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Electron magnetic resonance study in a single crystal of the colossal magnetoresistance
manganite Nd0.5Sr0.5MnO3
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We report here the results of an electron magnetic resonance study of a single crystal of the CMR manganite,
Nd0.5Sr0.5MnO3. The temperature dependence of the paramagnetic g-value, the linewidth, and the intensity
point to the existence of orbitally ordered short-ranged spin correlations. The magnetocrystalline anisotropy of
the sample is found to split the spectra belowTC . The temperature dependence of the spectra and the angular
variation of the resonance fields suggests the presence of two distinct anisotropy fields below 220 K. This is
attributed to the coexistence of anA-type antiferromagnetic phase with the ferromagnetic phase down to the
temperature at which a transition takes place to a charge ordered CE-type antiferromagnetic state (TCO5TN

5148 K).
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I. INTRODUCTION

Rare-earth manganese perovskites (RMnO3; R
5La,Nd,Pr,. . . ) when doped with alkaline earth
(R12xAxMnO3; A5Ca,Sr,Ba,. . . ) (0.2<x<0.4) exhibit
colossal magnetoresistance~CMR! and an insulator-to-meta
transition concomitant with a paramagnetic to ferromagn
transition.1 When the doping concentration is increased tox
50.5, the ferromagnetic metallic phase, upon cooling,
dergoes another transition at lower temperatures to an
ferromagnetic insulating phase, accompanied by a real-s
ordering of thed3x22r 2 and d3y22r 2 orbitals and the Mn31

and Mn41 ions in a checkerboard pattern,2 resulting in a
doubling of the unit cell along thea axis. This state, referred
to as the correlated electronic~CE! state, is composed o
zigzag ferromagnetic chains of Mn31 and Mn41 coupled an-
tiferromagnetically in a direction perpendicular to the zigz
arrays.

For Nd0.5Sr0.5MnO3 ~NSMO 0.5!, the paramagnetic insu
lator to ferromagnetic metal transition is observed at (TC
5) 250 K and upon further cooling, the transition to the C
state is observed at (TCO5) 150 K. A number of experimen
tal studies3 suggest that the CE state is inhomogeneous.
example, a transmission electron microscopy study
NSMO 0.5 as a function of temperature4 points to the coex-
istence of ferromagnetic metallic regions and charge orde
~CO! microdomains in the ferromagnetic state.55Mn NMR
measurements in La0.5Ca0.5MnO3 ~Ref. 5! and NSMO 0.5
~Ref. 6! confirm the existence of a ferromagnetic phase fr
tion belowTCO .

Recently, using neutron diffraction, Ritteret al.7 reported
the coexistence ofA-type antiferromagnetic~AFM! ~ferro-
magnetic planes coupled antiferromagnetically! and ferro-
magnetic phases below 225 K in NSMO 0.5. TheA-type
AFM phase is found to persist down to liquid helium tem
peratures in NSMO 0.5 and has not been observed
La0.5Ca0.5MnO3.
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We report here an electron spin resonance~ESR! study in
single crystals of NSMO 0.5 with the aim of studying th
temperature evolution of the magnetically ordered phas
Such a study is important in order to understand the evo
tion of the A-type orbitally ordered phase as a function
composition x in Nd12xSrxMnO3. For example, for x
50.55, the CE state is not observed and only theA-type
AFM phase is observed (TN5230 K). For 0.3<x<0.5,
x-ray synchrotron8 measurements, indicate the existence
charge or orbitally ordered clusters.

We have previously reported the existence of spin clus
in polycrystalline Nd12xSrxMnO3 (0.2<x<0.5) in the para-
magnetic state.9 The formation of clusters in the parama
netic state was evidenced by a quasilinear increase of
ESR linewidth (DHpp) as the temperature was increas
aboveTC . At a characteristic temperatureT* , which is well
aboveTC , the line could be resolved into two Lorentzians
the magnetically ordered phase, indicating the existence
two types of phase-segregated regions. In the case of p
crystalline NSMO 0.5 the second line, which appears be
T* , shifts to higher fields.

II. EXPERIMENTAL DETAILS

Single crystal of NSMO 0.5 used in this study was grow
in an infrared image furnace by the floating zone techniq
at the Department of Physics, University of Warwick, U
and was characterized by x-ray diffraction, dc electrical
sistivity and magnetization measurements.

Single-crystal x-ray diffraction data were collected usi
an Enraf-Nonius CAD-4 diffractometer.10 A small crystal of
dimensions 0.130.130.075 mm was used for data collec
tion. The unit-cell parameters were determined using 25
flections collected through search routine and indexed us
the method of short vectors followed by least-squares refi
ment. The intensity data were collected byv-2u scan tech-
nique for 2°,u,25° with graphite monochromated MoKa
(0.710 73 Å) x-ray radiation. The empirical absorption co
©2004 The American Physical Society37-1
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rection was effected on the intensity data usingc-scan
technique.11 The structure solution was carried out using t
computer program SIR92 and the structure was refined u
SHELXL-97 computer program.12,13 The refinement of the
crystal structure was performed with full occupancies
Mn, O~1!, and O~2!. The occupancies of Nd and Sr were s
as least-squares variables with sum of their occupancies
strained to one. The refinement converged to a finalR factor
of 4.9%.14 The lattice parameters, atomic positions, a
equivalent isotropic displacement parametersU~eq! are
shown in Table I. Figure 1 shows the unit cell
Nd0.5Sr0.5MnO3 showing the various atomic coordinates.

The space group is found to beImma. The parameters
agree with those reported by Eremenkoet al.15 for NSMO
0.5 crystals obtained from the Warwick group and from t
Institute of Physics of the Polish Academy of Sciences.

The temperature dependence of ac susceptibility (x8) and
resistivity measurements on the crystal were reported in R
6. The paramagnetic insulator to ferromagnetic metal tra

TABLE I. Lattice parameters and list of derived atomic po
tions and equivalent isotropic displacement parameters of
Nd0.5Sr0.5MnO3 single crystal.

Lattice parameters:
a55.420(3) Å,b57.666(7) Å,c55.453(10) Å

Atoms x y z U~eq!

Nd 0 0.25 0.0039~3! 0.021~2!

Sr 0 0.25 0.0039~3! 0.021~2!

Mn 0 0 0.5 0.018~3!

O~1! 0 0.25 0.524~5! 0.044~7!

O~2! 0.25 0.0229~18! 0.75 0.037~5!

FIG. 1. Structural diagram of Nd0.5Sr0.5MnO3 showing the vari-
ous atomic coordinates. Layers of the inequivalent oxygens O1
O2 alternate in thea-c plane.
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i-tion occurs at 245 K (TC). The antiferromagnetic transition
around 148 K (TCO) is accompanied by a sharp transition
the insulating state.

ESR measurements were performed using a Varian E-
continuous wave spectrometer at x-band freque
('9.35 GHz), equipped with a continuous gas-flow cryos
~nitrogen!. A spherically shaped crystal of diameter;1 mm
was used for the measurement. The orientation of the cry
was determined using a Laue camera in back-scattering
ometry. The spectra were recorded with thec axis of the
crystal aligned parallel to the applied magnetic field. A pla
num resistance thermometer and a heater, kept below
sample, were used to measure and control the tempera
from 100 K to 425 K. 2,2-diphenyl~picryl hydrazyl! ~DPPH!
was used asg marker. The ESR spectra were recorded as
temperature was decreased from 425 K. The angular de
dence of the resonance was measured by rotating the sa
with respect to an axis perpendicular to the magnetic field
various temperatures.

III. RESULTS AND DISCUSSION

Figures 2, 3, and 4 show ESR spectra in the differ
temperature ranges. A single line was observed in the p
magnetic state whose shape is asymmetric. When the
perature is reduced below 250 K (5TC), the spectrum splits

e

nd

FIG. 2. Representative ESR spectra in the paramagnetic
and between 250 K and 225 K.
7-2
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and the lines broaden. The prominent peak shifts towa
lower fields and an additional line appears in the form o
shoulder on the high-field side of the prominent peak. At 2
K, the prominent line which shifts towards lower fields fu
ther splits into two and both the lines shift to lower fiel
down to 180 K. A small shoulder appears in the high-fie
line also. It was difficult to record the spectrum below 130

The asymmetric spectra were analyzed by fitting to l
shapes of the form:16

dP

dH
5

d

dH F DH1a~H2H0!

~H2H0!21DH2G . ~1!

This is an asymmetric Lorentzian line, which includ
both absorption and dispersion, wherea denotes the
dispersion-to-absorption ratio. Such asymmetric line sha
are usually observed in metals for samples whose dim
sions are large compared to the skin depth, because the
effect drives the magnetic component of the microwave fi
in the sample out of phase and therefore leads to an ad
ture of dispersion into the absorption spectra. Two or th
asymmetric Lorentzians@Eq. ~1!# were used to fit the experi
mental data at various temperature ranges. Figure 5 sh
the fits of the experimental data along with the resolv
lines. The temperature evolution of the spectra in vario
temperature regions is discussed below.

FIG. 3. ESR spectra in the temperature range from 220
to 180 K.
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A. Paramagnetic state:TÌ250 K

In the paramagnetic state the resonance field, linewi
and intensity of the ESR spectra were derived by fitting
Eq. ~1!. Figure 6 shows the resonance field (H0) derived
from fits over the entire temperature range from room te
perature down to 130 K. The ESR signal in manganites m
be taken to originate from Mn41 ions, because Mn41 (3d3

with S53/2) ions are expected to have an isotropicg value
of ;1.99 in an octahedral crystal field. Mn31 (3d4 with S
52) is unlikely to have an observable ESR signal since
has a large zero-field splitting and short spin-lattice rel
ation time.17 The g value of our sample, calculated with re
spect to the DPPH line, is found to increase with decreas
temperature in the paramagnetic state from 1.80 at 425 K
1.96 at 250 K~Fig. 7! suggestive of spin correlations abov
TC .

A neutron-diffraction study by Kawanoet al.18 on NSMO
0.5 points to the existence of two-dimensional dynami
spin correlations induced by orbital ordering in the param
netic state. Further insight into the nature of these spin c
relations can be obtained by referring to reported ESR sp
tra on manganites in which the charge ordering transit
temperature is higher than the antiferromagnetic transit
~e.g., Nd0.5Ca0.5MnO3, TCO5240 K andTN5140 K), since
this allows us to determine the influence of orbital degrees
freedom. BelowTCO , the g value exhibits a prominent in

K FIG. 4. ESR spectra in the temperature range from 170
to 130 K.
7-3
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crease and this has been attributed to the developmen
orbital-ordering.19 The effect of orbital degrees of freedo
on theg value has been studied recently in LiCuVO4.20 The
presence of such orbitally ordered clusters may simila
give rise to an increase in theg value when the sample i
cooled towardsTC .

Based upon the above results, the observed increase i
g value upon cooling in the paramagnetic state in NSMO
is attributed to orbitally ordered spin clusters. Thus orb
degrees of freedom have an appreciable influence on the

FIG. 5. Representative spectra with fitted and resolved curve
various temperature ranges. The solid lines are the fitted curves
the dashed and dotted lines are resolved curves.

FIG. 6. Plot of resonance field vs temperature of NSMO
crystal.
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ture of these spin correlations in manganites even in the p
magnetic state.

The ESR spectrum shows a Dysonian line shape cha
teristic of a metal up to 475 K.21 TheA/B ratio of the sample
is around 3. To check whether the skin effect is the reason
the asymmetric line shape in the paramagnetic state, we
timate the skin depthd5A2r/mv wherer is the electrical
resistivity andv is the microwave frequency. Usingr55.0
31025 Vm ~dc resistivity of single crystal at 295 K!, we
find the skin depthd50.03 mm which is much less than th
sample size of 1 mm. We measured ESR on the crus
powder of the crystal and found a symmetric Lorentzian l
down toTC . This shows that the skin depth of the crystal
responsible for observed asymmetric line shape.

The paramagnetic linewidth (DHpp) is found to increase
in a quasilinear manner with increase of temperature ab
TC ~Fig. 8!. It goes through a minimum at 270 K
('1.1TC), as the temperature decreases and below whic
increases again~inset of Fig. 8!. The linewidth behavior
aboveTC could be described by an equation of the form:22

DHpp~T!5DHpp~`!F C

TxG , ~2!

whereC/T is the single-ion~Curie! susceptibility,x is the
measured paramagnetic susceptibility andDHpp(`) is the
linewidth expected at temperatures high enough for the
susceptibility to follow a Curie-Weiss law. Such a depe
dence accounts for the quasilinear behavior nearTC and the
tendency to saturation at higher temperatures in mangan
resulting in auniversaltemperature dependence of the ES
linewidth in a scale normalized toTC . This is attributed to
the existence of magnetic clusters well aboveTC . The ob-
served temperature dependence of the linewidth supports
existence of orbitally ordered spin clusters inferred from
temperature dependence of the paramagneticg value.

Figure 8 shows the linewidth plotted accordingly on th
universal curve in a normalized scaleT/TC . DHpp(`) was
calculated by fitting to this universal curve and was found
be 2400 G. This value ofDHpp(`) is of the same order a
the values of 2600 G for La and 4500 G for Pr-

at
nd

FIG. 7. Plot ofg vs temperature in the paramagnetic state.
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ELECTRON MAGNETIC RESONANCE STUDY IN A . . . PHYSICAL REVIEW B69, 094437 ~2004!
manganites.22 The single-crystal value is about the sam
~2500 G! as for polycrystalline NSMO 0.5 reported by u
earlier.9

The ESR intensity is another important parameter wh
can be used to identify the nature of the ions contributing
the resonance in the paramagnetic state. The intensity o
ESR spectrum, which is proportional to the number of pa
magnetic spins, is the area under the absorption curve. T
are two different methods of calculation of the intensity
first derivative ESR spectrum. One is the double integrat
of the observed ESR spectrum. In another method, the in
sity of the ESR line may be obtained from the followin
expression:

I}@DHpp#
2Y8, ~3!

where 2Y8 is the peak-to-peak derivative amplitude.
As the spectra are asymmetric in the NSMO 0.5 crys

the second method is adopted to calculate the intensity.
intensity is given byI 5hxesrvQL for small samples. Then
the intensity is multiplied by a constant, proportional to t
quality factor and dimension of the cavity, to determinexesr .
The result is shown in Fig. 9 along withxdc . The contribu-
tion to the susceptibility due to the Nd ions is subtrac
from xdc . It shows that both the susceptibilities follow th
same temperature dependence. This is similar to the beha
observed in La0.67Ca0.33MnO3.22 This clearly indicates all the
Mn ions contribute to the observed ESR spectra.

To account for the temperature dependence of the E
signal of manganites in the paramagnetic state, Shenge
et al.23 used the ‘‘bottleneck’’ mechanism and assigned
ESR signal to Mn41 ions with a ferromagnetic Curie-Weiss
like behavior arising from the ferromagnetic coupling b

FIG. 8. Plot ofDHpp /DHpp(`) vs T/TC in the paramagnetic
state. The continuous line shows the theoretical curve of Eq.~2!.
Inset shows the minimum inDHpp at 270 K.
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tween the Mn31 and Mn41 subsystems. However the ES
intensity variation has been fitted by them only over a sm
temperature range aboveTC ~up to ;2TC) and there are
deviations above this interval. Causaet al.22 correlated
this deviation with the tendency to saturation ofDHpp as
shown by the universal temperature dependence for ma
nites ~Fig. 8!. In this model the ESR signal is assigned
spin clusters of both Mn31 and Mn41 ions and is found to
agree with the observed temperature dependence of the
spectrum well aboveTC ~up to;4TC). Hence this model is
used in the present analysis.

B. Ferromagnetic state: 230 KËTË245 K

Between 245 K and 230 K, an equation consisting of t
asymmetric Lorentzian terms@Eq. ~1!# was used to fit the
data. A new line~line 1! develops at 245 K as a shoulder o
the high-field side. The temperature at which the line spl
viz., 245 K coincides withTC obtained from magnetization
The shifts of the two lines upon cooling are in opposite
rection: the prominent line~line 2! shifts to lower fields
whereas line 1 shifts to higher fields.

The observed two line feature in the ferromagnetic stat
attributed to coexisting ferromagnetic and pa
antiferromagnetic phases as in the case of polycrystal
La0.5Ca0.5MnO3 and Nd0.5Sr0.5MnO3 manganites.9,24,25 In a
single crystal, this line splitting could also be due to t
magnetocrystalline anisotropy of the sample, when the fi
is not applied along the easy direction of magnetization. T
can be checked by the angular variation of the ESR sp
trum. If the line splitting is due to the coexisting phase
there should be no significant angular variation, whereas
magnetocrystalline anisotropy of the sample induces a p
odic variation of the resonance field depending on the dir
tion of orientation of the crystallographic axes with respe
to the applied magnetic field. IfK1 is the anisotropy constan
andM0 the saturation magnetization at a given temperatu
then resonance occurs at two fields above and below a c
cal field, called the effective anisotropy field,Han

FIG. 9. Plot of susceptibility vs temperature aboveTC .
7-5
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52K1 /M0.
26 This field is a virtual magnetic field, whose a

tion on the magnetization is equivalent to the effect of r
interaction forces responsible for the anisotropy. If we c
find such an anisotropy fieldHan , then the equation of mo
tion, whose solution gives the susceptibility tensor, is of
form:

dM

dt
52gM3~H1Han!1v r@x0~H1Han!2M #. ~4!

We shall assume the dependence ofHan on M to have the
form: Han52NanM where Nan is the magnetocrystalline
anisotropy tensor.

In order to investigate the origin of the two resonan
lines belowTC , angular dependent ESR measurements
the NSMO 0.5 crystal were made. The spherical shape of
sample nullifies the demagnetizing effects. Figures 10 and
show the angular variation of the line shape and of the re
nance position of the high-field line at 235 K, respective
The variation is cos 4f with maxima at 0°, 90°, and 180
and minima at 45° and 135°. This resembles the depend
of the resonance field on the anglef between applied field
~H! and the@100# axis in the~010! plane for a cubic crystal
For H0@K1 /Mo , the angular variation of the resonan
field is approximately given by26

H05
v

g
2

K1

2Mo
S 3

2
2

5

2
cos 4f D . ~5!

FIG. 10. Angular variation of ESR spectra at 235 K.
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Octahedral (MnO6) tilts reduce the symmetry from cubi
to orthorhombic in perovskite manganites. For small octa
dral tilts the unit cell of NSMO 0.5 may be thought of as
‘‘pseudocube’’~with local Imma symmetry!. This is borne
out from the angular variation of the resonance field~Fig.
11!. Thus the two-line feature observed in this temperat
interval is explained by invoking the presence of magne
crystalline anisotropy and its presence is confirmed by m
suring the angular variation of the resonance field.

The fact that the two-line spectrum originates from t
magnetocrystalline anisotropy can be explained in the
lowing way. During a typical field sweep in the ESR expe
ment, if the field is not applied along the easy axis of ma
netization ~as in the present case! and when the
magnetization is far from saturation, the magnetization of
specimen aligns along the easy direction for small values
the field, resulting in a low-field resonance line. Upon furth
increasing the field, the spins tend to align along the dir
tion of the applied field resulting in the high-field resonan
line. Thus the anisotropy field splits the observed ferrom
netic resonance~FMR! signal. If the two lines originate from
magnetocrystalline anisotropy when the sample is not
ented along the easy axis of magnetization, then spectra m
sured at fields sufficiently high to magnetize the sample co
pletely along the field direction should show a single lin
This was verified byQ-band ESR measurements. A sing
line appears over the entire temperature range from 400
130 K. This shows that the magnetic field of 12 500 G f
Q-band measurements is sufficient to magnetize the sam
completely in the field direction and that this field is grea
than the anisotropy field,Han . A typical Q-band ESR spec-
trum recorded at 200 K is shown in Fig. 12.

Mahendiranet al.27 have reported magnetization vers
field curves belowTC in NSMO 0.5. The ‘‘knee’’ point oc-
curs around 5000 G. Thus in a typicalX-band field scan from
0–8000 G, two resonance lines are expected when
sample is not oriented along the easy direction. TheQ-band
resonance field (;35 GHz,;12 500 G) is beyond the kne
point in the magnetization curve for NSMO 0.5 and hen

FIG. 11. Plot of resonance position of the high-field line
angle between applied fieldH and the axis@100# in the ~010! plane
at 235 K. The solid line is guide to eye.
7-6
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only one resonance line is observed irrespective of sam
direction. Thus the angular variation of the resonance fi
~Fig. 11!, the observedX- and Q-band spectra and reporte
M -H data27 confirm that the anisotropy field plays an impo
tant role in determining the temperature dependence of
ESR spectrum belowTC .

C. 180 KËTË225 K

Below 225 K, both line 1 and line 2 split further into tw
lines each~Fig. 3!. One of the split components of line 1~1b!
was too weak to be analyzed and its temperature depend
is not discussed any further. However it is prominently o
served when the angular variation of the line shape was
corded at 180 K~Fig. 13!. This splitting could be due to the
A-type antiferromagnetic state, which is found to coex
with the ferromagnetic state below 225 K observed by Ri
et al. from neutron diffraction.7

Figures 13 and 14 show the angular variation of the l
shape and of the resonance fields, respectively, at 180 K.
resonance field has a cos 4f angular variation with maxima
at 0°, 90°, and 180° and minima at 45° and 140° similar
the data obtained at 235 K. The observed cos 4f behavior of
lines 1a and 1b indicates the existence of two different val
for the anisotropy field in this temperature region. The d
viation from cos 4f behavior of the angular dependencies
possibly due to the deviation from cubic symmetry and m
netic inhomogeneities.

Thus the observed splitting of lines 1 and 2 below 225
points to the presence of ferromagnetic heterogeneity w
two different magnetocrystalline anisotropies arising fro
the onset ofA-type antiferromagnetic order, i.e., the pairs
lines@1a, 2a, 1b~not shown in Fig. 6!, and 2b# originate from
two different anisotropy fields and is attributed to the pr

FIG. 12. Q-band ESR spectrum recorded at 200 K. Solid line
a fit to an asymmetric Lorentzian line@Eq. ~1!#.
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ence of the A-type AFM phase. The observation o
ferromagnetic-like feature for the coexistingA-type antifer-
romagnetic phase arises from the canted spins having
zero net magnetization possibly with easy axis of magn
zation away from the magnetization direction of th
dominant ferromagnetic phase.

FIG. 13. Angular variation of ESR spectra at 180 K.

FIG. 14. Plot of resonance field vs angle betweenH0 and the
axis @100# in the ~010! plane at 180 K. The solid lines are guides
the eye.
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D. TË180 K

Below 180 K, the resolution between lines 1a and 2a
creases markedly and a single asymmetric line is obser
line 2b still being present at low fields. The intensity of t
lines is nearly constant down to the charge ordering temp
tureTCO ~148 K!. However satisfactory line shape fits in th
temperature region could be obtained only if three asymm
ric Lorentzians are used. Therefore the peak positions
tained from the fits are labeled as 1a8, 1b8, and 2b8 ~Fig. 6!
to represent this change in the line shape. This change in
shape coincides with the onset of the CE state below 180
as shown by Ritteret al.7 Since four resonance lines a
observed well belowTCO , we infer that FM andA-type
AFM phases coexist with the CO phase. This suggests
the transition to the CO is gradual in agreement with55Mn
NMR data.6

IV. CONCLUSION

The temperature dependence of theg value, linewidth,
and intensity aboveTC point to the existence of orbitally
ordered spin clusters of both Mn31 and Mn41 ions in the
paramagnetic state. Thus orbital degrees of freedom hav
appreciable influence on the dynamical spin correlations
manganites even in the paramagnetic state. The magn
crystalline anisotropy is found to split the resonance line i
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