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The magneto-thermoelectric powernTEP) AS(T,H) of perovskite-type manganese oxide
Lay gY 0.1Ca sMnO; is found to exhibit a sharp peak at some temperaitre 170 K. By approximating the
true shape of the measured magneto-TEP in the vicinitf*ofby a linear triangle of the fornAS(T,H)
:Sp(H)tBi(H)(T* —T), we observe thaB~ (H)=2B*(H). We adopt the electron localization scenario
and introduce a Ginzburg-Land&GL)-type theory which incorporates the two concurrent phase transitions,
viz., the paramagnetic-ferromagnetic transition at the Curie piginand the “metal-insulator”(M-I) transi-
tion at Ty, . The latter is characterized by the divergence of the field-dependent charge carrier localization
length&(T,H) at some characteristic field,. Calculating the average and fluctuation contributions to the total
magnetization and the transport entropy related magnetoNX&H ,H) within the GL theory, we obtain a
simple relationship betweef* and the above two critical temperaturék:(and Ty,,). The observed slope
ratio B~ (H)/B*(H) is found to be governed by the competition between the electron-spin exch&rayel
the induced magnetic energfisH,. The comparison of our data with the model predictions prodlige
=195 K,JS=40 meV,My=0.4Mg, andé,=5 A for the estimates of the Curie temperature, the exchange
coupling constant, the critical magnetization, and the localization length, respectively. The magneto-TEP data
obtained by other authors are discussed and found to be consistent with the model predictions as well.
[S0163-18289)00734-1

. INTRODUCTION (typically, E;=0.15 eV), favors a FM ground state. In turn,
an applied magnetic fieléH enhances the FM order thus
_The intriguing magnetotransport properties of mangareducing the spin scattering and producing the observed
nite’s family R, _,AMnQ; (where R=La,Y,Nd,Pr andA  pegative GMR. The localization scenatftin which Mn ox-
=Ca,Sr,Ba,Pb) with a MiT/Mn** mixed valence keep at- iges are modeled as systems with both DE off-diagonal spin
tracting much attention of both experimentalists andgisorder and nonmagnetic diagonal disorder, predicts a di-
theorists.”*" In the doping range 02x<0.5, these com- vergence of the electronic localization lengtfM) at some

pounds are known_ to undergo a double phas_e transition frorK}I—I phase transition. In terms of the spontaneous magnetiza-
paramagneti¢PM) insulator(l) to ferromagneti¢FM) metal tion M, it means that foM <M, the system is in a highly

(M) state characterized by the Curie temperailgeand the resistive(insulatorlike phase, while foM >M, the system

charge carrier localization temperatulg,, , respectively. is in a low resistivemetalliclike) state. Within this scenario,

The so-called giant magnetoresistiviifsMR) exhibits a he Curi T is defined th H th
sharp peak arourifly, , while belowTc the system acquires '€ CUrie pointTc Is defined through the spontaneous mag-
,H)=0, while the M-I transition tem-

a spontaneous magnetization accompanied by giant magnefi€tizationM asM(Tc¢ _ _
entropy change¥ Despite a variety of theoretical scenarios PeratureTy, is such thaMm (Ty, ,H) =M, (with M, being a
attempting to describe this phenomenon, practically all offaction of the saturated magnetizatidfs). Furthermore,
them adopt as a starting point the so-called double-exchandge influence of magnetic fluctuations on electron-spin scat-
(DE) mechanism, which considers the exchange of electronering nearTy, is expected to be rather important, for they
between neighboring Mi/Mn** sites with strong on-site can easily tip a subtle balance between magnetic and elec-
Hund’s coupling. The estimated exchange enErgyS tronic processes in favor of either charge localization or
=45 meV (whereS=2 is an effective spin on a Mn site  delocalization'® Besides, the observable difference between
being much less than the Fermi enefgyin these materials the two critical temperaturgsisually attributed to the quality
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of a particular sample us&d) is ascribed to the random S S PN AT AU S
nonmagnetic scattering which is highly responsible for the 0
magnitude of the observable GMR.

The substitution on the La site was found to modify the
phase diagram through cation size effects leading toward ei-
ther charge-ordere@O) or AFM instability}” In particular,

Y substitution is responsible for three major modifications of
the parent manganitéi) it changes the Mh™ content®® (i)
lowers the FM Curie temperatuilg: ,'° and(iii ) weakens the
system’s robustness against strong AFM fluctuatigvisich 5 -
are developed locally within the ordered FM matriX The

latter is consideréd?® to be the most probable cause for

strong magnetic localization of spin polarized carrigvs- 8 -
larons. According to Jaimet al,?° even in the FM metallic

state(just belowT ) there still remain significant indications

of spin scattering, and as a result the collapse of large po- -10 +——— 11— T

4

Ap (U2 m)

larons in the FM state reduces the effective exchange cou- 0 50 100 150 200 250 300 350

pling via the DE mechanism, causing a “bootstrap” destruc- T(K)

tion of FM and concomitant M-I transition. _ o
On the other hand, in view of its carrier char@ad den- FIG. 1. Temperature behavior of the observed magnetoresistiv-

sity) sensitive nature, thermopow€FEP) S(T,H) measure- 'iy Ap(T,H)=p(T.H)=p(T.0) in LaeY0iCaHMNO; at H
ments could complement the traditional MR data and be used Lk

as a tool for probing the field-induced delocalization of the )

carriers. Indeed, it was fourithat the TEP in manganites is tion _and the transport entropy-induced magneto-TEP
very sensitive to the Mh content. In particular, for our AS(T,H) within the GL theory, we obtain a simple relation-
composition[with S(T,0)=23 wV/K] the fractional carrier Ship betwee™ and the above two critical temperaturd&(
content is expected to be=0.2. Field behavior of the TEP and Ty;). We find also that the observed ratio
in manganites was found to essentially depend on the ten (H)/B”(H) asymmetry is governed by a universal pa-
perature range and the sample’s qualityin films, single rametez=JSMH, whereJSis the electron-spin exchange
crystals, or ceramigs—81619-21gqy example, belowl ¢ the and MSHO is the Iocall_zatlon related magngﬂc energy. By
TEP of LaysCay,MnOs; thin films was founé® to increase ~ comparing our data_wnh the model predictions, we deduce
with an applied magnetic field as in nonsaturated FM metafStimates for some important model parameters such as the
while ceramics usually exhibit decreaseof S(T,H) with ~ Curie pointT¢, the localization lengtko, the critical mag-
increasing the fieldat least at high temperatujed netizationM,, and the exchange energdyall in good agree-

Studying the observable magneto-TERS(T,H) ment with the existing microscopic localization theories. In
=S(T,H)—S(T,0) has already proved to be useful for pro- add|t!on, .to further test the validity of the quel, we discuss
viding important insights into different aspects of high- the field-induced behavior of the TEP maximu, for a
superconductors in the mixed stafe?* Besides, magneto- Similar material studied recently by Jaireeal.

TEP can be directly linked to the transport entropy change in

applied magnetic field_. The rece_ntly obsertfegiant mag- Il. EXPERIMENTAL RESULTS

netic entropy change in manganitgsoduced by the abrupt

reduction of the magnetization and attributed to an anoma- Ly Y 0.1Ca MNO; samples were prepared from stoichio-
lous thermal expansion just at the Curie ppigives another metric amounts of Lg0;, Y,0;, CaCQ, and MnQ pow-
reason to utilize the magneto-TEP data in order to get aders. The mixture was heated in the air at 800 °C for 12 h to
additional information as for the underlying transport mecha-achieve the decarbonation. Then it was pressed at room tem-
nisms in these materials. perature under fOkG/cn? to obtain parallelipedic pellets.

In the present paper we discuss some typical resultdn annealing and sintering from 1350-800°C was made
for magneto-TEP measurements on a manganite sampstowly (during two day¥to preserve the right phase stoichi-
LageYo1CapaMnO; at H=1 T field for a wide temp- ometry. A small bar(length =10 mm, cross sectios
erature intervalranging from 20—-300 K By approximat- =4 mn¥) was cut from one pellet. The electrical resistivity
ing the true shape of the measured magneto-TEP in the vp(T,H) was measured using the conventional four-probe
cinity of the peak temperaturE* by a linear triangle of the method. To avoid Joule and Peltier effects, a dc curtent
form AS(T,H)=S,(H)=B~(H)(T*—T), we observe that =1 mA was injectedas a one-second pulssuccessively
B~ (H)=2B"(H). In an attempt to account for the observedon both sides of the sample. The voltage dkopcross the
behavior of the magneto-TEP, we adopt the main ideas of theample was measured with high accuracy by a KT256 nano-
microscopic localization theoty and construct a phenom- voltmeter. The magnetic field of 1 T was applied normally
enological free-energy functional of Ginzburg-Land&L) to the current. Figure 1 presents the temperature dependence
type which describes the magnetic field and temperature bef the magnetoresistance(MR) Ap(T,H)=p(T,H)
havior of the spontaneous magnetization in the presence of p(T,0) for a LggY o 1CaMNO; sample aH=1 T field.
strong localization effects near*. Calculating the back- As is seen, the negative MRp(T,H) shows a peakdip) at
ground and fluctuation contributions to the total magnetizasome temperatur&,=160 K (referred to asTy;,, in what
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T(K) FIG. 3. Temperature behavior of the observed magneto-TEP

FIG. 2. Temperature behavior of the observed thermopowerAS(T’H) I L8o6Y0..CMNO; atH =1 T. The best fit to the data

. . S points according to EqJ) yields Sy(H) = —5.49+0.01 wV/K for
f'(':r,lH)TI?OIF;(«’;\%G;?&(;;OBMnO3 at zero field(solid circles and at the peak, and- (H)——0.14+ 0.0 x\V/K? andB(H)— —0.08

+0.01 wV/K? for the slopes.
follows) where the GMRAp(T,H)/p(T,0) reaches 40%.
The thermogowe(TEP) Swas measured using the differen-

tial method® In order to generate a heat flow, a small heate TN ;
magnetizatioh in the presence of strong electron-spin ex-

film (R=150 Q) was attached to one end of the sample. o o
Two calibrated chromel-constantan thermocouples were use[qﬁ]r%n.?f éll_rg:elf%?]l'zzte'o\?viﬁﬁeesigsk;lir;ﬁa; S‘S?msléci;'gggl rteeg]_pera-

to measure the temperature difference between two points . hship between the peak temperatiié and the two
the sample. The TEB(T,H) is deduced from the following Nship P P . .
critical temperature§: and Ty,,, responsible respectively

equation:S(T,H) =S, (T) = V(T,H)/AT, whereS,(T) is -
the TEP of the gold wires used to measure the voltage droéOr P.M'FM and M-| phasg transitions. Based on the above
onsiderations, we can writé= F, — F, for the balance of

V, at the hot junctions of both thermocouples. Figure 2 pre- i . ) SR
sents the temperature dependence of the observed THPAgneticFy and electronic’, free energies participating in

S(T,H) for a LaygY,CaMnO; sample at zero and the transport processes under discussion. The observed mag-
=1 T field. Notice a maximum and a bell-like shape aroundnetizationM and the magneto-TEP behavior should result
T=195 K, typical for ceramics. As usu#lthe applied field from the minimization ofF (as, for example, is the case in
results in a decrease of the peak and its slight shift towarguperconductors wher& measures the difference between
higher temperatures. As is seen, zero-field and field-inducethe normal and condensate energigd. In our case, the
contributions to the TEP merge both at lof< 150 K) and above electronic contribution read8,= MHe= 7?(ncE

at high (T>225 K) temperatures marking the well-known +n;Vpg) and describes a coupling of spontaneous magneti-
scaling behavior for both temperature regiéhdhe corre-  zation M= M¢7%? (where 7 is the order parameter arid
sponding magneto-TERS(T,H)=S(T,H)—S(T,0) for the the saturated magnetizatiowith (i) an effective DE energy
same sampléatH=1 T) is shown in Fig. 3. Observe that it Vpe=—JS (whereSis an effective spin on a Mn site, add
has an asymmetrid -like shape near some critical tempera- the exchange coupling constgnand ii) the electronic(lo-
ture T* >T,,, where it reaches its field-dependent pédip)  calization energyE,(T,H)=#%/2m&*(T,H) [where£(T,H)
value Sy(H). Approximating the shape of the observed is the localization length, aneh an effective electron maks

served behavior can be attributed to the corresponding
I,changes of transport magnetic entrdand thus spontaneous

AS(T,H) by the asymmetric linear triangle of the form n; andn, stand for the number density of localized spins and
. . conduction electrons, respectively. At the same time, the
AS(T,H)=S,(H) =B~ (H)(T*=T), @ magnetic  contribution Fy=M(Heii—H)=Mgn*(yn?
with positive slope™ (H) andB*(H) defined forT<T*  —H) includes the effects due to the molecular figi;
and T>T*, respectively, we findsee Fig. 3thatB~(H)  =7YM/Ms (where y=3kgTc/2ugS is the characteristic

=2B"(H) in the vicinity of T*. Now, with all this informa- ~ magnetic field withkg the Boltzmann constant ands the
tion in mind, let us proceed to the interpretation of the ex-Bohr magneton and an applied magnetic fielth. After
perimental results. trivial rearrangements, the above functiorfalcan be cast
into a familiar GL-type form describing the second-order
I1. DISCUSSION phase transition from PNInsulatoy to FM (meta) state near
*
A. Model T*, namely
Since we are dealing with the magnetic-field induced 2. B 4 2
L =ant-n'— . 2
changes of the TEP, it is reasonable to assume that the ob- Flnl=an 27 & @
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Here {(H)=MH—n;JS is the effective field-dependent  C. Mean-field Gaussian fluctuations of the magneto-TEP:
chemical potential of quasiparticlesa(T,H)=a(H)(T ASy(T,H)

—T*) with a(H)=ngi?2m&5(H)T*; B=2yM;, and we The influence of fluctuationéoth Gaussian and critidal
used the conventional expressiog?(T,H)=¢5(H)/(1  on transport properties of highs superconductoréinclud-
—T/T*) for the correlation length. It is worthwhile to men- ing TEP, electrical, and thermal conductiVitwas exten-
tion that a somewhat similar mean-field model has recentlgively studied and is very well documentéske, e.g., Refs.
been suggested by Jaine¢ al”! to reproduce the essential 26-32 and further references thebeim particular, it was
features of a microscopic model and provide a comparisofound that the fluctuation-induced behavior may extend to
with their experimental data on the magnetization, susceptitemperatures more than 10 K higher than the critical tem-
bility, and thermoelectric coefficient. Besides, to account forperatureT,. As for manganites, the fluctuation effects in
the field-induced localization effects, we assume after Shenghese materials appear to be much less explttéthnethe-

et al® that £o(H)/&,(0) = 1/(1—H/Ho) with Ho=yxMy. less, according to the interpretation of the observed magneto-
TEP we adopt in the present paper, influence of magnetic
B. Mean value of the magneto-TEP:AS,,(T,H) fluctuations on electron-spin scattering nd&r should be

. . . . . rather important. So, it seems appropriate to take a closer
Given our previous experience with high- supercon- look at the region neaf* to discuss the fluctuations of the
ductors, we can r_eaqny pre%%nt the observed magneto-TEP Magneto-TEPASf,(T,H). Recall that according to the text-
a two-term contribution form: book theory of Gaussian fluctuatiotfsthe fluctuations of
any observabldsuch as heat capacity, magnetization, )etc.
which is conjugated to the order parametgrcan be pre-
where the average termyS,,(T,H) is nonzero only below sentgd in terms2 of t.he statistical average of the fluctuation
T* while the fluctuation term S, (T,H) should contribute @MPplitude((67)°) with 65= 17— 7o. T*hen the TEP above
to the observable\S(T,H) both above and beloW*. In (+) and below () the critical pointT* have the form of
what follows, we shall discuss these two contributions sepa- A
rately'wnhm a mean-field theory approximation for GMR Sﬁ(T’H):A<(5”)2>i:Zf d77(577)28_2[77], (9)
materials.
As usual, the equilibrium state of such a system is deterwhere Z= [dye *!"! is the partition function with3.[ 7]
mined from the minimum-energy conditiodF /dn=0 =(F[ n]—Flno])/keT, andA is a coefficient to be defined
which yields forT<T*: below. Expanding the free-energy density functioffdly],

AS(T,H)=AS,(T,H)+AS;(T,H), (3

2

(9172

, a(H)(T*—T)+¢(H)
o= B .

Substitutingz, into Eq. (2) we obtain for the average free-
energy density

(67)%, (10

=1

1
) Flnl=Flnol+5

around the mean value of the order parametgrwhich is
defined as a stable solution of equati@i/dn=0 we can
explicitly calculate the Gaussian integrals. Due to the fact
(5) that 7, is given by Eq.(4) below T* and vanishes aT

H)(T* =T)+{(H)]?
Qav(T’H)EJC[%]:_[a( ) )+

2B =T*, we obtain finally
In turn, the magneto-TERAS(T,H) can be related to the AkgT*
corresponding difference of transport entropie&’ Ao, = S (T,H)= . , T<T* (11
—9AQ,,1dT as AS,(T,H)=Ac,,(T,H)/en,, where e 4a(H)(T*=T)+4L(H)
andn, are the charge and the number density of free carriersand
Finally the mean value of the magneto-TEP reddslow
™ . AkgT*
S (T,H)= 2T —2¢h) T=T*. (12
ASay(TH) =S a(H)=Ba(H)(T*=T),  (6) “ ¢
_ As we shall see below, for the experimental range of param-
with eters under discussioti(H)/a(H)>|T* —T|. Hence with a
good accuracy we can linearize E¢EL) and(12) and obtain
@(0)AZ(H) for the fluctuation contribution to the magneto-TEP:
Spav(H) =~ —— g —(1+2), (7 ’
¢ AS(T,H)=S; (H)£B{(H)(T*=T), (13
and where
e —_ B —
Ba(H) = — 0~ ® s H)=———5——, Si(H)=—2S,(H),

4£%(0)

where z=Aa(H){(0)/a(0)AZ(H) with Aa(H)=a(H) (14

—a(0) andA¢(H)=¢(H)—¢£(0). and
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1—E) Bfi(H)=—2B;(H My (T,H)= et
, Bp(H)= n(H). n( )_Za(H)(T—T*)_Zg(H)1

z
(15) .
As usual, to fix the constant, we assume thaM(T*)
Furthermore, it is quite reasonable to assume Bgat: S; =M™ (T*), whereM * = Mf*, is the magnetization abovE" .
=S,, where the magneto-TEP peédkip) values are defined As a result, we obtailC= — 4M(?/3kgBT* which leads to
as follows, S; =S, 5y +S, 5y and S;:S;’ﬂ- The above the following expression for the total magnetization below
equations allow us to fix the arbitrary paramegeyielding  T*:
A=—4%0)a(0)(1+2)/3ekgT* Bn,. This in turn leads to
the following expressions for the fluctuation contribution to B ) I
peaks and slopes through their average counterjsésEqs. M=Mg, +Mf=Mq ﬂo_w , (22)
(M and @  S;a(H)=(23)Sau(H), S, a(H)= 7o
—(113)S; av(H), Byg(H)=—(1/2)B,(H), and B (H) with ¢, B, and 5, defined earlier. Given the above defini-
=B,,(H). Finally, the total contribution to the observable tions, the two critical temperatures are related to each other
magneto-TEP readsf. Eq. (1)] and to the magneto-TEP peak temperattife within our
model as follows:

Br(H)=~-

AkBT*Aa(H)( N

4£%(0)

AS(T,H)=S,(H)=B*(H)(T*~T), (16)
where 2MoHy
= _—— 2
TMl (l neEE—niJS) TC1 ( 3)
S H)——%(i) (17) ith
p(H) = 3eT* |Ho/’ "
(z—2)E? T <1+yniJS)T* y=1 ! (24)
n Z— c— y =1——F.
B*(H)=B;(H :(—e)—"s H), (18 neER V3
(H)=Bii(H)=| F| o S(H), 8 :

Let us compare now the obtained theoretical expressions
and with  our magneto-TEP  experimental data on
LaggY 9 1CaysMnO5 (see Fig. 3. First, by comparing the ra-
3z 1 B*(H) tios (B (H)/B*(H))exp @and (B~ (H)/B* (H))neor, We ob-
(z+1)(z=2) 2 ' tain z=3 for the slopes asymmetry parameter leading to

(19 JS=3ugHe. Then, using Eq.(18), Bg,, T*=170 K,
Here E0=#2/2m&2(0), and z=n,JSYMH,. Notice that and just obtained, we getEE/JSzZ.S(n_i/ne) which in turn
within our model the asymmetry of slopes ratio brings abo.utTc=195 K for the Curie temperatu'r.(athls
B~ (H)/B*(H) originates from the balance of the exchangevalue falls into the reported range of the FM transition tem-

n;JS and localization induced magneti¢;H, energies. peratures for this class of mangan?ré_% Using this tem-
perature and assumir®y 2 for an effective Mn spin, we can

estimate the value of the exchange eneldyia the mean-
field expression for the critical field y=3kgTc/2Sug). The
Before turning to the comparison of our theoretical find-result is: JS=40 meV, which agrees with other reported
ings with the experimental data, let us discuss the criticabstimates of this paramet€rNext, using® n./n;=0.7/3 for
temperatures which control the magnetitc] and carrier an estimate of the free-to-localized carrier number density
localization metal-insulatorT,) phase transitions. Accord- ratio in Lay Y ,Ca sMNO; (which leads to the saturated
ing to the adopted model, these two temperatures are defingfagnetization M =n;ug=4n.ug), EQ. (17) yields &,
through the spontaneous magnetizatihh=M,,+M; as =5 A for the estimate of the localization length*°?%(us-
follows: M(T¢)=0 andM(Ty,)=M,. HereMyxH, is the  ing a free-electron mass, for m). Besides, from Eq(23)
critical magnetization at which the zero-temperature localizawe immediately get a simple relationship between the two
tion length &(H)=¢&y(0)(1—H/Hg) tc(1-M/Mg)~t  critical temperaturesTy, /Tc=1—4My/9M, which allows
—o0 marking the M-I phase transition. According to Sec. lll, us to estimate the critical magnetizatidn,. Using Ty,
the average magnetization readM,, (T)=M(7,) =160 K (deduced from the GMR data on the same sample
=M73(T), where Mg=n;ug is the saturated magnetiza- as a peak temperature, see Fig.ve obtainM,=0.4M, in
tion, and the equilibrium order parametgy(T) is defined a good agreement with the localization theory predictibin.
by Eq.(4). Now, for the self-consistency of our approach, weis also worth noting that the found localization enet‘g%/is
need to find the fluctuation contributions to the magnetizaof the order of the Fermi energ¥r, as expected for
tion as well. Following the lines of the previous section, wemanganited! To conclude with the estimates, we note that

B~ (H)=Ba(H)+By(H)=

D. Magnetization and the critical temperatures

obtain {(H)T*/a(H)=1 whicha posteriorijustifies the use of the
linearized Eq.(13) for the fluctuation regionl—T/T*|<1.

- _ CkgT* J— As is seen in Fig. 3, this criterion is well met in our case.

M (T.H)= da(H)(T*=T)+4L(H)’ T<T* (20 Finally, to put our model predictiongn particular, the

field-dependent behavior of the TEP given by Ed$) and
and (17] to test, in Fig. 4 we present the experimental data ob-
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75— T andE along withT* andS,,(0), we getH ,=0.07H, which
] leads to the expected value of the Curie fiekd,

IV. CONCLUSION

To account for the observetl-like shape of the tempera-
ture dependence of the magneto-TERS(T,H) in
LaggY 01CasMNnO3, exhibiting a field-dependent peak at
some temperaturd™ (lying in between the charge carrier
localization temperaturd’,,, where the observed negative
magnetoresistivity has a minimum, and magnetic transition
temperaturel - which marks the occurence of the spontane-
ous magnetization we adopted the ideas of the localization
model and introduced a free-energy functional of Ginzburg-
Landau(GL)-type describing the phase transition from para-
magnetic(insulatoy to ferromagnetiqmeta) state neai *.
Calculating both average and fluctuation contributions to the
total magnetization and magneto-TEP within the GL theory,
we were able to successfully fit the data and estimate some
important model parameter@cluding the metal-insulator
Ty and magneticT transition temperatures, localization

FIG. 4. Field dependence of the TEP maxim@y calculated  length &,, electron-spin exchange coupling constdnend
according to Eq(25). The experimental points are deduced from the saturated magnetizatidvig, all in a reasonable agree-
the TEP datdRef. 21 on L& gCa 3dMNnOs. ment with existing microscopic theories. The Gaussian fluc-

tuations both above and belol#f are found to substantially
tained in Ref. 21 for a similar material. As is seen, with acontripute to the peak valu,(H)=AS(T*,H) of the ob-

good accuracy the data points follow a linear field depenseryed magneto-TEP, amounting to 67 and 33 %, respec-
dence(straight ling, in agreement with the theory predicting tjyely.

[see Eqs(16) and (17)]

S, (UV/K)
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