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A Polarized Neutron Diffraction Study
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Unpolarized and polarized neutron diffraction measurements have been carried out on the bilayer
manganite (Lag4Prg¢);,Sr; sMn,O; which undergoes simultaneous semiconductor-metal paraferro-
magnetic transitions under magnetic field. Maximum entropy magnetization density reconstruction
and multipole refinement on flipping ratios evidence the existence of two distinct field-induced states.
The field-induced ferromagnetic state where the field is parallel to the ¢ axis is characterized by the
presence of magnetic moment on the Sr site of 0.48(2) u z, due to the Pr substitution. It also shows a high
population of the ds,2_,» orbitals of Mn3*. For the field-induced state where the field is parallel to the a

or b axes no magnetization density was found at the Sr site and the d,._

populated than the d3,_,» one.
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Though the colossal magnetoresistance (CMR) and
other properties such as charge ordering exhibited by
the manganese perovskites have been extensively inves-
tigated, there has been no quantitative theoretical model
to account for all of these properties [1]. However, it is
generally accepted that these varied properties are a result
of the manifestation of the orbital degree of freedom of
the e, electrons. More recently, the double layer mangan-
ites La, ,,Sr4,,Mn,O; (x = 0-0.5) have attracted much
attention [2,3], not only because of a CMR reaching 98%
for x = 0.4 (T, = 125 K) but also due to the highly
anisotropic properties arising from the 2D structure in
contrast with the cubic perovskites. Further, it was re-
cently shown [4] that the Pr-substituted compound,
(Lag 4Prg )1 251, sMn, 0, did not show any spontaneous
magnetic ordering but, on an application of a field of 5 T
parallel to the ¢ axis, exhibited a first-order paraferro-
magnetic transition, with the resistance along the ¢ axis
reduced by a factor of 10° at 5 K. This was accompanied
by a large negative magnetostriction. Further, below 50 K,
an anisotropic magnetic memory effect was observed [5]
in which both resistivity and magnetization were mag-
netic history dependent. These were thought to arise from
field-induced changes in the occupancy of the e, elec-
trons. However, no microscopic evidence has been found
so far to explain this. To elucidate this phenomenon
further, we have carried out extensive polarized neutron
diffraction (PND) measurements on a single crystal
Sample of (La0_4Pr0.6)I_ZSrl_gMn207.

PND is an extremely powerful tool to study magneti-
zation densities in crystals. It provides direct information
on the distribution of the magnetization at different crys-
tallographic sites of the unit cell, their local anisotropy,
and also allows separation of the spin and orbital contri-
butions to magnetic moments. In favorable cases, PND
further allows one to determine the symmetry of occu-
pied orbitals [6,7]. Although PND does not measure the
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,2 orbital is slightly more

PACS numbers: 75.25.+z, 75.50.Cc, 75.50.Gg

orbital occupancies directly, it gives information about
the unpaired electron density, which can be compared to
the theory predictions for the Mn3" orbital configuration.

Neutron diffraction studies were performed at the
ORPHEE 14 MW reactor of the Léon Brillouin
Laboratory, CEA/CNRS Saclay. Integrated intensities
of Bragg reflections were collected on the lifting-counter
diffractometer 6T2, with the 7.5 T cryomagnet using
unpolarized neutrons of wavelength A, = 0.90 A.
Polarized neutron flipping ratios were measured on the
lifting-counter diffractometer 5C1 using neutrons with
A, = 0.84 A obtained with a Heusler alloy monochro-
mator, with polarization of the incident neutron beam
Py =0.91. The programs SORGAM and MPLSQ of the
Cambridge Crystallography Subroutine Library [8] were
used for the calculation of magnetic amplitudes and for
the least squares refinements on the signed magnetic
structure factors, respectively.

A single crystal of (Lag 4Pryg); ,Sr; sMn,O; was grown
from a sintered rod of the same nominal composition by
the floating-zone technique, using a mirror furnace [4].
Prior to polarized neutron measurements the crystal was
characterized by neutron diffraction at 180 and 2 K in the
zero-field cooled state. No additional intensity was found
at 2 K, which confirms the absence of the magnetic order-
ing in the zero-field cooled state. Therefore the refinement
of the crystal structure was performed using space group
14/mmm. The refinement has shown that, as in the parent
(Pr-free) compound La;,Sr;gMn,O; [9], the bond
lengths of Ol shared by two Mn ions are shorter
[Mn-O1 = 1.955(5) A] than that of the O2 [Mn-O2 =
2.017(5) A] ionically coordinated by one Mn and one
La(Pr,Sr) atom. The distortion of MnOg octahedra 6 ;7 =
(dyn-01 T+ dvin-02)/2dym-03 = 1.028(3) is slightly larger
than that of the parent compound La;,Sr; §Mn,0O; and
comparable to the distortion of the lightly hole-doped
La]'4Sr].6Mn207 [9—11]
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The magnetization of our (Lay4Pry¢);,Sr; sMn,O;
crystal was measured directly by neutron diffraction.
Before each measurement the sample was zero-field
cooled from room temperature. Then the magnetic field
was increased from O to 7 T, lowered to —7 T, and raised
back to 7 T at a sweep rate of 100 mT per min, while the
peak intensity of the (110) reflection was simultaneously
recorded. Figures 1(a) and 1(c) show the field dependen-
cies of the intensity of the (110) reflection at 2 K, with the
field applied parallel to the [110] and the [001] direc-
tion, respectively. (In both cases, the field-independent
nuclear part of the scattering intensity was subtracted.)
The jumps of intensities corresponding to the first-order
phase transition from the magnetically disordered state to
the field-induced ferromagnetic (FIFM) state are clearly
seen in the figure. Several important features of the in-
tensity curves are to be noted. First, the critical field for
the in-plane magnetization, H,, = 6.1 T, is about 20%
higher than that for the out-of-plane magnetization,
H_. = 5.0 T, which confirms the anisotropy of the FIFM
state reported earlier [4]. Second, upon removing the field
the intensity does not return to its original zero-field
value for either field orientation. Third, the remanent
intensity at H = 0 is very high for the in-plane field
and relatively small for the out-of-plane one. The mea-
sured neutron intensities can be easily converted into
conventional field-magnetization curves by scaling over
a well known nuclear scattering structure factor of the
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FIG. 1. Field-induced neutron scattering intensity of the
(110) reflection at 2 K: (a) H parallel to the [110] direction,
(c) H || [001]. Magnetization deduced from the scattering in-
tensity of the (110) reflection: (b) H parallel to the [110]
direction, (d) H parallel to [001].
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(110) reflection and the theoretical magnetic form factor
of Mn** ion [see Figs. 1(b) and 1(d)]. This procedure
yields the remanent magnetization 1.1up and 3.0up per
Mn atom for the in-plane and the out-of-plane field,
respectively. We note as well that the out-of-plane satura-
tion magnetization M, = 3.8 up is 20% higher than the
in-plane magnetization M, = 3.2up, in agreement with
[4]. Thus, depending on field orientation, two different
FIFM states can be obtained, both being stable upon
removing the field but having different remanent magnet-
izations. At 2 K, the relaxation time of both states was too
large to be measured by neutron scattering; however, the
original nonmagnetic state could be recovered by heating
the crystal above 34 K. Finally, the critical field value H,,
measured with the field along the [100] direction, was
found to be the same as H,;,, indicating that the anisot-
ropy within the tetragonal plane can be neglected.

To clarify the difference between two FIFM states,
three sets of polarized neutron flipping ratios were mea-
sured at 2 K. First, a field of 6.5 T (higher than the critical
field H,, = 6.1 T) was applied parallel to the [110] di-
rection on the zero-field cooled sample and 116 (68 inde-
pendent) flipping ratios were measured. Second, the same
procedure was applied for H || [100] giving 179 (59)
flipping ratios. We considered that in both cases the
sample was in the same FIFM(ab) state and two sets
have been merged in the data treatment. The third set of
174 (73) flipping ratios was measured in the FIFM(c)
state, which was created by an application of a magnetic
field of 5.5 T along the [001] direction. Since this state is
characterized by a lower critical field H. =5 T and a
higher saturation (and remanent) magnetization, these
data were treated separately. For comparison the same
sets of flipping ratios were also measured just below the
critical field of the FIFM transition, namely, at H =
5.0 T for the [100], [110] directions and at H = 4.5 T
for the [001] one.

The magnetic amplitudes f,,(Q) of all measured re-
flections were obtained using the SORGAM [8] program.
They are shown in Fig. 2 together with the theoretical
magnetic form factor of the Mn3* ion. (For convenience,
the amplitudes were normalized by the geometrical struc-
ture factor for the Mn atoms [4 cos(2mlzy,)]. If all the
magnetization M(Q) is associated with the Mn site and is
distributed spherically, one should expect f;,(Q) to be a
smooth function of Q.

As seen from Fig. 2(a), where the amplitudes for the in-
plane FIFM state are shown, the majority of the measured
magnetic amplitudes lies reasonably close to the theoreti-
cal curve. On the contrary, for the out-of-plane FIFM
state [Fig. 2(b)] the amplitudes of many reflections, es-
pecially those at low Q, deviate strongly from the theo-
retical function. This usually indicates that a considerable
amount of the moment is delocalized from the Mn site to
some other position.

To localize the position and the magnitude of this
additional density we used a model-free analysis of our
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FIG. 2. The magnetic amplitudes per Mn atom in

(Lag4Pryg); 2Sr; sMn, 05 at 2 K: (a) magnetic field in the ab
plane: open circles H = 5.0T; filled circles H=065T
[FIFM(ab) state]. (b) Field perpendicular to the ab plane:
open squares H = 4.5 T; filled squares H = 5.5 T [FIFM(c)
state]. The solid lines are the Mn3* form factor scaled to 1.1up
and 3.3up for the low- and high-field data, respectively.

data based on the reconstruction of the 3D magnetization
distribution using the maximum entropy method (MEM).
This method has been shown to give more reliable results
than conventional Fourier syntheses, by considerably re-
ducing both noise and truncation effects [12—-14].

Figures 3(a) and 3(b) show the magnetic density
distributions of our crystal for the in-plane FIFM(ab)
and the out-of-plane FIFM(c) state, respectively. As
seen from Fig. 3(a), the magnetization density of the
FIFM(ab) state is concentrated only at the Mn sites. On
the contrary the FIFM(c) state, apart from the Mn spin
density, exhibits a very substantial density at the Sr2 site
[see Fig. 3(b)]. The total moment present at the Sr2 site is
more than 15% of the total magnetization density and can
be estimated as 0.5uz—0.6 5 per Sr2 site. The magnetic
moment can be attributed to the Pr atoms substituting Sr
(or La) and appears only when the magnetic field is
applied parallel to the ¢ axis. Taking into account the
occupancy factor of Pr (0.24), we can estimate the aver-
age moment induced on Pr atoms as 2up.

Similar analysis performed for the zero-field cooled
semiconducting states in the fields H = 4.5 T || [001]
and H =5.5T]| [110], below their critical values,
gives qualitatively similar results. In both cases the mo-
ment induced at the Mn site was found to be equal to
1.1xp. No Pr moment was found for H || ab and 0.3up
was found for H || ¢. This shows a very strong anisot-
ropy of the local susceptibility parameters of Sr2 [15],
which is probably due to the uniaxial (tetragonal) sym-
metry of its local environment. Thus, two FIFM states of
(Lag 4Prg.)1.251; §Mn, 05, characterized by different mag-
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FIG. 3. Maximum entropy reconstruction of the magneti-
zation distribution in (Lag4Pryg); 2Sr; §Mn,O; at 2 K. The
maps show the projections of the magnetization density on
the [100] direction: a for a magnetic field of 6.5 T in the ab
plane [FIFM(ab) state] and b for a magnetic field of 5.5 T

perpendicular to the ab plane [FIFM(c) state]. The contour step
is 0.2 up.

netic and transport properties, are microscopically differ-
ent and can be distinguished by the presence (the absence)
of the induced moment on the Pr occupying the Sr2 site.
We note that MEM does not show any magnetic moment
at the Srl site.

Further analysis of the measured flipping ratios was
performed by refinement. First we used a spherical model
in which both spin and orbital contributions to the 3d Mn
moments were allowed. For this purpose the series ex-
pansion of the form factors of Mn* in the dipole ap-
proximation was used: uf(Q) = (s + pr)(o) + prlj2)
[8]. As seen from Table I this simple model works quite
well for the FIFM(ab) state and gives relatively good
(low) agreement indices (y*> = 7.42 and R, = 6.1%).
(We note that neglecting the orbital part of the Mn
form factor deteriorates the quality of the fit considerably,
indicating that the orbital part of the Mn moment exists
and should be taken into account.) On the contrary, the
model with only two parameters of Mn fails to describe
the FIFM(c) state; x> = 54.4 and R,, = 32%.

In the second model a spherically distributed moment
described by the radial functions {j,) and {j,) of Pr3*
around the SR2 position was allowed. These additional
parameters do not change the agreement factors for the
FIFM(ab) state (see Table I) but improve drastically the
fit quality for the out-of-plane FIFM(c) one, y* = 10.9
and R,, = 13.2%. One can see that the fit shows the
presence of a considerable amount of magnetic moment,
0.48(2) ., at the SR2 site. This moment amounts to more
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TABLE 1. Results of refinement on signed magnetic structure
factors deduced from the polarized neutron flipping ratios
collected on the (Lagy4Prg¢);,Sr; sMn,O; at 2 K in magnetic
fields of 6.5 and 5.5 T, applied perpendicular and parallel to the
¢ axis, respectively. The values of all variables are given in
Bohr magnetons per atom.

Data set H=65T]| ab H=55T]| ¢
No. of observ. 295 174
Spherical model: two variables
X2 7.42 54.4
R, 6.1 322
Mn (us + wp)jo) 332(2) 2.9(1)
Mn u;{j,) — 0.38(5) —0.6(2)
Spherical model: four variables
X2 7.42 10.9
R, 6.0 13.2
Mn (ug + w){o) 3.32(2) 2.9(1
Mn w;{j») —0.38(5) —0.6(2)
S12 (s + mr){jo) 0.00(2) 0.48(2)
Sr2 wpja) —0.01(2) 0.77(4)
Multipole model
X2 4.20 5.68
R, 43 8.8
Mn Y00<j0> 3.36(3) 3.12(5)
Mn Y44+<J4> —0. 18(9) _0.35(6)
Mn Y0(js) —0.50(7)) 0.1(1)
Mn w;{j») —0.48(4) —0.58(7)
St2 (s + pr)o) e 0.50(3)
St2 pup(ja) e 0.77(4)
02 Yoo{jo) 0.03(2) -0.2(1)
03 Yy{jo) —0.05(1) 0.05(5)
Orbital occupancies from multipole model (%)
Mnd._» 14(3) 9(4)
Mn dy; 11(3) 20(4)
Mn d,, 23(3) 30(4)
Mn d.,.., 52(3) 41(4)

than 15% of that of Mn in agreement with the MEM
results.

In the third model the Mn density was modeled by a
sum of spherical harmonic multipole functions allowed
by the site symmetry (4mm). The presence of a spheri-
cally distributed moment around the three oxygen sites
was also allowed. The results given in Table I show a
considerable improvement (by a factor of 2 for y?) of the
agreement indices for the third model. We should note that
not all of the six additional parameters have the same
impact on the agreement factors. For example, only two
of the parameters, Mn Y, and Ol Yy, give any significant
improvement to the fit to the FIFM(ab) state, while the
others have little influence on the fit quality. The same is
valid for the FIFM(c) state. In fact, the Mn Y,4, alone
accounts for more than half of the y? decrease. To stress
this point, the parameters which are essential for the
refinement are written in bold characters in Table L
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The final block of Table I shows the occupancies of the
3d orbitals of Mn derived from the refined multipole
parameters. One can see that, as in the parent compound
[7], the majority of spin, 70(8)%, at the Mn site arises
from the 7,, electrons in both FIFM states. As with the e,
electons, we found that for the FIFM(ab) state the d,»_,
orbital occupation is slightly higher than that of the
ds,_,> one. On the contrary, the FIFM(c) state is charac-
terized by the preferential occupation of the d;_,» orbi-
tal over the d,2_ one.

In conclusion, PND demonstrates the existence of
two different field-induced metastable states in
(Lag4Pry ) 2Sr; sMn,O;. The FIFM(c) state (H || ¢) is
characterized by the presence of a moment on the Sr
site of 0.48(2)up, due to the Pr substitution. It also
shows a high population of the ds.»_,> orbitals of Mn3*.
For the FIFM(ab) state (H || a, b), no magnetization den-
sity was found at the Sr site and the d,._» orbital is
slightly more populated than the d;._, one. Thus, the
anisotropy of transport and magnetic properties of
(Lag4Pry6)1.2S1r; sMn, O is probably due to two different
factors: (i) the presence of magnetically sensitive Pr
atoms having highly anisotropic local susceptibilities
and (ii) the changes of the orbital occupancies of the e,
electrons between the ds;» . and d,» . orbitals. This
shows as well that the role of the rare-earth ion in the
substitution of Sr in manganites cannot be reduced to a
simple decrease of the average ionic radius of cations.
Although it is supposed to control the key parameter of
manganites, the magnitude of hopping integral for car-
riers [16], the presence of magnetically active rare-earth
ions in the crystal can also manifest itself in the anisot-
ropy of the physical properties.
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