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Abstract

X-ray absorption and X-ray magnetic circular dichroism at Mn ¸
2,3

- and Nd M
4,5

-edges of a twinned
Nd

0.72
Ba

0.28
MnO

3
single crystal have been performed versus temperature (between 10 and 300 K) and applied magnetic

field (between 0 and 6.5 T). The results show that neodymium cations order below 70 K with the magnetic moments
antiparallel to the manganese subnetwork in weak applied magnetic field ((1.5 T). For higher magnetic field, the
neodymium moments turn parallel to the manganese ones showing that the antiferromagnetic exchange coupling
between both subnetworks is weak. The presence of a metal—insulator transition below 70 K in the studied single crystal
correlated to the magnetic ordering of neodymium cations can be understood on the basis of the cation mismatch
introduced by barium substitution. ( 1998 Elsevier Science B.V. All rights reserved.

PACS: 78.70.Dm; 75.70.Pa

Keywords: X-ray absorption and absorption edges; Giant magnetoresistances

1. Introduction

Since the discovery of their colossal magneto-
resistance properties (CMR), manganese perovskites
(Ln

1~x
A

x
)MnO

3
(Ln being a trivalent lanthanide

and A a divalent cation) have been exten-
sively studied [1—9]. For x less than 0.5, the
(Ln

1~x
A

x
)MnO

3
manganites exhibit generally

a simple paramagnetic to ferromagnetic
transition although, for a composition like
Pr

0.7
(Ca

0.3~x
Sr

x
)MnO

3
and for x less than 0.05,

the insulating behavior is kept down to 5 K and the
PM—FM transition is induced only by applying
a magnetic field [10—13].
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The first parameter, which has been considered
to explain the dependence of the electron trans-
port and magnetic properties on the nature of
the substituted cation (Ca, Sr, Ba), is the average
size of the A site cation of the perovskite Sr

A
T

[13—16]. It has been shown that ¹
#
, which charac-

terizes the PM—FM transition, increases regularly
with Sr

A
T in the range 1.221—1.263 As . In a recent

study of the Ln
0.7

A
0.3

MnO
3

compounds, Rod-
riguez—Martinez et al. [17] revealed that a second
factor, the mismatch effect, influences signifi-
cantly ¹

#
. This effect is represented by the vari-

ance of the A cations radii distribution, p2, which
quantifies the random disorder of Ln3` and
A2` cations distributed over the A site of the per-
ovskite.

On the other hand, the existence of a magnetic
moment on neodymium below 35 K, parallel to the
magnetic moments of the manganese subnetwork,
has been shown in the Nd

0.7
A

0.3
MnO

3
(A"

Ca, Sr) compounds by Millange et al. [18,19]
using neutron diffraction. These observations al-
lowed one to think about the influence of the neo-
dymium moments on the magnetic ordering and
hence on the electronic transport properties of
these manganites. The synthesis of single crystals
with composition Nd

0.72
Ba

0.28
MnO

3
allowed to

investigate simultaneously the relative magnetic
ordering of both neodymium and manganese sub-
networks correlated to the electron transport
properties in a barium compound for which the
mismatch effect must be very large.

Here, we present an investigation of the magnetic
ordering on neodymium and manganese subnet-
works of Nd

0.72
Ba

0.28
MnO

3
single crystals by X-

ray absorption (XAS) and magnetic X-ray circular
dichroism (MXCD) at Mn ¸

2,3
- and Nd M

4,5
-

edges as a function of temperature and applied
magnetic field.

2. Experimental

Single crystals with composition
Nd

0.72
Ba

0.28
MnO

3
were prepared by a flux

growth method from the melt containing (0.41
BaO—0.18 BaF

2
—0.41 B

2
O

3
)—NdMnO

3
[20]. Dark

orthorhombic shaped crystals were grown in the

temperature range 1160—900°C using a cooling rate
of 0.5—1 K/h.

Electron probe micro-analysis of the crystal was
performed with a Phillips FEG-XL30 scanning
electron microscope equipped with EDS-LINK
analysis system to confirm the cation composition
at 10%.

The nuclear and magnetic structure of a cera-
mic sample exhibiting a close composition
Nd

0.7
Ba

0.3
MnO

3
has been realized by powder

neutron diffraction between 1.5 and 300 K at ILL
(Grenoble) [21].

Magnetization measurements were made with
a superconducting quantum interference device
SQUID (MPMS, Quantum Design) and with
a PAR vibrating sample magnetometer.

Magnetoresistance measurements were made
with conventional four probe DC with a physical
property measuring system (PPMS, Quantum De-
sign). Electrical contacts were made by ultrasonic
soldering of indium on the surface of the crystal.
Note that all magnetic and magnetoresistance
measurements were carried out during a zero-field
cooled warming (ZFCW) process.

X-ray absorption spectra at Mn ¸
2,3

- and Nd
M

4,5
-edges were recorded using circular polarized

light at the Dragon beamline (ID12b) of the ESRF
(Grenoble, France) and at beamline SU23 at Lure
(Orsay, France) both in the total electron yield
mode. At LURE, Nd M

4,5
-edges were recorded

using the second-order light. All the spectra were
recorded after a zero-field cooled process and the
sample was scraped in situ before the measure-
ments. The base pressure in the spectrometer cham-
ber was 2.3]10~9 mbar at the ESRF and
1.6]10~9 mbar at LURE when the sample was
cleaved or scraped.

At LURE and ESRF, the same single crystal was
used. At ESRF it was cleaved in situ but the rough
and step-like look of the sample surface prevented
any specific crystallographic orientation to be con-
sidered. At LURE it was scrapped in situ. Then
energy scans were realized for each direction of the
applied magnetic field (parallel and antiparallel to
the direction of the wave vector of incoming photons)
for a fixed helicity of the light (right polarization).

For the calibration between LURE and ESRF
experiments, two spectra were recorded at Mn
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Fig. 1. Normalization of dichroism spectra recorded at Mn ¸
3
-edge at LURE and at ESRF in the same experimental conditions.

¸
2,3

-edge at ¹"20 K and for an applied magnetic
field equal to $1.5 T (Fig. 1). To account for
various polarization rates (ESRF d85%; LURE
d65%) and absorption yield between both experi-
ments, X-ray absorption spectra and XMCD signal
recorded at LURE were, respectively, multiplied by
factors of 8 and 18 in order to be compared with
those recorded at the ESRF. The difference in XAS
and XMCD yields between ESRF and LURE ex-
periments may be due to the deteriorated surface
state of the scraped sample compared to the
cleaved one.

3. X-ray magnetic circular dichroism

Magnetic circular X-ray dichroism has proven to
be a valuable probe of the local magnetic proper-
ties of ferromagnetic or ferrimagnetic materials
[22—25]. The XMCD signal is defined as the ab-
sorption difference I

XMCD
"k`!k~ where k` and

k~ are the absorption cross-sections of the sample
when the magnetic field is applied parallel and
antiparallel, respectively, to the propagation direc-
tion of the X-rays with fixed circular polarization.

XMCD benefits from the double selectivity of the
X-ray absorption spectroscopy: it is sensitive to the
chemical species of the absorbing atom and to

the symmetry of the unoccupied electronic state
probed by the photoelectron taking into account
the electric dipole selection rules.

The XMCD signal is directly proportional to the
value of the magnetic moment carried by the or-
bital shell of the element probed by the dipolar
electric transitions at the edge chosen.

The so-called ‘sum rules’ introduced by Thole
and Cara [26,47] allows to distinguish between the
projections of the orbital magnetic moment S¸

;
T

and the spin magnetic moment SS
;
T contributing

to the total magnetic moment vector SM
;
T for each

probed element and edge. In our study of the
transition 2p1@2P3d and 2p3@2P3d on manga-
nese atoms, the orbital magnetic moment (in
l
B
/atom) is given by the first sum rule:

m
03"*5!-

"!

4:
L3`L2

(k
`
!k

~
) du

3:
L3`L2

(k
`
#k

~
) du

(10!n
3$

)

and the spin magnetic moment in units of l
B
/atom

is given by the second sum rule:

m
41*/

"!

6:
L3
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Fig. 2. Thermal variation of the resistance of the sample
Nd

0.72
Ba

0.28
MnO

3
at different magnetic fields.

Fig. 3. Thermal variation of the magnetoresistance ratio of the
sample Nd

0.72
Ba

0.28
MnO

3
at different magnetic fields.

where n
3$

is the 3d electron occupation number of
manganese and ¸

3
and ¸

2
denote the integration

range, S¹
;
T is the expected value of the magnetic

dipole operator and SS
;
T"1/2m

41*/
in Hartree

atomic units. Ratio S¹
;
T/SS

;
T was shown to be

negligible in the case of transition metal atoms at
room temperature [27]. But analytical calculations
of S¹

;
T for Cu2` in the octahedral field also

showed that its value can be larger than S
;
at low

temperature [28,48].
Therefore, one should be able to deduce from the

XMCD signal qualitative information on the rela-
tive orientation of magnetic moments carried by
various elements within the sample and also quanti-
tative information on the magnetic moments
SM

;
T"(S¸

;
T#2SS

;
T)l

B
using the sum rules pro-

vided that a calculation of ¹
;

is performed. Thus,
the second sum rule allows an estimation of the
manganese spin contribution SS

;
T provided that

the ¸
3
- and ¸

2
-edges are well separated. But, in the

case of manganese oxides, the spin—orbit splitting
of the core hole is not large enough to prevent
a mixing of the J contributions to the ¸

3
- and

¸
2
-edges such that error in the determination of

SS
;
T as large as 200% has been shown by the

multiplet calculations [29].

4. Results and discussion

4.1. Transport measurement

Fig. 2 shows the temperature dependence of the
resistance at various magnetic field. At ¹

.!9
"

140 K, the zero-field curve exhibits a first transi-
tion from a semi-conducting state (dR/d¹(0)
to a metallic state (dR/d¹'0) and a second
from a metallic to a semi-conductor state below
55 K.

The magnetoresistance ratio (Fig. 3) increases
with the applied magnetic field: the higher the mag-
netic field, the larger is the ratio R(H"0)/R(H).
Whatever the magnetic field, the magnetoresis-
tance peak takes place at ¹"140 K which cor-
responds to the ¹

.!9
transition temperature

from a semi-conducting to a metallic state without
field.

4.2. Magnetization measurement

Fig. 4 shows the temperature dependence of
the magnetization for various magnetic fields. The
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Fig. 4. Thermal variation of the magnetization of the sample
Nd

0.72
Ba

0.28
MnO

3
at different magnetic fields. Lines are drawn

at temperature at which XMCD spectra were recorded and
between inflection points taken as ¹

#
’s.

Table 1

Magnetic field
(T)

Curie temperature
(K)

Maximum resistivity
temperature (K)

0, 1 128 143
1, 45 144 160
3 160 177
5 165 197

Fig. 5. Mn ¸
3
-edges of Nd

0.72
Ba

0.28
MnO

3
in zero magnetic

field for the three studies temperatures showing the change in
intensity of shoulder A and B below ¹

#
(¹

#
"140 K).

parallelepiped shape allowed us not to take into
account the demagnetizing field effect. The mag-
netic transition Curie temperatures ¹

#
, from the

paramagnetic to the ferromagnetic state increase,
with the applied magnetic field and are in reason-
able agreement with the corresponding ¹

.!9
(Table

1). The transition width also increases strongly with
the applied magnetic field as usually observed in
the CMR rare earth manganites and is likely due to
the distribution of magnetic moments induced by
a variable energy spread of magnetic polarons [30].

The projection on the quantification axis
of the molar saturation magnetization of
Nd

0.72
Ba

0.28
MnO

3
at low temperatures estimated

for Nd3` is 0.4 l
B

as shown from neutron diffrac-
tion [21] while, for high spin Mn3` with orbital

contribution quenched, the moment can be cal-
culated as k

M/
"2l

B
[0.72*2 (for Mn3`)#0.28*3/2

(for Mn4`)]"3.72 l
B

— the amount of Mn4` spe-
cies (0.28) being fixed by the barium substitution
rates. Thus, a simple model of Nd3` and Mn3`

ferromagnetic sublattices will predict a zero tem-
perature magnetization of 3.43 l

B
if the two sub-

lattices are antiparallel and 4.01 l
B

if the two
sublattices are parallel. The magnetization curve at
5 T and ¹"20 K shows a zero temperature mag-
netization which is in better agreement with a scen-
ario including two ferromagnetically aligned
sublattices.

4.3. X-ray absorption spectroscopy

X-ray absorption spectra at the Mn ¸
2,3

-edges
were recorded between 635 and 680 eV with circu-
lar polarized light. After removal of the linear back-
ground estimated between 635 and 637 eV, spectra
are normalized to unity at the top of manganese
¸
3
-edge.
Fig. 5 shows X-ray absorption spectra at the

Mn ¸
3
-edge at various temperatures. As already
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Fig. 6. Observed Mn ¸
3
-edges for SrMnO

3
and

Nd
0.72

Ba
0.28

MnO
3

at room temperature and TT-multiplet
simulation of octahedral Mn3` high and low spin from De
Groot [32].

observed in Pr
0.7

Sr
0.3

MnO
3

compound [31],
shoulders A and B decrease in intensity at the
transition from the paramagnetic—semiconducting
state to the ferromagnetic—metallic state. Shoulder
A corresponds to a Mn3` (3d4) high spin cation
and shoulder B to Mn4` (3d3) as shown in Fig. 6.
Manganese 3d4 low spin and manganese 3d4 high
spin were calculated by de Groot using a charge
transfer multiplet model [32] based on the crystal-
lographic data of LiMnO

2
. The absence of the

so-called A peak at 641 eV in the calculated spec-
trum of Mn3` (3d4) low spin allows one to think
that the introduction of some amount of low-spin
contribution could decrease the A shoulder inten-
sity. Conversely, the existence of a pre-peak at
640 eV, also characteristic of the low spin contribu-
tion, does not appear clearly in the sum of the three

contributions for a small amount of low spin con-
figuration ((25%) [31].

However, a decrease of shoulders A and B is
observed at low temperature 20 and 130 K with
respect to room temperature. This could be ex-
plained by the introduction of some amount of low
spin contribution which could in turn be explained
by a crystal field change at ¹

.!9
related to a de-

crease of the Jahn—Teller distortion. Variations of
the Jahn—Teller distortion have been observed by
powder neutron diffraction in some manganites but
remain often weak [33—37]. Specially, in the case of
the neighbor Nd

0.7
Ba

0.3
MnO

3
[21] compound,

powder neutron diffraction has shown little change
in the Mn—O distances between 250 and 1.5 K.
However, the large changes observed at Mn ¸

3
-

edge may be attributed to a strong dynamical
Jahn—Teller effect as proposed by Millis et al.
[38,49].

4.4. X-ray magnetic circular dichroism

To extract the XMCD signal from X-ray absorp-
tion spectra recorded with right-hand polarized
light, one must be sure that both spectra, recorded
with the magnetic field parallel and antiparallel to
the direction of the wave vector of the incoming
photons, can be superposed at low (635 eV) and
high energy (680 eV). To obtain this superposition,
one of the spectra can be multiplied by a constant
which originates from the natural decrease of the
beam light intensity between spectra with reversed
magnetic field directions.

To proceed with the calculation of the sum rules,
the total signal k

505
was obtained by adding up the

XAS spectra recorded with the magnetic field par-
allel and antiparallel to the direction of the X-ray
beamline. Then, after removal of the linear back-
ground estimated between 635 and 637 eV, a two-
step-like function for edge removal was subtracted
before the integration. We have set the first step of
the function to 0.667 and the second one to unity
at 667 eV. This point was shown previously by
Pellegrin [39] to be equal to one after normal-
ization, the normalization being determined at
higher energy ('720 eV).

Fig. 7 shows the Mn ¸
2,3

-edges of a
Nd

0.72
Ba

0.28
MnO

3
single crystal recorded at 6.5 T
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Fig. 7. XMCD signal of Nd
0.72

Ba
0.28

MnO
3

at Mn ¸
3
-edge at ¹"20 K.

and ¹"20 K and the corresponding dichroic
signal obtained at ESRF. A similar treatment
was used throughout this work for Mn ¸

2,3
- and

Nd M
4,5

-edges.
The strong negative peak at about 642 eV al-

ready observed by Pellegrin [39] exhibits two
shoulders A and B. These shoulders correspond to
the ones observed on the XAS spectra (Fig. 6). In
agreement with the above assignment shoulder B is
due to Mn4` (3d3) and the shoulder A seems to be
linked to the presence of an Mn3` (3d4) high spin
state.

The first qualitative but important information
that can be drawn from XMCD signals is the rela-
tive orientation of both Nd and Mn magnetic sub-
networks. Note that the direction of the magnetic
moment carried by the manganese cations follows
the magnetic field (Fig. 8). Then, whatever the tem-
perature and the magnitude of the applied mag-
netic field are, magnetic moment carried by the
manganese cations stay parallel to the direction of
propagation vector of the soft X-rays and on the
same way. At Nd M

4,5
-edge Goedkoop et al. [40]

reported calculated XMCD signals for right hands
circular polarization similar to our spectra re-
corded at 6.5 T and 1.5 T (Fig. 9a). It is worth
noting here that due to the small magnetic moment

of the Nd cation, the M
5
-edge dichroic signal dis-

appears in the noise and that only the more intense
M

4
-edge dichroic signal can still be observed in low

magnetic fields, below 1.5 T. Since the XMCD sig-
nals were calculated for a magnetic moment carried
by the neodymium cation parallel to the direction
of the applied magnetic field, one can conclude
a parallel ordering of manganese and neodymium
magnetic moments for applied magnetic fields at
least equal to or higher than 1.5 T at ¹"20 K.

On the other hand at ¹"20 K an antiparallel
ordering of manganese and neodymium magnetic
moments can be concluded from the fact that the
XMCD signal at the Nd M

4
-edge at 0.1 T is rever-

sed compared to the one at the Nd M
4
-edge at

6.5 T (Fig. 9b). An antiparallel ordering between
the manganese and the rare earth sublattices has
already been seen in Gd

0.67
Ca

0.33
MnO

3
[41] and

Nd
0.7

Ba
0.3

MnO
3
[21] compounds by powder neu-

tron diffraction without field. In the latter paper,
the projection on the quantification axis of the
magnetic moment of the Nd cation has been esti-
mated to be 0.4 l

B
. This antiparallel ordering has

been observed for the first time either by neutron
diffraction and XMCD in neodymium barium
manganite for substitution amount between 0.25
and 0.3. For the same composition, in the cases of
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Fig. 8. XMCD signals versus temperature and applied magnetic field.

Ca and Sr substitution, a parallel ordering of neo-
dymium and manganese subnetworks has always
been observed by neutron diffraction experiments
[18,19].

In high field (6.5 T), the XMCD signal at Nd
M

4,5
-edge is shown for different temperatures in

Fig. 10. A dichroic signal and thus a magnetic
moment can still be seen on the neodymium cation
at ¹"40 K and H"6.5 T. Fig. 11 shows the
decrease of the XMCD signal at 1000.6 eV and its
extrapolation to higher temperatures. This extra-
polation shows that the XMCD signal at Nd M

4,5
-

edge disappears above 75 K assuming a linear vari-
ation of the Nd sublattice magnetization. More-
over, a parallel ordering between both manganese
and neodymium sublattices in high magnetic field
is in agreement with the value of the magnetization
(4.12 l

B
) recorded at 5 T (Fig. 4).

On the resistance curve (Fig. 2), a second
transition from metallic to a semi-conducting state
takes place below 55 K without field and below

80 K at 7 T. Such metallic to semi-conducting be-
havior is already observed at low temperature
upon cooling on La

1~x
Sr

x
MnO

3
(0.14 ‘x’ 0.16)

without applied magnetic field [42] but it is visible
neither on the resistance curves of the powder
Nd

0.7
Ba

0.3
MnO

3
[43] sample nor for calcium and

strontium substitution of the neodymium manga-
nite [44]. A few hypotheses can be proposed to
account for this particular behavior in the single
crystal which is twinned as usual in these distorted
perovskite structures.

The first one is based on the existence at the twin
boundaries of a second phase slightly different in
stoichiometry and exhibits a metallic to semi-con-
ducting transition at low temperature. But, it is
likely that such a second phase should occur also at
the grain boundaries in the case of the powder
samples which do not show any transition at low
temperature.

The second one is based on the existence of
charge ordering on the manganese lattice as it is

314 O. Toulemonde et al. / Journal of Magnetism and Magnetic Materials 190 (1998) 307—317



Fig. 9. (a) XMCD signals of Nd
0.72

Ba
0.28

MnO
3

at Nd M
4@5

-edge at ¹"20 K for b"6.5 and 1.5 T. (b) XMCD signals of
Nd

0.72
Ba

0.28
MnO

3
at Nd M

4@5
-edge at ¹"20 K for b"6.5 and 0.1 T.

observed for Nd
0.7

Ca
0.3

MnO
3

compound [19].
This charge ordering phenomenon might be linked
with a magnetic ordering on the neodymium sub-
lattice. Our experiments tend to show that the
magnetic moments on neodymium and the
transition from metallic to semi-conductor state,
below 60 K without field and below 80 K at 7 T,
are correlated. But, considering the cation size mis-
match effect on the A site [17,45], the mismatch
at the A site, introduced by replacing Nd3` ion
(r"1.27 As ) [46] by Ba2` ion (r"1.61 As ) is larger

than the one induced by replacing Nd3` ion by
Ca2` (r"1.34 As ) ion. A charge ordering phenom-
enon is thus more likely on Nd

0.7
Ca

0.3
MnO

3
com-

pound than on Nd
0.72

Ba
0.28

MnO
3
. One can also

consider that the transition from metallic to semi-
conductor state is linked to this cation size mis-
match effect.

The third one is based on the existence of a phase
transition in the Nd

0.72
Ba

0.28
MnO

3
twinned single

crystal itself which would lead the magnetic order-
ing on the neodymium sublattice and the metallic
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Table 2

Temperature (K) Applied magnetic field (T) XMCD signal at 642 eV Magnetization value (l
B
)

20 1.5 !0.20 1.07
20 3 !0.65 3.10
20 6.5 !0.72 4.16!

130 1.5 !0.31 1.74
130 6.5 !0.54 2.79!

300 (5 No signal (0.80

!Recorded with an applied magnetic field equal at 5 T.

Fig. 11. Thermal variation of dichroic intensity at 1000.6 eV
and 6.5 T with its linear extrapolation to zero giving an estima-
tion of magnetic ordering temperature of neodymium subnet-
work.

Fig. 10. Thermal variation of the XMCD signal of
Nd

0.72
Ba

0.28
MnO

3
at Nd M

4@5
-edge.

to semi-conducting behavior. The question raised
here is whether or not this phase transition could
be observed by neutron diffraction of the
Nd

0.72
Ba

0.28
MnO

3
twinned single crystal.

At Mn ¸
2,3

-edge, whatever the magnetic field, no
XMCD signal at 300 K could be observed in agree-
ment with the paramagnetic state. The XMCD
signal starts to be observed at 130 K, temperature
close to ¹

#
as observed on magnetization curves.

Then the XMCD signal (Fig. 9) increases with de-
creasing temperatures and increasing magnetic
field in agreement with the variations of the mag-
netization (Fig. 4) as shown in Table 2.

Applying the sum rules to the dichroic signal,
one can estimate the S¸

;
T and SS

;
T. Components

of the manganese magnetic moment SM
;
T. As

shown above, only the first sum rule can be used
and, since the two dichroic spectra were not taken
simultaneously, one can only give a crude estima-
tion of S¸

;
T. Our calculation gives an estima-

tion of S¸
;
T (between !2.1]10~2 l

B
and

!5.1]10~2 l
B
) in agreement with the first calcu-

lation of Pellegrin [39].
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5. Conclusions

Dynamical Jahn—Teller distortions have been in-
volved to explain the X-ray absorption spectro-
scopy data showing modification at ¹

#
.

Moreover, XMCD data show a reversing on the
orientation of the neodymium sublattice with re-
spect to the manganese sublattice when the applied
magnetic field is increased; magnetization measure-
ments at high magnetic fields (5 T) could be inter-
preted as two ferromagnetically aligned sublattices.

The magnetic moments on neodymium may be
related to the transition from a metallic state to
a semi-conducting state which takes place below
80 K at 7 T and near 50 K at zero field. However,
the magnetic moment on neodymium does not
have any link with the magnetoresistance proper-
ties which are present at ¹"140 K whatever the
applied magnetic field.

Now, it would be interesting to follow the mag-
netic moment on the neodymium cations by in-
creasing the applied magnetic field for each photon
energy scan at ¹"20 K to know the magnetic
field at which the magnetic moment on the neo-
dymium sublattice is reversed, and as a second part,
it would be interesting to determine the Curie tem-
perature of the neodymium sublattice.
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