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Electron magnetic resonance study in a single crystal of the colossal magnetoresistance
manganite Nd, sSr, sMnO 5

S. Angappane, M. Pattabiraman, G. Rangar&jamd K. Sethupathi
Department of Physics, Indian Institute of Technology, Madras, Chennai-600 036, India

V. S. Sastry
Materials Science Division, Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India
(Received 19 February 2003; revised manuscript received 5 January 2004; published 30 Majch 2004

We report here the results of an electron magnetic resonance study of a single crystal of the CMR manganite,
Ndp 551 sMnO3. 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 beldw. 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 @atype antiferromagnetic phase with the ferromagnetic phase down to the
temperature at which a transition takes place to a charge ordered CE-type antiferromagnetit-gtat€n(
=148 K).
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[. INTRODUCTION We report here an electron spin resonat€8R study in
single crystals of NSMO 0.5 with the aim of studying the
Rare-earth manganese perovskitesRMO;; R temperature evolution of the magnetically ordered phases.
=La,Nd,Pr,...) when doped with alkaline earths Such a study is important in order to understand the evolu-
(Ri_ AMnO;; A=Ca,SrBa,..) (0.2<x<0.4) exhibit tion of tlh.e A-type orbitally ordered phase as a function of
colossal magnetoresistan@MR) and an insulator-to-metal composition x in- Nd; _,Sr,MnO;. For example, forx
transition concomitant with a paramagnetic to ferromagnetic=0-55, the CE state is not observed and only #gpe
transition! When the doping concentration is increasecto AFM phase is observedTy=230 K). For 0.3<x<0.5,
=0.5, the ferromagnetic metallic phase, upon cooling, unX-ray synchro_troﬁ measurements, indicate the existence of
dergoes another transition at lower temperatures to an antf'a/d€ or orbitally ordered clusters.

ferromagnetic insulating phase, accompanied by a real-spa% Vg? Efvs?aﬁlriﬁ\él?\lugly ;er[?\;l)rr]tgd Egezix;iteong)e iﬁftizm ;Irl:ters
ordering of theds,2_,2 andds,2_,2 orbitals and the M#" polycry XX S P

. ; o magnetic statd.The formation of clusters in the paramag-
and Mrf" ions in a checkerboard pattefrresulting in a g P J

. . ! . netic state was evidenced by a quasilinear increase of the
doubling of the unit cell along tha axis. This state, referred yanq

) ESR linewidth AH,,) as the temperature was increased
t(,) as the correlateq ele(?tron(CE) state, 'S+ composed of aboveT. . At a characteristic temperatue, which is well
zigzag ferromagnetic chains of Mh and M.rf‘ coupled an- ahoveT., the line could be resolved into two Lorentzians in
tiferromagnetically in a direction perpendicular to the zigzagipe magnetically ordered phase, indicating the existence of
arrays. two types of phase-segregated regions. In the case of poly-
For Nt 5Srp sMnO3z (NSMO 0.5, the paramagnetic insu- crystalline NSMO 0.5 the second line, which appears below
lator to ferromagnetic metal transition is observed & (  T* shifts to higher fields.

=) 250 K and upon further cooling, the transition to the CE

state is'observed alco=) 150 K. A nqmper of experimen- Il EXPERIMENTAL DETAILS

tal studie$ suggest that the CE state is inhomogeneous. For

example, a transmission electron microscopy study of Single crystal of NSMO 0.5 used in this study was grown

NSMO 0.5 as a function of temperatifgoints to the coex- in an infrared image furnace by the floating zone technique

istence of ferromagnetic metallic regions and charge orderedt the Department of Physics, University of Warwick, UK

(CO) microdomains in the ferromagnetic staf@Mn NMR and was characterized by x-ray diffraction, dc electrical re-

measurements in LaCa, sMnO; (Ref. § and NSMO 0.5 sistivity and magnetization measurements.

(Ref. 6 confirm the existence of a ferromagnetic phase frac- Single-crystal x-ray diffraction data were collected using

tion below T¢o. an Enraf-Nonius CAD-4 diffractomet&?.A small crystal of
Recently, using neutron diffraction, Rittet al.” reported ~ dimensions 0. 0.1x0.075 mm was used for data collec-

the coexistence of-type antiferromagneti¢éAFM) (ferro-  tion. The unit-cell parameters were determined using 25 re-

magnetic planes coupled antiferromagnetioaiyd ferro-  flections collected through search routine and indexed using

magnetic phases below 225 K in NSMO 0.5. Thdype the method of short vectors followed by least-squares refine-

AFM phase is found to persist down to liquid helium tem- ment. The intensity data were collected dy26 scan tech-

peratures in NSMO 0.5 and has not been observed inique for 2°<#<<25° with graphite monochromated MgK

Lag sCay sMnOs. (0.71073 A) x-ray radiation. The empirical absorption cor-
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TABLE |. Lattice parameters and list of derived atomic posi-
tions and equivalent isotropic displacement parameters of th
Ndp 551y sMnO;5 single crystal.

Lattice parameters:
a=5.420(3) A,b=7.666(7) A,c=5.453(10) A

Atoms X y z Ueq

Nd 0 0.25 0.0038) 0.0212)
Sr 0 0.25 0.003®) 0.0212)
Mn 0 0 0.5 0.0183)
o(1) 0 0.25 0.5245) 0.0447)
0(2) 0.25 0.022018) 0.75 0.0375)

rection was effected on the intensity data usiggscan

technique™* The structure solution was carried out using the 2
computer program SIR92 and the structure was refined usin©

SHELXL-97 computer progran®!® The refinement of the

crystal structure was performed with full occupancies for

Mn, O(1), and G2). The occupancies of Nd and Sr were set

as least-squares variables with sum of their occupancies re

strained to one. The refinement converged to a fivédctor

of 4.9%* The lattice parameters, atomic positions, and

equivalent isotropic displacement parametéiseq are
shown in Table I. Figure 1 shows the unit cell of
Ndp 5Srh.sMnO3 showing the various atomic coordinates.
The space group is found to Henma The parameters
agree with those reported by Eremendbal ® for NSMO

0.5 crystals obtained from the Warwick group and from the

Institute of Physics of the Polish Academy of Sciences.
The temperature dependence of ac susceptibijity @énd
resistivity measurements on the crystal were reported in Re
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FIG. 2. Representative ESR spectra in the paramagnetic state
and between 250 K and 225 K.
f.

6. The paramagnetic insulator to ferromagnetic metal transigon occurs at 245 KTc). The antiferromagnetic transition

FIG. 1. Structural diagram of NdSr, sMnO5 showing the vari-

around 148 K T¢) is accompanied by a sharp transition to
the insulating state.

ESR measurements were performed using a Varian E-112
continuous wave spectrometer at x-band frequency
(~9.35 GHz), equipped with a continuous gas-flow cryostat
(nitrogen. A spherically shaped crystal of diameterl mm
was used for the measurement. The orientation of the crystal
was determined using a Laue camera in back-scattering ge-
ometry. The spectra were recorded with thexis of the
crystal aligned parallel to the applied magnetic field. A plati-
num resistance thermometer and a heater, kept below the
sample, were used to measure and control the temperature
from 100 K to 425 K. 2,2-diphengpicryl hydrazy) (DPPH
was used ag marker. The ESR spectra were recorded as the
temperature was decreased from 425 K. The angular depen-
dence of the resonance was measured by rotating the sample
with respect to an axis perpendicular to the magnetic field at
various temperatures.

Ill. RESULTS AND DISCUSSION

Figures 2, 3, and 4 show ESR spectra in the different
temperature ranges. A single line was observed in the para-

ous atomic coordinates. Layers of the inequivalent oxygens O1 anthagnetic state whose shape is asymmetric. When the tem-

02 alternate in the-c plane.

perature is reduced below 250 K={T¢), the spectrum splits
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FIG. 3. ESR spectra in the temperature range from 220 K FIG. 4. ESR spectra in the temperature range from 170 K
to 180 K. to 130 K.

and the lines broaden. The prominent peak shifts towards
lower fields and an additional line appears in the form of a

shoulder on the high-field side of the prominent peak. At 225 [N the paramagnetic state the resonance field, linewidth,
K, the prominent line which shifts towards lower fields fur- 2nd intensity of the ESR spectra were derived by fitting to

ther splits into two and both the lines shift to lower fields Ed- (1)- Figure 6 shows the resonance fieldo) derived
down 1o 180 K. A small shoulder appears in the high-fieldTom fits over the entire temperature range from room tem-

line also. It was difficult to record the spectrum below 130 K. Perature down to 130 K. The ESR signal in manganites may
The asymmetric spectra were analyzed by fitting to lingP€ taken to originate from Mn ions, because Mﬁ,(3d
shapes of the forrt® with S= 3/_2) ions are expected to have an |sotr0@|t_zalue
of ~1.99 in an octahedral crystal field. Mn (3d* with S
=2) is unlikely to have an observable ESR signal since it
has a large zero-field splitting and short spin-lattice relax-
ation timel’ The g value of our sample, calculated with re-
spect to the DPPH line, is found to increase with decreasing
This is an asymmetric Lorentzian line, which includestemperature in the paramagnetic state from 1.80 at 425 K to
both absorption and dispersion, whewe denotes the 1.96 at 250 K(Fig. 7) suggestive of spin correlations above
dispersion-to-absorption ratio. Such asymmetric line shapes..
are usually observed in metals for samples whose dimen- A neutron-diffraction study by Kawanet al® on NSMO
sions are large compared to the skin depth, because the skins points to the existence of two-dimensional dynamical
effect drives the magnetic component of the microwave fieldspin correlations induced by orbital ordering in the paramag-
in the sample out of phase and therefore leads to an admixetic state. Further insight into the nature of these spin cor-
ture of dispersion into the absorption spectra. Two or threeelations can be obtained by referring to reported ESR spec-
asymmetric LorentzianEEq. (1)] were used to fit the experi- tra on manganites in which the charge ordering transition
mental data at various temperature ranges. Figure 5 shovismperature is higher than the antiferromagnetic transition,
the fits of the experimental data along with the resolvede.g., N§ sCa& sMnO;, Tco=240 K andTy=140 K), since
lines. The temperature evolution of the spectra in varioughis allows us to determine the influence of orbital degrees of
temperature regions is discussed below. freedom. BelowTcq, the g value exhibits a prominent in-

A. Paramagnetic state:T>250 K

dP  d
dH  dH

AH+a(H—Ho)

(H—Hg)2+AH?| @
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FIG. 7. Plot ofg vs temperature in the paramagnetic state.

ture of these spin correlations in manganites even in the para-
magnetic state.

The ESR spectrum shows a Dysonian line shape charac-
teristic of a metal up to 475 R The A/B ratio of the sample
is around 3. To check whether the skin effect is the reason for

— T T T T the asymmetric line shape in the paramagnetic state, we es-

0 2000 4000 6000 8000 10000 timate the skin deptld= \/2p/uw wherep is the electrical
H (G) resistié/ity andw is the microwave frequency. Using=5.0
FIG. 5. Representative spectra with fitted and resolved curves ef>t< :(Ljoth er(n (gc ri.;,ft(l)vgg of sm%I.ehC'r ystal ﬁt|295 )rlf Weh
various temperature ranges. The solid lines are the fitted curves and' € sKin eptv=0.03 mm which is much less than the
the dashed and dotted lines are resolved curves. sample size of 1 mm. We measured ESR on the _crus_hed
powder of the crystal and found a symmetric Lorentzian line
g]own toT. This shows that the skin depth of the crystal is
responsible for observed asymmetric line shape.

The paramagnetic linewidthAH ) is found to increase
QP a quasilinear manner with increase of temperature above
. . ) . . c (Fig. 8. It goes through a minimum at 270 K
give rise to an increase in thgvalue when the sample is (=1.1T;), as the temperature decreases and below which it

cooled towardSlc . hncreases agairiinset of Fig. 8. The linewidth behavior

Based upon the above results, the observed increase in t . : )
g value upon cooling in the paramagnetic state in NSMO Og%oveTc could be described by an equation of the fafin:

is attributed to orbitally ordered spin clusters. Thus orbital
degrees of freedom have an appreciable influence on the na- AHo(T)=AH ()

crease and this has been attributed to the development
orbital-ordering'® The effect of orbital degrees of freedom
on theg value has been studied recently in LiCu)/€ The

presence of such orbitally ordered clusters may similarl

T (2

where C/T is the single-ion(Curie) susceptibility, y is the
®q measured paramagnetic susceptibility akd () is the
] linewidth expected at temperatures high enough for the dc
susceptibility to follow a Curie-Weiss law. Such a depen-
dence accounts for the quasilinear behavior figaend the
] tendency to saturation at higher temperatures in manganites
= " . 5> |asa & 4 a a resulting in auniversaltemperature dependence of the ESR
3000 2a (o, linewidth in a scale normalized t6¢. This is attributed to
> the existence of magnetic clusters well abdve. The ob-
served temperature dependence of the linewidth supports the
2000 - 20 . oo existence of orbitally ordered spin clusters inferred from the
o oofo o o temperature dependence of the paramagmgtialue.
T T T T T T T T T T T Figure 8 shows the linewidth plotted accordingly on this
120 140 160 180 200 220 240 260 280 300 . . .
T(K) universal curve in a normallzgd scaléTc. AHp,() was
calculated by fitting to this universal curve and was found to
FIG. 6. Plot of resonance field vs temperature of NSMO 0.5be 2400 G. This value odH (=) is of the same order as
crystal. the values of 2600 G for La and 4500 G for Pr-Sr

5000 - =]

4000 -

H (G
[}
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10 15 20 25 30 35 40 tween the MA™ and Mif* subsystems. However the ESR
TMe intensity variation has been fitted by them only over a small

temperature range abovi- (up to ~2T¢) and there are
FIG. 8. Plot of AH,/AH () vs T/T¢ in the paramagnetic deviations above this interval. Causet al?? correlated
state. The continuous line shows the theoretical curve of(Bd.  this deviation with the tendency to saturation &H,, as
Inset shows the minimum iAH, at 270 K. shown by the universal temperature dependence for manga-
2 , , nites (Fig. 8). In this model the ESR signal is assigned to
manganite$? The single-crystal value is about the Samegpin clusters of both M and Mrf* ions and is found to
(2500 G as for polycrystalline NSMO 0.5 reported by US 5gree with the observed temperature dependence of the ESR

e
earlier. . L . . spectrum well abové@ (up to~4T¢). Hence this model is
The ESR intensity is another important parameter which s in the present analysis.

can be used to identify the nature of the ions contributing to
the resonance in the paramagnetic state. The intensity of the
ESR spectrum, which is proportional to the number of para- B. Ferromagnetic state: 230 k<T<245 K

magnetic spins, is the area under the absorption curve. There gaonveen 245 K and 230 K. an equation consisting of two

are two different methods of calculation of the intensity of asymmetric Lorentzian termEq. (1)] was used to fit the

first derivative ESR spectrum. One is the double integrationysia A new line(line 1) develops at 245 K as a shoulder on
of the observed ESR spectrum. In another method, the inteRre high-field side. The temperature at which the line splits,

sity of the ESR line may be obtained from the following i, 245 K coincides withT obtained from magnetization.

expression: The shifts of the two lines upon cooling are in opposite di-
21 rection: the prominent lingline 2) shifts to lower fields
FeLAHppITY ® whereas line 1 shifts to higher fields.
where 2Y is the peak-to-peak derivative amplitude. The observed two line feature in the ferromagnetic state is

As the spectra are asymmetric in the NSMO 0.5 crystalattributed to coexisting ferromagnetic and para/
the second method is adopted to calculate the intensity. Thantiferromagnetic phases as in the case of polycrystalline
intensity is given byl = 7x.s0Q, for small samples. Then LayCa, sMnO; and Ng Sr, sMnO; manganitesS:*#?°In a
the intensity is multiplied by a constant, proportional to thesingle crystal, this line splitting could also be due to the
quality factor and dimension of the cavity, to determjing,. magnetocrystalline anisotropy of the sample, when the field
The result is shown in Fig. 9 along withy.. The contribu-  is not applied along the easy direction of magnetization. This
tion to the susceptibility due to the Nd ions is subtractedcan be checked by the angular variation of the ESR spec-
from xq4c. It shows that both the susceptibilities follow the trum. If the line splitting is due to the coexisting phases,
same temperature dependence. This is similar to the behavittere should be no significant angular variation, whereas the
observed in LggCay 3Mn05.2? This clearly indicates all the magnetocrystalline anisotropy of the sample induces a peri-
Mn ions contribute to the observed ESR spectra. odic variation of the resonance field depending on the direc-

To account for the temperature dependence of the ESRon of orientation of the crystallographic axes with respect
signal of manganites in the paramagnetic state, Shengelaya the applied magnetic field. K is the anisotropy constant
et al?® used the “bottleneck” mechanism and assigned theand M, the saturation magnetization at a given temperature,
ESR signal to MA* ions with a ferromagnetic Curie-Weiss- then resonance occurs at two fields above and below a criti-
like behavior arising from the ferromagnetic coupling be-cal field, called the effective anisotropy fieldH,,
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o o
:: 150 Octahedral (Mn@) tilts reduce the symmetry from cubic
3 1 to orthorhombic in perovskite manganites. For small octahe-
E dral tilts the unit cell of NSMO 0.5 may be thought of as a
= 2 180° “pseudocube” (with local Imma symmetry. This is borne
:: 1 out from the angular variation of the resonance figti.
r 11). Thus the two-line feature observed in this temperature
0 o000 4000 6000 8000 interval is explained by invoking the presence of magneto-
H (G) crystalline anisotropy and its presence is confirmed by mea-
suring the angular variation of the resonance field.
FIG. 10. Angular variation of ESR spectra at 235 K. The fact that the two-line spectrum originates from the

magnetocrystalline anisotropy can be explained in the fol-
=2K,/M,.? This field is a virtual magnetic field, whose ac- lowing way. During a typical field sweep in the ESR experi-
tion on the magnetization is equivalent to the effect of reaiment, if the field is not applied along the easy axis of mag-
interaction forces responsible for the anisotropy. If we cametization (as in the present caseand when the
find such an anisotropy field,,,, then the equation of mo- magnetization is far from saturation, the magnetization of the
tion, whose solution gives the susceptibility tensor, is of thespecimen aligns along the easy direction for small values of
form: the field, resulting in a low-field resonance line. Upon further
increasing the field, the spins tend to align along the direc-
dM tion of the applied field resulting in the high-field resonance
gt = YMx(H+ Han + il xo(H+Ha) =M]. (4 jine Thus the anisotropy field splits the observed ferromag-
netic resonancéMR) signal. If the two lines originate from
We shall assume the dependencélgf on M to have the  magnetocrystalline anisotropy when the sample is not ori-
form: H,,= —N2"M where N" is the magnetocrystalline ented along the easy axis of magnetization, then spectra mea-
anisotropy tensor. sured at fields sufficiently high to magnetize the sample com-
In order to investigate the origin of the two resonancepletely along the field direction should show a single line.
lines belowT., angular dependent ESR measurements ofrhis was verified byQ-band ESR measurements. A single
the NSMO 0.5 crystal were made. The spherical shape of thine appears over the entire temperature range from 400 K to
sample nullifies the demagnetizing effects. Figures 10 and 1130 K. This shows that the magnetic field of 12500 G for
show the angular variation of the line shape and of the resoQ-band measurements is sufficient to magnetize the sample
nance position of the high-field line at 235 K, respectively.completely in the field direction and that this field is greater
The variation is cosé# with maxima at 0°, 90°, and 180° than the anisotropy field;l,,. A typical Q-band ESR spec-
and minima at 45° and 135°. This resembles the dependent¢eim recorded at 200 K is shown in Fig. 12.
of the resonance field on the anglebetween applied field Mahendiranet al?’ have reported magnetization versus
(H) and the[100] axis in the(010) plane for a cubic crystal. field curves belowTl - in NSMO 0.5. The “knee” point oc-
For Hy>K,/M,, the angular variation of the resonance curs around 5000 G. Thus in a typic&band field scan from
field is approximately given B9 0-8000 G, two resonance lines are expected when the
sample is not oriented along the easy direction. Qhieand
resonance field+35 GHz,~12500 G) is beyond the knee
point in the magnetization curve for NSMO 0.5 and hence

3 5 )
E_ECOSM) . (5)
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FIG. 12. Q-band ESR spectrum recorded at 200 K. Solid line is 3
a fit to an asymmetric Lorentzian lif&q. (1)]. 3 1a 180°
only one resonance line is observed irrespective of sample

direction. Thus the angular variation of the resonance field T T T T T T T
(Fig. 11, the observe- and Q-band spectra and reported 0 1000 2000 3000 4000 5000 6000 7000 8000
M-H dat&’ confirm that the anisotropy field plays an impor- H (G)

tant role in determining the temperature dependence of the

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

ence of the A-type AFM phase. The observation of
C. 180 K<T<225K ferromagnetic-like feature for the coexistirgtype antifer-

Below 225 K, both line 1 and line 2 split further into two romagnetic phase arises from the canted spins having non-
lines eachFig. 3). One of the split components of line(1b) ~ zero net magnetization possibly with easy axis of magneti-
was too weak to be analyzed and its temperature dependengation away from the magnetization direction of the
is not discussed any further. However it is prominently ob-dominant ferromagnetic phase.
served when the angular variation of the line shape was re-
corded at 180 KFig. 13. This splitting could be due to the
A-type antiferromagnetic state, which is found to coexist 5500
with the ferromagnetic state below 225 K observed by Ritter
et al. from neutron diffractior. 5000

Figures 13 and 14 show the angular variation of the line
shape and of the resonance fields, respectively, at 180 K. Th
resonance field has a cogangular variation with maxima
at 0°, 90°, and 180° and minima at 45° and 140° similar to & l *
the data obtained at 235 K. The observed apHéhavior of T° 4000 4
lines 1a and 1b indicates the existence of two different values
for the anisotropy field in this temperature region. The de- 250
viation from cos 46 behavior of the angular dependencies is ] *
possibly due to the deviation from cubic symmetry and mag-
netic inhomogeneities.

Thus the observed splitting of lines 1 and 2 below.225 K P S . S R WO, SO P A
points to the presence of ferromagnetic heterogeneity with
two different magnetocrystalline anisotropies arising from
the onset ofA-type antiferromagnetic order, i.e., the pairs of  FIG. 14. Plot of resonance field vs angle betwégnand the
lines[1a, 2a, 1not shown in Fig. & and 2 originate from  axis[100] in the (010) plane at 180 K. The solid lines are guides to
two different anisotropy fields and is attributed to the pres-the eye.

T=180K

4500

3000

angle (degrees)

094437-7



S. ANGAPPANEget al. PHYSICAL REVIEW B 69, 094437 (2004

D. T<180 K two belowT¢. This is confirmed by cos# angular depen-

Below 180 K, the resolution between lines 1a and 2a dedence of the resonance field and Qeband spectra. Both
creases markedly and a single asymmetric line is observe&#MR lines further split into two each below 225 K. This
line 2b still being present at low fields. The intensity of the splitting is attributed to the presence of two different anisot-
lines is nearly constant down to the charge ordering temperaopy fields which may arise from the onset Aftype AFM
ture T¢o (148 K). However satisfactory line shape fits in this ordering. The existence of two types of anisotropy fields was
temperature region could be obtained only if three asymmeteonfirmed by cosé angular dependence of the resonance
ric Lorentzians are used. Therefore the peak positions olfields.
tained from the fits are labeled as’14b’, and 2B (Fig. 6) In summary, our electron magnetic resonance study of
to represent this change in the line shape. This change in lindSMO 0.5 single crystal shows the complex nature of the
shape coincides with the onset of the CE state below 180 Kparamagnetic phase and the temperature evolution of coex-
as shown by Ritteret al” Since four resonance lines are isting ferromagnetic ané-type antiferromagnetic phases in
observed well belowlT-5, we infer that FM andA-type the interval 245-180 K, which can be explained from varia-
AFM phases coexist with the CO phase. This suggests thdions in magnetocrystalline anisotropy.
the transition to the CO is gradual in agreement withn
NMR data®
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