
VOLUME 36, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRIL 1976

contribution of the bremsstrahlung occurs at low ener-
gies where the scatter of our data is large, so that a
modest uncertainty in the value of k does not apprecia-
bly increase the uncertainty in our final results.
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1T-M„Tag „S& or 1T-M~ Ta& „Se& with M= Fe, Co, or Ni shows large increases in re-
sistivity at low temperatures when 3 &x)x~ (x~ = 0.02 for the disulfides, and 0.15 for
the diselenides}. We suggest that this increase is due to Anderson localization of the
conduction electrons by the random potential of M. However, in contrast to the usual im-
purity state in metals, the presence of a charge-density wave makes this potential tem-
perature dependent and long ranged.

Following the discovery of the charge-density-
wave (CDW) state in layered compounds, ' we un-
dertook extensive studies of the effects of doping
on the CDW. ' Recently, we discovered that large
amounts of Fe, Co, or Ni could be randomly sub-
stituted for Ta in IT-TaS, and IT-TaSe,.' Be-
yond a critical doping level, the random potential
of the Sd cations causes the resistivity to in-
crease rapidly with decreasing temperature. We
speculate that a modification of the Anderson
transition occurs, a modification due to the
CDW, to the Sd cations, and to their mutual in-
teraction.

X-ray diffraction of the powder products shows
that the maximum substitution possible in IT-
TaS, and IT-TaSe, is 3 for Fe and Co, but only
=0.2 for Ni. In the case of Ni, for @~0.2, a
complex set of superlattice lines appear, which
we are presently unable to index. The actual ra-
tio of cation concentration in single crystals was
determined by x-ray fluorescence.

A measurement of the magnetic susceptibility
(g) by the Faraday method from 4.2 to 850'K (on
powders at» =0.1) shows the dopant M to be pri-
mari1y divalent. For T ~28, g fits the expres-
sion

g= g, +C/(T+0), (1)

where

C =Np~ff /Sk.

constant, 0, increases with increasing x. Table
I summarizes the data for the sulfides. Similar
results are found for the selenides, except that
Co loses its moment. The Fe-doped compounds
show a change from low to high spin with in-
creasing T. For low x, Mossbauer measure-
ments' show that Fe remains divalent through
this change.

The above leads us to formulate these com-
pounds as 1T-(Sd'') „(Ta"),„(Ta"), ,„X, (at least
at low x), whereX=S or Se. The disproportiona-
tion of the Ta valence occurs readily. X-ray
photoelectron spectroscopy measurements show
that at 300 K the CDW amplitude (in the conduc-
tion-electron density) for undoped 1T-TaS, is ™~1
electron per atom' and thus some Ta with an ef-
fective valence near 5 must exist even there
(CDW onset temperature To= 600'K").

200-kV transmission electron diffraction pat-
terns for @~0.10 are similar to those of IT-

TABLE I. The effective magnetic moments (in units
of the Bohr magneton, p, &), and the antiferromagnetie
Weiss constants, 0, for x = 0.10. The former values
show the Bd eations to the be close to divalent.

p~gg for
ideal 2+

g=2

X is expected to be somewhat temperature de-
pendent because of the Pauli contribution, as in
I T-Ti„Ta,„„S,.' The antiferromagnetic Weiss

Ni
Co
Fe

2.55
1.48

0 (T (200)

20 2.83
1.73

Low spin
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FIG. 2. Above = 600 K, the resistivity of 1T-Fe~-
Tag „Sp compounds for @~0.25 is only slightly tempera-
ture dependent.

FIG. 1. The resistivity of 1T-Fe Ta& „S2 layered
compounds (current parallel to the layers) shows large
increases at low temperatures when x 2 0.02 (=x,),
smoothly growing out of the CDW state of 1T-TaS2.

Ta, „Ti„S,' and show the presence of an incom-
mensurate CDW. Sharp satellite spots separated
from the main Bragg peaks by q are seen, in ad-
dition to circular diffuse-scattering rings. For
x ) 0.15 the satellite spots are weaker and broad-
er and become difficult to separate from the dif-
fuse-scattering rings, indicating a very short co-
herence length for the CDW and its concurrent
lattice distortions. q, decreases with increasing
x; the initial decrease, d(qo'/a")/dx, is 0.32 for
Fe, 0.26 for Co, and 0.40 for¹.(qo' is the bas-
al-plane projection of q, .) These numbers are
approximately twice the value found in IT-Ta, „-
Ti„S, (0.16). A full account and interpretation of
these studies will be published separately.

The electrical resistivities (p) for single-crys-
tal IT-Fe„Ta, „S,are shown in Fig. 1. The
dashed curve for pure IT-TaS, shows two first-
order transitions toward the commensurate CDW
state at T~'=352'K and T,=200'K "' These
transitions are eliminated for x )0.05 because of
the disorder, as is found with other cation do-
pants.

Despite the dramatic low-temperature behavior,
at high temperature p is only slightly tempera-
ture dependent. The value is somewhat above 5
x10 ' 0 cm obtained for IT-TaS, or IT- Tapg5-
Ti, ~,S, (Fig. 2). An increased p at high tempera-
tures with increasing x is consistent with the ex-
pected decrease of Ta4+ concentration. The val-
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FIG. 8. The resistivity of 1T-Fe„Ta& „Se& parallel
to the layers. Larger doping than in 1T-TaS~ is neces-
sary to produce an increasing p at low T (x~ 0.15).

ues of resistivity at high T indicate that most of
the carriers contribute to the conductivity, but
the impurity scattering is large, as in many
transition- metal alloys.

The same general resistivity behavior is also
seen in 1T-Fe„Ta, „Se, (Fig. 3). Again the tran-
sition to the commensurate CDW state (T~=473'K;
CDW onset at T, =600'K) is removed for x)0.05,
but now more Fe is required (x, =0.15) than in
the sulfide (x, =0.02) to produce an increasing p
at low T.

Also the same resistive behavior occurs when

the dopant is Co or Ni (see Fig. 4 for 10% Fe,
Co, and ¹ doping in 1T-TaS,). The low-temper-
ature increase is dramatic when compared with
quadrivalent Nb or V doping. '
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FIG. 4. A comparison of the resistivities of Mo ~Ta& 9-
S~, M=Fe, Co, Ni, and Nb. %Ben compared with 1T-
Nbp gTao 9S2, the low-temperature increase for the Bd-
doped samples is dramatic.

p for T (100'K is fitted by the expression

p(T) = p, (To/T)' " "', (2)

whenx &x, (see Fig. 5). For example, in 1T-
Fe„Ta, „8,we find p0-0. 16 0 cm To 385'K, and
a-37 (x~0.25). This is an entirely empirical fit,
and presently uninvestigated theoretically. In
many disordered materials p(T) follows the the-
oretically expected form'

p(T) ~ exp(TO/T)", 1 & n & —,'. (3)

However, data for the present materials are not
fitted by Eq. (3) over this range of n (Fig. 5).

A large increase in p at low T has also been
observed in nominal 1T-Fe0~,Ta0g582 by Fleming
and Coleman. " However, p(T) for our samples
continues to rise when T &4.2'K, in contrast to
the leveling off that they report.

The data are consistent with the general ideas
of loss of conduction-electron mobility due to dis-
order (Anderson transition). It is clear that the
magnetic state of the 3d cation is not correlated
with the increasing p(T) at low T, since the mo-
ments of the Fe, Co, and Ni are so different (in-
deed for Fe at low T, p, off —0), The model pre-
dicts at zero temperature that as the random
potential, Vo, is increased relative to the band-
width, B, the conductivity decreases to a mini-
mum value o i„at V/8-1, beyond which o =0.

FIG. 5, 1Dp ver sus lnT for 1T Nip pv Tap ggSp shows
the straight-line fit by Eq. (2). Also shown is the in-
adequacy of Eq. (3) in fitting the data for n =4 and 3
[1np versus (1/T)"].

An increase in the random potential is produced
in our samples by increasing x. remains finite
at T=O for x x„but extrapolates to zero for
x )x, , We find that a~i„ is =40 0 ' cm ', the
same order of magnitude expected from the the-
ory. 4

However, these materials differ from those to
which the theory is usually applied in several
important ways, With a CDW present below T0
-600K, both the conduction-electron density and
the magnitude of the random potential are now

temperature dependent. The CDW produces gaps
at the Fermi surface, which steadily reduce the
carrier density (increasing p in the pure 1T com-
pounds, as in Figs. 1 and 3). Secondly, the dis-
turbance introduced by each M is amplified over
that expected in a normal metal by a local tem-
perature-dependent CDW "cloud. "" It seems
likely that without the CDW, the present strong
effects zuould not be observed. Cation disorder
in normal metallic alloys does not produce such
dramatic effects. These differences, along with
the very high density of localizing centers, are
most likely responsible for the deviation of the
low-temperature p(T) from that obtained in the
usual Anderson-type localization.

We would like to acknowledge useful discus-
sions with and suggestions by M. Eibschutz, D. E.
Moncton, T. M. Rice, and 0, K. Wertheim. We
thank G. W. Hull for performing some of the low-
temperature p measurements and S. Mahajan for
continued collaboration in electron microscopy.
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Two- and three-pulse polarization echoes are detected in powders of mechanically res-
onant particles of piezoelectric materials. Under some conditions the decay time of the
three-pulse echo can be of order one day or longer. A model for the echo formation and
long decay time based upon the torque exerted on an oscillating dipole by an applied rf
field is described.

The linear absorption and radiation of radio-
frequency energy by electromechanical oscilla-
tions of piezoelectric particles has been known
for some time. ' Similar effects have been ob-
served in particles of magnetoelastic materials. '
Subsequently polarization echoes have been re-
ported in magnetoelastic' and piezoelectric' pow-
ders. In polarization-echo experiments, as is al-
so the case in spin echoes, rf pulses are applied
to the pomder samples at times t = 0, v, and T.
The two-pulse echo, e„ is radiated by the sam-
ple at t =27 and the three-pulse echo, e, is radi-
ated at t =T +7. The relaxation times T, and Ty
are defined by e, cc exp(- 27'/T, ) and e, ~ exp(- 27/
T, -T/T, ). In piezoelectric powders T, and T,
are typically 10 ' sec or less. However, recent
experiments' ' have shown that the relaxation

me Ta can exceed days in some cases. Relaxa-
tion times of this magnitude must be attributed
to some static or stored polarization property of
the pomder sample and cannot be associated with
any dynamic behavior of the system.

In this Letter me report new experimental and
theoretical results on the polarization-echo stor-
age phenomenon in powders of mechanically reso-
nant particles of piezoelectric materials. We
have detected the storage effect in several piezo-
electric materials at radio frequency (20-200
MHz) and in one material, ZnO, at X-band micro-
wave frequencies (9 GHz). We propose a model

to explain the mechanism of echo formation and
the origin of the decay time, Ty OI the three-
pulse or "stimulated" echo.

In our experiments the amplitude of the rf elec-
tric field pulses applied to the powder sample
were of order 5x 10' V/cm and the pulse widths
mere of order 10 ' sec. In strongly piezoelectric
materials the echo signals are quite intense. For
example in a 1-cm3 sample of LiNbO, powder,
peak radiated echo powers of order 10 '% were
detected on application of peak pulse powers of
order 103 W. Application of a single rf pulse to
a mechanically resonant sample causes the indi-
vidual particles to oscillate or "ring" at their
natural frequencies. This ringing is detected
after each pulse as a somewhat irregular signal
which decays approximately exponentially. This
decay as well as the T, from the echo decay was
found to be dependent upon particle size, frequen-
cy, temperature, particle packing density, and
particle surface finish. In addition, tmo-pulse
echoes were detected in powders of every piezo-
electric material we studied, including natural
and hydrothermally grown quartz, sand, CdS,
CdTe, Zn0, ZnSe, GaAs, BaTi03 LlM303 K„-
Li, „NbO„LiTao,Nbo, O„Li,Ge03, Gd, (Mo04)„
SbSI, Se, PLZT (lead-based, lanthanum-doped
zirconate titanate) ceramic, RbAg, l„and tri-
glycine sulfate. Other workers have reported on
additional materials. ' ' In the absence of con-
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