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A-site-disorder-dependent percolative transport and Griffiths phase in doped manganites
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The influence ofA site disorder on the magnetic and transport properties 9fRgrSr sMnO3 (R=Tb, Y,
Ho, and EJ polycrystalline samples is analyzed within the context of percolative transport and the existence of
the Griffiths phase. The temperature dependence of the average spin moment at the hopping sites and the
fraction of metallic clusters bear signatures of the onset of the Griffiths phase. Our analysis suggests that the
paramagnetic phase comprises of insulating correlated spin clusters that coexist with ferromagnetic metallic
clusters and paramagnetic spins. This coexistence was found to be sensitivéteitielisorder.
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Over the last decade, there has been an intense expegnergy gain, and the electron-phonon coupling, which tends
mental and theoretical effort to understand the complexo localize the carrierd.Along this line the metal-insulator
physics of the perovskite type doped manganites of compdransition can be thought to occur due to percolation of fer-
sition R;,AMNO; with R=La, Pr, Nd, etc. andA=Ca, Sr, romagnetic metallic clusters.
and Ba! The prototypical simultaneous transition from a  Griffiths' considered a percolation like problem in his
paramagnetic insulating to a ferromagnetic metallic state irpaper on random Ising ferromagnets, in which only a frac-
this material class is usually described within the frameworkiion of the lattice sites are occupied by magnetic atoms and
of the double exchange mechanism proposed by Zdner the rest are either vacant or occupied by a nonmagnetic at-
which the mobile 8 g, electrons of the M# ions couple oms with a nearest neighbor ferromagnetic interaction exist-
ferromagnetically to the core localizedi 3,4 spins due to a ing between the magnetic atoms. When all the magnetic at-
strong Hund’s coupling. However, calculations to account foroms are present, the transition occurs at a temperdiyre
large changes in resistivity within this framework did not called the Griffiths temperature. However when the fraction
yield satisfactory resultslt became evident that a localiza- of nonmagnetic atoms or vacant sites is nonzero, the transi-
tion mechanism not considered by the double exchanggon is suppressed to a lower temperatliggabove which the
model is necessary to explain the large magnetic field anffee energy and magnetization was found to diverge. This
temperature dependence of the resistivity observed iwas attributed to the accumulation of clusters whose local
experiments. Meanwhile, there is evidence from both transition temperatures were found to excded Bray and
experiment$ and theoretical calculatioighat polaron for- Mooret'-1? extended this argument to all systems in which
mation due to a strong Jahn-Teller interaction plays a majodisorder suppresses the magnetic transition from its pure
role to understand the underlying physics in these materialsalue T to T¢. Such a system was found to exhibit a sharp

From small angle neutron scattering combined with meadownturn in the inverse of high temperature susceptibility
surements of the volume thermal expansion and the magnetiteforeT.. The temperature range between the pure transition
susceptibility, De Teresa@t al® found that ferromagnetic temperaturélg and T was termed as Griffiths phase. When
clusters exist above the Curie temperatdrig, Furthermore, the fraction of the magnetic atoms is less than a critical con-
Raman spectroscopy studigsovided evidence for the pres- centration called the percolation threshold, there is no spon-
ence of polarons below as a result of strong electron taneous magnetization. In the case of maganites, the fraction
phonon coupling. Finally, scanning tunneling microscopyof ferromagentically interacting regions is equivalent to the
measurements performed ongl:&a MnO; films at tem-  fraction of metallic regions assuming the double exchange
peratures just below provide additional evidence for the model is correct. Thus there exists a corresponding percola-
coexistence of conducting and insulating clusfefie clus-  tion threshold for metallic behavior.
ter size was found to increase with the increase in magnetic Griffiths theory predicts that above the ferromagnetic
field suggesting that the ferromagnetic clusters abyvare  transition temperatur&c in a system with randomly distrib-
metallic. These experimental results suggest that the metalited spins, there is always a finite probability of finding an
insulator transition is a gradual process, in which over ararbitrary large ferromagnetic cluster. Such a system exhibits
extended temperature range arolidhere is a competition a sharp downturn in the inverse of the high temperature mag-
between the double exchange mechanism, which tends teetic susceptibility abové&.. A similar behavior was seen in
delocalize charge carriers in order to maximize the kinetid_a, /Ca, ;MNnO; by De Teresaet al® and was explained re-
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cently by Salamoret al!® using the Griffith’s model. There
are several factors affecting percolation effects in the doped e
manganites. Among these the most prominent are the aver- 73
age ionic radius of thé\-site cation, variance of tha-site
disorder, oxygen deficiency, epitaxial strain, or grain bound-
ary effects. It is well known that the para- to ferromagnetic
and insulator to metal transition temperatures in the perov- |
skite type doped manganites depend on doping, i.e. on the
amount of substitution of the trivaleri-site cation by a
divalent alkaline earth element. However, the magnetic and 2e
transport properties are also significantly chartadhen the e 7
trivalent ion (e.g., Lg at the A-site in theABO; perovskite R R
structure is substituted by other trivalent rare earth ions or i I ——
Y3*. Arandom distribution ofA-site cations of different ionic 0 50 100 150 200 250 300

radii results in a random tilt and distortion of the MgO T(K)

octahedra?® This, in turn, leads to a reduction of the hopping o _ o
matrix element of th@g electrons thereby narrowing the ef- FIG. 1. Temperature variation of inverse of susceptibility for
fective electronic bandwidtkf Pro.6R0.1S1 aMnO3 with R=Tb, Y, Ho, and Er in logarithmic scale.

In this work, we address the hitherto unaddressed issue dfirow indicates the onset of the Griffiths phase. Inset shows the
how the transport properties of the doped manganites ar@agnetization taken in field COOling mode in a field of 1000 Oe.
correlated to the existence of a Griffiths phase. This is also_ 4t
the first attempt to analyze the properties of Pr based marflimers could be of the form Mi—O—Mn*", the Zener
ganites within the context of a Griffiths phase. FurthermoreP&'s, which are responsible for ferromagnetism in the
we also discuss in detail how percolative transport in man_man_gamte%._The influence of these clusters is best seen by
ganites evolves when thsite disorder is increased. These Plotting 1/x in a logarithmic scale versus temperatufég.
questions are addressed by analyzing the magnetotranspd#t The temperature at which a kink or a sharp downturn is
properties of PygRy:SfhMnO; with R=Tb (PTSMO), Y seen in the plotlndlpated by arrowcan l_Je attributed to the
(PYSMO), Ho (PHSMO), and Er(PESMO. Polycrystalline temperature, at which the clusters begin to form and can be
samples of RygRo1St,.aMnO; with R=Tb, Y, Ho, and Er co_ns_ldered as the temperatdrg that marks the onset of the
were prepared using the conventional solid state method arfd'iffiths phase. _
their phase purity was checked using x-ray diffraction. The 1ne magnetic field dependence of the resistance both
samples could be indexed to a pseudocubic structure. THPOVe and belo‘fgc was analyzed using the model proposed
electrical transport properties of the samples were measurdly, Wagneret al:* According to this model, there is an ad-
as a function of temperatur@—400 K) and applied mag- ditional actlvat_|0r! energy present in the hopping barrier qlue
netic field(=7 to +7 T) using the standard linear four-probe to the magnetic field Wh!Ch d?pe”ds on the local magnetiza-
technique in an Oxford continuous flow cryostat. Field 0N Vectors at the hopping sitéaW;;<M;-M;). The mag-

cooled magnetization measurements were carried out Jhetoresistance was found to be proportional to this magnetic

; barrier contribution.M; ; consists of two components—one
powdered samples using a SQUID magnetomé@erantum ' ij P
design MPMS XL in the same temperature range in a field due to the Weiss magnetizati¢ml,,) and the other due to the
of 1000 Oe. difference between the Weiss magnetization and the satura-

The temperature dependence of the magnetization of tH&" magnetizatiorﬁ|5Mi:j|:|MS—MW|H). Wagneret al. show
samples is shown in Fig. 1. The Curie temperatligeis  thatin the paramagnetic state the magnetoresistance scales as

found to decrease with increasing variarod) of the ionic ~ Sauare of the Brillouin functiorB(gKugH/kgT) and as the
radius at theA-site (Table |). Fits of the magnetic suscepti- Brillouin function in the ferromagnetic state. Heitg,is the
bility to a Curie-Weiss law abova. yield a high effective ~ @Pplied magnetic fieldy=2 andK(T) gives the average spin
Bohr magneton numbeP; listed in Table I. The magneti- Moment at the hopping site(T) decreases beloWc since
zation value at a field of 7 T and at temperature 5 K is given 1,5, = | Variance (o) of the A-site ionic radius, Curie tem-

in brackets m_TabIe | for comparison. Itis Seen that g geratureTC, effective Bohr magneton numbé&,g, Curie constant
values are higher than the expected spin only value 0f,q percolation threshold, for the investigated samples. The mag-
3.7 gl fu. The corresponding value @, the Curie constant  petic moment/fu at 5 K in a field of 7 T is listed in brackets for
is also listed in Table I. It is seen that in all the four samplescomparison sake.

the Curie constant is higher than the exped@dalue of
2.64(corresponding to 0.7 M¥i S=2 and 0.3 MA* S=1.5). (2 Te Py c

This implies that paramagnetic spin clusters are presentsample (10342 (K) MB?fu emu Kmoft  p.
above T,.. Since the Curie constant is twice the value ex

prsmo 1
PYSMO ]
PHSMO
PESMO

1/x, (emu/mol)”

L ]
<
Cednm

pected for a Sr concentration of 0.3, it could mean that MnPTSMO ~ 4.921 165 6.984.57) 6.02 0.47
ions exists as dimers. ESR linewidth studies abdyen PYSMO 5.394 164 6.693.90 5.61 0.48
manganite samples with similar concentration namelypHSMO 5.445 145 5.764.67) 4.16 0.51
Lay /Ca sMNO3 suggests the possibility of the formation of pegpo 5.755 136 5.814.62) 4.31 0.58

Mn3*—Mn** spin clusters in the paramagnetic stét&@hese
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FIG. 2. Resistivity versus applied field of JgHog 1Sr5sMnO4 i o
with Tc=145 K at different temperatures. The symbols represent FIG. 4. Zero flelql resistivity versus temperature curves plots for
the data while the lines are fits to the square of the Brillouin func-P70.6R0.15.aMNnO3 with R=Tb, Y, Ho, and Er. The symbols repre-
tion (for T=300 K, 250 K, 200 K, 180 K, 170 Kand to the Bril- sent the data while the lines represent fits to the percolation model.

louin function for T=120 K and 50 K. istence of metallic and insulating clusters in the investigated

) _ samples. Hence the temperature dependence of the resistance
|oMi | —0 asT—0. The fit of the magnetoresistance data of ;an he modeled as a random resistor network each consisting
the PHSMO sample to this function is shown in Fig. 2. of 3 paramagnetic region “PM” sandwiched between adja-

_The values oK obtained by fitting the data as shown in cent ferromagnetic “FM” regions. Thus, the total resistance
Fig. 2 for all investigated samples are plotted along with the system comprises of two componeRis, and Roy.
(1/x) versus temperaturd) in Fig. 3. Itis evident from Fig.  The first is due to the metallic/ferromagnetic regions,
3 that for all four samples the maximum Kfdoes not co-  \yhereas the latter is due to the insulating/paramagnetic re-
incide with the Curie temperatufg; but lies slightly above  gions. Hence, the total resistance of the system can be ex-
it. The maximum inK is seen to coincide with the tempera- pressed a®=pRey+(1-p)Rey, Wherep and(1-p) are the
ture, where the kink is seen in the d (logarithmic scalg  \olume fractions of the ferromagnetic/metallic and
versusT plot, i.e., toTg. This implies that the onset of long  y43ramagnetic/insulating regions, respectively. Upon cooling
range ordering starts d; |t§elf though the ordering is fully he sample, the size of the metallic regions grows at the
achieved only afc. Thus this temperaturg; can be thought  eypense of the insulating regions. Therefore, a temperature
of as the Griffiths temperature where transition would havedependent volume fractigmis required to fit the experimen-
taken place if there was no disorder in the system. BéIT@w_ tal data. On decreasing the temperature the valup of-
the temperature variation & and hence long range Spin creases until a critical valug,, the percolation threshold,
ordering was found to be more gradual as Assite disorder  \yhere these metallic regions form a metallic percolation
Increases. o _ _across the whole sample. That is,patp, a metallic path is

The magnetization and magnetoresistance data of the ifyrmed leading to an insulator to metal transition. This is
vestigated samples give evidence for the existence of fe”%xpected to occur around=Te. We have usedp=1/[1
magnetic clusters abovE. suggesting that there is a coex- +exp-U/kgT)] with the activation energy)=Uy(1—-T/To)
to model the temperature dependéfiagf p. The low tem-
400 perature regimgRgy) was analyzed using(T)o T2+T45
200 dependencd and in high temperature regini®p),), a tem-

10.04
1-0 N |
0.1

100 o perature dependence according to the adiabatic polaron

5 1:01 modef? i.e., p=poT exp(Ea/ksT) was used. The fits to the

E 01 200 percolation equation are shown in Fig. 4.

E 100l 0 x .The temperature derivative of the vollume fractipm)b—

= 4o 400 tained by fitting the data to the percolation model is plotted
fid 200 in Fig. 5 along with the temperature dependence of the in-
1004 8oo verse of susceptibility. It is evident that the onset of metal-

400 licity (p=p.) does not coincide witfi- (marked by upward

200 arrow in Fig. 5 but occurs at a higher temperatufe,

0 (marked by downward arrow in Fig.)5In order to clearly
illustrate these correlations the corresponding data for the
PHSMO sample alone is plotted in Fig. 6. A, there is a

FIG. 3. Temperature dependencetofand (1/y) (logarithmic ~ maximum in the temperature derivative pf Though the
scalg for the investigated samples. The downward arrows mark théulk of the sample becomes ferromagnetic onlyTat the

Griffiths temperaturéls, whereas the upward arrows pointTg. onset starts al itself as seen from Fig. 3. Since magnetism
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FIG. 5. Temperature dependence of the inverse of susceptibility FIG. 6. Temperature dependence of the inverse of susceptibility

(symbolg and the temperature derivative of metallic volume frac- (SYymPOI9 in logarithmic scale and the temperature derivative of

tion p (solid lineg. Upward arrow points td: and the downward metallic volume fractionp_ (solid lineg and k for the PHSMO
arrow toTe. sample. Upward arrow points iz and the downward arrow 6.

The dotted line is a guide to the eye.

is correlated with metallicity in the case of manganites, Aating) from synchrotron measurements in  many
metallic short is created due to which a metal-insulator tranmanganite$?

sition takes place &l itself and not affc as expected. The  |n summary, we have systematically studied the influence
value of percolation threshold, obtained from the value of of variance of the atomic radii at th&-site on the magne-

p wheredp/dT shows a minimum, is found to increase with totransport properties of PR, 1St sMnO5 with R=Th, Y,
increase inA-site disorder(Table ). From Fig. 5 it is also  Ho, and Er. These properties have been interpreted within the
seen that the difference betwe&g and T increases with  context of percolative transport and the existence of a Grif-
increase in variance of the ionic radii at tAesite indicative  fith phase. The temperature dependence of the average spin
of a reduction in the percolation of ferromagnetinetallio =~ moment at the hopping sites from the magnetoresistance data
clusters. This, along with the observation of increaspof and the fraction of metallic clusters from the resistivity plots
with (¢2) suggests that there must be an additional mechabear signatures of the onset of the Griffiths phase. Our analy-

nism that comes into play because of the increase in thFiS suggests that the paramagnetic phase comprises of insu-

_site disorder. This may be due to an increase in the |Oca|_ating correlated spin clusters that coexist with ferromagnetic

ization centers in the lattice which increase wit?) possi- metallic clusters and paramagnetic spins. This coexistence
L . . . . was found to be sensitive to tifesite disorder.

bly resulting in the formation of insulating spin clusters that

coexist with the ferromagnetic clusters abolg This sug- One of us, M.S.R. would like to acknowledge support by

gestion is supported by the recent observation of correlatethe Bundesminister fir Bildung und ForschuigMBF),

nanoclusters with CE-type charge/orbital ordeence insu- Germany, within a joint Indo-German project.
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