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Transport properties of mixed-valence manganites of the typg/{L®&,)Ca sMnO; whereR=Ho (mag-
netic and Y (nonmagnetichave been investigated above the ferromagnetic transition tempera@ijrelt(is
interesting to see that the Ho-doped compounds have less resistivity compared to the Y-doped compounds,
although Ho and Y ions have almost the same ionic radii and hence lattice strain effect would be the same in
both the cases. The internal magnetic field of Iﬁ@&: 10.5ug) is found to be responsible for this decrease
in resistivity in Ho-doped compounds. Coupling of Ho magnetic moment to that of Mn has been confirmed by
magnetization measurements. The resistivity data afigvét well to the magnetic localization model pro-
posed by Viretet al. [Phys. Rev. B55, 8067 (1997); Phys. Rev. Lett75, 3910(1995] and the localization
lengths thus obtained are reasonable. The localization lengths of the Ho-doped compounds are greater than that
of Y-doped compounds of the same composition indicating that the coupling of the Ho moment with that of the
Mn moments is responsible for this effect.
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Hole-doped manganese perovskites of the typer-doped compounds indicating an increase in the net mag-
La; ,CaMnO; (Refs. 1 and 2exhibit colossal magnetore- netic moment of the Mn ion and thus a probable coupling of
sistance behavior near the ferromagnetic transition temperghe Ho moment to the Mn moment in the lattice. It has also
ture T .3 This remarkable phenomenon is attributed to thebeen shown quantitatively here in terms of the reduction in
magnetic coupling between Mh and Mrf* ions described the tilt angle between the Mn ions that the magnetic moment
as Zener's double exchange as well as to the strong electronf the Ho ion reduces the resistivity and increases the mag-
phonon coupling arising from the Jahn-Teller splitting of Mn netization in these compounds.
3d levels®=® The principal factors that affect th€&. and Polycrystalline samples of (g R,)Ca sMnO3; where
magnetoresistand®R) and the underlying physical mecha- R=Ho and Y andx=0.05, 0.075, and 0.1 were prepared by
nisms, especially in the Mott-insulator regime are still openthe solid-state reaction method, which involved heating
to discussiot®?° It has also been observed that the stoichiometric quantities of high pure }@;, CaCQ, and
Mn3* -O- Mn** bond angle and the bond lengths play anMnO, at 980 °C and 1200 °C in air, followed by intermittent
important role in controlling the magnetotransport propertieggrindings for 24 h. The compounds were pressed in to bar-
of the manganites as the geometric quantity, the tolerancghaped (X1x8 mn?) pellets and were sintered at
factort, is modified when smaller ions are substituted for La1500 °C for 24 h. Phase purity of the samples were ascer-
to fill the three-dimensional network of MnQoctahedr&®  tained by energy-dispersive analysis by x rég®AX) and
Several discrepancies with regardg and MR have been powder X-ray diffraction. Resistivity was measured using
attributed to grain-boundary effects, lattice strain, oxygen dethe standard linear four-probe method from 300 K down to
ficiency, etc® Substitution of La by other rare earths results 20 K at magnetic fields of 0,74 T and 8 T. Magnetization
in the shift of the resistivity maxima,, to lower tempera- measurements were performed using a Foner magnetometer
tures due to internal pressure as the transfer interaction béer 4.2<T<300 K in applied fields up to 14 T.
tween Mn ions is altered. Powder x-ray diffractograms of the compounds, obtained

In the present work, we have attempted to study the magusing Cu-K, radiations show single phase formation and are
netotransport properties of j.eCa sMnO; (LCMO) type of  as shown in Fig. 1. In all cases the data fitted well to a
compounds by replacing La with two elemeiikso and V) pseudocubic structure with the lattice parameterarying
of nearly the same ionic radii, however, the difference beingrom 7.72 A to 7.69 A asx increases from 0.05 to 0.1.
that Ho is magnetic g.5s=10.4ug) and Y is nonmagnetic. EDAX also revealed excellent homogeneity of the samples
The nearly equal ionic radii (¥=1.018 A; Hoq, and is in good agreement with the nominal starting compo-
=1.015 A) of the two substituted elements negate the effecsitions. For example, the composition as obtained from the
of internal strai® (as the tolerance factdris the same for EDAX results for a nominal composition of
both the casgson the observed magnetic and electric prop-Lag gsY g.05C& 3MNO; IS L&y g5Y 0.0eC 8 aMNg 9dO3-
erties. The most interesting feature of this study is that the A comparison of the resistivities of the Ho- and Y-doped
resistivity of the Ho compounds is lesser than that of the Ycompounds at different magnetic fields is shown in Fig. 2.
compounds for identical compositions. Moreover, magneti-Two batches of the same compounds were synthesized at the
zation measurements show an increase in the saturation maggme sintering temperature (1500 °C) and the resistpity
netization of the Ho-doped compounds compared to thealues seem reproducible up to 2—-3 % of the value. The
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FIG. 2. Resistivity versus temperature plots at magnetic fields of

FIG. 1. X-ray diffraction plots of (Lg;_xR,)CaMnO; (R 0. 4 T, and 8 T for (Lg7-«R)Ca3MnO; (R=Ho,Y) with x
=Ho,Y) with x=0.05, 0.075, and 0.1 that could be indexed to a=0-05 (&), 0.075(b), and 0.1(c). Inset to(b) shows variation in
pseudocubic structure with lattice parametarvarying from  Peak resistivity temperatur&p, with composition and magnetic
7.72 A forx=0.05 to 7.69 A forx=0.1. field.

ion is greater than that of the Y iof,:/Tp of Ho-doped
approximately equal ionic size of the dopants negate the eitompounds of the same concentration should have been
fects of lattice strain in these compounds. The results argreater than that of the Y-doped compourigiice greater
very systematic in terms of the decrease in resistivity of thanass ensures greater electron-phonon coupling and hence
Ho compositions in comparison to that of the Y composi-lower T¢/Tp). However, such differences ific /Ty for the
tions as well as in terms of the shift if:/Tp to low tem-  same concentration of Ho- and Y-doped compounds were
peratures with increase in doping level. These results cannaiot observed. Thus the observed differences in the resistivity
be attributed to the effects such as oxygen stoichiometry agannot be attributed to microstructural effects or to the
well as grain boundaries that have been assumed to be theeight differences between the substituted ions.
same, keeping in mind the identical conditions under which Figure 2a) shows the temperature dependence of resistiv-
the compounds were prepared. The microstructure of thdy for the x=0.05 composition of both Ho- and Y-doped
compounds were compared using a scanning electron micr&-CMO at magnetic fields of 0, 4, and 8 T. It can be clearly
scope. All the compounds were found to have a similar mioticed that the peak resistivity temperatdie at zero field
crostructure. Microstructural effects that purely depend oris nearly the same in both the cagét and V) indicating
the annealing conditions cannot give rise to such systematitat the shift inTp from that of pure LCMO Tp=260 K) is
differences in resistivity between the Ho- and Y-doped comthe same because of the identical ionic radii of Ho antf Y.
pounds. The weight difference between the substituted ion8s there are substantial differences in the magnetic moments
(Ho and Y in this casealso does not play any role in the of the substituted ions, the decrease in resistivity of the Ho-
observed properties of the compounds. This is becausdoped compound could be attributed to the magnetic mo-
weight differences between substituted ions are usually seement (10.45) of the Ho ion.
to effect the Curie temperature as reported by oxygen- Figures 2b) and Zc) show p—T behavior for thex
isotope experiments. In this case since the mass of the Ho =0.075 and 0.1 compositions. Inset to Figc)2shows the
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same for the ¥0.1) composition. It is seen from inset to Fig.

2(b) that in general, the supressionTi is greater for the Y 4.4+ Magnetization at 14T —a— Ho, o,
compounds compared to the Ho compounds. The difference —v—Hog 475
in Tp increases with increase in magnetic field for the 4.0 —4—Hoy,
=0.05 and 0.075 compositions whereas it decreases for th AL, 5 Yoos
0.1 composition. This shows that the presence of a magneti 3.6 R % —v— Y075
field increases the ferromagnetic coupling for the 0.05 U, Yo
and 0.075 compositions whereas for #r0.1 composition, 3.2

the decrease in the difference T with increase in mag-

netic field could be attributed to the presence of competing 28

ferromagnetic and antiferromagnetic interactions that tend tc
give rise to a magnetic frustration thus reducing the ferro-
magnetic coupling as will be confirmed later. It must be
noted here that the effect of smalle@ompared to average
A-site ionic radius in pure LCMDA-site ionic size in de-
creasing the ferromagnetic coupling by reducing the overlap__ T T T T T
between the Mn 8 orbitals is the same. Thus the observed £ R Magnetization at 0.1T
differences in the resistivity of the Ho and Y compounds <
could be attributed to the increase in the net magnetic mo- i5 A a—Ho
ment of the Mn ion in the Ho compounds and hence an= | 4 ey
increase in the ferromagnetic coupling between adjacent Mr 005
ions. The increase in the net magnetic moment has bee 121 |y e
further confirmed by magnetization measurements. 4 ‘\
Figure 3 shows magnetization of the compounds as & 099 \ A\
A
\

La,,,R,Ca, ;MnO,
2.4 R=Ho & Y
x=0.05, 0.075 and 0.1

—8—Hoy g5

0.075

d
-o-
u-u"

function of temperature at fields of 0.1 T and 14 T. A com-
parison of these curves at the two fields shows the absence ¢ 0.6
a clear transition temperature at higher fields. This is becaus
of the presence of magnetic inhomogeneities that order ove 0.3
a wide range of temperature. Also the fact that above 40 K
the magnetizationM of the Ho-doped compounds are such 0.0
that M(HOp g9 <M (Hogg79<M(Hop,) is because
Tc(Hop 09 <Te(Hop 079 <Tc(Hopp). Since magnetization O 50 100 150 200 250
at any temperature is proportional to the number of orderec
moments at that temperature, at any temperature above 40 Temperature (K)
there will be more number of ordered moments in a com- o
pound that has loweF, unless the temperatures are so high F'G- 3. Magnetization ~ versus _ temperature  for
enough so that there is same amount of spin disorder in aiILaO-7*XRX).Ca°-3MnO3 (R=Ho, Y) with x=0.05, 0.075, ?‘”d 0.1at
the compounds. For the=0.05 composition, there is a very magnet!c fl_elds of 14 T and 0.1 T showing increase in saturation
small increase in the magnetization of the Ho compound inmagnetlzatlon for the H_o-doped compoun_ds at low temperatures. It
. . is seen that the magnetic moment per Mn ion for the Ho compounds
comparison to that of the Y cc_)mpound at IO.V\.I fields a”‘?' lo_Wis greater than the free-ion moment indicating a coupling of the Ho
temperatures. However for higher compositions the signifi

. . K ‘moment to the Mn moment.
cant difference between the magnetization values of the Ho

and Y compounds clearly shows a net ferromagnetic coumoment should be 0.075(1Qud) + 3.7ug=4.48ug. These
pling of the Mn moment with that of the rare-earth moment.are approximately the values of the magnetic moments ob-
The fact that even at high magnetic fields4 T) the full  tained from our magnetization datBig. 3), thus confirming
expected saturation magnetization value is reached only wedur hypothesis. This result is remarkable since it provides
below T is because of the lack of a long-range cooperativesvidence for coupling of the magnetic moments of the Ho
ordering phenomena unlike in classical ferromagnets. Theons with that of the Mn ions in the lattice. The increase in
saturation magnetization fox=0.05 and 0.075 of the Y the net magnetic moment of the Mn ion should increase the
compounds is about 3. per Mn ion, which is close to the ferromagnetic coupling between adjacent Mn ions and
expected spin-only moment of Mn. However, for the samethereby the effective electronic bandwidth. This explains the
field and for the same compositions of the Ho-doped samplegecrease in the resistivity of the Ho compositions. The in-
the values are 4,83 and 4.4.5, respectively. The spin-only crease in the net magnetic moment of the Mn-ion can also be
moment of Mn ion in these compourtd$® is 0.7(4ug)  explained in terms of the aspherical screening of the rare-
+0.3(3ug)=3.7ug. If we assume a coupling of the Ho earth(Ho) valence shelt* This aspherical property produces
moment with that of the Mn moment in the case of the Hoa local lattice distortion around the Ho ion that favors a fer-
compositions, then for the 0.05 composition, the net magromagnetic coupling between adjacent Mn ions thus giving
netic moment per Mn ion should be 0.05(10g + 3.7ug rise to a local ferromagnetic cluster. Furthermore, from the
=4.22ug While for the 0.075 composition the net magnetic M versusH curves it is evident that af=4.2 K for the
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FIG. 4. (@) Inp versus 1T, (b) In p versus I (c) In(p/T) versus 1T, and (d) In(p/T*?) versus IT plots for LaygY o 1Cay MnO;
indicating fits of the resistivity data to Arrhenius, 3D VRH, adiabatic polaron, and nonadiabatic polaron models. The linear correlation
coefficientR shown in the figure quantitatively gives the quality of theAitandB values given in each of the figures stand for the intercept
and slope, respectively.

Ho-doped samples in our experiments the saturation magn#therea is the inverse localization length al(E) is the

tization is already reached in a field of 14 T. This is in density of states at the Fermi energy.

contrast to the Dy-doped samples, where saturation was ob- A comparison between the 3D-VRH fits and the polaron

tained only at about 50 ¥ fits is shown in Fig. 4. The nature of the fit was ascertained
In order to understand the transport mechanism in thesom R (linear correlation coefficieptand the standard de-

compounds, the resistivity data was analyzed separately jwation values in each case. It was found that when a constant

the two regimegmetallic and insulating The resistivity data  value  of N(Ep)=4x10°%evn® [N(Ef)1] was

in the insulating regime were fitted to the variable rangeassumed?*'the values of localization length obtained were

hopping (VRH) and the polaron models. There have beenunrealistically small €1 A). It was suggested by Viredt

several contradicting reports about the validity of VRH al.*® that the origin of these unphysically small valuesaof
(Refs. 10—16 and 24or polaronic model$-2°%°in manga- andRiis the presence of a magnetic-localization mechanism

nites. Our fits unequivocally show that Mott's VRH over and above the Anderson localization. Apart from the
mechanisiff is the prevalent mechanism in these com-random potential fluctuations in the Coulomb potential due
pounds and our results corroborate with other grdde  to the A** andB** ions, the g electrons could further be

resistivity data abov@p in all cases fitted well to an equa- trapped by fluctuations in the spin-dependant potential due to
tion of the form local deviations from ferromagnetic order. Based on these

Ua considerations, they found an effective density of states of
pP= P €XP(To/T)™, (1) the order ofNg;=9X 10?%eV n. The localization lengths

which represents a three-dimensional 3D VRH mechanisnvaluated using this value d(E) are shown in Table I and

and the localization lengths in each case were evaluated ufl® values are very reasonable. The value of localiza-
ing the expression tion length obtained on one of our compounds

(LageY0.1Ca aMNOs) is in excellent agreement with the
kgTo=18a%3N(Eg), (2)  value obtained by Sergeenkev al.?’
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TABLE I. Localization lengths calculated using variable range hoppiigH) and magnetic localization
(ML) models at different magnetic fields for LgR,MnO; (R=Ho, Y andx=0.05, 0.075, and 0)lcom-

pounds.

Composition Applied fieldT) Ty (K) Localization length A
VRH? MLP N(Ep)1®  N(Eg)2¢ ML

Ho(0.05 0 9.18x 10’ 0.369 1.337

Ho(0.05 4 3.51x 10 3.05x 10’ 0.509 1.9 1.947

Ho(0.05 8 5.49x 10° 8.66x 10° 0.945 3.016 2.964

Ho(0.075 0 1.06x 10° 0.352 1.437

Ho(0.075 4 6.3x 10’ 6.97x 10 0.419 1.602 1.479

Ho(0.075 8 3.38x 10/ 3.67x 10 0.515 1.953 1.831

Ho(0.1) 0 1.62x 10° 0.305 1.032

Ho(0.1) 4 6.73x< 10 4.27x 10 0.409 1.802 1.741

Ho(0.1) 8 3.19< 10’ 1.82x10° 0.525 2.239 2.311

Y(0.05 0 1.2x10° 0.337 1.239

Y(0.05 4 6.89< 10’ 6.55x 107 0.406 1.54 1.51

Y(0.05 8 2.68x 10 2.53x 10’ 0.557 2.133 2.073

Y(0.079 0 1.14x 10° 0.343 1.322

Y(0.075 4 7.67x 107 5.46x 10 0.392 1.464 1.604

Y(0.075 8 3.59x 10’ 2.56x 10 0.505 1.939 2.064

Y(0.2) 0 1.2x10° 1.396 5.167

Y(0.1) 4 8.95< 10° 9.49x 10° 1.73 6.405 6.194

Y(0.2) 8 8.73x 10° 8.33x 10° 1.744 6.482 6.465

3variable-range-hopping model.
PMagnetic-localization model.
4x 10?9/ eV cn?.

99% 10%%eV cnt.

TABLE II. Comparison of residual-resistivity values obtained experimentally as well as from the theoretical fits. Also seen is a
comparison of the residual resistivity values for the same compound at different magnetic fields and a comparison between similar
compositions of Ho and Y at the same field.

Composition Applied fieldT) po (MQ cm) po (MQ cm) values % change % change
obtained from with respectto O T with respect to Ho at
theoretical fit the same field of Y

Ho(0.05 0 33.0 36.2

Ho(0.05 4 11.2 16.5 66.1

Ho(0.05 8 10.0 7.8 70.5

Ho(0.075 0 67.4 54.3

Ho(0.079 4 41.0 33.0 90.1

Ho(0.075 8 20.0 95.2

Ho(0.2) 0 1510

Ho(0.2) 4 319 414 78.8

Ho(0.1) 8 222 243 85.3

Y (0.05 0 75.7 92.2 94.6

Y (0.05 4 51.0 55.9 34.6 97.2

Y (0.05 8 21.0 24.2 96.6 53.1

Y (0.079 0 861 1089 52.0

Y(0.075 4 102 248 88.1 60.3

Y(0.079 8 63.4 126 92.6 68.7

Y (0.1 0 324018 380111 99.5

Y (0.1 4 125528 129849 61.2 99.7

Y (0.1 8 95558 96987 70.5 99.7
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FIG. 6. Magnetic-localization model fits of the resistivity data
for thex=0.05 and 0.075 compositions.

were obtained from the Brillouin function for the respective
magnetic fields taking=S=3/2 (Mn**) and the localiza-
tion lengths were again calculated as shown in Table I. It is
seen that the values of localization length obtained using the
new value ofN(Eg) and the magnetic-localization model are
in excellent agreement. This clearly shows that abbyvé¢he
electronic states are localized by a random potential, which
is mainly magnetic in origin and conduction is by a 3D-VRH
mechanism between these states. The theoretical fits of the
resistivity data abov@ to the magnetic localization model

compositions of Ho- and Y-doped compounds. The deviation iSg shown in Fig. 6.

greater for the Y-doped compounds indicating spin-glass-like be-
havior. (b) ac-susceptibility curves confirming the above observa-found to fit to an equation of the forh

tion.

It is seen from Table | that, in general, the localization
length values are greater for the Ho compounds compared to

In general, the resistivity data in the metallic regime was

p=po+piT?+p, T4, (4

the Y compounds. However for the 0.1 compositions there isvhich indicates a combination of electron-electron, electron-
a sudden jump in the values for the Y compounds that haphonon and electron-magnon scattering. Table Il shows a
been attributed to a spin-glass-like nature, confirmed byomparison of the residual resistivity values obtained from
field-cooled(FC) and zero-field-coole@ZFC) measurements the experimental curves and the theoretical fits. The values

as shown in Fig. 5.

obtained from the theoretical fits are in excellent agreement

This is the reason why the systematic increase of saturawith those obtained from the experimental curves. It is seen
tion magnetizatiorM ¢ values obtained in the case of 0.05 here that, in general, the values decrease with increase in
and 0.075 Ho doping is not seen in the case of the 0.1-dopafiield for the same composition indicating the presence of

composition of Ho and Y compounds.

In the presence of an applied magnetic field Vieal'°

found the resisitivity to follow an equation of the type

p=p. exp{To[1—(M/M)2)/TH4

the saturation magnetization.

The resistivity data abov€p for magnetic fields of 4 and
8 T were fitted to the above equation usMgM g values that

)

where M =Mgcoség; is the local magnetization anil is

lattice imperfections that are magnetically coupled. How-
ever, the huge percentage changes in the values of the Y
compositions with respect to the Ho compositions at the
same field indicates the relative amount of order that is
brought about in the Ho compositions by the coupling of the
Ho moment with that of the Mn moment in the lattice. Figure
2(c) shows clearly the large difference in the residual resis-
tivity values that is seen in the case of the 0.1 composition.
From these values, the canting angles at the boundaries of
the wave packet were calculatédising the equation
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Po=pmeXH 2U(1—cose)/kbp], (5) netio showed dramatic results. Ho-doped compounds show

less resistivity compared to Y-doped compounds and yield

where p,, is a typical metallic resistivity (18106 large values of localization length compared to the latter.
Qm), Uy=2 eV, 6 is the Debye temperature, anflis Magnetization measurements confirm an increase in the ef-

the canting angle between adjacent wave packets that chg£Clive magnetic moment c;f wn ion in the casexcf 0.05 N
acterize a large magnetic spin polaron. It was seen here th%ﬁd 0.075 compositions of the Ho-doped compounds thus

the canting-angle values were in general small for the Hoowing a coupling of the Ho moments with those of the Mn

o - moments in the lattice. Spin-glass-like behavior was ob-
compounds compared to the Y compounfdsy., it is 24.5 ; . - . X
for Ho(0.1) & 0 T and 29.3° for Y0.1) at 0 T] indicating tained in the case of 0.Ho/Y) compositions. Residual re

I in disord a1 istivity in the f Thi sistivity values show the presence of lattice imperfections
ess spin disorder and less resistivity in the former. This rey, ¢ are magnetically coupled.
sult will be reported elsewhere.
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