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The powder X-ray diffraction patterns of a series of layered manganite compouns; éMn.O; (Ln = La,

Pr, Nd, Sm, Eu, Gd), were refined with the Rietveld method. The Ln occupancy in the rock salt site increases
on moving from La through Gd. The variations of the lattice parameters and the bond distances correlate and
can be accounted for with the distribution of Ln and Sr in the perovskite and rock salt sites. The structural anal-
ysis implies that the physical properties of these compounds have to vary monotonically from La through Sm
and then more or less the same from Sm through Gd, which is not the case. Therefore, in order to understand
the various physical properties of these compounds depending on Ln another factors such as the magnetic prop-
erties of Ln need to be considered.

Introduction Experimental Section

Recent interests in the colossal magnetoresistant (CMR) n Polycrystalline samples of LaSn eMn2O; (Ln =La, Pr,
= 2 Ruddlesden-Popper (RP) type layered manganites of tHéd, Sm, Eu, Gd) were prepared by solid state reattidn.
general formula Lip,Sri+2Mn20; stimulated much research Stoichiometric mixtures of oxides and carbonates of corre-
effort to understand the nature of the physical properties afponding metals were calcined at 10@0and sintered at
these compoundg® Especially, compounds with Ln=La 1400-1500°C in air with intermittent grinding and pelletiz-
have been extensively studied with various hole dopindng. LaOs were heat treated at 780 prior to use.
levels (x)>® The hole doping level is found to strongly —Powder X-ray diffraction (PXRD) patterns for the Rietveld
influence the physical properties of these compounds. Ostructure refinements were obtained using a Rigaku RAD X-
the other hand, there has been relatively less attention on thay powder diffractometer using Cuaktadiation in Bragg-
possibility of Ln variation. There are some papers on the LiBrentano geometry. The step scan conditions are angular
=Nd compounds with different hole doping levels. range of 8 20 <10C° with an interval size of 0.02and a
Indeed, these compounds show much different magnetic arabunting time of 10 seconds for each step. For the Rietveld
transport properties from those of La-containing onesprofile analyses, RIETAN program was usgtf In the
However, the compounds with other Ln ions of this systenrefinements, the background was fitted with a 12-term Leg-
have not been studied. Therefore, besides the influence ehdre polynomial, and Pseudo-Voigt profile-shape function
the hole doping level, many other factors that can influencand March-Dollase preferred-orientation function were used.
the physical properties of these compounds remain unex-
plored. Results and Discussion

We have previously reported our results of a systematic
study on the LnsSn eMn2O; (Ln = La, Pr, Nd, Sm, Eu, Gd) In their paper on a series of ¢ Le&n,O; compounds,
system for the synthesis and magnetic and transport prd@attle et al argued that their samples with early Ln (Lh =
pertiest'? These compounds show remarkable dependencia-Gd) in fact contained two n = 2 RP phases with slightly
of the physical properties on Ln. Because the variation oflifferent lattice parameters. They showed that the X-ray dif-
Ln can influence the crystal structures which, in turn, carfraction peak shapes, such as for (0 0 10) reflection, could be
influence the physical properties of these compounds, wét with the two phase model much better than a single phase
have analyzed the crystal structures of these compoundsodel’® We have attempted the same type of analysis on
to understand the underlying physics of these systems.  our diffraction data to conclude that our sample did not have

In this paper, through Rietveld analyses of the powder Xsuch two phase mixing problem. The peak shape of the (0 0
ray diffraction data of these compounds, we show that th&0) diffraction of our Lh = Gd compound shown in Figure 2
variation of Ln is reflected in many aspects of the crystals an example clearly shows that there is no second n = 2 RP
chemistry of this system. The implication of the Ln substitu-phase. However, the Rietveld refinements of our samples
tion and thus the crystal chemistry on the physical propertieshow that there are perovskite type impurity phases by 2-
is discussed along with the influence of the other factor8%.
such as the magnetic properties of Ln ions. The Rietveld refinement results of our PXRD data are
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Table 1 Rietveld refinement results of the powder X-ray diffraction
data of Ln 4Sn.¢Mn2O7 (Ln = La, Pr, Nd, Sm, Eu, Gd)
(Space group; 14/mmm)

Ln La Pr Nd Sm Eu Gd

Ln/Sr(2)

Z*  0.3170(3)0.3176(3)0.3170(3)0.3168(2)0.3166(2)0.3164(3)
Biso 06(2) 153) 092 042 031 052
Mn

Z%  0.0975(6)0.0973(6)0.0972(8)0.0970(5)0.0975(6)0.0980(6)
Biso 0.3(2) 0.08(0.2) 0.9(2) 0.1(2) 0.003(0.2)0.02(0.2)
02

Z%  0.197(2) 0.199(2) 0.201(3) 0.200(2) 0.200(3) 0.202(2)
Biso 16(6) 12(1.1) 092 24(5) 49(16) 29(1.3)
0@)

Z*  0.095(2) 0.096(2) 0.098(2) 0.100(2) 0.101(4) 0.101(2)
Biso 160 16(7) 092 24(5) 107 11(7)
a(A) 3.8686(6)3.8492(3)3.8495(6)3.8217(2)3.8161(6)3.8164(9)
c (A) 20.238(4)20.222(2)20.214(4)0.2137(9P0.131(4)20.059(6)
Rwp 1236 1387 1450 1251 1055 10.28
Ro 9.53 10.70 1147 951 8.18 7.18
S 14 14 14 21 1.8 1.9

#Atomic positions: Ln/Sr(1) (2b); 0, 0, 0.5, Ln/Sr(2) (4e); 0, O, z, Mn
(4e); 0,0, z, O(2) (2a); 0, 0, 0, O(2) (4e); 0, 0, z, O(3) (8g); 0, 0.5, z.
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Figure 1. Structure and labeling scheme of the n = 2 Ruddlesden 386 1203
Popper structure.
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Figure 2. Peak shape of the (0 0 10) reflection of, 5t gMn.Oy.
The two tick marks are from thed{ and Ka. radiations of Cu 200 L ]
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summarized in Table 1. The occupation factors of Ln and S I (A)

on the perovskite (P) and the rock salt (R) sites were refinerigure 3. Cell parameters and volumes of;L8r.gVin,0; (Ln =

with constraints of full occupations on both of the sites ancLa, Pr, Nd, Sm, Eu, Gd) as a function of the average ionic rac

the total Ln/Sr ratio the same as the nominal value of 1.4/1.6.n and Sr from the Rietveld refinements on the powder :

The tetragonal lattice parameters vary with the radius of thdiffraction patterns.

Ln atom. Figure 3 shows that the unit cell volume decreases

monotonically with the average ionic radius of Ln and Sr,parameters do not seem to reflect theygichanges directly.
<r>pe Shannons ionic radii for CN = 9 [15] were used for In the range of Ln = La-Sm, the a-parameter decreases while
these plots and those in the following discussion. Howevertthe c-parameter is held nearly constant asystecreases.

as can be seen in Figure 3b, the variations of the a- and ©n passing Sm, the trends are reversed and the c-parameter



Crystal Chemistry of Layered Manganites k$r; §Mn2Oy Bull. Korean Chem. So200Q Vol. 21, No. 2 261

L T LI Table 2. Tolerance factors for the perovskite site, and Jahn-
100 ® 8 Teller(D) and distortionf) parameters of the Mnbctahedra of
\ Ln1.4Snr.eMn207 (Ln = La, Pr, Nd, Sm, Eu, Gd)

90 | i\ 7 Ln La Pr Nd Sm Eu Gd
‘zf 1 r.n(CN=12) (pm) 150 145.43 141 138 138.0%5136.38

80 |
\ ] refined <ra>» 153.18 152.53153.24155.48157.72156.79

occupancy(pm) k 0.982 0.979 0.982 0.990 0.998 0.995
random <ra>p 154.24 152.13150.01148.60148.69147.91
\ model (pm)i 0.986 0.978 0.971 0.966 0.966 0.964
e | DP 0.972 0.955 0.946 0.945 0.948 0.942
o 0.0278 0.0498 0.0638 0.0648 0.0588 0.0655

135 136 137 By 140 141 aCalculated by extrapolation of the literature d&ar definitions, see
<r,> (A) text.
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Figure 4. Variation of the occupancy factor of Ln in the rock sal _ . . .
site as a function of the average ionic radius of Ln and Sr from th&" [(CN = 12) data of some Enions do obey this relation-

Rietveld refinements of the powder X-ray diffraction patterns. ~ Ship very well as shown in Figure 5. In Table 2, we show the
calculated tolerance factors using so obtained and reported

r(CN = 12) data. Althoughincreases slightly with decreas-

shows an abrupt decrease while the a-parameter is heldg <r>.e these values are remarkably constant and are
almost constant. close to the ideal value of unity, indicating that the Ln/Sr dis-

The refined relative Ln/Sr occupancies on the two (P andribution indeed is related with the size matching between
R) sites also show interesting variations withasd>The Ln  the Ln/Sr ions and the hole size of the P-site. The slight
= La compound has 57(2)% of total La in the R-site, smalleincrease oft can be related with the Mn-O(2)-Mn bond
than 66.7% in a random model. However, asagr> angle variation (below). Therefore, the increase of Ln popu-
decreases the proportion of Ln (Ln in the R-site/total Ln (Hation with the decrease of <z is mainly because that
1.4)) in this site increases monotonically to a saturation omore of larger Sr is required for the P-site to meet the hole
99(2)% and 96(1)% for Ln = Eu and Gd, respectively. (Fig-size of the Mn-O framework. The Mn-O framework thus can
ure 4) These data imply that the preference of the Ln atom®aintain its almost ideal structure as in the ideal cubic per-
for the R-site increases with decreasingass0 that almost  ovskite. This conclusion gains further support whemlues
all of Ln goes in the R-site for Ln smaller than Sm. There ardor the random model are compared which give large devia-
many factors that govern the distribution of Ln/Sr betweertions from the ideal value of unity especially for the com-
the two sites. The R-site is 9-coordinate while the P-site ipounds of smaller Ln. (Table 2) The smaller La occupancy at
12-coordinate. The size of the P-site appears to be restrictéige R-site than in the random distribution model for the Ln =
by the Mn-O framework in the perovskite-like 3D structure La compound, despite that the R-site has a preference for La
while the R-site appears to have a freedom to adjust with thever Sr, can thus be understood by this size matching mech-
size of Ln/Sr by changing the interlayer distance. The Madeanism.
lung type site potential calculations for the two sites resulted The variations of the bond distances withsgappear to
in a slightly higher potential on the R-site than on the P-site
implying that the R-site has a preference for Ln over Sr
Most of all, we believe that the size matching between the I I
Ln/Sr ions and the hole of the perovskite type Mn-O frame- La Pr
work is the governing factor that determines the Ln/Sr distri- 140
bution. In order to quantify this idea we have calculated the
tolerance factor (f based on the refined occupancy and the
random distribution model. Unfortunately, some of the ionic
radii of Ln** ions for coordination number 12 are not avail-
able to be used for these calculations. Therefore, we have fi
ted the ionic radii for various coordination numbers of a Ln
ion to an exponential function (CN=m)=r(CN=1)+a - 120
log (m) where r(CN =1) and a are refinable parameters t
get a good relationship, and extrapolated these curves to C \ |
=12 to get the values in Table 2. The relationship betwee eos e R e s e
the bond distance(d) with the bond order(n), d(n) =d(1)- , . . , ,
0.300 log n, is well establishdThe equation used is just a Figure 5. lonic radii o_f Lr¥* ions as afunctlc_)n of the coordinat

: . . . . number. The open circles are from the literature and the
different expression of this taking that the bond order i cies are the extrapolated values to the coordination numbe
inversely proportional to the coordination number into con-the curves obtained from fitting the data to a r(CN = n) = r(CN
sideration. Also, we have confirmed that the available dati+ a - log (n) function.
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reflect the change of the Ln/Sr distribution. As above calcuters are smaller than unity for an undistorted octahedron and
lations of & show, the size of the R-site decreases on movingnonotonically decrease on moving from La through Gd sug-
from La to Sm because of the increasing occupancy of Ln igesting that the Mn§octahedron experiences more Jahn-
this site, but that of the P-site is almost unchanged. In ordéefeller distortion with smaller Ln. The parameters also
to accommodate the size reduction of the R-site, the interfashow that the La compound has the least distorted sMnO
cial plane between the perovskite and the rock salt layergctahedron and the distortion increases on moving towards
the ab-plane, also has to decrease resulting in the decreasesofaller Ln. However, for both of the two parameters, the
the a-parameter which is reflected by the decrease of tHargest change occurs in the La-Nd range and is nearly con-
Mn-O(3) bond distance. The slight decrease of Mn-O(1)tant from Nd to Gd.
along the c-direction in the perovskite layer may be The physical properties of these compounds depend
explained with the isotropic compression of thep<iBhe  strongly on the nature of the Ln atoms as shown in Table
compression of these five Mn-O bonds requires the Mn-O(23.1'? The La compound shows coincident ferromagnetic
bond to increase by a large amount. On the other hand, ttaad insulator to metal transitions at 100 K. The saturated
increased Ln population in the R-site reduces the averagmeagnetic moment of this compound was 3.2 B.M from the
Ln/Sr-O(2) distance as <gzdecreases. The nearly compen- susceptibility measurement and 3.0 B.M. from a powder
sating and opposite changes of the Mn-O(2) and Ln/Sr-O(2)eutron diffraction data refinement, showing that this com-
distances result in nearly constant c-parameter for Ln = Lagound follows the double exchange mechariishiowever,
Sm compounds. As the Ln occupancy becomes saturated ihe compounds of Pr-Sm show much reduced magnetic
the R-site for Gd and Eu compounds, above mechanism imoments from the theoretical value. Moreover, tedf Pr
no longer effective. Therefore, the Mn-O(2) distance stopsand Nd compounds are much higher at 200-300 K than the
showing significant increase from Sm on, while the Ln/Sr-Tun's. In fact, the resistivity data of the Nd compound shows
0O(2) distances continue to decrease due to the reducgel <r>that the metallic resistivity is still very large. It only shows a
to result in a decrease of the c-parameter for Eu and Gd corahange of the temperature dependency of the resistipity, d
pounds. dT, from negative to positive at about 70 K. The resistivity

The variation of the Mn-O(3)-Mn bond angle within the vs temperature data of Pr is more or less the similar to that
ab-plane provides an insight on another aspect of the relativef the Nd compound. The powder neutron diffraction data of
size of the <r> of Ln/Sr in the P-site and the hole size of théhe Pr and Nd compounds did not show any sign of magnetic
perovskite. The other Mn-O(1)-Mn bond angle is °180 orderings demonstrating that the simple substitution of La
because of the symmetry requirement. The Mn-O(3)-Mrby Pr and Nd result in drastic changes of the physical prop-
bond angle here is defined as the angle view from the rockrties. The Sm compound is still different from those of the
salt layer to the perovskite layer. Therefore, bond angle®r and Nd compound. It has a reduced saturated magnetic
larger than 180means that the O(3) atom is pushed towardmoment. However, itscTand Tun coincide with each other.
the rocksalt layer with respect to the Mn atoms. The bondWoreover, the metallic resistivity of this compound is close
angle of the La compound is T7Bmaller than the ideal to that of the La compound. The Gd and Eu compounds are
180, implying that the O(3) atoms are pulled inward to theparamagnetic insulators down to low temperatures.
perovskite layer. Therefore, the srim this case is smaller  The different physical properties depending on the nature
than that of the hole for this compound. With the decrease ajf Ln is also reported on other n = 2 RP phases with different
<r>aethe bond angle increases up to 184°186Ln = Gd  doping levels. Especially, the Ln = Nd compounds are stud-
and Eu. For the compounds of small Ln, thepds>larger  ied extensively second to the Ln = La compounds. While the
than that of the ideal Mn-O framework and has to deform théea compounds with different hole doping levels are more or
structure by pushing the O(3) atoms toward the rock saless similar to one another in that they show coincidgnt T
layer. These changes are consistent with the slightly increaand Tun's, the Nd compounds are reported to have either no
ing <r> with decreasing <kzin Table 2. or very week signals of insulator to metal transitiohs.

As a result of the shortening of the Mn-O(1) and Mn-(3) The difference was attributed to the different degree of the
and the lengthening of the Mn-O(2) bond distances with the
decrease of <gz, the anf octahedron becomgs mf)re dis- Table 3. Summarized some physical properties of Am gVin,O7
torted. In order to quantify the octahedral distortions, weypn = | a, Pr, Nd, Sm, Eu, Gd).fi is metal-insulator transition
have calculated two parameters in Table 2, namely, the Jahtemperature, MR ratio i§—pn)/p4, and M is maximum magnetic
Teller parameter (D) and the distortion parameter (s) definedioment under 5,000G

as in the fOIIOWing equations: Compounds Tn(K)  MRratio (%) T(K) M (Hg)
D = <Mn'o>equatoria|/ <Mn'o>axia| La'327 108 975(6T) 100 33

s = [1/6%(<Mn-O>-(Mn-0))7 "2 Pr-327 96 133(6T) 310 0.3
Nd-327 56 787(6T) 260 0.3

The. Jah_n—TeIIer parameter measures the degree c_>f tetrago- ¢ - 2~ 118 2362(3T) 110 036
nal distortion and the distortion parameter, the variance of
. Eu-327 no MIT - - -
the Mn-O bond distances, measures the degree of scatter of Gd-327 no MIT _ _ B
the bond distances. As can be seen in Table 2, the D parame-
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In conclusion, we have systematically investigated the
crystal structure of layered Librn éMn2O7 (Ln = La, Pr, Nd,
Sm, Eu, Gd) compounds whose physical properties show
strong dependency on the nature of Ln. By comparing the
variation of the Ln/Sr distribution between the P- and R-sites
and the variations of the lattice parameters and bond dis-
tances, we have explained the relationship between these
observations. Moreover, from these analyses we came to
conclude that the crystal structure variation alone cannot
explain the variations of the physical properties and that the
magnetic properties of Ln in the interlayer must be responsi-
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Figure 6. Variations of the bond distances of ofiL8nr éMn,0O; 2.

(Ln = La, Pr, Nd, Sm, Eu, Gd) as a function of the average ionic
radius of Ln and Sr from the Rietveld refinements on the powde

X-ray diffraction patterns.
4.

distortion of the Mn@octahedron, that is, the Nd compound g
gives more distortion and thus localized the otherwise itiner-
ant g electron to suppress the metallic and ferromagnetic
states. However, if the Mn@istortion is the only factor that 6.
influences the physical properties of these compounds, the D
ando parameters suggest that the compounds Nd-Gd should’.
behave similarly, and the Pr compound should show an
intermediate behavior between the La and Nd compounds
which is not the case.

The structural variations with Ln in this series of layered
compounds are manifold including the Ln/Sr occupancies,
the lattice parameters, and the Mmigtahedral distortions.

In addition, the magnetic properties of Ln atoms can influ-
ence the physical properties of these compounds. Aboveg.
comparison of the crystal structure with the physical proper-
ties of our compounds indicates that the crystal structurél.
alone cannot explain the variation of the physical properties.
Therefore, we suggest that the magnetic properties of the L2
atoms play the dominating role in determining the physical
properties of these compounds. In a recent paper on a serif3$
of LnSrMrmysNipsO4 (Ln = La, Pr, Nd, Sm, Gd) compounds ~™
with the KoNiF4 type structure, we have shown that the mag-1 4
netic interactions between neighboring layers strongly depengs
on the type of Ln atoms between the layéwslthough the
mechanism of this kind of inter-layer exchange interaction is| 6.
not well established, the magnetic data of these layered com-
pounds show strong relationship with the magnetic moment$7.
of Ln®* ions. Because our present system resembles the
KoNiF4structure, we believe that the Ln-mediated inter-layer
magnetic interaction is responsible for the destruction of thd$8:
double exchange mechanism of the La compound.

ble, instead.
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