They lead to a bulk high-temperature
susceptibility given by

.1 (1 —Jo/ay)?

= 4)
pha,  a,ph(T —nJ$/asa,)

where p is the density of the material, 4 is the height
of a unit cell, and 7 is the impurity area density. The
constants a, and a, are parameters in the Landau-
Ginzburg free energy associated with the uniform
magnetization term and the impurity spin term,
respectively. Jy is a constant describing the coupling
between the impurity spins and the spin density.

This leads to a Curie-Weiss high-temperature suscep-
tibility of the form

¢ )

X'=Xo+ ,
°Tr—o

with
1
5
o | (5a)
2
J
Ci=nl1 -] , (5b)
a
JZ
0 =2 (5¢)
a,ag
The Curie constant can be rewritten’
Nipesz ‘
C =
1 3kBP (63)
with
J .
Per=poll =] , (6b)
a,
where
12
3k
Po=|—= (6¢)
as

is the free impurity moment. This model predicts
that © should be positive and should increase with
impurity concentration 7. This is the general trend
observed for 2 H-Fe,TaSe; as shown in Table I
althoughat low concentrations small negative values
are observed. The negative values may result from
using plots uncorrected for. the contribution from the
CDW. The-‘observed p.y values are lower than the
value expected for the spin contribution from Fe?*
which should give 4.9up. Therefore using Eq. (6b)
Jo should be positive corresponding to antiferromag-
netic coupling between the impurity spins and the
spin density of the conduction electrons.

The previous attempt to fit the transport data to an
s-d exchange model for a Kondo-type interaction was
consistent with an antiferromagnetic exchange con-
stant although the present SDW model represents a
quite different mechanism. The transport results can
also be explained within the framework of the SDW
formation although the resistance minimum may still
result from a generalized Kondo-type mechanism. In
the SDW model the extraordinary Hall coefficient
should behave much like the bulk susceptibility with
a strong nonlinear rise at low temperature. Applied
fields should also reduce the Hall coefficient for tem-
peratures above Ty, while below T, the nonlinear
field reduction should be less pronounced. As shown
in Fig. 12 the concentration dependence of the non-
linear field dependence of the Hall coefficient meas-
ured at 4.2 K for 2 H-Fe,TaSe, reaches a maximum at
x =0.05 and has decreased substantially at x =0.10.
This is consistent with the expected rise of T,y to
above 4.2 K as the Fe concentration is increased
from x =0.02-0.10.
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(2H) Fe  TaSe,

O (g /Fe atom)

APPLIED FIELD (kG)

FIG. 15. Magnetization as a function of magnetic field
measured at 1.5 and 5 K. For field perpendicular to the
layers a large temperature-dependent hysteresis is observed.
For fields parallel to the layers a hysteresis is not observed:

The resistance and magnetoresistance behavior can
also be explained within the context of an SDW
model. The negative magnetoresistance can result
from a suppression of spin-flip scattering due either
to the application of an external field with spin align-
ment as occurs in Kondo-type systems and to the on-
set of an internal field which would lock the impurity
spins in fixed directions. The interplay between the
external field and the internal fields created by the
SDW can produce a number of detailed changes in
the magnetoresistance and these have not been ex-
amined by experiment with sufficient detail as yet.
However, initial results reported in Ref. 1 indicate
that changes in the magnitude of the negative magne-
toresistance above and below the onset temperature
of the SDW follow the predicted behavior.

At higher concentrations of excess Fe the 2H-
Fe,TaSe, crystals develop a pronounced hysteresis as
shown in Fig. 15 for a crystal with x =0.10. The
field is applied perpendicular to the layers and the
hysteresis ‘develops rapidly below T, which is ~13
K in this case. Both the hysteresis and the suscepti-
bility maximum are similar to features observed in
spin-glass systems!® which are described as systems of
interacting impurity spins where the spins "freeze-
out" in random directions below a certain critical tem-
perature. The random impurity moment interaction
is in this case mediated by the electron gas through
the RKKY (Ruderman-Kittel- Kasuya -Yosida) in-
teraction and in zero field the random phase of this
interaction results in no net magnetic moment forma-
tion. . However, the "freeze-out" of the random mo-
ments produces remanance, irreversibility, and relax-
ation and at higher concentrations short-range order
develops giving rise to magnetic clusters which con-
tribute to magnetic hysteresis. Above the "freeze-out"
temperature the behavior is Curie-Weiss-like and for
higher impurity concentrations the © values are posi-
tive due to the short-range ordering.

The Antoniou-Cohen theory of SDW formation at

present omits the random nature of the phase of the
SDW due to the random spatial distribution of the
impurity moments. They point out that including
these effects would give rise to a type of spin-glass
state which they call a "spin-density-wave glass" and
that such a state would be expected to exhibit the
characteristic hysteresis which is observed.

The experimental results are at present generally
consistent with the behavior expected for either the
SDW induced glass or the moré conventional spin
glass. However, the fact that the susceptibility maxi-
ma are not very sensitive to magnetic fields in the
range 1—5 kG suggests a rather stiff magnetic system
which may be .more consistent with the SDW interac-
tion. The layer-structure Fermi surfaces also show
strong CDW transitions and the electronic structure
should be favorable for SDW formation. However,
further experiments including neutron-diffraction ex-
periments will be necessary to clearly establish the
type of magnetic state which forms in the Fe-doped
layer crystals at low temperatures.

The result that dilute excess iron impurities in 2 H-
TaS; do not form moments is rather unusual. For
2 H-Fe,TaS, crystals with x =0.28 a ferromagnetic
state?® is observed with T, =73 +5°K and above 7T, a
Curie-Weiss behavior is observed with per=4.5 up.
The magnetic behavior therefore undergoes some
type of transition for intermediate iron concentra-
tions. This has not been examined experimentally as
yet since the crystal-growth process does not yield
good crystals at intermediate Fe concentrations due
to phase mixtures or other instabilities.

The 2H phases of TaSe; and TaS, have essentially
similar high-temperature band structures?! with only
small differences in the undulations of the cylindrical
Fermi surfaces. In the CDW state the Fermi surface
of 2H-TaS, develops a group of Fermi-surface sec-
tions? with areas an order of magnitude smaller than
observed in the CDW state?>? of 2H-TaSe,. This in-
dicates a subtle difference between the two materials
in the CDW state although the different sections of
Fermi surface involve only 1072 to 10~ electrons per
atom. The transition to the 4 Hb phase of TaS, does
not significantly change the Fermi-surface sections’® 2
attributed to the trigonal prismatic CDW state of the
pure material but the dilute iron impurities now form
strong moments with peg = Sup.

The formation of the magnetic impurity state
depends on the position of the virtual d "levels" rela-
tive to the Fermi level and on the width of these lev-
els. Anderson?* has examined the general conditions
leading to magnetic and nonmagnetic impurity states
and has developed expressions for the relevant
parameters. A transition from a magnetic to a non-
magnetic state can be caused by changes in the densi-
ty of states or by motion of the Fermi level.
Although the electron transfer from the octahedral to
the trigonal prismatic layers in 4 Hb-TaS; is estimated
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to be small’ the system can be quite sensitive to
small shifts if conditions for the magnetic transition
are closely balanced. Further and more detailed ex-
periment and calculation will be needed to resolve
the precise mechanisms. A general development for
both CDW and SDW formation as well as mixed
CDW and SDW systems has recently been given by
Denley and Falicov.?

V. CONCLUSIONS

Measurements of the magnetic susceptibilities in
layer-structure dichalcogenides doped with excess Fe
in the range 0—10 at. % have been used to study
local-moment formation and the resulting magnetic
anomalies in the electronic properties. In addition to
a Kondo-like resistance minimum and a Curie-
Weiss-like susceptibility induced by excess Fe impuri-
ties in 2H-TaSe, a strong susceptibility maximum is
observed at low temperature. The temperature of the
maximum scales with Fe concentration and reaches
~13 K at 10 at.%. An analysis of this maximum"
shows that it is consistent with the onset of a spin-
density wave stabilized by the magnetic impurities. A
number of the magnetic features are consistent with
a spin-glass type of transition which can be induced
by the spin-density-wave onset. The Fe impurities in
2 H-TaSe, depress the charge-density-wave onset tem-
perature while forming the local moments. Dilute Fe
impurities in 2 H-TaS; do not suppress the charge-

density-wave onset temperature and local-moment
formation is not observed. The local-moment forma-
tion and susceptibility maximum appears again in

4 Hb-TaS, doped with excess Fe but is absent in 4 Hb-
TaSe, doped with excess Fe. These variations show a
very sensitive interplay between local-moment forma-
tion, charge-density-wave depression, and the elec-
tronic structure of the particular layer compound and
phase. The possible spin-density-wave onset needs
further investigation, but the low-temperature mag-
netic transition is clearly a distinct new electronic
state of these layer structure materials.
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