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Interplay between charge, orbital, and magnetic ordering in La_,Sr,MnO
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The evolution withx of the complex phase diagram below 310 K of;LgSr,MnO; in the range 6=x
=<0.35 has been mapped out with measurements on a series of melt-grown samples of regig)iyvispecific
heatC,(T), magnetizatiorM (T) in applied magnetic fieldsl =20 Oe, 5 kOe, and magnetizationK up to
50 kOe. Between the canted-spin antiferromagnetic insulator and ferromagneti¢itghases, an unusual
interplay between charge, orbital, and magnetic ordering is revealed. In the paramagnetic. ralgeT ;7 the
electrons ofe-orbital parentage are preferentially ordered if@061) planes and the system exhibits a colossal
magnetoresistance. At temperatures belolya< T, a different orbital order is found; in an applied magnetic
field it is associated with a ferromagnetic insulatéi) phase. In a narrow temperature interig)y<T
<T., the system is conductive and a spin glass in an applied magnetidifie0 Oe is transformed bk
=5 kOe into a ferromagnetic vibronic phase. As the cooperative orbital-ordering tempeFgfutecreases
with increasingx, the transition aff ;; changes from second-order to first-order.H=50 kOe at 5 K, the
magnetization of the FI phase exceeds the theoretical spin-only value-of)(g /Mn, reaching 4.4.5/Mn
at x=0.15; the magnetization of the FM phase has the spin-only value.
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INTRODUCTION cupiede orbitals into the(001) planes below ;; confines the
dominant ferromagnetio-bond superexchange interactions
The Ln_,A,MNnO; (Ln=lanthanide, A=alkaline-earth  to the (001) planes; them-bond superexchange interactions
perovskites have been studied intensively in recent years belominate along th¢001] axis to give an antiferromagnetic
cause they exhibit such unusual properties as a colossal magpupling between the ferromagneti@01) planes? A Dzia-
netoresistancd CMR) and spin-glass behavior. These un-loslinskii antisymmetric superexchange term cants the anti-
usual properties are found at a crossover fromferromagnetic spins to give a weak ferromagnetic component
antiferromagnetic to ferromagnetic order where thebelow the Nel temperaturd y=145K; the canted-spin an-
o-bonding 31 electrons change from a localized to an itiner- tiferromagnetic(CAF) order is classified a#F, in space
ant character while the-bonding 31 electrons remain local- group Pbnn?
ized with a spinS=3 on every Mn atom. In addition, the The system La_,Sr,MnO; retains localized® configura-
o-bonding electrons have an orbital degeneracy that resultions with spinS=3 on all the Mn atoms; in the composi-
in cooperative Jahn-Teller orbital ordering where thetional range 0.08x=<0.18, thex holes/Mn atom in the
o-bonding electrons are localized. The interplay betweenr-bonding states oé-orbital parentage undergo a transition
spin, charge, and orbital degrees of freedom has provided &nom polaronic behavior in the canted-spin antiferromagnetic
important challenge to existing theories of electronic statesnsulator phas€CAFI) to itinerant behavior in a ferromag-
in solids. In this paper we report a systematic series of meanetic metallic(FM) phase. A combination ofl) transport
surements, including specific heat, on melt-grown crystals ofneasurement$thermoelectric powera(T) and resistivity
La, _,Sr,MnO; across the compositional range<@<0.35  p(T)] under hydrostatic pressure on selected single crystals,
with special emphasis on the range 6s08<0.19 where the (2) structural studies with neutron diffractidrand (3) mag-
phase diagram has been shown to be particularly complex; @etic datd in and across this compositional range have re-
crossover from canted-spin antiferromagnetic insulator tovealed that the transition from polaronic to itinerant behavior
ferromagnetic metal occurs with increasixign this compo-  of the holes ofe-orbital parentage proceeds by a series of
sitional range. distinguishable phases, which gives rise to a complex phase
LaMnQ; contains a localized®e*3d-electron configura- diagram. We report here transport, magnetic, and specific-
tion at the octahedral-site Mihl ) ions. Thee-orbital degen- heat measurements on a series of melt-grown crystals that
eracy is removed by locally cooperative oxygen displaceconfirm the complex evolution of phases in the range 0.08
ments that fluctuate in three dimensidB®) at temperatures =<x<0.19 and establish the atmospheric-pressure phase
T>T;r and in 2D within (001) planes in the intervall* boundaries shown in Fig. 1. Extrapolation between the ex-
<T<Ty7 (T*~600K,T;~750K); on cooling belowl*, perimental points in Fig. 1 is based on the pressure sthidies
the cooperative oxygen displacements are stalibe 3D  that have shown discontinuous jumpsTipwhere it crosses
bond-length fluctuations abov&;; allow breathing-mode Tjr, a vibronic-to-metallic transition ak~0.15, and the
oxygen displacements that give rise to a disproportionatiomrthorhombic-rhombohedral transition 8igg. The first-
charge transfer 2Miil)=Mn(ll)+Mn(IV) on a fraction of  order insulator-metal transition @y, was found to descend
the Mn sites. Therefore, there is a transition from an insulatowith increasingx to about 130 K where it ended in a phase
to a conductive phase atr. Moreover, ordering of the oc- segregation.
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L ' has been shown to yield oxygen-stoichiometric crystals close
to the nominal compositiofi!® The melt-grown rods tend to
300 - 7 contain numerous large crystals, but independent measure-
ments on single-crystal specimens showed no difference in
250 | - the temperature dependence of the resistivity in different
T crystallographic directions, only a small difference in mag-
< 200 - | nitude. Of interest in this study is the temperature depen-
g dence of the resistivity; it was obtained on cooling and
g T warming by four-probe measurements made on bars cut from
g W0 iy the melt-grown samples. The critical temperatures are more
e sharply defined in the melt-grown samples than in polycrys-
100 AF, O phase %TIM 1 talline samples. ' .
CAFI % EM The specific heaﬂ:p(T) was measu.red with the relaxathn
50 L Fi % 4 method!! The instrument was calibrated by measuring
é Cp(T) for sapphire arjd a h|gh—qual|ty smglg crystal of
N\ % o Fe;0,. The dc magnetization was obtained with a SQUID
0.00 0.05 0.10 0.15 0.20 (Quantum Designmagnetometer.
Sr content x
FIG. 1. Phase diagram for La,Sr,MnO;, 0=<x=<0.20. Experi- RESULTS AND DISCUSSION
mental points above 310 K taken from the literatufg; and two
values of T, for x=0.17 taken fromM(T); two values ofT, for Figure 2 shows the temperature dependence of the resis-
x=0.15 taken fromC(T); all other points taken from Fig. 2. tivity p(T) of the melt-grown samples. The data are consis-

tent with those reported in the literatdfe' for melt-grown

A colossal magnetoresistan@@MR) found’ aboveT, in samples, but they represent finer stepsciaver the entire
the compositional range 0.8k =<0.15 has been modeled as range 0.08x=<0.19. Data taken on polycrystalline samples
a dynamic phase segregation within a paramagnetic matrii this rangé show no major discrepancies from those taken
of a ferromagnetic metdFM) phase having &, higher than  on melt-grown samples. The critical temperatures marked on
an antiferromagnetic ordering temperatiiig of the matrix.  these curves were obtained as described in the caption of Fig.
In this model, the ferromagnetic conductive phase of highep, The transition from insulator to metallic conduction at low
T grows aboveTy of the matrix in an applied magnetic field temperature in the interval 0.45<0.18 shows that the
H to beyond a percolation threshdl@his model calls for an  holes are more mobile beloW,), than belowT,, and that
antiferromagnetic ordering of the matrix beldWy as in the  the metallic phase dominates tp¢T) data in thex=0.17
CAFI phase and therefore a spin-glass behavior beldyif  sample, which is shown below to be two phase.
the orbital ordering of the matrix remains that of festruc- The magnetization data of Fig. 3 were obtained & in
ture. -~ ~amagnetic fielH =50kOe. The inset of Fig. 3 shows typi-

We have measured the specific heat and magnetization &) M (H) curves. The straight line in the main figure corre-
an applied fieldd =20 kOe in order to determine whether the sponds to the theoretical spin-only value—(%) ug/Mn of
spin system orders as a spin glass beloWyaT¢ in low  the magnetization for collinear-spin ferromagnetism. The
applied magnetic fieldsl and is globally transformed to fer- rapid rise ofM (5 K,50 kOe) from that of a weak canted-spin
romagnetic order in higheid fields. The specific-heat data ferromagnet below an antiferromagnetic eNeemperature
have also allowed investigation of the predicfidhat the T to collinear-spin ferromagnetism in a modest applied field
localized-to-itinerant electronic transition would changey i the interval 0.08x<0.11 represents the coexistence of
from second-order to first-order as it decreases towads ferromagnetic and antiferromagnetic regions as will become
and verification of the first-order character of the orbital-clear pelow; the rise iM (5 K,50 kOe) does not represent a
ordering transition aff o, in & narrow compositional range continuous increase in the cant angle as was predicted by de

aboutx=0.115. Genne¥ on the basis of a homogeneous magnetic system
with itinerante electrons in a narrow* band. In the range
EXPERIMENTAL PROCEDURES x=0.18 where the system is a ferromagnetic metal, the satu-

ration magnetization at 5 K and 50 kOe has the theoretical
Crystals of La_,SrMnO4(0<x=<0.19) were grown by spin-only value Mg=(4—Xx)ug/Mn. However, an
the floating-zone method in an IR-radiation image furnaceM (5 K,50 kOe)>(4—x) ug/Mn is observed in the interme-
The polycrystalline feed rods were prepared from a stoichiodiate range 0.1&x<0.18 of the orbitally ordere®” phase,
metric mixture of LaOs, SrCQ;, and MnO; that had been reaching a maximum value of 44 /Mn at x=0.15. A high
calcined three times at 1050 °C with interanneal grindingmagnetic moment (4.25/Mn) for x=0.15 has also been
The resulting powder was pressed into a rod and sintered a¢ported without comment by othétghis enhancement of
1350 °C for 24 h. Crystals with€x=<0.1 were grown in Ar;  the saturation magnetization is unique to @éphase of the
those withx>0.1 were grown in flowing air. This process La; ,SrMnO; system; it has not been observed in the
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FIG. 3. Magnetization at 5 K in 50 kOe for La,Sr,MnO;, 0
<x=<0.35. Solid line: (4 x) ug/Mn. Inset:M (5 K) versus applied
field. Dashed line is a guide to the eye.

crossed as measurements were madeTfar310K; the x
=0.08 sample appears to haveTa~Ty. Therefore, the
only critical temperature appearing in Figgsaji-4(c) is Ty .
The C,(T) data for thex=0.0 and 0.03 samples show a
typical second-order anomaly @f;, and the magnetization
Temperature (K) may be understood with a canted-spin antiferromagnetic
dnodel. HoweverC,(T) for the x=0.08 sample has a sup-
of La,_,S,MnOs. Critical points:  =T,; where [dp/dT| is a  Pressed entropy change B and an anomaly characteristic
maximum;A =T ~T, wheredp/dT is a maximum©O = T, where of a higher-order transition. Considerable short-range mag-
p(T) is a local minimum:Tor=midpoint of thermal hysteresis be- Netic order far abové&y and/or a freezing of the spins &,
low T, for 0.17<x=<0.19. Arrows indicate heating and cooling at Without much change in the long-range order is evident.
thermal hysteresis loops. The C,(T) data of Fig. 4d) show a suppressed entropy
change at the transition temperatdrg=T,, in the x=0.10
La;_,CaMnO; system where the insulat@®” phase does sample, and th&1(T) data inH =20 Oe are typical of a spin
not occur. Although the orbital angular momentum isglass. The enhancement M(T) below 100 K in the FC
quenched in lowest-order perturbation theory at boti{IMn  data indicates the coexistence of the CAFI phase haVjng
and Mr(IV) in octahedral sites, the data indicate that where=135K. In H=5 kOe, the spin-glass phase is transformed
the Mn(lll) e electrons are localized, an orbital contribution into a ferromagnetic phase with a Curie temperatiige
to the atomic moment is introduced by higher-order terms~T,, but the CAFI phase remains unchanged to give an
where the electrons od-orbital parentage are itinerant, the enhancement df1(T) below 100 K. The coexistence of the
orbital contribution is suppressed. The orbital contributionCAFI phase keep#! (5 K,50 kOe), Fig. 3, below the theo-
appears to be progressively suppressed as the hole mobilitgtical spin-only value. The data thus provide clear evidence
in the O” phase increases witlk in the range 0.18x  of the coexistence of two magnetic phases, one correspond-
<0.18. ing to the CAFI phase and the other to a peculiar phase that
Figure 4 compares the specific h&j(T) with the mag- is a spin glass in low magnetic fields and is transformed into
netizationM (T) obtained in fieldsH=20 Oe and 5 kOe ei- a ferromagnetic phase in an applied fileld=5 kOe. Evi-
ther on heating after cooling in zero fieldFC) or on cool-  dence for the CAFI phase does not appear inHhe20 Oe
ing in the measuring field(FC). A correction for the M(T) data of Fig. 4e) for x=0.11, but a spin glass appears
remanent field in the SQUID magnetometer was made tdelow Ty~T. as in thex=0.10 sample; the transition at
obtain M(T) in a field as low asH=200e. The several T<T, is clearly first order.
critical temperatures of Fig. 1 are also marked by arrows in A spin glass would occur where an antiferromagnetic ma-
these figures; they correspond well with transitions indicatedrix ordering below itsTy= T4 contains within it a volume of
in the C,(T) andM(T) data. FM phase that is below its percolation limit and has a
For samplex=0.0 and 0.03 of Fig. 4, @*>300K is not T, (FM)>T,. In the manganese-oxide perovskites, the FM

50 100 150 200 250 300

FIG. 2. Resistivity versus temperature for melt-grown sample
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FIG. 4. MagnetizatioM (T) in H=20 Oe and 5 kOe; specific he@f(T) for La; _,SLMnO;. O=C,; A=M(T) in 5 kOe; simple solid
line=M(T) in 20 Oe. Arrows indicate warming vs cooling curves.
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1160 ent long-range orbital ordering below,, Therefore, it
should not be surprising that the application oftarbelow
0.12 5 140 T, is able to disrupt the long-range orbital ordering with 2D
0.08 14120 orbital fluctuations that occurs in th@' phase abové,.
100 In the compositional range 0.£x=<0.14, a T.<Tjt
0.04 leo <310K gives a conspicuous anomaly@(T) a_t Tyr. The
data of Figs. 4e)—4(h) show a clear evolution from a
60 second-order to a first-order transitionBsg is lowered. Ro-
zenberget al. ® have predicted a similar change should occur
015l a0l . - 160 at a transition from localized to itinerant electronic behavior;
0 “l - 140 © the e electrons are localized or confined to two-manganese
é 0.10 _ﬁ_ —~ 4 J120 % polarons fofT<T,t, but they approach an itinerar_n character
= . ZFC o Al 3 f';1tT>TJT asx approa.c.hex=0.15; forx>0.15, a first-order
= 005 | ok ¢ 3 insulator-metal transition occurs @y, .
' (|80 In agreement with the conductivity data of Fig.@,(T)
, , , . , , ASEY shows that the transition dt,, is first-order in thex=0.11
0 50 100 150 200 250 300 andx=0.12 samples, but is similar to a glass transition in the

other compositions. Apparently long-range order of the oc-

cupied e orbitals sets in afl,, in only a narrow range of
compositions 0.1%x=<0.12; in theO"” compositions away
from this range, the orbital ordering that occurs on cooling
phase is hole-rich, the matrix is hole p8ofhe concentra- throughT,, consists of considerable short-range order in the
tion of holes within a FM volume exceeds=0.15. Interpre-  spin-glass or FV phase and retains short-range fluctuations
tation of the magnetic and transport data requires a distinoaell below the long-range orbital-ordering temperatiigg .
tion be made between what happens when a fldlds Figures 4f), 4(g) show a peculiar enhancement Mf( T)
applied aboveT, where the samples are paramagnetic andn a finite temperature interval below,, in a field H
the phase transition that occurs on application of a modest 20 Oe. From theC,(T) data, the enhancement occurs
H=5kOe belowT,. At paramagnetic temperaturdg<T  where the entropy is changing sharply with temperature on
<T.(FM), the FM phase grows to beyond its percolationcrossing an order-disorder transition. A similar enhancement
threshold in a largél, and the CMR phenomenon reflects the of M(T) in H=20 Oe can be seen in Fig(j#at T, of the
greater conductivity of the FM phase. The application of anx=0.16 sample. The transitions at boih, and T,y are
H below T, on the other hand, induces a global transformafrom one magnetic phase to another, and the crystalline an-
tion of the antiferromagnetic matrix of the spin glass to aisotropy can be expected to decrease in the two-phase tran-
ferromagnetic phase in which the holes trapped in the FMsition region. A reduced crystalline anisotropy would give a
clusters become released as two-manganese Zener pclarorstronger response of the magnetic system to a weak
We can understand such a global magnetic phase transi20 Oe applied field.
tion if we recognize that 3D ferromagnetic MHh)-O- TheM(T) curves forH=5 kOe in Figs. 4d)—4(f) show a
Mn(lIl') superexchange interactions occur where the cooperaharp increase on cooling through the orbital order-disorder
tive, local Jahn-Teller deformations fluctudfestatic Jahn-  transition atT,,. this increase is particularly marked at the
Teller deformations give rise to antiferromagneticO-t®>  first-order transition in thex=0.11 sample. The orbital or-
superexchange interactions in at least one direction, as odering of theO” phase clearly favors 3D ferromagnetic in-
curs in theO' phase along the-axis. Stabilization of 3D teractions in lower magnetic fields. Moreover,xascreases,
relative to 2D ferromagnetic interactions in an applied magthe concentration and mobility of the ferromagnetically
netic fieldH would involve transforming 2D orbital fluctua- coupled Zener polarons increases rearwhich strengthens
tions in anO’ matrix in the rangel* <T<T,rinto 3D or-  the ferromagnetic double-exchange component of the mag-
bital fluctuations in arO* matrix. Evidence that an applied netic interactions. Consequentl, increases and the transi-
H stabilizes anO* relative to anO’ matrix in the interval tion at T, becomes less glasslike; by=0.16, a typical
T* <T<T,r even in the paramagnetic phase is found in asecond-order anomaly i€,(T) is found atT.. The x
report by Uhlenbruclet all® that T;; is lowered andT, is =0.15 sample is at the cross-over from vibronic to itinerant
raised in anH=140kOe in anx=0.125 sample. Our data electronic behavior below,. and at the convergence @f
show similar, but smaller, shifts of ;;y and T, in an H andT,.. Consequently the entropy changeTatsuggests the
=50kOe. coexistence of a vibronic and a metallic ferromagnetic phase.
TheO* — O’ transition afT .. is unusual in another respect  Figure 4k) shows two distinguishable Curie temperatures
since the higher-temperature phase has the greater orbiffar the x=0.17 phase; they appear to represent the coexist-
order along with a greater magnetic disorder. In a magnetience of theD* andR phases and the discontinuity Th that
field, magnetic ordering belowW, is accompanied by long- occurs at the transition from th@* to the R phase. The
range orbital disorder in the narrow temperature intervalO*-R transition atT og<<T, within the phase of higher. is
Too<T<T,; in this interval, there is a transition to a differ- only weakly visible in theC,(T) trace; it is more clearly

FIG. 4. (Continued.
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Fr I T T ] =x=0.18, the electrons inr-bonding orbitals undergo a
transition from localized behavior in a canted-spin antiferro-
magnetic insulatofCAFI) with a static, cooperative Jahn-
Teller orbital ordering to itinerant-electron behavior in a fer-
romagnetic metal(FM). We have identified a spin-glass
phase appearing in low applied magnetic fields between the
CAFI and FM phases where the CMR phenomenon is found.
The data allow a distinction to be made between growth in

AS (J/mole K}

0.0 bt ! ! 1 = an applied fieldH of a FM minority phase in a paramagnetic
0.00 0.05 0.10 0.15 matrix in the intervalT, (or T;) <T<T,r and the phase
Sr content x transformation from a spin-glass to a ferromagnetic vibronic

(FV) phase on application of aH=5 kOe belowT ~T,.

The former is responsible for the CMR phenomenon; the
latter represents stabilization in a magnetic field of an orbital
disordering that is compatible with 3D ferromagnetic inter-

marked by a drop iM (T) taken withH = 20 Oe. The step in actions relat.ive' to an prbital ordering f[hat gives some anti-
theH = 20 0eM(T) curves, which show a thermal hysteresisferromagnetlc |n_teract|ons_. As the Welsg molecular flel_d of
in M(T) for FC and ZFC inH=20Oe as in the resistivity '€ férromagnetic phase increases within the composi-
curves of Fig. 2, is clearly associated with a weakly first-ional range 0.1&x=0.15, the glassy character of the tran-
order transition all og<T, in thex=0.18 and 0.19 samples Sition at Tg=T. decreases. Steps ifi; at the first-order
in Figs. 41), 4m). In Figs. 4k)—4(m), the C,(T) anomalies vibronic-itinerant electronic transition at=0.15 and the
atT, are typical of second-order magnetic transitions. On thé™ -R transition atx=0.17 are manifest by evidence of the
other hand, a small thermal hysteresisTatsuggests some Coexistence of two phases. Moreover, the transition from 3D
first-order character may accompany a transition from itinerf0 2D orbital fluctuations confined {@01) planes on cooling
ant character below, to polaronic conduction above. (see  through the transition aff;; was shown to change from
Fig. 2). It is interesting that the ZFC and RG(T) curves for ~ second-order to first-order &gy decreases td at the tran-
H=200Oe in Fig. 4k) for x=0.17 diverge belowl,,, . This  sition from vibronic to itinerant electronic behavior at
divergence is consistent with a glassy character of the spins 0.15. The magnetizatioM (5 K,50kOe) is greater than
in zero applied field in th®©” phase. the spin-only value (4 x) ug/Mn in the FI phase below
Figure 5 shows a plot of the entropy chany® obtained  Too. f€aching 4.4.5/Mn atx=0.15, but it has the spin-only
for Ty and T,, T,, after subtracting out the background value in the FM phase. An orbital moment addsNdqT)
(dashed line in Fig. ¥determined by fitting with polynomi- Where thee electrons are localized; itinerant electrons do not
als. The value ofAS obtained forTy in thex=0.00 and 0.03  contribute an orbital component to the atomic magnetic mo-
samples approaches the value of 2 J/mole K typicallyment.
found'® for a second-order transition in these perovskites, as The first-orderT,y transition in the narrow range 0.15
does alsaAS at T, for 0.16<x=<0.18. HoweverASis sup- <X=<0.17 appears to be an extensionlgf, paramagnetism
pressed to half this value &t=0.08, which is indicative of a  9iving the orbital order of th®" phase belowT ;r and fer-
considerable volume of ferromagnetic short-range order fafomagnetism the orbital order of th@" phase belowT,y, .
aboveTy and of spins freezing without much change in theAt the transition from localized to itinerant behavior of the
|0ng_range order aTN; the ferromagnetic volume is mani- electrons ofe-orbital parentage, the SyStem exhibits two in-
fest in a largeM (5 K,50 kOe) than expected for canted-spin termediate configurations: one is a dynamic segregation of a
ferromagnetism alone, Fig. 3. A contribution from the orbital FM phase within a CAFI matrix and the other is the retention
order-disorder transition &,,<T, prevents observation of Of dispersed two-manganese Zener polarons t,t]at preferen-
an even lower\S for the magnetic transition &, in thex ~ tially order their axes along af001] axis in theO” phase.
=0.10 sample. The orbital order-disorder and disorder-ordeBelow Tiy the Zener polarons are more mobile than below

transitions afT,, and T, respectively, make major contri- Too- IN the narrow temperature randg,<T<Tg~T., the
butions toAS in samples 0.12x<0.15. orbital ordering in the matrix of th®'’ phase gives antifer-

romagnetic interactions along th@01] axis and, therefore, a
spin glass. Dispersal of the Zener polarons favors 3D ferro-
magnetic interactions and a short-range orbital ordering that
Measurements of resistivitg(T), specific heatCy(T), becomes progressively long-range ordered on cooling
magnetizatiorM (T) in applied magnetic fieldsl=200e, 5 throughT,,. Condensation of holes into isolated FM clus-
kOe and magnetizatiort & K up to 50 kOehave confirmed ters favors formation of a spin glass beldy~T.; applica-
the complex phase diagram below 310 K of the systention of a magnetic field stabilizes ferromagnetic order and
La; _,Sr,MnO; in the range 0.08 x<0.35 that has been de- therefore dispersal of the Zener polarons. Rsincreases
duced from magnetic and high-pressure transport data, struend T;; decreases with increased hole concentratiocon-
tural experiments, and measurements made on individualensation of the Zener polarons into FM clusters abbyvis
samples by several groups. In the compositional range 0.0&duced, so the glassy character of the transitioh,at T, is

FIG. 5. Entropy changdS at Ty, T; andT,,, or T, obtained
from area ofC,(T)/T after subtraction of background. Solid line is
guide to the eye.

SUMMARY AND CONCLUSIONS
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