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Unusual physical properties of KCu72xS4 at diffusive one-dimensional ordering transitions
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Single crystals of quasi-one-dimensional sulfides KCu72xS4 with x50.00, 0.12, and 0.34 were prepared by
electrochemical methods. Temperature-dependent properties of resistance, thermal conductivity, thermoelectric
power, and heat capacityCP were studied on single-crystal samples. These measurements show several anoma-
lies which we associate with phase transitions, with the transition temperatures and physical properties de-
pending strongly onx. Most interestingly, measurements ofCP with an ac technique show very unusual
hysteresis and frequency dependence. The present work indicates that these phase transitions are due to
vacancy ordering involving Cu1-ion diffusion along the Cu~2!-Cu~2! zigzag chains.@S0163-1829~98!02006-2#
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I. INTRODUCTION

Quasi-one-dimensional~Q1D! metals exhibit a number o
interesting phenomena such as charge-density wa
~CDW!, spin-density waves~SDW!, and superconductivity.1

The Q1D sulfidesACu7S4(A5Tl, K, Rb) recently prepared
by Ohtaniet al. are metallic or semiconducting around roo
temperature and show phase transitions in both transport
thermodynamic measurements below room temperatu2

Electron diffraction measurements of KCu7S4 showed two

superstructures, one below 250 K with wave vectorq15 1
2 c*

and the other below 180 K withq25 1
3 (a* 1b* )1 2

3 c* .3

These phase transitions were postulated to be CDW’s.2 How-
ever, this was questioned4 because the stoichiometri
ACu7S4 phase cannot be a metal according to the oxida
state (A1)(Cu1)7(S22)4, which suggests thatACu7S4 has
no partially filled bands. For the as-grown material to
metallic, its true formula was suggested to be nonstoich
metric ~e.g., ACu72xS4),4 since the top portion of the va
lence band becomes partially empty in such a case. Th
indeed the case: TlCu72xS4 ~Ref. 5! and KCu72xS4 ~Ref. 6!
are found to be semiconducting whenx50, and metallic
when x.0. A recent electronic band structure study sho
that the Fermi surface ofACu72xS4 is spherical and there
fore lacks Q1D character.6 Thus it was concluded that th
resistivity anomalies and the superlattice modulations
ACu72xS4 are not caused by a CDW instability.6 Structur-
ally, there are two kinds of Cu sites in KCu72xS4, i.e., Cu~1!
and Cu~2!.4 As shown in Fig. 1, the Cu~1! atoms are located
at the trigonal planar sites of the Cu4S4 columns running
570163-1829/98/57~6!/3315~11!/$15.00
es

nd
.

n

-

is

s

f

along thec axis. The Cu~2! atoms, located at the tetrahedr
sites between adjacent Cu4S4 columns, form Cu~2!-Cu~2!
zigzag chains along thec axis. Each Cu~1! site is fully oc-
cupied, while the occupancy of each Cu~2! site is (32x)/4 in
ACu72xS4.3,6,7 It was proposed that the resistivity anomali
and superlattice modulations ofACu72xS4 are caused by an
ordering of the vacancies in the Cu~2!-Cu~2! zigzag
chains.4,7

An electrochemical synthetic procedure was employed
prepare single crystals of KCu72xS4 with x50.00, 0.12,
and 0.34 at low temperature.7 This is to our knowledge the
first electrochemistry synthesis of a conducting inorga
solid in a nonaqueous solvent. In the present work, resista
R, thermal conductivityk, thermoelectric powerS, and heat
capacityCP ~measured with both differential scanning cal

FIG. 1. Partial structure of the KCu72xS4 phase viewed down
along the needle axis. The Cu4S4 column is made of three-
coordinated copper Cu~1! and bridging sulfur. Two adjacent col
umns are interconnected by tetrahedrally coordinated cations C~2!.
3315 © 1998 The American Physical Society
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3316 57Y.-K. KUO et al.
rimetry and ac calorimetry! of single crystals of KCu72xS4
(x50.00, 0.12, 0.34) were measured as a function of te
perature. These measurements show several sharp anom
associated with phase transitions, at temperatures which
pend onx. In particular, the ac heat capacities show hyst
esis and frequency dependence, in apparent violation of t
modynamic principles. To explain these anomalo
behaviors, we considered a model in which the phase tra
tions are caused by an ordering of the vacancies in the Cu~2!-
Cu~2! zigzag chains.

II. EXPERIMENTS

A. Sample preparation, structure, and x-ray study

The synthesis was carried out in a two-electrode cell w
an equimolar mixture of K2Sn and CuCl in ethylenediamine
solution. Whisker-shaped single crystals as long as two c
timeters were grown on the Cu anode by an electrocryst
zation process in as little as four hours at 110°C. Nons
ichiometric KCu72xS4(0,x,0.34) can be prepared b
adjusting the concentration of electrolyte and the electro
tential. The cell constants vary linearly as a function ofx
based on single-crystal x-ray refinements. The valuex was
estimated by interpolation of the cell volume vsx plot.8 The
preferential crystal growth direction is along the crystal
graphic c axis. Electrochemical synthesis has advanta
over the conventional solid state method in that it produ
single crystals at a lower reaction temperature in a sho
time. The synthetic details are reported elsewhere.8

The crystal structure of the KCu72xS4 series adopts the
(NH4)Cu7S4 structure.9 The unit cell is body-centered te
tragonal at room temperature and contains two formula u
with I4/m symmetry. Single-crystal x-ray studies o
KCu72xS4 show that the nonstoichiometry originates fro
extended Cu vacancies occurring in the Cu~2!-Cu~2! zigzag
chains, which gives rise to the general formu
K@Cu4S4#Cu32x .7 In the Cu~2!-Cu~2! zigzag chains there is
on average, one vacancy for every four Cu~2! atom positions
for the x50 phase (KCu7.0S4), and two vacancies for ever
six Cu~2! atom positions for thex50.34 phase (KCu6.66S4).
Possible vacancy arrangements in the Cu~2!-Cu~2! zigzag
chains of KCu72xS4 are illustrated in Fig. 2: the averag
disordered structure in Fig. 2~a!, a c-axis doubling structure
for x50 in Fig. 2~b!, and ac-axis tripling structure forx
50.34 in Fig. 2~c!. Structural studies at various temperatur
were done on our samples with a Scintag XDS 2000u2u
powder diffractometer with a hi-low temperature chamber
tetragonal to monoclinic (T→M ) phase transition was foun
for KCu72xS4(x50.12, 0.34) between 185 and 195 K. N
other superstructures were observed down to 150 K.
T→M phase transition was found for KCu7.0S4, which ex-
hibits ac-axis doubling at room temperature. The crystal
graphic and structure information is summarized in Table

B. Electrical resistance

Electrical resistivity measurements were carried out
4 K,T,350 K using a conventional four-probe method
single crystals. Electrical contacts were made by first eva
rating four indium pads on the sample, spaced along
longest dimension~c axis! of the sample, and then applyin
-
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silver paint. A stable contact resistance of;5 V was ob-
tained. The contact resistance of a direct silver paint con
often became quite large after several hours. This has
been observed for single crystals of another ternary cop
chalcogenide, K3Cu8S6, and was attributed to Ag1→Cu1

ion exchange.10 The room temperature resistance was ab
5 V for nonstoichiometric samples (x50.12, 0.34), and
about 500V for stoichiometric samples (x50.0). From the
typical sample cross section of 50mm35 mm and the dis-
tance between voltage contacts of 1 mm, it is estimated
the room temperature resistivity along thec axis is about
100 mV cm for the nonstoichiometric phases, an
10 mV cm for the stoichiometric phase. This estimation c
be off by at least a factor of 2, due to the uncertainty in t
sample thickness.

C. Thermal conductivity

The thermal conductivityk along thec axis was mea-
sured from 100 to 290 K by the classic longitudinal meth
with Nb as a standard in series with the sample, as descr
elsewhere.11 Nb was chosen in place of an alloy for repr
ducibility, low k, and small temperature dependence co
pared with other pure metals. At all temperatures,k has at
least the same quantitative uncertainty asr, again due to the
uncertainty in the sample size. Above 200 K it is likely th
k has a considerable error due to radiation losses, which
quantitatively alter the slope of thek-versus-T curve but is
unlikely to add slope changes such as those seen at our
sitions. We believe the data are qualitatively correct acr
the measurement range, but are most reliable at lower t
peratures.

D. Thermoelectric power

The temperature dependence of the Seebeck coefficieS
along thec direction was measured on single crystals in t

FIG. 2. Zigzag Cu~2!-Cu~2! chains of KCu72xS4 showing va-
cancy orderings.~a! The average structure in which all sites ha
the site occupancy of 0.75.~b! An ordered structure for the case o
one vacancy in every four Cu~2! sites.~c! An ordered structure for
the case of one vacancy in every three Cu~2! sites.
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TABLE I. Crystallographic and physical information for KCu72xS4(x50.00, 0.12, 0.34).

Chemical formula KCu7.0S4 KCu6.88S4 KCu6.66S4

Formula weight~g/mol! 612.5 604.5 590.7
Space group P4/n I4/m I4/m
c-axis doubling Yes No No
Tetragonal to monoclinic transition around 190 K No Yes Yes
a ~Å! 10.177 10.176 10.179
c ~Å! 7.722 3.834 3.790
TC1 ~K! 280 200 210
TC2 ~K! 180 182 ?
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range 80 K,T,300 K. Because KCu72xS4 is quite brittle,
most samples broke by thermal contraction during the fi
cooling if the ends of the sample were fixed to differe
thermal baths. For this reason, we fixed only one end
sample to a controlled thermal bath. The other end was
pended freely in vacuum, except for an electrical~and not-
very-good thermal! contact made by connecting a fine silv
wire from the free end of the sample to the other therm
bath. For the same reason, some measurements of resis
were also performed with all four leads on the sample s
pended.DT between the two thermal baths was 1–2 K d
ing the measurements. SinceDT between the thermal bath
does not correspond toDT between the two ends of sampl
our measurements ofS are only qualitative. Nevertheless, th
sign ofS and the qualitativeT dependence ofS are expected
to be valid. The contribution of the copper leads to the m
suredS was not subtracted, so that the reportedS is relative
to that of copper.

E. Heat capacity

1. Differential scanning calorimetry (DSC)

DSC measurements with samples in both loose needle
pressed pellet forms were performed with a Perkin-Elm
DSC7 system, with a precision of 3%.12 DSC measurement
are very sensitive to latent heat, but require a mass~on the
order of 10 mg! that is much larger than the mass of a sing
one of our samples (;20mg). The only value ofx that had
enough material for DSC measurements wasx50.34. Figure
3 shows the differential heat flow measured for the pres
pellet with a sweep rate 15 K/min~converted to an effective
specific heat12!. The transition width for the pellet sample
considerably broader than that for a bunch of needles,
sumably due to strains frozen into the pellet.

2. ac calorimetry

Much more precise~but less accurate! data were obtained
on single crystals of all three phases with ac calorime
using chopped light as a source of heat.13 The average (Tdc)
and oscillating (Tac) temperatures of the sample were me
sured with a very fine~25 or 12.5mm diameter! chromel/
constantan thermocouple. The sample was supported
helium exchange gas cryostat by the thermocouple le
The crystals investigated have typical dimensions
30 mm35mm32 mm with massesm ranging from;10 to
;20 mg. At least two samples for each composition we
examined to check reproducibility.
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In the absence of latent heat, and for one-dimensio
~1D! heat flow~heat transport only across the sample thic
ness!, the temperature oscillationTac at a chopping fre-
quencyv is related to the total heat capacityC ~i.e., the heat
capacity of the sample plus the addendum13! by

Tac~v!52P/@pvCD~v!#, ~1!

with D(v)5@11(vt2)21(1/vt1)216.32t2 /t1#1/2. HereP
is the absorbed optical power, andt1 andt2 are the external
and internal time constants, respectively. Since the abso
optical powerP is not known, we only determine relativ
values ofC. The addendum, which is made up of the part
the thermocouple that participates in the temperature osc
tion plus a small amount of silver paint used as glue to att
the thermocouple to the sample, is not small compared w
the sample in these experiments. Appropriate chopping
quencies were found by measuring the frequency dep
dence ofTac to determinet1 andt2 at a few temperatures
Under the conditiont2!1/v!t1 , C is inversely propor-
tional to DTac becauseD(v)'1. Generally, chopping fre-
quencies of 1–6 Hz satisfied these inequalities for th
KCu72xS4 samples at room temperature and lower tempe
tures. However, no frequency would satisfy the inequa

FIG. 3. Differential heat flow into a pressed pellet of KCu6.66S4,
measured with a differential scanning calorimeter and conve
into an effective specific heat~closed circles!. The corresponding
enthalpy is also shown~open triangles!.
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3318 57Y.-K. KUO et al.
near the phase transitions as a result of the observed
quency dependent heat capacity~anomalies!.

Equation ~1! must be modified near a first-order pha
transition, for which there is a latent heatL. In this case, the
effective heat capacity can be written as13

Ć5CD~v!1dL/dT, ~2!

if L is spread out slightly by sample inhomogeneities. If t
latent heat has an intrinsic time dependencetL as a result of
a diffusion process or energy barrier associated with the t
sition, the equation must be further modified as13

Ĉ5CD~v!1@11~vtL!2#21/2dL/dT. ~3!

In this case,Ĉ depends on the frequency and the time co
stanttL . The second term in Eq.~3! decreases with increas
ing v. For a detailed description and simulation of the fr
quency dependence of the ac thermocouple voltage in
presence of time-dependent latent heat, see Ref. 13.

All the derivations mentioned above are based on the
sumption of 1D heat flow. In particular, we neglect heat lo
from the sides of the crystal, which is not a good assump
for our whisker-shaped crystals. Further, the samples
small compared with the addendum, which makes the add
dum correction very difficult. For these reasons, we did
attempt to extract absolute values from our ac heat capa
results. Since the addendum has no anomalies, the qualit
features of our heat capacity measurements should stil
correct.

III. RESULTS

A. KCu 7.0S4

1. Resistance

At room temperature the resistivity of KCu7.0S4 is about
10 mV cm, approximately 100 times larger than that f
KCu72xS4 with x50.12 and 0.34. For 280 K,T
,370 K, dR/dT is almost zero, although slightly negativ
~Fig. 4!. Near room temperature there is an upward jump
udR/dTu, indicating the presence of a transition atTC1
'280 K. Most samples show a bump in theR-versus-T plot
at TC2'180K ~Fig. 6!. As shown in Fig. 4,R is hysteretic
for TC2,T,TC1 . R is lower on warming than on cooling
which suggests that the sample is more ordered after ha
been at low temperature. AsT decreases below 180 K,R
increases more slowly than exponentially. See inset in Fig
Thus the sample is not semiconducting in the usual se
because there is no discernible gap, nor does it fit a vari
range hopping model.

2. Thermal conductivity

There are anomalies in the thermal conductivityk around
TC1 andTC2 as well as around 210 K~Fig. 5!. The peak ofk
at TC1 is unusual. This may be real although its observat
is difficult in our apparatus. It is clear that the electron
thermal conductivity cannot be more than a few percent ok
over the measured temperature range.
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3. Thermoelectric power

As one would expect from the semiconductinglike beha
ior, the thermoelectric powerS for thex50 samples is much
larger than that of the samples withx.0, and has a tempera
ture dependence similar to that found forR aroundTC1 ~Fig.
6!. At about 240 K, however, thermoelectric power has
maximum and decreases monotonically asT decreases.

FIG. 4. Temperature dependence of the resistanceR of a single
crystal of KCu7.0S4. Closed circles indicate data taken while warm
ing and open circles data taken while cooling.R is hysteretic be-
tweenTC2'180 K andTC1'280 K. AboveTC1 , R is nearly inde-
pendent of the temperature. The inset shows an Arrhenius plotR
for T,180 K.

FIG. 5. Temperature dependence of the thermal conductivitk
of single crystals of KCu7.0S4 ~circles!, KCu6.88S4 ~filled squares!,
and KCu6.66S4 ~triangles!. Due to uncertainties in the cross sectio
of the samples, there is at least a factor of 2 scaling uncertaint
k.
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There is a small anomaly nearTC2. Thermoelectric power is
positive, which implies that the carriers are holes.

4. Heat capacity

Figure 7 shows that there are two anomalies in the
measuredCP . The addendum has a mass larger than
sample, and the addendum has no phase transitions in
temperature region of our study. Therefore, the heat capa
peaks of Fig. 7 are a much larger fraction of the backgrou

FIG. 6. Temperature dependence of the thermoelectric powS
~right scale, triangles! and resistanceR ~left scale, circles! of a
single crystal of KCu7.0S4. All data were taken while warming.

FIG. 7. Temperature dependence of the heat capacityCP of a
single crystal of KCu7.0S4 as measured by an ac calorimeter at 3
while warming. There are transitionsTC1'280 andTC2'180 K.
The upper transition shows negligible hysteresis~upper left inset!
but the lower transition shows history dependence~lower right in-
set!.
c
e
the
ity
d

CP of the sample than is apparent in the figure. The a
under the peak~i.e., the enthalpy change! is much larger for
the upper transition. Unlike the upper peak, the lower pe
shows strong hysteresis and frequency dependence.
hysteresis of the measured heat capacity, if rigorously t
would imply that CP is not a state function.~One might
suggest that if the measurements were sufficiently pre
and slow,CP would not be hysteretic.! The typical sweep
rateudT/dtu of these measurements was about 1 K/min. A
parently, the warming peak atTC2 involves a larger entropy
change than does the cooling peak, unless there are co
erable entropy changes not observable in these experim

The amplitude of the anomaly atTC2 also has a frequency
dependence~Fig. 8!. The anomalous heat capacity atTC2
could result from the phase transition atTC2 being first order
with a latent heat that has an intrinsic time dependence, a
the case of (TMTSF)2BF4, which has an anion ordering tran
sition at 37 K.13 Further details of the frequency dependen
and hysteresis will be discussed with thex50.12 compound.

B. KCu6.88S4

1. Resistance

The resistivity of thex50.12 compound at room tempera
ture is about 100mV cm. At temperatures between 320 an
200 K, dR/dT is almost zero with a very shallow minimum
around 250 K~Fig. 9!. On cooling, the resistance sudden
drops atTC1'200 K, reaches a minimum at about 190
and has a cusp atT8'187 K. On cooling belowT8 by 5 K,
the resistivity jumps up by a factor of about 10 reaching
maximum atTC1'182 K. Unlike thex50 compound, the
resistance is not hysteretic betweenTC1 andTC2 but exhibits

FIG. 8. Temperature dependence of the heat capacityCP of a
single crystal of KCu7.0S4 measured by an ac calorimeter on warm
ing at several frequencies. At higher frequencies the anomaly is
prominent. This frequency dependence is probably due to a d
sionlike process~see text!, and saturates below 0.75 Hz. The ins
shows that the upper transition is nearly frequency independen
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3320 57Y.-K. KUO et al.
hysteresis betweenT8 and 150 K. In contrast to the case
thex50 compound, the resistance is larger on warming th
on cooling, and there is a spike in the resistance on warm
Below 150 K, thex50.12 compound is metallic.

Because of the possibility of ionic conduction, w
checked the frequency dependence of the resistance.
measurements show that there is less than a 1% differen
the room-temperature resistance values measured betwe
Hz and 100 KHz.

2. Thermal conductivity

There are anomalies in the thermal conductivityk around
TC1 andTC2 ~Fig. 5!. k increases as the temperature is lo
ered belowTC2, which is consistent with the sample becom
ing more ordered.

3. Thermoeletric power

The thermoelectric powerS shows a slope change atTC1
and a sharp drop atTC2, staying positive down to 70 K, a
shown in Fig. 10. The change inS andR aroundTC1 have
opposite signs, an unusual behavior.

4. Heat Capacity

Figure 11 shows that there are two anomalies associ
with phase transitions observable in the ac heat capacity
in the case of thex50 compound, the entropy change
larger at the upper transition. Both anomalies, like the low
one in thex50 compound, show hysteresis and frequen
dependence. For all values ofx(50.0, 0.12, 0.34), CP
does not show frequency dependence when the chopping
quency is below 0.75 Hz. As the frequency increases,
sizes of theCP peaks asymptotically approach zero~Fig. 12!.

FIG. 9. Temperature dependence of the resistanceR of a single
crystal of KCu6.88S4. R is hysteretic between 150 K andTC2

'190 K and varies by a factor of nearly 5 depending on the hist
of the sample. AboveTC1 , R is nearly independent of the tem
perature, as in the case of KCu7.0S4. The inset shows a close-up plo
near the transitions.
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In ac calorimetry, the amplitude of the temperature os
lation is larger at lower frequencies if the light intensity
constant. Thus the frequency dependence might be relate
the amplitude of the temperature oscillation. If there were
energy barrier for the transition, then the measuredCP might
depend on the amplitude of the temperature variation.
check this point, we decreased the intensity of the lig

y

FIG. 10. Temperature dependence of the thermoelectric powS
of single crystals of KCu6.88S4 ~open squares! and KCu6.66S4 ~filled
triangles! near their transitions. Both curves were taken on war
ing. Because of measurement problems, the values ofS are only
qualitative~see text!.

FIG. 11. Temperature dependence of the heat capacityCP of a
single crystal of KCu6.88S4 measured by an ac calorimeter at 0.7
Hz near the transitions. Thermal hysteresis is seen in both tra
tions, but is larger for the lower temperature transition.
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source at 0.55 Hz by a factor of 25, which gives appro
mately the same amplitude as the ac temperature would
at 12 Hz. We found no variation in the measuredCP . Thus
the frequency dependence of the acCP anomalies is due
solely to the time scale of the temperature variation and m
be associated with a diffusionlike process.

As in the case of the lower transition of thex50 com-
pound,CP on warming is larger than on cooling for bot
transitions. We have studied four minor hysteresis loops
various temperature ranges~Fig. 13!. For the temperature
range belowTC2, there is no hysteresis~loop No. 4!. For the
temperature range aboveTC1, there is hysteresis with a pos
tive area for the hysteresis loop in a plot ofCP /T vs T ~loop
No. 3!. If we warm pastTC2 but stay belowTC1, then hys-
teresis appears with a nearly vanishing area for the hyste
loop ~loop No. 2!. If we cool pastTC1 and stay aboveTC2,
then hysteresis appears with a positive area for the loop~loop
No. 1!. We went around these loops many times reprod
ibly. The time to go around one loop was about 30 min,
that udT/dtu was less than 1 K/min. All of these effects ca
not be explained by a single time constant, since the hys
esis was seen in loops taken at 0.55 Hz. The time consta
1 s deduced from the frequency dependence of the anom
is probably associated with local vacancy movement in
zigzag chains. In addition, there must be a longer time c
stant (1s!t!30 min) or metastability associated with th
hysteresis. This may be due to longer range ordering alon
between the zigzag chains.

C. KCu6.66S4

1. Resistance

The resistivity of thex50.34 compound at room tempera
ture is about 100mV cm. For 210 K,T,320 K, dR/dT is

FIG. 12. Frequency dependence of the heat capacity anom
of a single crystal of KCu6.88S4 measured by an ac calorimeter o
warming around the two transitions. The lower temperature tra
tion shows a stronger frequency dependence, which satu
around 0.75 Hz, as detailed in the inset.
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slightly positive~Fig. 14!. On cooling,R suddenly drops by
a factor of approximately 4 atTC1'208 K. One sample~out
of ten! showed an increase inR at TC2'185 K. Perhaps this
sample hadx not exactly equal to 0.34. Below 200 K, th
x50.34 compound is metallic: bothdR/dT andd2R/dT2 are
positive.

ies

i-
tes

FIG. 13. ACP /T vsT plot of minor hysteresis loops for a singl
crystal of KCu6.88S4 measured by ac technique at 0.55 Hz arou
the two transitions. Loop No. 1 is offset from loop No. 2 for clarit
Notice that the area enclosed by each loop is positive or zero,
loop No. 4 closing up.

FIG. 14. Temperature dependence of the resistanceR of a single
crystal of KCu6.66S4 on cooling. Unlike thex50.0 and 0.12
samples, there is only a very weak hysteresis inR, as shown in the
inset.
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2. Thermal conductivity

Within the precision of our data, there is only on
anomaly in the thermal conductivityk, at 210 K ~Fig. 5!,
below whichk increases by a factor of about 2. Below 21
K, the thermal conductivity increases, in agreement with
idea that the system is more ordered belowTC1.

3. Thermoelectric power

The thermoelectric powerS shows a sharp drop atTC1
and then stays slightly positive down to 100 K~Fig. 10!.
Unlike the x50.12 samples atTC2, the change inS and R
aroundTC1 have the same sign. BothR andS have a small
glitch in the middle of the transition on warming.

4. Heat capacity: DSC

Figure 3 shows that the heat capacity of a pressed p
has a peak centered at 205 K. The phase transition is con
erably broader than seen in the resistance. The enth
change involved (DH55.060.5 J/g) is too large for an elec
tronic or minor crystal structure change, but is consist
with an ordering transition. Further, the enthalpy change
warming is larger than that on cooling:DH55.060.5 J/g on
warming andDH53.560.4 J/g on cooling. Since the en
thalpy must be a state function, this implies that the ph
transition involves some kind of diffusion process~see below
for further discussion!.

5. Heat capacity: ac calorimetry

Figure 15 shows the one transition usually observable
the ac heat capacityCP . ~One sample showed a secon
anomaly around 188 K.! The transition shows hysteres

FIG. 15. Temperature dependence of the heat capacityCP of a
single crystal of KCu6.66S4 measured by an ac calorimeter on warm
ing at 3.0 Hz. At this frequency, the background heat capac
above and below the transition do not match up. There is hyste
in the data taken on warming and cooling, as in KCu7.0S4 and
KCu6.88S4.
e
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similar to that found for the lower transition ofx50.0 and
both transitions ofx50.12, but it exhibits an unusual depe
dence on the chopping frequencyf . As shown in Fig. 15~for
3 Hz!, the backgroundCP’s above and below the transitio
do not match up. This is not expected unless there is a se
structural change at the transition. Figure 16 shows that if
normalize theCP-versus-T plots at lowT, the peak height is
the same for all frequencies. The low frequency results se
to have a normal background and do not depend on
quency whenf <0.75 Hz. The backgroundCP above the
transition for all frequencies converges to the low frequen
background at high enough temperature~see the inset of Fig.
16!. This highly unusual behavior occurs on both warmi
and cooling. However,R is independent of frequency within
0.1% between 0.5 and 40 Hz.

IV. DISCUSSION

The anomalies of KCu72xS4 involve large entropy
changes, are hysteretic, and the acCP depends on the fre
quency of the temperature oscillations. A summary of
transition temperatures is in Table I. The electronic ba
structure of KCu72xS4 study shows that KCu72xS4 does not
have a CDW instability.6 The changes inr around the tran-
sition temperatures can be understood by considering the
tentials associated with vacancy ordering in the Cu~2!-Cu~2!
zigzag chains, although the difference in the sign ofDR in
the x50.12 and 0.34 materials is not understood.6 Thus it is
appropriate to discuss the present experimental result
terms of a model in which the phase transitions of KCu72xS4
are caused by an ordering of the vacancies in the Cu~2!-
Cu~2! zigzag chains. Specifically, we propose that t

s
sis

FIG. 16. Frequency dependence of the heat capacityCP of a
single crystal of KCu6.66S4 measured by an ac calorimeter on warm
ing. This effect saturates at low frequencies and higher tempera
~see inset!, which is consistent with the proposed diffusion mod
~see text!.
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anomalous physical properties of KCu72xS4 are associated
with a c-axis doubling transition forx50 at 280 K and with
a c-axis tripling transition forx50.34 at about 210 K. Fo
x50.12, we propose that there are bothc-axis doubling and
tripling transitions. These occur at about 185 and 195 K,
structural studies are needed to sort out which temperatu
which transition.

At present we have no structural evidence for this p
posal. In the temperature region of our investigations, o
one structural change is observed in x-ray diffraction of po
der samples of our material. This transition, found for thex
50.12 and 0.34 samples, is aT→M transition at 180–190 K
(Du50.27°, Dc/a51.37%). It is probably associate
with the smallerCP peak seen in some samples. From o
x-ray diffraction study of powder samples at various te
peratures, it was not possible to detect ac-axis doubling for
x50.0 and 0.12 as well as ac-axis tripling for x50.12 and
0.34. However, Ohtaniet al.’s electron diffraction study3 of
KCu72xS4 grown by conventional high-temperature ceram
methods shows the occurrence of an ordering that dou
and triples thec-axis length. Electron diffraction studies o
our KCu72xS4(x50.0, 0.12, 0.34) samples are necessary
provide structural evidence for our proposal.14

A. KCu 7.0S4

We observe two transitions, one at about 280 K and
other at 180 K. If the 280 K transition is due to the orderi
of one vacancy in every four Cu~2! sites in the Cu~2!-Cu~2!
zigzag chains~1-in-4 ordering!, then the discontinuous
change indR/dT around 280 K is explained as a change
the electronic structure from a disordered semicondu
above the transition to an ordered semiconductor below
transition. It is possible that the 180 K transition seen
some samples is due to the ordering of two vacancies
every six Cu~2! sites~2-in-6 ordering!, which is possible if
the x value of KCu72xS4 is not exactly 0.0. Then the in
crease inudR/dTu at the transition is related to the increas
semiconducting nature of the more ordered material be
TC2. Moreover, the hysteretic behavior observed between
transitions would be caused by the many metastable or
ings possible until the 2-in-6 ordering occurs atTC2.

In our model of vacancy ordering, the increase ink that
occurs when the temperature is lowered towardTC1 would
be caused by an increase ink due to ordering.

The jump inS at TC1 may be associated with a disorder
semiconductor above the transition to an ordered semic
ductor below the transition. It is not clear whyS decreases
below 240 K.

The entropy change atTC1 as deduced from the heat c
pacity peak is consistent with 1-in-4 ordering~see below! in
the Cu~2!-Cu~2! zigzag chains, if we assume thex50.0
sample has the same addendum as thex50.34 sample for
which we have DSC data. The smaller area under the
capacity peak atTC2 is explainable ifx is nearly equal to
zero, because there would not be many extra vacancies
ordered atTC2.

The anomaly inCP at the TC2 transition is frequency
dependent while theTC1 transition is not. This might be du
to ~a! a first-order sluggish latent heat atTC2, ~b! an energy
barrier between metastable states that exist atTC2 but not at
t
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e
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be

TC1, or ~c! a diffusion process that is faster at the high
temperatureTC1. If the reason were~a!, then Eq.~3! holds
~e.g., if it has a latent heat and a small spread in transi
temperature!, which would explain the frequency depen
dence. However, it is difficult to see why the 2-in-6 tran
tion would be first order while the 1-in-4 transition is no
Further both transitions for thex50.12 material are fre-
quency dependent. To check the validity of~b!, as we men-
tioned above, we changed the power of the light source b
factor of 25, while keeping the frequency constant. T
anomaly was unchanged, ruling out an energy barrier as
cause. If the transition involves a diffusion process, then
diffusion rate atTC1 should be much higher than atTC2. In
the range of chopping frequencies available to us, no
quency dependence would be expected atTC1, 100 K higher
thanTC2, in agreement with experiment. Thus it is likely th
~c! is correct: the frequency dependence is due to a diffus
process. A diffusion process would act similar to a slugg
latent heat to reduce the apparentCP as seen in our samples
From a structural viewpoint, this is reasonable because
vacancy ordering in each Cu~2!-Cu~2! zigzag chain requires
a diffusion of Cu1 ions along the chain.

The entropy of our samples appears to be history dep
dent, in contradiction to the entropy being a state function
the sample. Thus there must be some entropy changes
are concealed in the heat capacity away from the transit
or there must be metastable states available to the sampl
the sample were in a metastable state, then we would no
measuring the equilibrium thermodynamicCP .

B. KCu6.88S4

This material has two transitions, at about 195 and 185
which we assume to be due to 1-in-4 ordering and 2-i
ordering. Between the two transitions the ac measuredCP is
hysteretic. Both anomalies inCP are frequency dependen
and hysteretic. This is consistent with the diffusion mod
described above, because both transitions are at low temp
ture. Further, the frequency dependence of theCP anomaly
at the lower transition is greater, consistent with a slow
diffusion rate at lower temperature. Both seem to saturat
about 0.75 Hz; but our precision in the saturation frequen
is poor~Fig. 12!. The difference in the peak values ofCP on
warming and cooling is similar to that for the lower trans
tion in the x50 material, and is bigger at the lower trans
tion, as expected for a diffusion process. The differen
between theTC’s on heating and cooling are difficult to de
fine because the two transitions overlap, and it is difficult
deconvolute them without models for their shapes. The
sistivity is nearly independent ofT aboveTC1, and is almost
two orders of magnitude lower than thex50 material. The
lower resistivity is in accord with the electronic band stru
ture study ofACu72xS4,6 which was carried out for an or
dered arrangement of the vacancies in the Cu~2!-Cu~2! zig-
zag chains. The disordered material should have a very s
mean free path, so the temperature independence of r
tance aboveTC1 would be due to the disorder limited mea
free path. The jumps inR and S at the transition would be
caused by a change in the electronic structure on order
and the metallicdR/dT below the transition by a phono



to
h
f
s
is

al
o

a
o
la
n
r
ou
v
ck

e

de

he

. 1

c-
w
t
w

pl
e
-
ve
f
r-

is
e
,

em

re
–
e

e
ob
a

ys

the

c-
her
so-
dif-
this

of
ns
e

le is
the

rge
eak

der
is of
ion
sis-
per
is-
of
.,

ter-
i-
ea-

t the
use
of

by

m
wn

an

se

ee-

re
ran-
or-

e-
for
t

.

3324 57Y.-K. KUO et al.
limited electronic mean free path. The apparent rise ink
above 220 K may be instrumental.

C. KCu6.66S4

This material usually has only one transition from 4
300 K. We assume it to be due to the 2-in-6 ordering. T
hysteresis inCP on warming and cooling is similar to that o
the lower transition in thex50 material and both transition
in the x50.12 material. Unlike the other materials there
only a very weak hysteresis inR, similar to theTC1 transi-
tion in thex50.12 material, as shown in Fig. 14.

The DSC measurements seem to show that the enth
changeDH at the transition depends on whether one is co
ing or heating. This would suggest thatH was not a state
function. However, if there were a slow diffusion process
the transition, thenDH on cooling would be spread out t
lower temperatures and the transition width used to calcu
DH might miss a portion of it. On warming, a diffusio
process would be faster above the transition and easie
DH to occur within these bounds. This would mean ab
40% of DH occurs at temperatures lower than we ha
picked to be part of the transition, or too close to the ba
ground to be observable. To calculate whatDH should be for
a 1-in-4 order-disorder transition; DH/T5(klnV)
5(klnCN

4N)'2.2R. Note that a 2-in-6 ordering has about th
same value: (2.6R). From the DSC measurement,DH/T
'(5 J/g)/(200 K)'(3000 J/mol)/(200 K)'1.8R, in close
enough agreement with the proposal that this is an or
disorder transition mediated by a diffusion process.

The most striking feature of this compound is that t
frequency dependence and the thermal hysteresis ofCP hap-
pens at different temperature intervals, as shown in Figs
and 16. The frequency dependence ofCP above the transi-
tion temperature in thex50.34 material is highly unusual, in
that~unlike the other compositions!, the apparent heat capa
ity decreases with decreasing frequency, saturating belo
Hz. ~The effect disappears forT.250 K.) Since latent hea
should not extend over 50 K in a good single crystal,
discuss the frequency dependence in terms of Eq.~1!, which
applies for 1D heat flow through the thickness of the sam
The sign of the frequency dependence suggests that th
ternal time constantt2, proportional to the thermal diffusiv
ity perpendicular to the copper chains, is about 1s. Howe
for a 5mm thick crystal with a specific heat o
;0.5 J g21 K21, this would imply that the transverse the
mal conductivity has an unphysically small value
(,10mW m21 K21). Therefore, while we assume that th
anomalous dependence is again due to a diffusion proc
we cannot explain the observed frequency dependence
why the diffusion process takes place over such a wide t
perature interval.

As already mentioned, powder x-ray diffraction measu
ments on our material show aT→M phase change at 180
190 K for x50.12 and 0.34. However, the temperature d
pendencies of the resistance forx50.12 and 0.34 are quite
different. This implies that theT→M transition is not the
cause of these resistance changes. The entropy chang
pected from such a transition is much smaller than we
serve. Thex50 samples appear to be already ordered
room temperature in x-ray crystallography. Thus x-ray cr
e
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tallography does not shed much light on the nature of
phase transitions reported in the present work. Ohtoniet al.3

have seen two ordering transitions in their electron diffra
tion studies on polycrystalline samples grown by anot
process. It is most likely that these two transitions are as
ciated with the phase transitions we observe. Electron
fraction studies of our samples are needed to confirm
point.14

V. CONCLUDING REMARKS

The present work indicates that the phase transitions
KCu72xS4(x50.0, 0.12, 0.34) are order-disorder transitio
mediated by diffusion. First,k always increases below thes
phase-transition temperatures, indicating that the samp
more ordered below each of these transitions. Second,
size of the entropy change at the transition is much too la
to have an electronic origin or to be associated with the w
structural change~i.e., theT→M phase change! seen in x-
ray crystallography, but is consistent with an order-disor
transition. Third, the frequency dependence and hysteres
the ac heat capacity anomalies imply that there is a diffus
process involved around these transitions. Fourth, the re
tance is a very weak function of temperature above the up
transition in each material, indicating that the material is d
ordered above the transition. Finally, the crystal structure
KCu72xS4 provides a medium for a diffusion process, i.e
the vacancy ordering in each Cu~2!-Cu~2! zigzag chain can
take place by a diffusion of Cu1 ions along the chain.

The transitions seen in the KCu72xS4(x
50.0, 0.12, 0.34) materials are very unusual. The charac
istic time associated with diffusion at the transitions, ind
cated by the chopping frequency dependence of the m
sured heat capacities, is about one second, implying tha
Cu1 ions do not move far. This is understandable beca
the Cu1 ion movement is confined within a 1D channel
each Cu~2!-Cu~2! zigzag chain and because a Cu1 ion can
move only by hopping into an adjacent vacancy site~if avail-
able!. However, slower diffusion processes are indicated
the observed thermal hysteresis.

The phase transitions of KCu72xS4(x50.0, 0.12, 0.34)
are associated with 1D diffusion and occur well below roo
temperature. This is in sharp contrast with other well-kno
order-disorder transitions. For example, beta brass has
ordering transition that involves three-dimensional~3D!
diffusion.15 This compound is 3D in structure, and its pha
transition is much less sharp than those found for KCu72xS4.
There are vacancy ordering transitions in two- and thr
dimensional materials, for example, Ni22xTe2 and TiO,
respectively.16 However, their transition temperatures a
much higher, and the physical property changes at the t
sition temperatures are not known. There are orientation
dering transitions in materials such as C60,17 which are 3D
in structure and do not involve diffusion. Such quasi-on
dimensional orientation and/or CDW transitions as found
(TMTSF)2X18 and NbSe3

1 are not diffusionlike and do no
show hysteresis. Certainly, the KCu72xS4 materials have
unique and interesting transitions worthy of further study
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1G. Grüner,Density Waves in Solids~Addison-Wesley, New York,
1994!.

2T. Ohtani, J. Ogura, M. Sakai, and Y. Sano, Solid State Comm
78, 913 ~1991!.

3T. Ohtani, J. Ogura, H. Yoshihara, and Y. Yokota, J. Solid St
Chem.115, 379 ~1995!.

4M.-H. Whangbo and E. Canadell, Solid State Commun.81, 895
~1992!.

5R. Berger and L. Noren, J. Alloys Compd.237, 33 ~1996!.
6K.-S. Lee, D.-K. Seo, M.-H. Whangbo, H. Li, R. Mackay, an

S.-J. Hwu, J. Solid State Chem.134, 5 ~1997!.
7S.-J. Hwu, H. Li, R. Mackay, Y.-K. Kuo, M. J. Skove, M. Ma

hapatro, C. K. Bucher, J. P. Halladay, and M. W. Hayes, Ch
Mater. Commun.~to be published!.

8H. Li, R. Mackay, S.-J. Hwu, Y.-K. Kuo, and M. J. Skove~un-
published!.

9Von G. Gattow, Acta Crystallogr.10, 549 ~1957!.
10L. W. ter Haar, F. J. Di Salvo, H. E. Bair, R. M. Fleming, J. V

Waszczak, and W. E. Hatfield, Phys. Rev. B35, 1932~1987!.
n.

e

.

11D. T. Verebelyi, Rev. Sci. Instrum.68, 2494~1997!.
12Y. Wang, M. Chung, T. N. O’Neal, and J. W. Brill, Synth. Me

46, 307 ~1992!.
13M. Chung, E. Figueroa, Y.-K. Kuo, Y. Wang, J. W. Brill, T

Burgin, and L. K. Montgomery, Phys. Rev. B48, 9256~1993!,
and references therein.

14Currently, electron diffraction studies of our samples are be
carried out by Professors T. Ohtani and Y. Yokota and th
co-workers. Their preliminary results support our proposal.

15C. Kittel, Introduction to Solid State Physics, Sixth ed.~Wiley,
New York, 1986!, p. 591.

16C. N. R. Rao and J. Gopalakrishnan,New Directions in Solid
State Chemistry~Cambridge University Press, Cambridg
United Kingdom, 1997!, pp. 248-257.

17M. Chung, Y. Wang, J. W. Brill, X.-D. Xiang, R. Mostovoy, J.-G
Hou, and A. Zettl, Phys. Rev. B45, 13 831~1992!.

18K. Bechgaard, C. S. Jacobsen, K. Mortensen, H. J. Pedersen
N. Thorup, Solid State Commun.33, 1191~1980!.


