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Electronic transport in ferromagnetic La ;_,Sr,MnO 5 single-crystal manganites
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We report results of integrated study of resistivity, magnetoresistance, Hall effect, thermopower, and mag-
netothermopower in La ,Sr,MnO; single crystals withk=0.15,0.20,0.25. The focus is on the vicinity of the
Curie temperature. It is shown that ndaf where the colossal magnetoresistance is observed the crystals are
in insulator state. It is established that the conductivity in the manganites with different level of doping differs
in nature. Neall -, temperature and magnetic-field dependences of resistivity arise due to change of activation
energy, which is linear in squared magnetization. The metal-insulator transition ir=t8e20 and 0.25
manganites occurs not at a certain temperature but in a temperature interval about 80 K wide.
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[. INTRODUCTION differ in detail but agree in points. The thermopower of the
x=0.15 samples was found to reach a maximum in the re-
Rare-earth manganites |.nD,MnQO;, where Ln stands gion of 100—200 K. The samples with<0.25 exhibit an-
for a rare earth an® for a divalent element, attract much other maximum just abové. . On applying a magnetic field
attention due to many interesting effects observed in them$ is appreciably changed in the vicinity df. . It is worth
see recent reviews® The colossal magnetoresistance noting thatSaboveTc shows a sign change from positive to
(CMR), the discovery of which in thin films of the mangan- negative arounc~0.20.
ites gave a stimulus to resume the study of these complex The data in the vicinity of the Curie point, where the
oxides, remains one of their most intriguing properties. ACMR effect is observed, remain incomplete even for the
great number of experiments were carried out in order td-&-xSxMnO; single crystals; for example, there are no
explore the CMR dependence on composition, temperatur@@t@ on the normal Hall effect ne@g and forx<x.. In the
T, and magnetic fielt. The information on La_,Sr,MnOs present article, we report on results of an integrated study of

is of particular interest because high quality single crystals O?Iectronlc trapsport qf LlaXSer\_/Inog single crystals with
this family are available. Urushibag al.” carefully studied close tox, with special attention to the temperatures near

o . - Tc. The analysis of the experimental data leads us to the
resistivity pand magnetoresistanceAp/p=[p(H) conclusion that in manganites with different levels of dopin
—p(0)]/p(0). It wasshown that the compositional metal- g bing,

. o o the conductivity is dominated by the charge carriers of dif-
insulator(MI) transition occurs at,~0.17, the resistivity of y y J

) _ ferent types and therefore the nature of the CMR effect is not
the x=0.17 sample being a little lower than 1@cm at o same in different manganites.

liquid helium temperaturg Below ~ 200 K, the temperature
dependence of resistivity of the=0.2-0.4 samples is de-
scribed asp(T)=p(0)+AT? with A depending on doping.
Resistivity of the samples witk<<0.25 exhibits a maximum The La_,Sr,MnO; single crystals withx=0.15, 0.20,
just above the Curie temperatufe ; application of a mag- and 0.25 were grown by the floating-zone method; the details
netic field suppresses the maximum giving rise to the CMRhave been published earlf&rThe resistivity, Hall resistivity
In the lowm region,m’<0.1, wherem=M/Ms, Mis mag-  p,,, and the thermopower were measured using the same
netization, andMl¢ stands for its saturation value, the mag- sample in the form of a plate of typical sizex@x 1 cnt.
netoresistance in the paramagnetic state is well expressed Itfie magnetization measurements were performed using a
the function:Ap/p=—Cn?. vibrating sample magnetometer on a similar plate of smaller

The Hall-effect data for the Lia ,Sr,MnO; single crystals — size. The resistivity was measured by a four-probe technique
was reported in Refs. 9, 10 for 04&=0.50. The focus was and the Hall effect by a potentiometric method. The Hall-
on the anomalous Hall effect; the normal Hall coeffici®gt  effect measurements were carried out in two opposite direc-
was determined only for temperatures well bel®w. It was  tions of the field and the electric current. The measurements
found that atT=4.2 K, the carrier numben~1 hole/Mn  of the thermopower were made at a temperature difference of
site. The spontaneougxtraordinary Hall coefficientRs is  about 2 K. In all experiments, a magnetic field was applied
negative in all the samples afidy| increases with increasing perpendicular to the plane of the sample. Indium contacts
temperature up tdc. were made with an ultrasonic soldering iron.

The thermopowes of the Lg _,Sr,MnOg single crystals The Hall-effect measurements should be performed in
for 0.15<x=<0.50 were reported by Asamitst al!* and for ~ magnetic fields that are high enough for domain-wall dis-
the x=0.15 manganite in Refs. 12—-14. The results slightlyplacement as well as magnetization vector rotation to be

Il. EXPERIMENTAL DETAILS
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completed. Then Hall resistivity can be expresséq as 10° L
pPr=R,B+RM, (1) 10°
where B stands for the magnetic-field induction inside the —~
sample; in our casé&he sample in the form of a rather thin § 10F
plate) the magnetic induction may be taken to be equal to the & 10°
field H. Far below the Curie temperatutd,~Mg so thatone :
can estimateR, and R, from the slope and intercept of the 2 1¢*
pu-H curve. Many authors did the same also in the vicinity -2 :
of the Curie point and applied a magnetic field of the order ¢ 10°
of 100 kOe to find a linear part of tha,-H curve. Equation of
(1) suggests, however, a weak changeRinand R;. Near 107
Tc, the field of 100 kOe changes the magnetization signifi- 104: . . . .
cantly, which leads to a strong change in, eRy, as was 0 100 200 300 400

shown recently by Lyanda-Gellet al1° However, it is well

known that such a strong field essentially reduces the resis-

tivity and even can induce a Ml transition. Taking this into  FIG. 1. Temperature dependence of resistivity of
account, we performed the experiments in relatively weak a; _,Sr,MnO; single crystals. Inse(a): Resistivity vs T? for
magnetic fields =15 kOe). After measuring the Hall re- LaggeSth,gMnO; (solid circles and for Lg 755 ,gMNO3 (open
sistivity and magnetization, we plet, /H versusM/H, de-  circles. Inset(b): Magnetoresistance vs temperature.

termining therebyR, andRs. This method is inapplicable in

the paramagnetic state whéh=xH. If, however, the Hall - gominates the conductivity, which contradicts the data of
coefficients depend on temperature much weaker than th§eege|et al, 2 who found the resistivity in the=0.15 man-
susceptibility,R, and Rs can be evaluate¢thot too far from ganite not to obey Mott'd* law. We shall discuss the low-

: 17,18 . L. . . .
Tc) by plotting p\;/H versusy. temperature behavior of the resistivity of this manganite in

Temperature (K)

Sec. V.
. RESULTS OF MEASUREMENTS The crystals withk>x. are(at T<Tc) in a metallic state
A. Magnetic properties in the sense thatp/d T is positive. AT? law is obeyed below

o . ~200 K in L&geSrhgMnO; and below ~230 K in
The shape of magnetization curves of the manganiteg, .Sy . MnO,, see inseta) in Fig. 1.

studied is typical for a ferromagnet. The Curie temperatures Magnetoresistance taken ldt= 10 kOe is shown in inset
evaluated through Arrot-Belov curves are 232, 308, and 34 ) in Fig. 1. The temperatur@, at which the absolute

K for the x=0.15, 0.20, and 0.25 samples, resgectively,vmue of the magnetoresistance reaches a maximum is also
which are close to those reported by Urushiberal.” The  yery close to the Curie temperature or even coincides with

magnetic su;ceptipility exhibits an ordinary peak n&ar. Tc. The Ap/p—T curve of thex=0.15 crystal exhibits a
Paramagnetic Curie temperatuig of the x=0.20 or 0.25  ghoy|der at~200 K, which is due to the transition to the

. 71 - . .
sample estimated fromy °-T curves coincides WithTc  |ow.temperature charge-ordered state that occurs at this
within accuracy of estimate while for the=0.15 crystal, the temperaturé?

0. value is 10 K larger thaii ;. Thus the inhomogeneity of
the crystals withx<<x. is stronger than that of the samples
with x>X. . This conclusion agrees with the results reported C. Hall effect

in Refs. 19,20. Figure 2 shows the temperature dependence of the normal

Hall coefficient. In thex=0.20 crystalR, is practically in-
dependent of temperature up to close vicinity of the Curie
The temperature dependence of the resistivity of our cryspoint, see inseta) in Fig. 2, while in thex=0.25 sampleR,
tals shown in Fig. 1 is similar to that reported in Refs. 7, 11,gradually decreases with increasifigip to ~300 K. In the
13, 14, and 21. The peak resistivity of ox=0.15 sample Lag g5SIh 1MNO;3 single crystalR, is negative aff <150 K
(about 0.18) cm) is close to the value reported in Refs. 7, despite the hole type of doping and strongly dependd.on
14, and 21 but differs noticeably from that reported byNear the Curie pointR, is positive in all the crystals and the
Uhlenbrucket al. (=~0.049) cm) (Ref. 13 the difference temperature dependence of the normal Hall coefficient re-
can be ascribed to a slight variation in composition. Thesembles the dependence of resistivigg sharply increases
temperatureTg at which dp/dT is maximum is a few reaching a maximum just abovig; .
Kelvins lower thanT in all the samples. Such closeness of The spontaneous Hall coefficient shown in Fig. 3 is nega-
Tc andTg is known to be typical for ferromagnets, see, e.g. tive at all temperatures, nedg the value ofRg being larger
Ref. 22. than R, by two orders of magnitude. AbovEc, the ratio
In the ferromagnetic state, thxe=0.15 manganite exhibits py/H is a linear function of susceptibility, see insetb) in
semiconductor behavior withp/dT<0 below~200 K. Ne-  Fig. 2, which permits the evaluation Bf andRg by plotting
ifeld et all* claimed that variable range hoppinyRH) pn /H versusy. Unfortunately we failed to obtaiR, in this

B. Resistivity
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FIG. 2. Temperature dependence of normal Hall coefficient. In-
set(a): R, vs T for Lag goSip ,dMnO; and Lg 7551 ,sMNnO3. Inset
(b): py/H against magnetic susceptibilify aboveT. . FIG. 4

Temperature (K)

Temperature dependence of thermopower of

. . La; _,Sr,MnO; single crystals.
way becausdr, is too small. The values dRg in the para- T s single ety

magnetic state are shown in Fig. 3 as horizontal lines. The effect of a magnetic field on the thermopower is

shown in Fig. 5. Near the Curie point the magnetother-
D. Thermopower mopowerAS=S(H)—S(0) in Lag gsSl 19MN0O; (left scale

The temperature dependence of the thermopower i negative reaching a minimum practically B¢. On the
shown in Fig. 4. Thes-T curve for thex=0.15 crystal ex- ~contrary, in Lg 7551 ,dMnO; (right scalg, AS is positive
hibits two maxima, the first of which is af;,.,=124 K and at=Tc exhibits a maximum. As for LggeSio 20MNO3
(Symax= 36 wV/K) and the second lies abovE: at Toy.,  (fight scale, its AS-T curve has a maximum a¢295 K and
=249 K (Syax=56 uV/K). The peculiarity around 365 K & minimum at~310 K, the latter being very close B¢
is caused by the structural transition between orthorhombic= 308 K.
and rhombohedral phases. The thermopower inxth®.20 Near and above the Curie temperatur&S=S(H)
and 0.25 crystals is an order of magnitude lower than in the- S(0) is proportional tan” as it is evident from the inset in
x=0.15 one. The maximum in ferromagnetic state is weak, if19- .
is at T=149 K in L& geSl,gMINO; and atT=178 K in

Lag 7555 ,eMNn0O3. The x=0.20 manganite exhibits a weak IV. THEORETICAL BACKGROUND
maximum just abovel. at T~322 K; no maximum at
aroundT is seen on the curve for the=0.25 sample. Un- The parent compound LaMn@s known to be an antifer-

like Lag gsSy19MN0O;, the thermopower of th&=0.20 and  romagnetic insulator in which they band is split due to the
0.25 manganites is negative in the paramagnetic state. ~ Jahn-Teller effeéf-** and the indirect gap is about 0.4 eV at
80 K.2° Doping reduces the gapand in the heavily doped
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FIG. 3. Temperature dependence of anomal@montaneoys
Hall coefficient. Inseta): R vs resistivity for Lg ggSr ,gVinO5 and FIG. 5. Temperature dependence of magnetothermopdger
Lag 755t ,MnO;. Inset (b): Ry against m(H=10 kOe} for =S(H)—S(0). Inset: AS vs m? for Lag giSt ,gMNO; (T=315 K)
Lao_35Sr0_15MnO3. and fOI’ L@_75SI’0_25MHO3 (T:347 K)
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manganites the splitting is abséft**The Fermi surface of of n-CdCr,Se,, a spinel that seems to be most similar to the
the x=1/3 lanthanum manganites consists of a large holganthanum manganites among magnetic semiconductors.
cuboid and a small electron spherdid® The general fea- Later the temperature dependenceEgfwas considered, for
tures of the band structure of LgBrsMnO; agree with  example, in Refs. 42—44.

electron-positron annihilatidh and optical reflectiot? ex- In Refs. 45,46 a simplified semiphenomenological ap-

periments. proach was proposed in whidf, is assumed to be linear in
Some models predict that the impurity disordéf or  m?2 so that
electron-phonon interactiéh can produce a pseudogap or

even a true gap & in the electronic spectrum in the para- p=0tex (Eq— Eqm?)/kgT], (4)
magnetic state in the case when at zero temperature the den-
sity of stategDOS) at the Fermi level is high. whereE, andE; are constants. Tokunaga al*’ noted that

The theoret.ical vyorks on the kinetic properties _of _thethe formula(4) may be applied to hopping conductivity al-
CMR manganites aim mainly at reproducing the principalthough the preexponential factor is not of coussg;,. They
features of the experimental-T curves. It turns out that found that the change of resistivity in LgSr;,MnO, agrees

these features can be explained in very different approachege|| with the simple model of hopping conduction with ac-
see Refs. 2—6. In our opinion, the transport properties Ofjyation energy varying am? if m<0.7.

La-Sr manganites studied in this work can be understood in  since the transition from the ferromagnetic to the para-
terms of ph_yS|cs of disorder originally deve!oped for heaV"ymagnetic state results in the changeNi(Eg) and of course
doped semiconductors and amorphous solids, see, e.g., Ref§the radius of the localized staf§, in Eqg. (2) depends on

37-39. If disorder is weak, the Fermi level lies in the regionyagnetization. We assume that in the mangariigss de-
of extended states, so that the conductivity is finiteTat termined bym?.

=0. Increase of disorder—for example, because of increase | close vicinity of T the temperature as well as

of doping—drives the mobility edgeé., which separates the magnetic-field dependence of the conductivity enter mainly

localized and extended states, so that whercrossesEg, through the magnetization. Then we may expect that in an
the MI transition occurs and zero-temperature conductivityinsylator regime

vanishes. In the insulator regime, nonzero conductivity be-

comes possible af#0 and is due to activation to the mo- In p=c,—cym?, (5)
bility edge and/or phonon-assisted hops between localized

states. When activation to the mobility edge dominates, thevherec, ;= const. We shall see that, whatever the nature of
resistivity obeys the simple activation law:p  the conductivity, this equation really holds né&as.
=0, - expEa/ksT) wherekg is the Boltzmann constant, the  In the simplest model of a metal, the normal Hall coeffi-
activation energyE, is determined by the distance betweencient isR,= + (encd ! wheree is the elementary charga,

E. andEg, ando,, is the minimum metallic conductivity. stands for the concentration of the charge carriers, and the
Although the concept of i, is not quite correct in the strict upper (lower) sign refers to holegelectrong. In a heavily
sense of the word, it provides a useful parameter for underdoped manganite there is no splitting of #ygband, so that
standing experimental daf&.Estimates based on a free- the number of empty states is+X (rather thanx) per Mn
electron model of manganites suggest thaf, is of order  site, wherex is the content of divalent ions. Thi&, can be

10° (Q cm) !, see Ref. 5. The nearest-neighbor hoppingroughly estimated a§0.4x 10 %/(1+x)] cm®/C. Surpris-
also leads to a simple activation law but the preexponentiaihgly, this estimation is in qualitative agreement with experi-
factor is now larger tharr, % . If variable range hopping ment of Ref. 9 and with our data although the real shape of

dominates, the resistivity obeys the relation the Fermi surface is not taken into account.
In the insulator regime, the normal Hall coefficient is
p=poexd (To/T)¥=p.exp EYRHT), (2)  negative if the hopping conductivity dominates. If the con-
ductivity is due to activation to the mobility edge, a charge
whereEyR(T) =kgTo T carrier %oves through Mn sites that form (a)I/ppr(?ximately ’
simple cubic lattice andR, has its usual sign.
_ B 3) In a metal, the anomalous Hall coefficient is ordinarily
° keN(Ep)a®’ expressed a8

N(Eg) is DOS atEr, ais the radius of the localized states, Rs=a;p+ayp?, (6)
and g is around 20°

In a ferromagnet, the disorder is caused not only by im-with a, ,=const; the first and second terms on the right-hand
purity atoms and other lattice imperfections but also by magside of Eq.(6) are due to the skew scattering and side-jump
netic fluctuations; therefore the position of the mobility edgeprocess, respectively. It is to be noted that siRgés an even
is determined by the magnetization and spin-correlation function of magnetizatiorR, is a linear function ofm? near
functions and henc&, changes as temperature is changedthe Curie point. As the resistivity is also linearn’, R is a
Kogan and Auslendét calculated the temperature depen-linear function ofp. It follows that neafT the linear depen-
dence ofE, for a narrow-band semiconductor and successdence ofRg on p cannot be interpreted as an evidence for
fully applied the formulas obtained to explain the resistivity skew scattering.
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The anomalous Hall coefficient in ferromagnetic manga- .
nites was recently theoretically studied in Refs. 10, 48. Ac-  ~ 3 ¢*°%
cording to Ref. 48R, and Ry must be of opposite sign. In i
the low-temperature metallic stat@, is small and tends to ks
zero asT—0; in the insulator paramagnetic st&kg is pro- E, 2
portional toT 3. 2
Laynda-Gelleret al1° found that in the hopping conduc- Tg 1
tivity regime Rg can be expressed as E
B
I
o (1—m?)? 0
Re=p) 5 (7
(1+m?)
100 200 300
with p{)) being a constant. Equatiof?) predicts thatRg Temperature (K)
—0 asT—0 andRg=const if m=0, i.e., in the paramag- B
netic state. FIG. 6. Temperature dependence of Hall mobility, . Inset:

In a simple model of a metal, the Seebeck coefficiist ~ 1he curvaturek against7=T/T¢ for LaggsSt.19MnO; (triangles,
proportional to temperature and its typical value is of order9M S_Ca:e’ Lla(f)tg(sro_zd\/lno:;, and Lg755h,2gMNO; (solid and
1 pVIK. In the insulator regime, if the simple activation law open circles, left scaje

holds for the conductivity, the thermopower is given by ) _ .
T and uy~0.3 cnf/(Vs). This means that the main contri-

5 E® bution to the conductivity is given by charge carriers whose
S= i?(kaT +AS|, (8) energy is near the mobility edge. Wh@nhbecomes larger
B

than 200-250 K, the growth of the resistivity is caused by

whereE® is the activation energy for the thermopower angthe reduction of the concentration of charge carriers in ex-
ASis a caonstant of order unity. Obviously the typical value oftended states rather than the decrease of their mobility, which
Sin this case is 19-10° uV/K. If the Fermi level lies at the '€SUlts in a rapid rise of the resistivity. . .

bottom of the conduction band or at the top of the valence Near the Curie point, on the ferromagnetic side, the resis-

band,Sis also some hundredV/K. When VRH dominates tivity is controlled by magnetization as it is evident from Fig.
’ . ) _ . . 2

S« T2 this relation suggests that the DOS is a slowly vary-7 where Inp(H=10 }<Oe2) 1S plotted againsli®. One can see
ing function of energy in the rand&— Er|<E'RH, i.e., the that Eq. (5) holds if m® is less~0.5. It follows that the
asymmetry ofN(E) in this range is weFaR7*496'\5OV;/h.e|'1, the change in resistivity arises due to a change in activation en-
asymmetry is strong, the thermopower must be of the ordef' - Magnetlgatlonn is equal .to Q'7 ar=0.9, i.e., when

+ (kg /€) £(T,/T) ¥ where ¢ weakly depends of;*>%® the the curya_tu-re is maX|m7u3m. Taking !nto accqunt that. at-such
sign depends on what states—with energy higher or Iowe“he resistivity is 1.& 10™ °() cm, which practically coincides
E-—give the main contribution with the theoretical valuer,i,=102Q cm, we may taker

=0.9 (T=280 K) as the lower boundary of the insulator

state.
V. DISCUSSION Thus in La gSh gMnOs, the crossover from metal to
A. Resistivity and normal Hall effect insulator regime occurs in a wide interval from200 to

. . ~280 K.
Before a detailed analysis of the temperature dependence

of the resistivity andR,, it is worth to examine the purely
geometric properties of the-T curves. Let us definer

=T/Tc, p=p(T)/p(T¢), and calculate the curvatuie )

=p"I[1+(p")?]¥? where the prime denotes the derivative
with respect tor. The result is shown in the inset to Fig. 6.
Far below and above the Curie poiktis small and depends
weakly on7 but nearT. the curvature changes rapidly. The
sharp maximum in th&=0.15 curve(triangles, right scale
at 7=~0.9 (T=~210 K) is related with the transition into the
charge ordered phase, which occurs near this tempefature
but the other extrema on the curves, which are not so sharg
relate to magnetic phase transitions only. 8|
Let us consider LggoSty ,dMINO5. Below T=200 K, the
compound behaves as an ordinary bad metal in which charg . , . .
carriers are holes: the resistivity followsTa law, R,>0, the 0,0 0.2 0.4 0.6 0,8
Hall mobility wy=R,/p shown in Fig. 6 is of the order of 2
1 cn?/(Vs) and decreases with increasifigAbove 200—
250 K, however, the mobility practically does not depend on  FIG. 7. Logarithm of resistivity vs the squared magnetization.

2

10 kOe)
I

Inp(H=
&
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FIG. 8. Dependence of activation energy o=T/T. for
Lag goSly2gVINO3 and Lg 7551 -gMNO3 in paramagnetic state.

Let us estimate the activation energy. It is easy to do th
for T=T¢: since the activation regime takes placenat
<0.5, E4(T¢)=0.%gc, Tc=0.054 eV. To evaluatd, in
the paramagnetic regime is more difficult. Ordinary is
evaluated by differentiation of |n with respect toT 1,
which presupposeg, to be constant and henée>0. The

inset in Fig. 6 shows, however, that the curvature is negativ

so that this procedure is inapplicable. We have assumggl
to be equal to the theoretical value of31(2 cm) ! and
calculatedE, as:E, =KkgT In(o,n0). The result is presented
in Fig. 8; one can see that the value®f slowly increases
with 7=T/T¢.

Since the magnetization is equal to zeroTat T, the
activation energy can depend oh only through spin-
correlation functions. Therefore we may assuibg=E,
—E;m?—G with G depending on the correlation functions.
In the simplest approximatiort is proportional to the cor-
relation function of nearest neighbors and thug, repro-
duces the behavior of this function. The temperature depe

dence of E, shown in Fig. 8 indeed resembles theivicinity of the Fermi level. We suppose that there is a narrow

temperature dependence of the nearest-neighbor sp
correlation functiontaken with opposite sigrncalculated by
Caller* for CdCrSe, and by Rachadf for some other
spinels. Thus we may expect that Fig. 8 presents the te

est neighbors in the manganite under study.
Now we turn to the Lg;sSK,9VInO5 single crystal. Its

p-T curve, see Fig. 1, looks like that of an ordinary metal

becausalp/dT>0 at any temperature. However,behaves
as T2 only below 230-240 K and equals tori,
=10 3Q cm at the temperature of 287 Kr£0.84) when
the curvature is maximum. The Hall mobilitFig. 6) is prac-
tically independent of temperature over the interval 230-31

m-
perature dependence of the spin-correlation function of nea

PHYSICAL REVIEW B 69, 104434 (2004
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1,.-1/4 (K-1/4 )

FIG. 9. Dependence of logarithm of resistivity an Y. Inset:
Inp vs T"Y*in temperature interval of 260—350 K.

. however, there is significant scattering of the experimental
is " .
points, so we cannot discuss the growthuqf.

Figure 7 shows that Ed5) holds if m? is less than<=0.5
as in the case of LggSr ,dMNO;. We may infer that both
the manganites are insulators at0.9. This conclusion is
confirmed by Fig. 8 which shows the temperature depen-
dence of the activation energy for {.aSt, ,sMnO; calcu-
Sated in the same way as for §.gSr,gVInO;. One can see
that the curves for both crystals are practically parallel to
each other. It follows that near and aboVg the positive
sign ofdp/dT in Lag 7551 2g9VINO5 results from the tempera-
ture dependence of the spin-correlation functions anubis
an evidence for metallic conductivity.

Lag gsSlh 1sMNn0O3 is an insulator at any temperature. In
Fig. 9 we have plotted Ip versusT~ Y4 In the range from
approximately 20 T Y*=047 K Y% to 80 K (T4
=0.33 K™%, the experimental points are more or less close
to a straight line, which suggests variable range hopping. The
deviations from the straight line can arise because of the

ssential energy dependence of the density of states in close

rﬂeak of DOS neaEr and write the DOS nedEr asN(E)
=N(Eg) + SNPe2HE) where nowN(Eg) denotes DOS out-
side the peak. Expressing the number of states that the peak
contains asN(Eg) W and following the arguments of Refs.
|f§7,39 one can easily show that K@) for the VRH resistiv-

ity must be slightly modified:

p=poexd (To/T)¥4— sW/kgT], 9)

where the effective width of the pea®V is assumed to be
much less tharkgTY*T®% We have obtaineg,, T,, and
oW by fitting the experimental data over the range<ID
0<100 K to Eq. (9): p,=1.3x10 'Qcm, T¥=43 K4,

K signaling the absence of true metallic conductivity. The(sW/kg)=34 K. Let us estimatdN(Eg) by making use of

decrease oR, with increasingT in the range from 100 to

Eq. (3). The radiusa of localized states is unknown. It cannot

250 K, see insefa) in Fig. 2, indicates the appearance of the be, however, less than the Mn-Mn distance because, as we

electron contribution to conductivity and Hall effect.

NearT. the Hall mobility seems to increase and become<rystal.

~0.3 cnf/(Vs). In the vicinity of the Curie temperature,

shall see below], is sensitive to the magnetization of the
So we take a=4 A and obtain N(Ef)
=0.07 states/eV Mn. This value is essentially less than

104434-6
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2 states/eV Mn, which is typical fo(Eg) extracted from In the inset(b) of Fig. 3 we plotR, versusm? taken atH
the specific heat experiments for the manganites that are is 10 kOe; the solid line is the fitting of experimental points
the metallic phase at low temperatufesTherefore in  to Eq.(7). It is seen that the theory of Ref. 10 more or less
Lag gsSfh1gMN0O;, the Fermi level lies in an energy successfully describes the experimentally observed tempera-
pseudogap. This conclusion agrees with the specific-heatire dependence d;.
data collected in Ref. 5.

The variable range hopping is fully consistent with the C. Thermopower
Hall effect data shown in Figs. 6. The Hall mobility, how-
ever, changes its sign at aroumd- 170 K, which indicates
that the activation to the mobility edge competes with VR

We begin with discussing lggsSt 1sMN0O5. The variable
H.range hopping suggestsTad’? dependence of, which con-

The simple estimate shows that far beldw the distance tradicts the experimental curve in Fig. 4. To understand why

112 : :
between the Fermi level and the mobility edge is of order 0.1he T7° law is not obs.ervedvalghough VRH domlr;/at%/s“ the
eV conductivity, let us estimat&y "™ at T=Tynax: KeTo*T

Lag gsSy 19MnO; is controlled by magnetization as in te ~ Fermi level and the mobility edge. At>T;max the energy
=0.20 andx=0.25 manganites, see Fig. 7, and E§).is  interval occupied by the localized states becomes more and

valid until m2=0.4 orT=210 K, i.e., the temperature of the More asymmetrical relative to the Fermi level in the sense

transition to the charge-ordered state. EvefiaR37 K, the ~ that the distance betwedt and the upper boundary of the
highest temperature at which we were able to separate tHBterval is greater thakg—E, which leads to a decrease of
normal Hall effect, uy is significantly less than S NearTc, Ep—E. rises rapidly, so that the Fermi level
0.3 cnf/(Vs), so that the conductivity is dominated by turns outto be near the center of the interval as at I(_)W tem-
VRH and activation to the mobility edge is of minor impor- Peratures. In the paramagnetic state the asymmetry increases
tance not only far below the Curie point but also in the@dain resulting in a decreasing thermopower. The contribu-
vicinity of Te. It is likely that this is true also in the para- tion of charge carriers activated to the mobility edge is per-
magnetic state, at least below the temperature of the transf@PS qf minor importance. If this scenario reflects the reality,
tion between orthorhombic and rhombohedral phases as 1§€ ratioS;max/ Simax Must be close ta/Tomax/ Timax Sub-
evident from the inset to Fig. 9. MottT~¥* law more or ~ SHUNG  Symay=36 uV/IK,  Symau=56 uVIK,  Timax
less satisfactorily fits the experimental points over the range® 124 K, and Ty ax=249 K we obtainSyyax/ Simax= 1.6

of 260—350 K, in which the-T curve is convex downward. andyTomax/ Timax=1.4, S0 that these quantities are indeed
The value of T2* (=53 K*4 in the paramagnetic state is Close to each other. .

somewhat greater than that in the ferromagnetic state The behavior of the thermopower ind.@Sr ,dVinO; and
(=43 KY%. We may infer that the change in resistivignd ~ L8.755%.29MInO; s typical for a bad metal witip-type con-
hence the CMR effetis caused mainly by the changeTy duct|_V|ty at onv temperatgre§|s positive, increases with, _
which in turn is caused by the change of the radius of local2nd is small in value. This agrees completely with the resis-
ized states or/and of that of the DOS. This implies that an tivity and Hall-effect data. However, above-150 K in
electron at a Mn site feels the spin of neighboring Mn ionsL@0.805f.2dMINOz and above~170 K in La, 7551 2Mn0Os,

and hence the radiusof the localized state is not less than the thermopower decreases with increasing temperature,
the Mn-Mn distance. changing sign at around 300 K. Negg, thex=0.25 man-

ganite does not exhibit a maximum 8fthat is usually ob-
served in crystals with a lower content of divalent ions and
AS>0 while in the manganites with lower dopingS is

The anomalous Hall coefficient, see Fig. 3, strongly denegative. These features can be treated as indicating the elec-
pends on temperature in the ferromagnetic state. AGgve  tron contribution to the Seebeck coefficient. Such interpreta-
however, the dependence becomes very weak, which obvijon is consistent with the Hall-effect data for
ously contradicts the conclusion of Ref. 48. Lag 75515 »sMNnO5 analyzed above and qualitatively agrees

The inset(a) in Fig. 3 showsR, versus resistivityp for  with the theoretical calculations, which predict a complex
Lag goSry.20MNO;3 and Lg 7551 .gVINO5 single crystals near band structure of heavily doped manganites.
and belowT. whereRq is a single-valued function of resis- The electron contribution to the thermopower as well as
tivity. One can see two linear parts wiph=2x 10 30 cmas  the Hall effect appears not far from the upper boundary of
a boundary. Since<10~3(Q) cm is characteristic of the me- the metallic state and therefore can be related with the pro-
tallic regime, it is likely that in these crystals, sufficiently cess of localization. This supposition agrees with the fact that
below the Curie point, the anomalous Hall effect is domi-in Lag goSty ,dMINO;3, in which the upper boundary of the me-
nated by skew scattering. Ne@ig the linear dependence of tallic state is~200 K, the maximum of thermopower lies at
Rs on p (and alsoR, since the Hall mobility is independent 150 K while in La, 755K, ,aMn0O3, in which the metallic state
on T) seemingly means that the temperature dependence edinges up to~230 K, Sis maximum at 170 K.
p, Ry, andRy is determined by the change of the number of  Above the Curie temperature, the activation energy shown
charge carriers in extended states. in Fig. 8 is 0.05-0.1 eV. If Eq(8) were fulfilled, the ther-

In Lag g5S1h 19MNO; the anomalous Hall coefficient is not mopower would be of the order of 500—10pW/K, which
a single-valued function g# even in the ferromagnetic state. contradicts the experiment. It seems that the Seebeck coeffi-

B. Anomalous Hall effect
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cient is determined by various groups of charge carries; theetic field, the activation energy depends on temperature
formation of polarons also may be essential. Unfortunatelythrough spin-correlation functions.

the strong dependence of all quantities on the magnetization In Lag gsSty 1gMNnO3, the Fermi level is in the pseudogap
and the spin-correlation functiongnd hence on tempera- and there is a narrow peak of the density of states Bear
ture) does not allow us to separate the contributions of theThe variable range hopping dominates the conductivity in

holes and electrons to the thermopower. this manganite, but nedli; the holes activated to the mobil-
ity edge are also detected. The radius of a localized state is
VI. CONCLUSIONS not less than th&In-Mn distance.

) The single crystals of LgSrHgMnO3  and
Near and above the Curie temperature,where the coloss@‘g‘0 -:S1, 2MNO; behave as a bad metals belew200 K and
magnetoresistance is observed, the crystals studied are in the,3q K respectively. Above these temperatures, the change
insulator state although the derivalp/dT can be positive. j, registivity is determined by the change in the number of
In the vicinity of T, the hopping conductivity dominates in charge carriers in extended states. The metal-insulator tran-
Lag gs510.19MNO;  while in L&geSh20MNOs  and  jtion takes place in a wide temperature interval below the
Lag.7551.9MNO; holes activated to the mobility edge pre- cyyrie temperature. Near the upper boundary of the metallic
vail. As the conductivity in manganites with different level of gia1e  the electron contribution to kinetic coefficients appears

doping differs in nature_, the universal explanation for theindicating a complex band structure of these manganites.
CMR effect cannot be given.

Just belowT. the change of resistivity arises from a
change of the activation energy, which is lineamA. Con- ACKNOWLEDGMENTS
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consists in the change of activation energy under application The work was supported by RFBR Grants No. 00-02-
of a magnetic field. In the paramagnetic state, in zero magt7544 and 00-15-96745.

Y. Tokura and Y. Tomioka, J. Magn. Magn. Mat&00, 1 (1999.  °V. Markovich, E. Rozenberg, A.l. Shames, G. Gorodetsky, I. Fita,

2J.M.D. Coey, M. Viret, and S. von Molnar, Adv. Phy48, 167 K. Suzuki, R. Puzniak, D.A. Shulyatev, and Ya.M. Mukovskii,
(1999. Phys. Rev. B65, 144402(2002.

3E. Dagotto, T. Hotta, and A. Moreo, Phys. R&a4, 1 (2001). 25 E. Lofland, S.M. Bhagat, K. Ghosh, R.L. Greene, S. Karaba-

4E.L. Nagaev, Phys. Rep46, 387 (2001). shev, D.A. Shulyatev, A.A. Arsenov, and Y. Mukovskii, Phys.

5M.S. Salamon and M. Jaime, Rev. Mod. Phy8, 583 (2007). Rev. B56, 13705(1997.

6D.M. Edwards, Adv. Phys51, 1259(2002. 21, Seeger, P. Lunkenheimer, J. Hemberger, A.A. Mukhin, V.Yu.

"A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and Ivanov, A.M. Balbashov, and A. Loidl, J. Phys.: Condens. Matter
Y. Tokura, Phys. Rev. B1, 14103(1995. 11, 3273(1999.

8Y. Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev5B, 12190  22F. J. Blatt, P. A. Schroeder, C. L. Foiles, D. Grelgermoelectric
(1997. Power of MetalgPlenum Press, New York, 19Y7.6

9A. Asamitsu and Y. Tokura, Phys. Rev.3B, 47 (1998. 23H. Kawano, R. Kajimoto, and H. Yoshizawa, Phys. Rev5®

10y, Lyanda-Geller, S.H. Chun, M.B. Salamon, P.M. Goldbart, P.D. R14709(1996.
Han, Y. Tomioka, A. Asamitsu, and Y. Tokura, Phys. Re\63 24\W.E. Pickett and D.J. Singh, Phys. Rev5B, 1146(1996.

184426(2001). 25| Solovyev, N. Hamada, and K. Terakura, Phys. Re6:387158
1A, Asamitsu, Y. Moritomo, and Y. Tokura, Phys. Rev. &3, (1996.

R2952(1996. 26N.N. Loshkareva, Y.P. Sukhorukov, E.V. Mostovshchikova, L.V.
123.-S. Zhou, J.B. Goodenough, A. Asamitsu, and Y. Tokura, Phys. Nomerovannaya, A.A. Makhnev, S.V. Naumov, E.A. Ganshina,

Rev. Lett.79, 3234(1997. |.K. Rodin, A.S. Moskvin, and A.M. Balbashov, JET#, 350

133, Uhlenbruch, B. Buchner, R. Gross, A. Freimuth, A. Maria de  (2002.
Leon Guevara, and A. Revcolevschi, Phys. Rev6B R5571  27M. Korotin, T. Fujiwara, and V. Anisimov, Phys. Rev.®, 5696

(1997). (2000.

YE.A. Neifeld, V.E. Arkhipov, N.A. Tumalevich, and Ya.M. Muk- 2®W.E. Pickett and D.J. Singh, J. Magn. Magn. Matkr2, 237
ovskii, JETP Lett.74, 556 (20017). (1997.

15p, Shulyatev, S. Karabashev, A. Arsenov, and Ya. Mukovskii, J2DA. Papaconstantopoulos and W.E. Pickett, Phys. Re&7B
Cryst. Growth198199 511 (1999. 12751(1998.

16C. M. Hurd, Hall Effect in Metals and AlloygPlenum Press, New SCE.A. Livesay, R.N. West, S.B. Dugdale, G. Sant, and T. Jarlborg,
York, 1972. J. Phys.: Condens. Mattéd, L279 (1999.

17| K. Kikoin, Zh. Eksp. Teor. Fiz10, 1242(1940. 317. Fang, L.V. Solovyev, and K. Terakura, Phys. Rev. L&,

18N.P. Grazhdankina, L.A. Matyushenko, and Yu.S. Berseneyv, Fiz. 3169(2000.
Tverd. Tela(Leningrad 10, 670 (1968 [Sov. Phys. Solid State 323 E. Medvedeva, V.I. Anisimov, O.N. Mryasov, and A.J. Freeman,
10, 527(1968. J. Phys.: Condens. Matté#d, 4533(2002.

104434-8



ELECTRONIC TRANSPORT IN FERROMAGNETIC . ..

PHYSICAL REVIEW B9, 104434 (2004

33L.V. Nomerovannaya, A.A. Makhnev, and A.Yu. Rumyantsev, “*Qiming Li, Jun Zang, A.R. Bishop, and S.M. Soukolis, Phys. Rev.

Phys. Met. Metallogr89, 258 (2000.
34M. Auslender and E. Kogan, Eur. Phys. J1B, 525 (2001).
35M. Auslender and E. Kogan, Phys. Rev.6B, 012408(2002.
36A.C.M. Green, Phys. Rev. B3, 205110(2001).
S’N. F. Mott and E. A. Davis,Electronic Processes in Non-
crystalline Solids2nd ed.(Clarendon Press, Oxford, 1979
383. M. Ziman,Models of Disorder(Cambridge University Press,
Cambridge, 1979

39B. 1. Shklovskii and A. L. EfrosElectronic Properties of Doped
Semiconductor$Nauka, Moscow, 1979/ Springer-Verlag, New
York, 1984.

“Op A. Lee and T.V. Ramakrishnan, Rev. Mod. Phgg, 287
(1985.

41E M. Kogan and M.I. Auslender, Phys. Status SolidlL&7, 613
(1988.

42R. Allub and B. Alascio, Solid State Commu®9, 613 (1996.

B 56, 4541(1997.

44E. Kogan, M. Auslender, and M. Kaveh, Eur. Phys. J9,B373
(1999.

“>N.G. Bebenin and V.V. Ustinov, J. Phys.: Condens. Mati@r
6301 (1998.

46N.G. Bebenin and V.V. Ustinov, J. Magn. Magn. Matk96-197
451 (1999.

4TM. Tokunaga, N. Miuri, Y. Moritomo, and Y. Tokura, Phys. Rev.
B 59, 11151(1999.

“83. Ye, Y.B. Kim, A.J. Millis, B.I. Shraiman, P. Majumdar, and Z.
Tesanovic, Phys. Rev. Le@#®3, 3737(1999.

49].p. Zvyagin, Phys. Status Solidi B8, 443 (1973.

%0|.p. Zvyagin, Sov. Phys. Semicont2, 606 (1978.

SIE. Callen, Phys. Rev. LetR0, 1045(1968.

52p. Rachadi, M. Hamedoun, and D.EI. Allam, Physic2B, 160
(1996.

104434-9



