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55Mn nuclear magnetic resonan®MR) in Nd; _,Sr,MnO; (0.1<x=<0.5) manganites provides local evi-
dence of the magnetic inhomogeneities arising from the electronic structure changesbeldWwe tempera-
ture dependences of magnetization, resistivity, and NMR spectra were compared in samples in the ferromag-
netic insulating, ferromagnetic metallic, and charge-ordered phases. Spin-spin relaxation enhancement around
15 K is attributed to a critical slowing down of the Nd sublattice.
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[. INTRODUCTION have led to speculation about the nature of the inhomoge-
neous magnetism that is observed just belbw We used
It has now been well established that the physics of man®*Mn NMR as a local probe and provide clear evidence of
ganites exhibiting colossal magnetoresistaf@@®IR) is gov-  inhomogeneous magnetism in doped NSMO manganites just
erned by an interplay of the double exchange interactionbelow T . Also of interest in the Ng_,Sr,MnO; system is
electron-phonon coupling via the Jahn-Teller interaction, andhe possibility of a strong Nd-Mn interaction. Neutron-
the ionic size effect resulting in a complex phase diagtam.scattering measurements in ;N&r, sMnO; (Ref. 14 show
The strong electron-phonon coupling results in polaron forthat the Nd spins order below 20 K, leading to the canting of
mation and determines the mobility of the charge carriershe Mn spins at lower temperatures. New spin-wave modes
and hence the strength of the double exchange interactiohave been detected in gBr, ,MnO; at 11 K, which are
Over the last few years, various theoretical and experimentalttributed to a strong Nd-Mn exchantfeThe Nd-spin order-
studies have shown that the manganites are susceptible tary transition is manifested as a low-temperature minimum
“phase separation” into carrier-rich and carrier-poor regions.in the temperature dependence of th&In spin-spin relax-
This is believed to be the source of CMR, since the carrieration time (T,).
rich regions grow upon application of a magnetic field result-
ing in a large negative MR-® Nuclear magnetic resonance
(NMR), a direct probe of the microscopic magnetization in a
solid, has been used to detect this “phase separation” in Polycrystalline Ngd_,Sr,MnO; (x=0.1,0.3,0.4) samples
La;_,CaMnO; (LCMO).%7 In this paper we presei®™in  were prepared by the standard solid-state reaction method.
spin-echo NMR amplitude and relaxation time measureStoichiometric amounts of N®;, SrCQ;, and MnQ were
ments on the Ngd ,SrMnO; [NSMO(x)] family. The fer-  wet mixed and the resulting slurry was calcined at 1200°C
romagnetic metals in the NSMO family exhibit many inter- for 24 h. This procedure was repeated thrice with intermedi-
esting properties. For example, in thin films of ate grindings to ensure better homogeneity. For transport
Ndy 7Sth.sMnO; CMR values - AR/Ry) as large as 1  studies the powder was pelletized and sintered at 1500 °C for
at 60 K and 8 T(four orders change in resistanethe 4 h. Single crystals of NSMOx(= 0.5) grown in an infrared
largest ever reported—and<8L0*% in bulk sampleShave image furnace by the floating zone technique were also used
been observed. Magnetization and dynamical studies of the the present investigation. Details about the crystal growth
time-dependent magnetization of N®rp MnO; have technique can be found elsewhéf&he samples were char-
shown the presence of inhomogeneous magnetic order aratterized by x-ray diffraction, resistivity, and magnetization
spin frustration belowT¢.'° Neutron-scattering measure- measurements. Electrical resistivity measurements were per-
ments show that the spin correlation length remains smallormed using the standard four-probe method and magneti-
~20 A and nearly temperature independent arolipdand  zation data were obtained using a MPMS quantum design
grows to 100 A at about 0.9% unlike in a conventional superconducting quantum interference device magnetometer
ferromagnet! Recent Raman scattering and optical mea-and a commercial ac susceptomet8CR-204T, Sumitomo
surements on NgSr, sMnO; point to the existence of dy- Heavy Industries Ltd., JapanThe **Mn NMR spin-echo
namic Jahn-Teller interactiod$® All these measurements amplitude and relaxation time measurements were performed
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_ FIG. 1. P_he_13_e diagram for Nd,Sr,MnO5 _based on magnetiza- 120 140 180 180 200 250 240 260
tion and resistivity measurements by Yoshizastal. (Ref. 18. Temperature (K)

FIG. 2. Temperature dependences of magnetization in a field of

with an untuned probe head with adsec—+—2 usec spin- 1 T (a) and resistivity at zero fieldb) for NSMO 0.1.

echo pulse sequence with=2 usec using a home-built
spectrometer. The spin-lattice relaxation tinig) was mea- o )
sured using the saturation-recovery technique. The spin-spffl€@r indication of the presence of ferromagnetic exchange.
relaxation time T,) was obtained by measuring the echo The hysteresis collapses at temperatures higher than 5 K,
amplitude as a function of the delay between the two pulsesugdgestive of a superparamagnetic behavior of localized
The application of NMR techniques to ferromagnetic mate€9!0ns.” - o

rials allows the study of the local magnetic states via the The simultaneous transition from a paramagnetic insulator
hyperfine interactions, as probed by the resonant response & & ferromagnetic metal is shown for NSMO @lycrys-
nuclear magnetic moments at individual atomic sites. Resd@lline), and NSMO 0.4 in Figs. @, b. The decrease in
nance occurs at a frequency given by 2mv=yB, magnefuzanon in thg ZFC rqute .for both compositions is due
—A(S)/h, where y is the nuclear gyromagnetic ratio to canting of Mn spins and is _d_|scussed further below._ .
(y/27r=10.553 MHzT % for Mn), B, is the effective in- NSMO 0.5 exhibits a transition from a paramagnetic in-
ternal magnetic field, arising mainly from hyperfine interac-Sulator to a ferromagnetic metal around 248 K. +Upon further
tions, A is the hyperfine coupling constant, at€) the av-  €°°ling .thezroe is an ordering of the Mh and Mrf" ions in
erage Mn spin. SincéS) for a Mre* ion is 2 and 3/2 for a the_ lattices Th_ls is a_c_companled by a ferromagnenc—
Mn?* ion, 5Mn NMR can distinguish between different Mn antlferromz_ignetlc t_ransmon around 148 K {y); cooling
charge states. In ferromagnetic solids the applied rf field tiltdOUte that is seen in the temperature dependence of the real
the electronic magnetizatiofand hence the hyperfine figld Part of the ac susceptibilityy() [Fig. S@] and strong car-
from its equilibrium position giving rise to a transverse com-Her localization as seen by the sudden rise in resistgfice
ponent ofB,. SinceB.>B,;, the effective field experienced 5(b)]. A jump in the lattice constants was also reported at
by the nuclei is much higher than that actually applied. This

“rf enhancement” is a typical feature of NMR in ferromag- H (Gauss)
netic solidst” 60000  -40000  -20000 0 20000 40000 60000
e ' ' P
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s . . g 0_- Ndo.gsro.1Mn03
A. Resistivity and magnetization measurements - 2]
The existing phase diagram for the NSMO syste(fig. = 8]
1) indicates that the compounds with<®k<<0.25 are ferro- 12
magnetic insulatordFMI) and compounds with 0.25x 6
< 0.5 are ferromagnetic metalsMM). NSMO (x=0.5) ex- ]
hibits charge ordering below the ferromagnetic transition. 5 ]
Our magnetic and transport measurements of samples Witl% 1
x=0.1, x=0.3-0.4, andx=0.5 are in agreement with the E 5
above classification. “
The temperature dependences of the resistiyi{T) ] '41,

and the magnetizatiopM (T)] in an applied field of 1 T for
NSMO (0.1) are shown in Figs.(@, b. TheM(T) data up to
127 K [Fig. 2(a)] could be fitted to an equation of the form

M=M(1-T/Tc)? with Tc=144 K and8=0.35. FIG. 3. Hysteresis loops for NSMO 0(&). The low field re-
The nonlinear behvior of th#-H plot [Figs. 3a, h]isa  sponse is shown ith).
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FIG. 4. Temperature dependence of magnetization and resistiv’% ] o c.)‘%c)) % NSMO 0.4 (€)
ity for polycrystalline NSMO 0.3a) and NSMO 0.4(b). The resis- c f §'> & & 6K
tivity values are normalized with respect to the value observed atQ - S OO /8 \o
the resistivity peak. The magnetization measurements were perS q logo-& c/) o
formed in an applied field of 100 @., is the metal-insulator tran- T 300 320 N ‘ 2% oy
sition temperature. ot : . IG@?? e S
Tco.2t The hysteresis observed j(T) and M(T) across I OW%OLCMO 033 (d)
the charge-orderin@CO) transition temperaturel() is in- i 00' o 5K
dicative of a first-order transition. . g 0}%
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B. °*Mn NMR measurements 300 350 400 450
The spin-echo amplitude as a function of frequency for Frequency (MHz)

NSMO (0.1=x=<0.4) at 6 K is shown in Figs.(&, b, 9. The
prominent peak that is observed at 427 MHZR/:Fn NSMO 0.1
[Fig. 6(a)] is attributed to a charge state of Mnand the :

peak at 325 MHz is attributed to a charge state of A ttf:l\jgegtr;m'(?g?? S'lo'n'elcr;? dS?eCtrum for §:8Ca.5MnO;
This assignment is based on the estimates of the hyperfin(e 334 'S &S0 plofied for companison.
fields for Mt and Mr?™ by Freeman and Watsthand is
further substantiated by hyperfine field data obtained fro

FIG. 6. (a), (b), (c) Spin-echo amplitude for NSM@0.1, 0.3,
0.4, respectively The insets show the low-amplitude features of

MR studies on MnFg, (Mn®*) (Ref. 24 and
iMn 3 Fe; 0g (MN*).2° Above 6 K, the spin-echo ampli-
tude diminished rapidly, becoming undetectable for NSMO

(a) 0.1.

For the ferromagnetic metals, NSMO 0.3 and 0.4, a
prominent double-peak structure is observed between 340
MHz and 400 MHz. In most ferromagnetic manganites in
which ®*Mn NMR has been studie@,.g., La -Ca, ;MNnO;,

Lag ¢fCa 3:Mn0O;) (Refs. 22,26 a single broad peak is ob-

mﬁmm served between the M# and Mrf* resonances. For reasons
E (b) of comparison we have plotted in Fig(d a typical spec-
ik I 2 ® Heating trum of L&, /Ca 3qMNn0O; at 5 K, which is ferromagnetic and
3 © Cooling metallic. A single broad peak around 382 MHz is observed
B between the M#" and Mrf* resonances. The peak fre-
%

Q

. ST D quency of the signal at intermediate frequencies was found to
] ) E—— . .
'; ")»»»»»»)»)))»»»»»»»»)»»»),,,,,,,,),»»mmm"‘” S Scale W|th th e avera g e Mn Spl n st a(SX) ) 26 Moreove r, th e

signal intensity increases with increase in alkaline-earth dop-

ing and(hence decrease in resistivi&i? Therefore, the inter-

Temperature K . . Y . .
mediate signal is likely to arise from the fast hopping of

FIG. 5. Temperature dependence of magnetiza@and resis- ~ carriers from MrA* and Mrf* resulting in a hyperfine field
tivity (b) for NSMO 0.5.T¢o is the charge-ordering temperature. corresponding to an averaged MiMn** state due to the
The resistivity values are normalized with respect to the value obdouble exchange interacti¢®EX), which is proportional to
served at the resistivity peak. the amount of alkaline earth in the sample. However, in case
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FIG. 9. Temperature dependence of the spin-echo amplitude for
FIG. 7. Temperature dependence of the spin-echo amplitude fdNSMO 0.5 (Tc=234 K, Tco=148 K).

NSMO 0.3 (T¢c=207 K).

Upon heating, the high-frequency component of the DEX

of NSMO 0.3 and 0.4, a double-peaked DEX signal is ob-Signal progressively dies out and so does the’ Maignal.

served, instead of a single-peaked one, the origin of whicVith further increase in temperature, tails appear around 330
will be discussed below. MHz and 310 MHz above 110 K and 140 K, respectively, for

The temperature dependence of the spin-echo amplitu SMO 0.3 which develop into peaks upon heating. The evo-

(Boltzmann corrected—multiplied witf) for both compo- ution of the spin-echo spectrum for NSMO 0.4 also follows
sitions is plotted in Figs. 7 and 8. a similar trend. The NMR spin-echo amplitude for NSMO

0.5 as a function of temperature is shown in Fig 9. Since the
system becomes a charge-ordered antiferromagnetic insula-

Frequency (MHz) tor below 150 K, it was not possible to obtain the spin-echo
25?'0 . 30?'0 . 35?'0 . 40?'0 . signal below 60 K for the rf power levels used. In contrast to
M4.4K p(T) and M(T) data[Figs. Sa, b] and previous>Mn re-
SR URIIPIILIDICALD SED | ports on LCMO 0.5(Ref. 27 we do not find any thermal

hysteresis acrosbg in the spectra.

The peak frequencies observed in the spin-echo spectrum
for NSMO 0.3, 0.4, and 0.5 when plotted togetliEig. 10
suggests that upon heating the DEX signal disappears above
150 K for NSMO 0.3 and 160 K for NSMO 0.4. Although
the transport propertigso(T)] of NSMO 0.5 are quite dif-
ferent from those of NSMO 0.3 and NSMO 0.4, it has a
similar temperature dependence of #In-NMR spectrum.
Instead of a progressive change of frequency with tempera-
ture, we observe the appearance and coexistence of peaks.
This is quite different from the result in LCMO, in which the
Mn double peak shifts progressively as the temperature is

Intensity (Arb. units)

©

anis | lowered fromT to O K. This weak temperature dependence
A ' 530K was noticed in other manganatés.
 Repmmmpangn Figures 11a, b show the temperature dependenceTof
9500 300.0 3500 4000 for NSMO 0.3 and 0.4. Below 50 K the values were too

small to be measured accurately. Figure¢al®) show the
F'\ll'g?\;ngng);(MHz) temperature dependence®f measured at the different peak
’ frequencies for NSMO 0.3 and 0.4, respectively. It is seen
FIG. 8. Temperature dependence of the spin-echo amplitude fdhat bothT; andT, decrease below 90 K for both NSMO 0.3
NSMO 0.4(T:=273 K). and 0.4, unlike the behavior expected in a ferromagnet.
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IV. DISCUSSION the low-frequency signal was interpreted as arising from a

coexistence of FMM and FMI regions. Thus it is likely that
the temperature region from 160 K 1@, is characterized by
low carrier mobility due to a coexistence of FMM and FMI

In order to understand the temperature evolution of thgegions. This is in good agreement with recent synchrotron
spin-echo spectrum in NSMO 0.3 and 0.4, we consider twe-ray scattering studies on NSMO QRef. 30 which reveal
temperature ranges1l) above 90 K, in which the low- the existence of charge/orbitally orderé@OO) regions
frequency peaks that appear around 275-330 MHz are oiwhich promote carrier localizatiorbelow Tc .
served and?2) below 90 K, in which only the DEX signals ~ The temperature dependence of the multipeaked spectrum
are observed. We first consider the region above 90 K. Thg&n be characterized, in a first approximation, by the tem-
spectrum in this temperature range consists of two peakgerature dependence of its center of gravfiyg. 13. We
around 358 MHz and 325 MHz upto 160 K for NSMO 0.3 md a clear deviation from the _mean—fleld prediction of the
and 120 K for NSMO 0.4. Above these temperatures addi1€iSenberg ferromagnet. The kink observed around/d.¢
tional peaks are observed at lower frequencies. The observi (€ temperﬂture_ dependence O]': tﬂe center of gravity cor-
tion of a low-frequency signal in addition to the DEX signal respon_ds to the _dlsappearance of the DEX sigfd. 10

. . . ; and coincides with a shoulder observed in the temperature

upon heating a ferromagnetic metallic manganite has be

e R .
reported beford”? From a study of the®™Mn spin-echo Hependence of the resistiviffrig. 4@)]. It is probable that
spectrum for La ,CaMnO; as function of Ca composition,

the weak temperature dependence of the spin-spin correla-
tion length just belowl - obtained from neutron-diffraction
datd! is also linked with such localization effects.

A. The spin-echo line shape and its temperature dependence
for NSMO 0.3 and 0.4

90_. A
; A Ay NSMO 0.3 m  300MHz 204 oMo 03 A
754 A -
] v 5 o, O 325MHz | vaa m 300MHz
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FIG. 11. Temperature dependenceTgffor (a) NSMO 0.3 and

(b) 0.4.

NSMO 0.4(b).
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] 20 K compared to 6 K. These changes are likely to be due to
T °‘°\°\o\° | NSMO 0.3 the canting of Mn spingdue to the strong Nd-Mn interac-
2094 el \°'°‘°\o\° tion) which has been observed by neutron diffraction and
] . \"\ca\‘.,o Mossbauer studies below the Nd-spin ordering temperature
L o (~20 K).}*32The appearance of the Mhand Mrf" signal
E 071 ol at 6 K [Figs. b, o] points to localization of a fraction of
£ 06 N g vos \°‘o\°7 "~--.,__“(1_-|-/-|- )0-36 charge carriers due to the Mn-spin canting.
o 18 g %, L The double humped DEX peak may arise from the pres-
3 %% 5% 00 Y ence of two Mn-spin species that differ in the extent to which
T 0445 L o8 . they couple with Nd spins resulting in two different hyper-
g 03_‘2 § 080 @ fine fields. However, other possible explanations for the
z - 078 o 08 1o double-peak DEX structure, such as variations in rf enhance-
s T, : ment factor, cannot be ruled out.
0.0 0.2 04 L4 08 08 10 C. The spin-echo line shape and its temperature dependence
¢ for NSMO 0.5
FIG. 13. Temperature dependence of the center of gr&Qing) Based on a study of'3%a and **Mn NMR on

of the NMR spectrum for NSMO 0.3 compared with the typical Lag <Ca sMNOs 629t has been reported that beldlq the
temperature dependence of the order parameter of a Heisenbeggsaryad spin-echo spectrum for both nuclei arises from fer-
ferromagn_e(dotted ling. The kink in the CoG is seen better in the romagnetic islandgwithin an antiferromagnetic matfixin
inset and is marked by arrows. the sample microscopically identical to the bulk metallic
phase of the FMM manganites. Since for the rf power levels

Upon heating belowl¢ the abrupt shift of the spin-echo seq only ferromagnetic signals can be detected and since
spectrum to higher frequencies in NSMO 0.3 and 0.4 coiny,q spin-echo signal is observed down to 60 K, i.e., well

cides with the onset of anomalous softening of an envelopgg gy T a similar reasoning is valid for NSMO 0.5 as
of two MnQ; (around 450-482 cm') bending modes, one well. co

of which is associated with the Jahn-Teller distorttét is The temperature dependence of the magnetization data
plausible that the remarkable coincidence of these diversguggests that, in NSMO 0.5, betweBa andT o, there is a
quantities, taking into account the recent results of x-ray SyNgiong competition between ferromagnetism, and antiferro-
chrotron measuremertts,could arise from a disruption of magnetism leading to a CO state and charge localization at
the COO regions in the lattice below 0/7¢. The center of |4 er temperatures. Since we observe in NSMO 0.3 and 0.4
gravity kink (Fig. 13 coinciding with a shoulder observed in spectra just belowlc which resemble those of NSMO 0.5
th? temperature depend(_ence of the resistivity of NSMO 0'%boveTco, we ascribe the complex spectra of NSMO 0.3
(Fig. 4) is further supportive of such a scenario. and 0.4 belowT . to a similar, though weaker, mechanism of
carrier localization. As the temperature is further lowered,

B. Influence of Nd-spin ordering on **Mn NMR these resonances corresponding to localized charges disap-
The temperature dependencesTefand T, (Figs. 11 and ~ P€an, leaving only a double-exchange spectrum of the metal-
12) point to an enhancement in the relaxation rate below gdc state.

H 55
K, indicative of a critical slowing down of magnetibyper- In conclusion,”Mn -NMR was used as a local probe of
fine field fluctuations at the position of the Mn nuclei below magnetism and electronic structure that revealed the extent

90 K. A minimum of T, is found in NSMO 0.3 and NSMO  Of complexity in the heterogeneity of the Nd.S,MnO,

0.4 sample around 15 K. Thi§, minimum occurs in the SYStém. The comparative study of NSMO 0.1, 0.3, 0.4, and
temperature region where the zero-field-cooled magnetizaQ'5 by magnetic, re3|§t|ve, an_d N.MR measurements leads us
tion exhibits a sudden digFigs. 4a, b] and where a to concludg that carrier !ocallzatlon takes place belbw
Schottky-like specific heat anomaly in WS, :MnO; has The relaxa'qon data confirm other.observatlons of a Nd mo-
been reported It is also the region in which neutron mea- Ment ordering around 15 K, leading to a DEX NMR spec-
surements reveal the ordering of Nd spifisdence it is 'um more complex than that of LCMO.

likely that theT, minimum is associated with the ordering of
Nd moments. The observation of a broad and shallow
minimum suggests that Nd-spin ordering could occur The authors would like to thank Jens Pommer, RWTH,
through a gradual spin-freezing process. There is noticeablg@achen, Germany for the magnetization data for NSMO
change in the spin-echo amplitude of NSMO 0.3 and NSMQ(0.1, 0.3 and S. Angappane, IIT, Madras, for the resistivity
0.4 when heated to 20 Krigs. 7 and 8from 6 K[Figs. @b,  and magnetization data on NSMO 0.5. One of (MP)

©)]. The Mrf* signal observed as a weak shoulde6& is  would like to thank the National Swiss Foundation for a
absent at 20 K. The M peak observedtd K is seen only  grant. The work in the UK was supported by a grant from the
as a shoulder at 20 K. The DEX peaks appear less resolved BPSRC, UK.
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