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Possible role of phase segregation in the disagreement between the metal-insulator and
ferromagnetic transition temperatures in some colossal magnetoresistance compounds

Hirotoshi Terashita and J. J. Neumeier
Department of Physics, Florida Atlantic University, Boca Raton, Florida 33431-0991

~Received 27 October 2000; revised manuscript received 24 January 2001; published 13 April 2001!

The isovalent substitution of Gd for La in La0.7Ca0.3MnO3 lowers the paramagnetic-ferromagnetic transition
temperatureTc and metal-insulator transition temperatureTMI with a substantial increase in the electrical
resistivity r. Reduction of the ferromagnetic saturation momentM ~5 K! below that expected for complete
ferromagnetic alignment of the Mn magnetic moments occurs andTMI is significantly lower thanTc for x
.0.2. The observations are consistent with the existence of a granular mixture of ferromagnetic/conducting
La-Ca-Mn-O and ferrimagnetic/insulating Gd-Ca-Mn-O. The ionic radius of the substituted rare-earth ion is
found to be an important factor in determining whether or not granular behavior occurs. The results provide
insight into whyTcÞTMI in some colossal magnetoresistance oxides.

DOI: 10.1103/PhysRevB.63.174436 PACS number~s!: 75.30.Vn, 75.50.Pp, 72.80.Ga
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I. INTRODUCTION

The charge, lattice, and magnetic degrees of freedom
the manganese oxides exhibit an unusually strong coup
which leads to a magnetoresistance effect referred to as
lossal magnetoresistance~CMR!.1,2 Recently the occurrenc
of magnetic and electronic phase segregation has beco
topic of intense interest3 in the study of CMR. The observa
tion of real-space ordering of charge in manganese, nic
and copper oxides4,5 and computational studies reve
electronic/magnetic phase segregation in the manganes
ides whereby ferromagnetic and antiferromagnetic regi
coexist or ferromagnetic clusters coexist within a param
netic background in otherwise compositionally homogene
systems.3,6 These results are supported by various exp
ments which display ferromagnetic cluster formation.7–9 The
strong competition between ferromagnetism and other co
isting phases is expected to strongly influence
magnetoresistivity,3 thus the phase segregation scenario p
vides a theoretical view of CMR that is alternative to t
local mean-field approach which neglects cha
inhomogeneity.3

Experiments show that the conduction electron mobi
and ferromagnetic transition temperatureTc are determined
not only by the concentration of conduction electrons,2 but
also by the transfer integral between Mn31 and Mn41 ions
which depends on the Mn-O-Mn bond angle.1,10 The bond
angle can be varied through chemical substitutions1,10 or the
application of high pressure.10–12 In the case of the herein
investigated Gd0.7Ca0.3MnO3 and La0.7Ca0.3MnO3 solid solu-
tions, substitution of the smaller rare-earth Gd ion for
should decrease the Mn-O-Mn bond angle and decreaseTc .
While La0.7Ca0.3MnO3 is the well-known ferromagnetic
CMR material, Gd0.7Ca0.3MnO3 displays a complex mag
netic behavior.13–15 Two ferromagnetic lattices, one assoc
ated with the Gd moments and the other with the Mn m
ments, create a ferrimagnetic state below 80 K~Ref.
13! in Gd0.67Ca0.33MnO3 ~assumed here as identic
to Gd0.7Ca0.3MnO3!. Gd0.67Ca0.33MnO3 is a very poor
conductor13–15with r(40 K)526 GV cm. In typical CMR
0163-1829/2001/63~17!/174436~6!/$20.00 63 1744
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systemsTc agrees with the metal-insulator transition tem
peratureTMI . Our study of (La12xGdx)0.7Ca0.3MnO3 reveals
that Gd substitution for La systematically reducesTc andTMI
and increasesr. At concentrationsx.0.2, Tc is no longer
equal toTMI and the low-temperature ferromagnetic satu
tion moment is decreased from the expected value
3.7mB /Mn ion, wheremB is the Bohr magneton. Our obse
vations suggest a mixture of two independent electro
phases consisting of electrically conducting and ferrom
netic La-Ca-Mn-O with insulating and ferrimagnetic Gd-C
Mn-O and results in physical behavior comparable to tha
granular metals consisting of a metal interspersed with in
lating material. This phase segregation may be related to
electronic phase segregation6 mentioned above, althoug
here the doped electron concentration is expected to be
mogeneous. Our findings, considered with results from
literature, indicate that granular behavior is common in
LaMnO3 system when the ionic radius of the substitut
rare-earth ion is smaller than that of La by 0.1 Å or more

II. EXPERIMENTAL DETAILS

Polycrystalline samples (La12xGdx)0.7Ca0.3MnO3 (0<x
<0.3) were prepared from stoichiometric amounts of hig
purity ~99.99% or higher! La2O3 ~dried at 600 °C!, Gd2O3,
CaCO3, and MnO2 powders. These were mixed for 20 m
followed by reaction for 20 h at 1200 °C. The specime
were reground for 20 min, reacted for 20 h at 1200 °C,
ground for 20 min, reacted for 20 h at 1300 °C. This step w
repeated four additional times, followed by regrinding for
min, pressing into pellets, reaction for 17 h at 1300 °C a
cooling at a rate of 1.5 °C/min for 0<x<0.3 specimens. The
specimens 0.4<x<1 were prepared similarly with a maxi
mum reaction temperature of 1375 °C. Another set
samples in the range 0,x<0.3 were made with two less
grindings, and reaction to maximum temperatures of 13
and 1375 °C; they displayed broader ferromagnetic tra
tions, but were otherwise comparable to the specimens
pared as outlined above. The extra intermediate grindin
rather than reaction temperature, improves the specimen
mogeneity providing sharper magnetic and metal-insula
©2001 The American Physical Society36-1
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transitions. The resistivity was measured during cooling b
four-probe dc technique. The magnetization was measu
with a commercial dc superconducting quantum interfere
device magnetometer; the specimens were cooled in
field and measured as the temperature was increased.

III. RESULTS

A. Structural results

Powder x-ray diffraction showed all specimens are sin
phase. Rietveld refinements of structural data were c
ducted with theGSAS program16 revealing an orthorhombic
perovskite structure with space groupPnma as reported
previously.13 Figure 1 shows the lattice parameters f
(La12xGdx)0.7Ca0.3MnO3 with 0<x<1 at 300 K. Due to the
small ionic size of Gd relative to La and Ca,a, b, and c
decrease slightly as Gd is substituted for La in the regio
<x<0.2. In the region 0.25<x<1, b andc continue to de-
crease whilea increases leading to a more pronounced ort
rhombic distortion.

B. Magnetic properties

Figure 2~a! shows the magnetizationM versus tempera
ture T for (La12xGdx)0.7Ca0.3MnO3 with 0<x<0.3 in a
magnetic field H54 kOe. This magnetic field is larg
enough to saturate the magnetization of La0.7Ca0.3MnO3 at 5
K. The ferromagnetic transition temperatureTc decreases
with x andM (T) belowTc is significantly broader for speci
mens withx>0.2. Considering only the Mn magnetic mo
ments, taking the orbital angular momentumL50, and as-
suming that all spins in unfilled Mn shells ar
ferromagnetically aligned, the total magnetic momentM0 at
T50 K for La0.7Ca0.3MnO3 is estimated asM05gSmB ; in
this relationg52 andS is the average spin on the Mn ion
The ratio Mn31/Mn415 7

3 leads to S51.85 and M0
53.7mB . This value agrees well with observed saturati
momentsM sat ~5 K!, determined from the inflection point in
M (H) below 5 kOe, for 0<x<0.2 displayed in Fig. 2~a! and
Table I. For x50.25 and 0.3,M sat ~5 K! is significantly
below the valueM053.7mB indicating either incomplete fer

FIG. 1. Lattice constants at T5300 K for
(La12xGdx)0.7Ca0.3MnO3. Solid circles, solid squares, and ope
circles representa, b, andc, respectively.
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romagnetic Mn moment alignment or the existence of a s
ond magnetic phase with a smaller saturation moment.

In Fig. 3~a! M versus T is presented for
(La12xGdx)0.7Ca0.3MnO3 with x50.4, 0.6, 0.7, and 1. Unlike
what is seen in Fig. 2~a!, typical ferromagnetic behavior is
not observed. The magnetization remains well below the
pected valueM053.7mB at all temperatures. The peak ne
30 K for thex50.4 specimen moves to slightly higher tem
perature with increase ofx. This peak results from ferrimag
netic ~FIM! order whereby the Gd ions align antiferroma
netically with regard to the Mn ferromagnetic lattice,
previously discussed for Gd0.67Ca0.33MnO3.

13 Low-field
measurements were carried out to highlight the peak inM
versusT. The magnetization measurements forx51 reveal
behavior similar to that reported earlier13 with a peak in
M (T) near 55 K, a minimum inM near 20 K and hysteresi
in M ~5 K! versusH as shown in Fig. 3~b! and the inset
thereof. A similar peak inM (T) is observed in Fig. 2 near 50
K for specimens withx>0.2 while no peak occurs for spec
mens with x<0.15. These data suggest that FIM Gd-C
Mn-O regions exist in the samples for compositionsx.0.2.

The magnetizationM ~5 K! versusH is displayed in the
inset of Fig. 3~a! for selected specimens. The measured sa
ration moments at 5 K,M sat ~5 K!, for all specimens are
presented in Table I. Saturation ofM occurs near 3 kOe for
x<0.1 withM ~5 K! attaining theM0 value expected for full
ferromagnetic Mn moment alignment. The specimens w
x.0 display an additional linear inH component forM
above'3 kOe causingM (H) to rise above that observed fo
x50, a behavior attributable to the presence of paramagn
Gd moments. This can be seen if the expected paramag

FIG. 2. ~a! Temperature dependence of the magnetizationM in
applied magnetic fieldH54 kOe for (La12xGdx)0.7Ca0.3MnO3 (0
<x<0.3). ~b! M versusT at H5100 Oe forx50.05, 0.15, 0.2, and
0.3.
6-2
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TABLE I. Values of the averageA-site ion ionic radius,̂r A&, metal-insulator transition temperature,TMI ,
and ferromagnetic transition temperatureTc , the electrical resistivity at 5 K,r ~5 K!, the electrical resistivity
at TMI , rmax and the saturated magnetization valuesM sat ~5 K! for (La12xGdx)0.7Ca0.3MnO3 specimens.

x 0 0.05 0.10 0.15 0.20 0.25 0.30

^r A& ~Å!a 1.148 1.144 1.141 1.137 1.133 1.129 1.126
TMI ~K!b 265 238 200 161 120 89 50
Tc ~K!c 268 237 204 177 168 151 138

r ~5 K! ~V cm! 4.531023 3.831023 6.831023 2.131022 3.931022 0.17 2.53104

rmax ~V cm! 4.631022 0.10 0.35 3.1 25 410 2.33105

M sat ~5 K! 3.38 3.73 3.45 3.71 3.50 2.83 2.11

aIonic radii for eight-coordinated La31, Gd31, and Ca21 ions from Ref. 21 were used to calculate^r A&.
bTMI is determined as the temperature wherer5rmax.
cTc was determined as the intersection point of two linear lines drawn through the data above and be
temperature region near the ferromagnetic transition.
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behavior, calculated with the Brillouin function for Gd wit
total angular momentumJ5 7

2 ,17 is subtracted from the dat
as illustrated forx50.15 by the dashed line in the inset
Fig. 3~a!. This correction leads to a typical ferromagne
~FM! response forM (H) above 3 kOe. A correction of this
type is successful only forx,0.20 suggesting that Gd-G
magnetic interactions play a role at higher doping levels.

Incomplete ferromagnetic order similar to that revealed
Figs. 2 and 3 is often ascribed to canting of the ferrom
netic moments which is expected to occur within the dou
exchange~DE! model18 for Ca doping levels other than tha

FIG. 3. ~a! Temperature dependence of the magnetizationM for
(La12xGdx)0.7Ca0.3MnO3 (0.4<x<1) in H54 kOe. Field depen-
dence ofM at T55 K for x50.15, 0.4, and 0.7 is presented in th
inset; the dashed line is forx50.15 after correction for paramag
netic Gd moments.~b! Temperature dependence ofM for x50.4,
0.6, 0.7, and 1 inH5100 Oe using identical symbols as in~a!. The
hysteresis loop atT55 K for x51 is displayed in the inset.
17443
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considered herein and is probably not of major importan
for the Gd doped specimens. Rather than canting, the m
netic measurements suggest a simple two-lattice model
the low-temperature magnetic properties of these specim
In the regimex,0.20 one magnetic lattice is due to th
paramagnetic Gd moments and the second is that forme
the ferromagnetic Mn ions. At Gd concentrationsx>0.20,
the increased density of Gd ions leads to the formation
Gd-Ca-Mn-O FIM regions which cause a reduction inM sat
~5 K! and the development of a peak inM (T). For the region
0.20<x,1, FM and FIM regions coexist, this phase seg
gation becomes most apparent in the region 0.4<x<0.7.

This picture is supported by a simple phenomen
logical model involving the contribution of FM
~La0.7Ca0.3MnO3!12x and FIM ~Gd0.7Ca0.3MnO3!x clusters in
(La12xGdx)0.7Ca0.3MnO3. The FM ~La0.7Ca0.3MnO3!12x
clusters possess a net magnetic moment 3.7mB as explained
above. The FIM~La0.7Gd0.3MnO3!x clusters contain Mn and
Gd ions ordered ferrimagnetically resulting in a net magne
saturation moment per Mn ion given byM5@230.73 7

2

23.7#mB51.2mB at T50 K.13 Two possible alignments o
the FM and FIM clusters with regard to one another exist:~i!
the net moments from the FM and FIM clusters are align
parallel or~ii ! antiparallel. For case~i!, the total magnetiza-
tion per Mn ion is estimated asM5@3.7(12x)
11.2(x)#mB ~dashed line in Fig. 4!. For case~ii !, the total
magnetization per Mn ion is estimated asM5@3.7(12x)
21.2(x)#mB ~solid line in Fig. 4!. Our data in Fig. 4, with
M sat ~5 K! determined as the inflection point inM (H), agree
well with case~ii ! thereby providing further support for th
proposed two-lattice model.

C. Electrical resistivity

The electrical resistivity r(T) for
(La12xGdx)0.7Ca0.3MnO3 with 0<x<0.3 is shown in Fig. 5.
Gd substitution dramatically altersr and decreasesTMI in a
systematic fashion. The electrical resistivity beyondx50.3
is too high for measurement with our experimental appa
tus. Althoughr ~300 K! is only weakly affected by Gd sub
stitution, the peak inr increases by nearly six orders of ma
nitude in the doping range illustrated in Fig. 5. A stron
6-3
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correlation exists between the electrical transport and m
netic properties as illustrated in the inset of Fig. 5 whereM sat
~5 K! andr ~5 K! are plotted versusx on a log scale; forx
.0.2 the sharp increase ofr ~5 K! corresponds well with
the decrease ofM sat. At a doping level ofx50.25, the re-
sistivity at 5 K is more than two orders of magnitude larg
than for x50 while the resistivity at 5 K for
(La0.75Pr0.25!0.7Ca0.3MnO3 is almost the same as that fo
La0.7Ca0.3MnO3 ~Ref. 1! indicating that Gd substitution is
significantly more efficient at destroying the charge carr
transport at low temperature than is Pr substitution. It is
teresting thatTMI corresponds well withTc only for x,0.2
~see Table I!. In all other casesTMI is significantly belowTc .
These observations suggest that the degradation of ferrom
netic and electrical properties in this system are intimat
related. Similar behavior arises in substitutions of the fo
(La12xYx)0.7Ca0.3MnO3 and (La0.8Gd0.2!0.72Sr0.28MnO3.

19,20

IV. DISCUSSION

In order to understand the observations above, the st
tural effects of Gd doping should be considered. Substitu

FIG. 4. The saturation momentM sat ~5 K! is plotted ~solid
circles! as a function ofx for (La12xGdx)0.7Ca0.3MnO3. The dashed
line and solid lines represent a phenomenological model with
net magnetic moments from the FM and FIM components alig
parallel and antiparallel, respectively.

FIG. 5. Temperature dependence of electrical resistivityr for
(La12xGdx)0.7Ca0.3MnO3 in the range 0<x<0.3 plotted on a loga-
rithmic scale. In the inset, the magnetic saturation momentM sat ~5
K! is plotted as the solid squares versusx and ther ~5 K! is plotted
on a logarithmic scale as the solid circles. The lines are draw
guides to the eye.
17443
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La with smaller rare-earth ions is known to decrease
Mn-O-Mn bond angle leading to a decrease ofTc ; the aver-
ageA-site ionic radiuŝ r A& can also be used to parameteri
this decrease ofTc .1,12 Values of^r A& were calculated using
the ionic radii for eight-coordinated La31, Gd31, and Ca21

ions,21 these values are presented in Table I. A plot ofTc and
TMI versus^r A& (x<0.3) is presented in Fig. 6 revealing
decrease inTc that is weaker than that ofTMI . These results
suggest that the electrical and magnetic properties are
weakly coupled below ^r A&'1.138 Å. Tc values for
(La12xPrx)0.7Ca0.3MnO3 from Hwang and co-workers,1,12 for
which full ferromagnetic order are observed, are shown
comparison~open circles!. Interestingly, these data agre
quite well with ourTMI values for 0<x<0.2. A noteworthy
aspect is the physical properties of Gd0.7Ca0.3MnO3 and
Pr0.7Ca0.3MnO3. Pr0.7Ca0.3MnO3 is insulating at 50 K withr
(50 K)'1 M V cm and a significant magnetoresistanc
moderate hydrostatic pressure~pressure increases the Mn
O-Mn bond angle toward 180°! of about 1 GPa results in a
metal-insulator transition typical of CMR compounds.12,22

This observation suggests that, from a structural standp
Pr0.7Ca0.3MnO3 is near to being a CMR compound. On th
other hand, Gd0.67Ca0.33MnO3, has an electrical resistivity a
40 K of 26 GV cm and no significant magnetoresistance13–15

suggesting that it is further from the metal-insulator/CM
phase boundary than Pr0.7Ca0.3MnO3.

Careful consideration of the ionic radii of the dopants
quite revealing with regard to the observed behavior. Fr
Ref. 21 the ionic radii for the ions used in this and oth
studies were found to be: La31 ~1.160 Å!, Pr31 ~1.126 Å!,
Ca21 ~1.120 Å!, Gd31 ~1.053 Å!, and Y31 ~1.019 Å!. The
discussion above revealed that substitutions of Pr for La
tain theTc5TMI relationship, result in a strong depression
Tc , and less pronounced enhancement ofr ~5 K!; in this
case the ionic radii for La31 and Pr31 differ by 0.034 Å.
Samples of the form (La0.76Sm0.24!0.7Sr0.3MnO3 also exhibit
Tc5TMI ; here, the ionic radii of La31 and Sm31 ~1.079 Å!
differ by 0.081 Å.20,25 On the other hand, substitutions of
for La ~Refs. 1 and 19! or Gd for La result inTcÞTMI , a less

e
d

as

FIG. 6. Ferromagnetic transition temperatureTc ~solid circles!
and metal insulator transition temperatureTMI ~solid squares! ver-
sus averageA-site ionic radiuŝ r A& for x<0.3. Selected data forTc

were obtained from the literature~Refs. 1 and 12! ~open circles!
illustrating specimens whereTc5TMI . Lines are drawn as guides t
the eye.
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pronounced depression ofTc , and a reduction of the ferro
magnetic saturation moment; in these cases, the ionic r
differ by 0.141 and 0.107 Å, respectively. Comparison
these substitutions indicates that substituted ions with io
radii smaller than that of La31 by 0.1 Å or more have a
weaker influence on the magnetic transition temperatur
dramatic influence on the electrical resistivity, and lead
incomplete ferromagnetic order.

Noting the poor electrical conductivity of Gd0.7Ca0.3MnO3
~Refs. 13–15! in comparison to La0.7Ca0.3MnO3, Gd-Ca-
Mn-O islands are likely to localize charge carriers, increa
the bulk electrical resistivity and, at a high enough conc
tration, eventually lead to percolative conduction where c
ductivity takes place via tunneling through Gd-Ca-Mn-O
gions from one La-Ca-Mn-O region to another. In additio
the region of the La-Ca-Mn-O matrix adjacent to a Gd-C
Mn-O island is likely to be strongly distorted, due to th
small Gd ionic size, which will affect the properties of th
matrix. Local changes in the Jahn-Teller distortion could a
play a role. The solid solution of Gd0.7Ca0.3MnO3 and
La0.7Ca0.3MnO3 can be compared to mixtures of conducti
and nonconducting materials in sputtered thin films of Ni
Al mixed with SiO2 which have been studied extensively a
are referred to as granular metals.23,24 As x increases beyond
a certain limit, the percolation threshold is reached, causin
strong increase in the bulk resistivity. Studies of granu
metals, such as Al or Ni thin films mixed with SiO2 reveal a
dependence ofr on the volume fraction of SiO2 ~Refs. 23
and 24! that is reminiscent of what is displayed in the ins
of Fig. 5. For manganese oxides, the situation is more c
plicated than that of simple granular metals because of
complex r(T) dependence for CMR compounds, but t
analogy between these two systems makes physical sen
lieu of the magnetic and electrical transport properties
vealed in this study. Rietveld refinements of the x-ray d
using the two distinct phases La0.7Ca0.3MnO3 and
La0.7Gd0.3MnO3 in appropriate ratios, as a structural test
this granular picture, could not produce converging fits s
gesting that a crystallographically single-phase solid solu
(La12xGdx)0.7Ca0.3MnO3 exists. Therefore our observation
indicate the existence of two distinct magnetic/electro
phases in a crystallographically single-phase system.

From the discussion above,x'0.2 seems to be the critica
value above which the effects of Gd-Ca-Mn-O islands ma
their presence apparent. The following simple explanatio
offered to understand the origin of this critical concentratio
Each A-site ion possesses six nearest-neighborA-site ions
thus forming a group of 7 which we call a seven clust
Consider for simplicity that theA-site ions are made up o
two different elements, elementX and Z with elementX
making up the majority. When elementZ is at a concentra-
tion of ~1

7 )'14%, under ideal homogeneity conditions eve
seven cluster possesses an ion of elementZ. At doping levels
above this, islands consisting of three or more adjac
ZMnO3 unit cells must form. Furthermore, substitution
one X ion with a Z ion affects all eight Mn ions which are
17443
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immediate neighbors, therefore, under ideal homogen
conditions aZ ion concentration of 12.5% would, to som
extent, affect all Mn ions. In the case of the Gd dop
samples considered herein, the concentrationx50.2 corre-
sponds to anA-site Gd concentration of 14%, the borderlin
above which formation of Gd-Ca-Mn-O islands is certa
These simple considerations provide a physical basis for
observation of FIM behavior attributable to Gd-Ca-Mn-O
lands at doping levelsx>0.20 and for the onset of percola
tive conduction withx below the percolation limit.

V. CONCLUSIONS

In the low x regime (x,0.2) Tc of
(La12xGdx)0.7Ca0.3MnO3 is systematically reduced witĥr A&
because the Gd-Ca-Mn-O islands are dispersed in the
La-Ca-Mn-O matrix with a high probability for the existenc
of a continuous conducting path and a low probability for t
existence of larger FIM Gd-Ca-Mn-O islands which poss
poor electrical conductivity; the Gd ions behave param
netically in this range. Forx>0.2, Gd doping increases th
fraction of FIM phase leading to a rapid increase ofr ~5 K!
andTcÞTMI as well as the development of Gd-Gd magne
interactions. The mixture of ferromagnetic/conducting L
Ca-Mn-O with a large enough concentration (x.0.2) of
ferrimagnetic/poorly conducting islands of Gd-Ca-Mn-O r
sults in percolative conduction because conducting pa
along Mn-O-Mn bonds are destroyed. Within this pictu
the disagreement betweenTc and TMI occurs as a result o
competition among the two electronic/magnetic phas
When ferromagnetism within the distorted La-Ca-Mn-O r
gions begins to set in atTc , the electrical resistivity there
starts to decrease while the electrical resistivity of the G
Ca-Mn-O regions continues to increase. Further reduction
temperature increases the magnetization and electrical
ductivity in the La-Ca-Mn-O regions eventually providing
conducting path wherer decreases with temperature. Th
likelihood that this type of phase segregation occurs may
enhanced by the natural tendency for electronic ph
segregation6–9 in CMR-related systems, although in th
present case the doped electron concentration is expect
be homogeneous.

In summary, Gd substitution for La in La0.7Ca0.3MnO3
leads to effects quite different than those observed for s
stitutions where the size of the substituted rare earth is clo
to that of La. These results indicate the existence of a ph
segregated mixture of ferromagnetic/conducting La-C
Mn-O and ferrimagnetic/insulating Gd-Ca-Mn-O. This b
havior appears to be common if the rare-earth ionic radiu
the substituted ion is 0.1 Å or more smaller than that of L
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