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Abstract 

Magnetotransport and magnetic properties of the system La,, ,M,,.TCa,, a~MnO, (M=Er. Yb. Bi) have been investigated. The behavior 
of the three samples varies much more than might ,be. expected on the basis of the similarity in ionic radii of M'+ ions and a small 
quantity of the substitution. A strong co~-relation is found between magnetization data, FMR and transport behavior. These results are 
discus~d in terms of minor variations in Iz/tice properties and differences in chemical properties, such as ionic radii and electronegativity, 
which influence ~he exchange mechanisms. The Bi containing compound is particularly interesting from an applications stand point, as it 
shows a sharp transition at around 265 K. © 1997 Elsevier Science S.A. 
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1. lntroductio:n 

Recently, there has been extensive activity to investigate 
and understaml the large magnetoresistance effect in 
polycrystalline mangan-.se based perovskite oxides [1-4]. 
It is known that LaMnO 3 is an antiferromagnetic insulator 
and that it mmsforms to a metallic ferromagnet as a 
function of suibstitution at lanthanum sites by divalent 
alkali ions, such as Ca 2+ or Sr 2+. Doped charge carriers 
(e.g., holes) mediate the ferromagnetic interaction between 
localized spins through the double exchange mechanism 
[5-8]. The ferromagnetic Curie temperature is related to 
the strength of  the exchange integral between Mn 3+'4+ 
ions and this influences the electronic conductivity, in the 
ABO 3 perovskites, crystallographic distortion is introduced 
by substitution of different sized ions at the A sites. The 
degree of distortion is expressed in terms of the tolerance 
factor, t, defined as t=(RA+Ro)l 'vr2(Ra +Ro)),  where R A, 
R a and R o are ionic radii of  A, B and oxygen ions 
respectively. Such distortion may result in the simulta- 
neous presence of canted ferromagnetic and antiferro- 
magnetic spin structures and is believed to be the principal 
mechanism responsible for the giant magnetoresistance 
(GMR) effect ~n such perovskite oxides [9-121. It follows 
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that in such a system a clear relationship between mag- 
netic, electronic and structural properties should be ex- 
pected. A typical example of  such a manifestation is 
Lao.6Yo.oTCao.33MnO 3 which exhibits a GMR effect which 
is at least three orders of  magnitude larger than that in 
Lao.67Cao.33MnO 3 [13]. The effect of  a small amount of 
yttrium substituted for La is remarkable. Following along 
this line, we have recently investigated L a - E r - C a - M n - O  
based perovskites with small variations in erbium and 
calcium content to determine the effect of both the lattice 
properties as well as the change in Mn 3÷/Mn 4+ ratio [14]. 
In a continuation of this work, we report here the magneto- 
resistance and magnetic properties of  the system 
Lao.6Mo.oTCao.~3MnO 3 with M=Er ,  Yb and Bi. ionic radii 
of  Er 3÷, Yb 3+ and Bi 3+ as given by Shannon and Prewitt 
[15] are !.00, 0.985 and i . l i  A, respectively, as compared 
to 1.32 ,A for La 3+, and this provides a systematic meihod 
for investigating the effects of A site substitutions. 

2. Experimentai  methods 

Samples of Lao.6Mo.07Cao.33MnO 3 with M = Er, Yb and 
Bi were prepared by mixing the required amount of either 
oxides or carbonates of the different constituent elements 
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and heating very slowly up to 1225 K and holding at that 
temperature for a period of 6 h. The decomposed powder 
was again mixed and was pelletized and the pellet was 
heated to !725 K for 6 h in air and then cooled slowly to 
room temperature. These three samples with substitution of 
Er, Yb and Bi will be referred to in the text as samples E, 
Y and B, respectively. 

The X-ray diffraction patterns were recorded with a 
Siemens D-~00 scanning :liffractometer using Cu-Ka 
radiation. The electrical resistivity and magnetoresistivity 
were measured as a function of temperature between 4.2 
and 300 K and in applied magnetic fields up to 5.0 Tesla. 
Temperature dependent magnetization measurements were 
performed between 4.2 and 330 K using a conventional 
d.c. SQUID (Superconducting Quantum Interference De- 
vice) magnetometer in an applied field of 1.0 Tesla. 

Ferromagnetic resonance (FMR) studies have been done 
on rectangular samples with approximate dimensions of 
2.0× 1.0×0.4 mm at a frequency of 9.1 GHz using a 
Varian Associates EPR spectrometer over the temperature 
range 77 to 298 K. The samples were mounted at the 
center of a rectangular TE waveguide and FMR spectra 
were recorded for two different geometries; with the 
applied field parallel and perpendicular to the long axis of 
the sample. 
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Fig. I. Zero field resistivity as a function of temperature for samples (a) 
E. (b) Y and (c) B. 

3. Results 

X-Ray diffraction results show that all three samples are 
of the single phase pemvskite structure. Table ! gives the 
composition, measured lattice parameter, average ionic 
radius at the A site and the tolerance factor, t, for these 
three samples. The lattice parameter is the largest for 
,sample Y and goes in the order Y > E > B .  On the contrary, 
the ionic radius of Bi 3+ is the largest and the ionic radii of 
the 3 +  ions have the order B > E > Y .  The size of Bi ~+ 
may vary depending upon the degree of 6s 2 lone pair 
character. When the Bi 3+ ion resides in a high symmetry 
site its size is smaller than La ~+, while for a higher degree 
of lone pair character, its size is larger than La 3+ [16]. 
Another possible reason for this discrepancy could be 
variations in the Yb and Bi valence states. It is known that 
Yb and Bi can also exist in 2 +  and 5 +  states, respective- 
ly, with ionic radii of 1.14 and 0.85 h,. 

Fig. 1 shows the plot of zero field resistivity as a 
function of temperature for the three samples. All the 

Table I 
Measured lattice parameters, a, of the elementary pemvskite cell. average 
ionic radii of the A site atoms, <r^>, and calculated tolerance factors, t, 
of the samples studied in this work 

sample composition a (A) <r^> (~t) t 

E Lao t, Ero o~Cao ,MnO ~ 3.8504 1.1356 0.9480 
Y La,.bYbo oTCao.,MnO ~ 3.8526 1.1342 0.9474 
B Lao 6Bio oTCao .~;MnO ~ 3.8415 1.1433 0.9518 

samples exhibit a maxima above which semiconductor-like 
behavior is observed, while below this temperature, posi- 
tive OplOT is seen. The sample B exhibits the highest 
transition temperature at around 260 K. Compared to the 
behavior of the other samples studied here, the transition in 
sample B is also remarkably sharp. The transition tempera- 
tures for samples E and Y and their behavior above the 
transition temperature are essentially similar. However, the 
behaviors of the three samples below the transition are 
somewhat different and this correlates well with their 
magnetic data, as discussed later in the text. The resistivity 
as a function of temperature for sample Y in different 
applied fields up to 5.0 Tesla is illustrated in Fig. 2. This 
shows a shift in the maxima to higher temperatures as the 
field increases, indicating a spin dependent mechanism 
responsible for these effects. This behavior is consistent 
with that typically seen in related GMR perovskites [14]. 
Fig. 3 shows a plot of Ap/p= [p(B)-p(B=O)] /p(B=O) as 
a function of the applied magnetic field for the three 
samples where p(B) and p(B=O) are the in-field and zero 
field resistivities, respectively. The magnetoresistivity ratio 
(MR) is defined to be [p(B=5 T ) - p ( B = O ) ] / p ( B = O )  
where p(B = 5 T) is the resistivity in an applied field of 5.0 
Tesla. Values of the MR at 4.2 K are shown in Table 2. The 
table also gives resistivity values measured at 4.2 K and 
values of the transition temperature, To, as determined by 
the maximum in the zero field resistivity. While the MR for 
sample Y is around 85%, sample B shows a MR of only 
about 35%. It is of relevance to point out that sample B 
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Fig. 2. Resistivity ;[1-% a function of temperature for different field values 
for the sample Y. Curves with decreasing peak height correspond to 
applied fields of 0, 0.5, 1.0, 2.0. and 5.0 Tesla. respectively. 
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exhibits a resi~stivity (at 4.2 K) at least one order of 
magnitude smaller than sample E and Y (see Fig. I and 
Table 2). The large scatter in the magnetoresistivity data 
for the B sample is possibly due to this smaller resistivity 
value. Plots o f  magnetization as a function o f  temperature 
in a field o f  1 Tesla are shown in Fig. 4. Table 2 gives 
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Fig. 4. Temperature dependence of magnetization in a field of 1.0 Tesla 
for samples (a) E, (b) Y and (c) B. 

values o f  the saturation magnetization at 4.2 K and the 
transition temperature as obtained f rom the magnetization 
curve. These temperatures are in good  agreement  with the 
values obtained from the resistivity studies. Samples  E and 
B exhibit  typical ferromagnetic  behavior  with a sharp 
transition to the paramagnetic state while sample Y ex-  
hibits more complex magnetic behavior.  

The FMR spectra for the three samples in both parallel 
and perpendicular  configurations at 298 K are shown in 
Fig. 5. The temperature dependence  o f  the F M R  spectra 
for sample Lao.~ErooTCao.33MnO 3 is shown in Fig. 6. At  
room temperature,  a single resonance is observed.  With 
decreasing temperature the resonance field, B,, decreases.  
The peak-to-peak iinewidth, ~[Bpp, is more or less constant  
above T c, but be low T c there is considerable broadening o f  
the line, presumably due to the presence o f  the anisotropy 
field. Also just  below To, two resonance peaks are clearly 
seen; one at higher ( > 0 . 2 5  Tesla) and the other  at lower  

Table 2 
Relevant magnetic and transport characteristics of different samples 

Sample MR (4.2 K) p(4.2 K) (D, cm) M (4.2 K) T,. (K) T~ (K) 
from p(T) from M(T) 

E 0.84 2A× 10 .2 102 185 175 
Y 0.82 3.5 x 10 -~ 20•28 185 175 
B 0.35 7.6x I0 -4 100 260 265 

Zero field cooled and field cooled values of the magnetization are shown for sample Y. 
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Fig. 5. Ferromagnetic re.~anance (FMR) spectra recorded in the parallel 
and perpendicular geometries at 298 K for .samples (a) E, (b) Y and (c) B. 

(<0.25 Tesla) field. At even lower temperatures the two 
resonances seem to overlap giving a very broad asymmet- 
ric resonance. The low field resonance for sample B is 
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Fig. 6. Ferromagnetic resonance (FMR) spectra recorded in the parallel 
and perpendicular geometries for sample E at different temperatures; (a) 
298 K, (b) 273 K, (c) 223 K, (d) 173 K, (e) 148 K and (f) 123 K. 

much weaker than the high field resonance. The difference 
in the resonance field between the parallel and perpen- 
dicular field configurations is due to the presence of a 
demagnetizing field in the samples. Even above T c, (above 
the maxima in the resistivity plot) a small shift is observed 
in the value of B, when the sample is changed from the 
parallel to the perpendicular configuration. This may be 
due to the presence of short range spin ordering above To. 
A similar observation was made by Srivastava et al. [17]. 
This is also supported by the magnetization curves mea- 
sured as a function of temperature which show a tail and a 
small amount of magnetization even above T c. The room 
temperature spectra were used to calculate the ~,-values for 
the samples. For parallel and perpendicular resonance, 
Kittel's equation is modified as [18,19] 

(~)2=(HII + H~.)(HI, + H=. + 4~rM) (1) 

( - ~ )  =(H~ + H~,-47rM),  (2) 

where Bl] is the resonance field when the magnetic field is 
applied parallel to the plane of the sample, B .  is the 
resonance field when magnetic field is applied perpen- 
dicular to the plane of the strip, Ba, is the anisotropy field, 
to is the angular microwave frequency, 7 is the gyromag- 
netic ratio and M is the magnetization at a field of 
I/2(Bll + B  l ). 

The above equations along with the calculated g-values 
were used for calculation of  the anisotropy field of the 
samples at different temperatures. The error in the mea- 
surements are of the order of - 1 mT. The values of B, and 
ABpp both in parallel and perpendicular configurations, as 
well as B~. for the Er, Yb and Bi doped samples are given 
in Table 3. 

A large change in B, and magnetization values is 
obvious near the transition temperature. Since the roles of 
the demagnetizing field and the anisotropy fields in the 
partially magnetized systems cannot be properly accounted 
for, there is a considerable amount of uncertainty in the 
application of Kittel's resonance condition. However, its 
application has been demonstrated for manganites [20] and 
other non-saturating systems [18]. 

4 .  D i s c u s s i o n  a n d  c o n c l u s i o n s  

it is interesting to see a strong correlation between 
magnetic transitions and the transitions seen in the electri- 
cal resistivity data for all three samples. In all three cases 
the maxima in the resistivity is observed near the tempera- 
ture where the samples undergo a transition from the 
magnetically ordered to the paramagnetic state. Such a 
close resemblance of  the electron transport data with the 
magnetic properties indicates that magnetic spins and their 
interaction play a crucial role in determining the magneto- 
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Table 3 
Values of ABrr. B and B,, measnned using FMR techniques 

Sample g-value TIK) &Br~ (n~.'l') B, troT) B, (roT) 

II ± II ~- 

E 1,8, 298 52 54 344 347 
273 50 50 339 343 
223 4() 40 330 340 
173 46 52 327 352 
148 88 150 ~ 336 427 ~ 

138 140 157 210 
123 282 220 2!9" 290 ~ 

Y 1.88 298 64 64 344 348 
223 42 42 333 341 
173 4-1 50 326 351 
138 68 324 - 

102 104 175 232 
123 244 222 208 h 311" 

B 1.93 298 24 24 328 336 
273 38 36 323 358 
248 100 80 212 360 

26 64 93 140 
223 204 210 208" 275" 

14.0 
15.1 

_ 

1 7 3 . 0  

105.2 

13.0 
14.4 

1 5 5 . 0  

107.5 

2.5 
78.2 
228.6 
107.2 

Approximate ~ alu.es. 
Two overlapping resonances. 

transport behav:ior. The spin dependent mechanism, which 
is a function of the Mn 3÷ I M n  4÷ ratio and their interaction 
via the oxygen 2p electrons, strongly depends upon the 
lattice distortion, which in turn is very sensitive to 
substitutions at P:he ianthanide site [ 1,2]. Antiferromagnetic 
coupling between Mn 3÷ ions in the parent LaMnO 3 
compound is modified in compounds with A-site substitu- 
tions to a layered spin structure with antiferromagnetic 
coupling between adjacent layers and ferromagnetic order 
within layers I191. Therefore, in these systems there is 
competition between double exchange ferromagnetism and 
superexchange antiferromagnetism, which may result in a 
canted antiferromagnetic structure [9,12]. 

The strength of the ferromagnetic and antiferromagnet;~c 
interactions is determined by the overlap of the d orbitals 
directly or indirectly through the oxygen p orbital, and this 
is very sensitive to interatomic distances and bond angles 
[61. Therefore, very small lattice distortions or changes in 
the lattice panltmeter can give rise to combinations of 
magnetic sublattices determined by different M n - M n  
distances and different M n - O - M n  bond angles. There 
have been several reports in the literature where the 
coexistence of antiferromagnetic and ferromagnetic lattices 
in these materials has been demonstrated through neutron 
diffraction and other techniques [9,10]. For instance, 
Radaelli et zll. [10] have shown that the system 
Lao.~CaosMnO~ is a paramagnetic insulator at room 
temperature which, upon cooling, becomes ferromagnetic 
at 225 K and antiferromagnetic at 155 K. The plot of 
magnetization ~m a function of temperature for sample Y, as 
shown in Fig. 4, can be attributed to such mixed magnetic 
behavior. For this sample the transition at around 180 K is 
clearly due to the ferromagnetic to paramagnetic transition. 

The abrupt change in the slope of the magnetization curve 
as well as the change in the irreversible nature of the data 
at about 115 K is most likely due to a transition from a 
canted antiferromagnetic structure at lower temperatures to 
ferromagnetic ordering. The sharp transition seen in both 
the zero field resistivity and the magnetization data for 
sample B may be attributed to the existence of only 
ferromagnetic interactions in this system. In the perovskite 
lattice, the substitution of a small quantity of atoms with a 
different ionic radius at the lanthanide site influences the 
M n - O - M n  angles much more than the M n - O - M n  dis- 
tances in the MnO 6 octahedra, and such subtle changes are 
known to affect the magnetic and electronic properties 
remarkably through the modifications of the exchange 
coupling as suggested earlier [21,22]. When the M n - O -  
Mn distances are larger than about 3.8 A and the distortion 
of the lattice is minimal, only ferromagnetic order can 
exist. However, when there is some distortion in the lattice, 
some of these M n - O - M n  bond angles may deviate 
considerably from 180 ° giving rise to a (canted) anti- 
ferromagnetic interaction. This canted antiferromagnetism 
can, in some cases, be driven to ferromagnetism through 
the spin flip mechanism by (for example) the application of 
a magnetic field. 

The present FMR results strongly support the above 
conclusions concerning the magnetotransport and magnetic 
properties. Near ambient temperature a single resonance 
with a g-value between 1.86 and 1.93 is observed. The 
magnetic ions are Mn 3+ and Mn 4+ which are in 3d ~ and 
3d 3 states, respectively. At room temperature there is no 
magnetic interaction. However, hopping between these 
ions would still occur. If the hopping frequency is greater 
than the Larmor frequency, it may lead to a single 
resonance corresponding to some average field value. At 
lower temperatures however, due to magnetic interactions, 
the results are very different. Two well seperated broad 
resonances are observed. These two resonances below T, 
may be attributed to ( l ) Mn ions participating in ferromag- 
netic interactions and (2) Mn ions responsible for canted 
antiferromagnetism wh']ch can be driven to ferromagnetic 
interactions by the application of an applied magnetic field. 
The low field resonaace seems to result from canted 
antiferromagnetic coupling while the higher field reso- 
nance presumably represents the ferromagnetic coupling. 
The low field resonance is very weak in sample B 
supporting our observation of mainly ferromagnetic inter- 
actions in this sample. 

For sample Y, a reduction in magnetization is observed 
as well as irreversibility below about 115 K between zero 
field cooled and field cooled magnetization values. Re- 
duced magnetization values and irreversibility are typical 
characteristics of spin glass behavior. Recently, the system 
Pru.7Cao.3MnO3 has been reported to exhibit similar 
behavior, and irreversibility was observed below around 80 
K between zero field cooled and field cooled magnetization 
values, this has been attributed to the existence of a spin 



D. Bahadur et al. I Jounlal of  Alloys and Compounds 256 (1997) 76-81 81 

glass-like state [9]. These authors have also observed an 
excellent correlation between the transitions seen in resis- 
tivity measurements and changes in the spin structure as 
observed by neutron diffraction experiments [91. 

Sample E exhibits the maximum MR ratio of 84%, 
whereas sample B exhibits the minimum MR. On the other 
hand, the transition temperature for sample B is maximum. 
The following comments can be made concerning this 
behavior. It is known that spin dependem scattering is the 
physical origin of the GMR effect. The MR ratio and the 
temperature where the maximum GMR effect is observed 
seem to be controlled by the distortion or bending of the 
M n - O - M n  bond through modifications of the exchange 
coupling [21,221. This in turn will have a strong influence 
on the magnetic interactions. GMR effects in muitilayers 
and heterogeneous alloys (superparamagnetic precipitate in 
a nonmagnetic metallic matrix) have been ascribed to spin 
dependent scattering near the interface between the fer- 
romagnetic and nonmagnetic phases [12,231. In the man- 
ganese based perovskite oxides studied here this effect 
could be due to scattering at the interfaces between 
antiferromagnetic and ferromagnetic domains and the MR 
ratio may depend on the concentration of such interfaces. 
From the magnetization data, it has been seen that anti- 
ferromagnetic interactions are nonexistent in sample B. 
This may explain the small value for the MR observed for 
this sample. Another significant result for this sample is its 
transition near 260 K compared to much lower transition 
temperatures for other samples with the same nominal 
composition and with yttrium, erbium and ytterbium 
substitutions. This transition (which corresponds to the 
ferromagnetic to paramagnetic transition) strongly depends 
upon the strength of the magnetic interaction Mn ~÷-O z - -  
Mn 4÷ and hence on M n - O - M n  distance and bond angle. 
The M n - O - M n  distance and angle in these perovskite 
structures is a strong function of the tolerance factor. As 
the tolerance factor decreases the structure becomes more 
distorted and the MnO 6 octahedra tilt and rotate in order to 
fill the available space around the rare earth ion, resultiag 
in a smaller M n - O - M n  bond angle 12 ! i- Among the three 
samples given in Table I, sample B has the highest 
tolerance factor. Therefore, the M n - O - M n  bond angle has 
the smallest deviation from 180 °, this supports the as- 
sumption of enhanced magnetic interactions. Another 
noteworthy difference between Bi and the other A site 
substitutions lies in the value of the electronegativity (EN). 
The EN for Bi is 2.02 compared to La (i .08),  Yb (I.1), Er 
(! .24)  and Y (1.22). The strong electron attracting power 
of Bi provides support to our conjecture of an enhanced 
interaction. Also, the lower resistivity of sample B can be 
explained on the basis of the higher electronegativity of Bi 
and the manner in which this influences the band structure 
[16]. High transition temperatures, between 260 and 300 
K, have been reported for (La,Bi~_,)o.sCao.sMnO3 com- 
pounds and the variation in these values has been attribu- 

ted to differences in the tolerance factor [24]. The transi- 
tion observed for the present sample B (260 K) lies within 
the above range. The present observat:.ons as well as 
previous reports [24] indicate that samples with sharp, well 
defined GMR peaks in the neighborhood of ambient 
temperature are possible and this is of particular relevance 
from an applications point of view. 
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