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Magnetic and electrical properties of„La1ÀxDyx…0.7Ca0.3MnO3 perovskites
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The effect of substituting La with Dy in the ferromagnetic perovskite La0.7Ca0.3MnO3 has been studied in the
series (La(12x)Dyx)0.7Ca0.3MnO3 (x50, 0.114, 0.243, and 0.347!. Magnetic and transport properties have been
measured using ac susceptibility, dc magnetization, neutron-depolarization, neutron-diffraction, and resistivity
techniques. These studies show that an increase in Dy concentration suppresses the low-temperature ferromag-
netic ground state, driving the system~for x50.114 and 0.243! first into a randomly canted ferromagnetic state
with a reduced metal-insulator transition temperature and then~for x 5 0.347! to an ‘‘insulating’’ cluster-spin-
glass state. Such deterioration of ferromagnetism and metallic conduction with Dy substitution is explained on
the basis of a decrease in the transfer integral,to ~describing the hopping ofeg electrons between Mn31 and
Mn41, known as ferromagnetic double-exchange interaction!, resulting from an increase in the structural
distortion. The randomly canted ferromagnetic state and the cluster-spin-glass state forx 5 0.243 and 0.347
compounds, respectively, have been confirmed by neutron-depolarization measurements. These observed fea-
tures have been attributed to a competition between the coexisting ferromagnetic double-exchange and the
antiferromagnetic superexchange interactions in the distorted structures with reduced geometrical tolerance
factor t and the randomness resulting from the random substitutions of La31 with Dy31.

DOI: 10.1103/PhysRevB.68.104421 PACS number~s!: 75.50.Lk, 75.60.Ch
ar

e
ic
iv

t
ca

-

p
-

ta
rro
th
e

ag
.
g
a

the

ing
of

es

nd
tion-

c
is-
en-
lec-
es
ing
ties
s

e

ag-

a
n
ing
I. INTRODUCTION

In recent years there has been a growing interest in r
earth manganese perovskites of the typeR(12x)AxMnO3,
whereR denotes the trivalent rare-earth ions andA denotes
the divalent alkali-earth-metal ions. This is because th
exhibit a range of extraordinary magnetic, electron
and structural properties including colossal negat
magnetoresistance,1–3 charge ordering,4–7 magnetic-field-
induced changes in the structure,8,9 and the transpor
properties10 and also because of their potential technologi
applications.

When in a perovskite manganite, LaMnO3 (TN5120 K,
Refs. 4 and 5!, a divalent ion,A substitutes for a La, a pro
portional number of Mn31 ions are converted to Mn41. In
the doped state with mixed Mn valence, the hopping ofeg
electrons between two partially filledd orbital of neighbor-
ing Mn31 and Mn41 ions is facilitated by the orbital overla
eg(Mn)-2ps(O)-eg(Mn) and the strong on-site Hund’s cou
pling between thet2g core spins and theeg electrons. This
interaction, known as double-exchange~DE! interaction,11,12

brings about simultaneous onset of ferromagnetic and me
lic characters. The competition between the coexisting fe
magnetic double-exchange interaction and
t2g(Mn)-2pp(O)-t2g(Mn) antiferromagnetic superexchang
interactions plays an important role in determining the m
netic and transport properties of these doped manganites11,12

Direct substitution of Mn sites can also probe the ma
netic and transport properties in these systems, and m
early studies13–15and more recent ones have been made.16–21
0163-1829/2003/68~10!/104421~10!/$20.00 68 1044
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Generally, substitutions of Mn by various ions, such as
3d metals,13–15,19,22–26or In, Al, Ga or Ge,17,18,27–30drasti-
cally lowers the critical temperatureTC of the paramagnetic-
ferromagnetic transition and eventually produces insulat
state and/or spin-glass-like properties for higher level
substitution.20,23–25,27–29Reasons underlying these featur
are the combined effects of Mn-site substitution viz.,~i! a
shifting of the average valence in the Mn-O-Mn network a
~ii ! changes in the band structure and hence the conduc
electron-mediated DE interaction.31 Further Mn-site substitu-
tion by nonmagnetic ions such as Ti41,24,25 In3129

Al31,17,26–29 and Zn21,32 causes magnetic dilution, while
replacement by magnetic ions such as Cr,22 Fe,14,30,33–35

Co,16,20 Ni,16 or Cu,26 may introduce additional magneti
couplings. Substitution of Mn site may also cause lattice d
tortions due to changed ionic size. All these effects are g
erally intertwined and can influence the magnetic and e
trical behavior. Considering the complex influenc
generated by Mn site doping, if one is interested in study
the ionic size effect on the magnetic and transport proper
of theseR(12x)AxMnO3 perovskites, it is desirable to focu
on replacing La31 by a nonmagnetic ion~with 31 ionic
state! with different radius without changing the effectiv
Mn valency.

Extensive research has been done on metallic, ferrom
netic manganites of the type La0.7Ca0.3MnO3, through dop-
ing the La31 sites with trivalent rare earths~Y,36,37 Pr,37

Dy,38,39 Tb,40,41 etc.! of different sizes keeping the fixed C
concentration~at 0.3! close to an optimum value in relatio
to the ferromagnetic interaction. These substitutions br
©2003 The American Physical Society21-1
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about strong lattice effects and disorder, and ultimately in
ence the magnetic and transport properties of these mate
The lattice distortions introduced by La-site disorder infl
ence the ferromagnetic DE couplings by changing the M
O-Mn angle and Mn-O bond distance. The competition
the ferromagnetic DE interactions with the antiferromagne
superexchange interactions, which are less affected by la
effects, may give rise to magnetically disordered sta
Thus, this type of substitution at theR-sites affects indirectly
the magnetic couplings between the Mn sites. Phenome
logically, the changes in the magnetic and transport beh
iors can be understood in terms of the tolerance factort for
the perovskite structure, i.e., the average ionic size of the
site, ^r R&, and the La-site size disorder, i.e., the widths of
the distribution of the ions on the La site.37,38,42–44A decreas-
ing ^r R& and/or an increasings reduces the transition tem
peratureTC . Beyond a certain range of values, the latti
disorder brings about glassy magnetic states. In these i
lating or metallic states, evidence for ferromagnetic clus
ing has been found.36,41Within a framework of a DE mecha
nism, an effectiveeg electron transfer between the Mn31 and
Mn41 ions in these perovskites is given bytocos(u/2),
where to denotes aneg electron transfer probability whe
localized t2g spins are parallel andu represents the angl
between two neighboringt2g spins. Therefore, the mobility
of electrons in the DE systems can be controlled by vary
to and/or u. With diminishing ^r R&, the Mn-O-Mn bond
angles and theeg electron transfer probabilityto ~which are
microscopically interrelated! decrease.37

Teraiet al.38 have investigated the effects of Dy31 substi-
tution in (La(12x)Dyx)0.7Ca0.3MnO3 by dc magnetization, re
sistivity, and magnetoresistance studies. The Curie temp
ture and the associated metal-insulator transition tempera
were reported to decrease drastically with the Dy dopi
The compounds with x50.143 (t50.911), 0.243 (t
50.908), and 0.286 (t50.907) were reported to show ree
trant spin-glass~RSG! behavior where the high-temperatu
insulating paramagnetic state transforms to a ferromagn
metallic state at relatively lower temperatures and fina
transforms to an insulating spin-glass~with a collapse of fer-
romagnetic ordering! at further lower temperatures. Forx
.0.286 (t,0.907), only a spin glass insulator phase appe
at low temperatures which was compared with the insula
spin glass state reported by Teresaet al,43 for the compound
(La-Tb)2/3Ca1/3MnO3. The spin glass insulator phase o
served in (La(12x)Dyx)0.7Ca0.3MnO3 for x.0.286 was
interpreted38 to be different from a ferromagnetic insulato
that appears in the compounds containing light rare-ea
metal ions of Pr31 and/or Y31.

In this paper, we present results on t
(La(12x)Dyx)0.7Ca0.3MnO3 with x50 (t50.916), 0.114 (t
50.913), 0.243 (t50.908), and 0.347 (t50.905) using
magnetic and transport measurements by ac susceptibilit
magnetization, and resistivity, which are combined with
vestigations of the magnetic order at microscopic and me
scopic length scales from neutron-diffraction and neutr
depolarization techniques, respectively. In these compou
where magnetic frustration and disorder are present, the
ture of the magnetic correlation cannot be unequivocally
10442
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termined by bulk magnetic measurements.35,45 Neutron-
diffraction has been employed in order to characterize
long-range magnetic order and its gradual suppression
the substitution. Neutron depolarization technique pro
magnetic inhomogeneity on a length scale of several 10
up to few mm and thus, helps in establishing the existen
of magnetic domains/clusters forx50.243 and 0.347 of
Dy substituted samples. The results provide strong evide
of the presence of ferromagnetic correlation
(La0.757Dy0.243)0.7Ca0.3MnO3 and a cluster-spin-glass state
(La0.653Dy0.347)0.7Ca0.3MnO3 in their low-temperature insu
lating states contrary to what was concluded by Teraiet al.38

Since the microscopic neutron-diffraction study confirms t
the Dy31 does not show magnetic ordering down to 9 K, o
experimental results essentially reflect how the^r R& ands of
the La sublattice influence the magnetic order on the diff
ent length scales. A preliminary report of the results of
susceptibility, dc magnetization, resistivity, and room
temperature neutron-diffraction measurements on thex50
and 0.243 samples has been given elsewhere.39

II. EXPERIMENT

Polycrystalline samples with nominal compositio
(La12xDyx)0.7Ca0.3MnO3 (x50, 0.114, 0.243, and 0.347!
were prepared by solid-state reaction of MnO2 ~Aldrich,
99.9%!, CaCO3 ~Aldrich 99%!, La2O3 ~Aldrich 99%!, and
Dy2O3 ~Aldrich 99%! at 1250 °C. Stoichiometric amounts o
the compounds were mixed together and were first calci
at 1000 °C for 12 h. The calcined products were then s
tered at 1300 °C for one week with several intermedi
grindings and pelletizations. La2O3 was preheated a
1000 °C prior to the reaction. Room-temperature pow
x-ray-diffraction patterns confirmed the single-phase form
tion of orthorhombic perovskite structure.

The real part of ac susceptibility (xac) was measured for
all the four samples (x50, 0.114, 0.243, and 0.347! using an
avalanche photodiode~APD! closed cycle helium refrigera
tor with Meissner coil assembly in conjunction with a
EG&G Model 5208 lock-in amplifier. Measurements we
performed at a frequency of 80 Hz and in an ac field of 0
Oe. dc electrical resistance measurements were performe
the x50, 0.243, and 0.347 samples by the standard fo
probe method using a Datron~model 1071! multimeter over
the temperature range of 14–300 K.

Zero-field cooled virgin dc magnetization measureme
were carried out on thex50, 0.243, and 0.347 samples at 1
K using a superconducting quantum interference dev
~SQUID! magnetometer as a function of magnetic field up
50 kOe. Field cooled dc magnetization measurements w
also carried out on thex 5 0.243 sample using the SQUID
magnetometer over the temperature range of 5–290 K an
50 and 500 Oe magnetic field in the heating cycle. All me
surements were carried out on compacted powder sam
Compacting ensures that rotation of the crystallites does
take place during measurements.

The one-dimensional~1D! (z-z) neutron-depolarization
measurements~a good tool to probe the magnetic inhomog
neity on a mesoscopic length scale46–50! were carried out on
1-2
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the x50.243 and 0.347 samples using the neutr
polarization analysis spectrometer~PAS! at Dhruva reactor,
Trombay (l51.205 Å). The detailed description of th
spectrometer has been given in earlier papers.51,52 The tem-
perature of sample was varied between 15 and 300 K usi
closed-cycle helium refrigerator and controlled to better th
0.1 K. Measurements were performed in the heating cycl
the presence of 7 Oe external field after cooling the sam
in the same field of 7 Oe from 300 K to 15 K. The incide
neutron beam was polarized along the–z direction~vertically
down! with a beam polarization of 98.60~1!%. The polariza-
tion of transmitted neutron beam was measured along the1z
direction as described in detail in an earlier paper.51 The
powder sample used for the depolarization study was in
form of a pellet of cylindrical dimension. The sample w
placed in the neutron beam in such a way that its pl
surfacexz remains perpendicular to the propagation dire
tion y of the polarized neutron beam. The beam pas
through an effective sample thickness of 10 mm. The be
size was restricted with a cadmium slit to keep it within t
size of the sample. The external magnetic field of 7 Oe~on
the sample! was applied parallel to the incident neutron bea
polarization direction2z using a small electromagnet.

The unpolarized neutron powder-diffraction measu
ments were carried out on thex50, 0.243, and 0.347
samples at 297 K and 15 K~the lowest possible temperatu
of measurements! in a cylindrical vanadium sample con
tainer using the 1D position sensitive detector based pro
analysis diffractometer (l51.094 Å) at Dhruva reactor
Trombay.53 The temperature variation of diffracted intens
ties of the~110! and~002! Bragg peaks of thex50.243 and
0.347 samples were studied from 15 to 200 K. For thex
50.114 sample, the neutron-diffraction patterns were
corded at 297, 200, 100, 50, and 9 K using another one
dimensional position sensitive detector based powder diff
tometer (l51.242 Å) at Dhruva reactor, Trombay. Th
diffraction measurements were carried out on the polycr
talline samples with no external magnetic field.

III. RESULTS AND DISCUSSION

A. ac susceptibility

Figure 1 shows the temperature dependence of the ac
ceptibility (xac) curve for all the four samples. Magnet
transition temperatures~defined as the point of the steepe
slope in thexac vs T curve! are found to be 232, 111, 70, an
55 K for x50, 0.114, 0.243, and 0.347 samples, resp
tively, indicating that the substitution of Dy for La leads to
strong decrease in the magnetic ordering temperature.
onset of ferromagnetic ordering for thex 5 0 sample is
found to be; 251 K, in accordance with the reported valu
in literature.54,55 The temperature variation ofxac for the x
50.243 and 0.347 samples is very much different from t
of the ferromagneticx50 and 0.114 samples. For the
higher Dy substituted samples (x50.243 and 0.347!, thexac
curves show cusplike peak at 60 K and 46.5 K forx
50.243 and 0.347 samples, respectively. Similar peak sh
have been reported in thexac plots at the ‘‘spin-glass-like’’
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transition for La2/3Ca1/3MnO3 doped with Ga,45 Al,28 In,29

and Fe~Ref. 14! with higher degree of substitution and fo
the rare-earth site substituted cluster-spin-glass perovsk
such as (La2/3Tb1/3)2/3Ca1/3MnO3 ~Ref. 43! and
La0.7Y0.15Ca0.3MnO3.36 Similar xac cusps observed for the
other perovskites have been ascribed to either a spin-g
type transition33 or a local spin canted spin state.35

B. Resistivity

Figure 2 shows the temperature dependence of the re
tivity r for x50, 0.243, and 0.347 samples under zero m
netic field. The resistivity curve forx50 sample shows an
insulator-metal transition at;240 K with a metallic behav-
ior at lower-temperature side, as reported in the literatur38

For x50.243 sample, the insulator-metal transition tempe
ture shifts to 52 K and the metallic behavior is observed o
over the temperature range of 52–35 K, as found by Teraet

FIG. 1. The temperature dependence of the real part of ac
ceptibility for (La12xDyx)0.7Ca0.3MnO3 samples withx50, 0.114,
0.243, and 0.347.

FIG. 2. The zero field resistivity as a function of temperature
(La12xDyx)0.7Ca0.3MnO3 samples withx50, 0.243, and 0.347.
1-3
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al.38 At temperatures below 35 K, an insulating behav
reappears. The behavior of resistivity forx50.243 sample is
somewhat similar to what was reported for t
(La0.786Y0.214)0.7Ca0.3MnO3 perovskite.36 However, the x
50.347 compound is found to remain in the insulating st
within the range of our measurement capability similar
that observed in the (La-Tb)2/3Ca1/3MnO3 perovskite.43

C. dc magnetization

The Arrot plots derived from the zero-field cooled virg
M(H) measurements at 15 K are shown in Fig. 3 for thex
50, 0.243, and 0.347 samples. The positive intercept of
straight line extrapolated from the points at highH/M values
for the x50 and 0.243 samples on the ordinate clearly in
cates the presence of spontaneous magnetization at this
perature~15 K!. It is interesting to note that the spontaneo
magnetization decreases drastically from 97.08 emu g21

(53.69mB per formula unit! for the x50 compound to
4.5 emu g21 (50.17mB per formula unit! for the x50.243
compound; whereas, for thex50.347 sample, no spontane
ous magnetization is found , in agreement with the publis
paper by Teresaet al.43 for the insulator spin-glass
(La2/3Tb1/3)2/3Ca1/3MnO3. For thex50.243 sample, as dis
cussed later in this paper, the observed value of the spo
neous magnetization MS(H50,T) at T515 K
(54.5 emu g21) has been used for calculating the magne
correlation length from the measured neutron depolariza
at 15 K.

FIG. 3. ~a! Arrott plot at 15 K for perovskite compounds wit
x50, 0.243, and 0.347. Solid lines are the extrapolated lines of
linear fit to the higherH/M data.~b! The extrapolated line of the
linear fit to the higherH/M data is enlarged over lowerH/M for
the x50.243 sample.
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D. Neutron diffraction

Figure 4 shows the observed and Rietveld refined neu
powder diffraction patterns at 15 and 297 K~i.e., well below
and above the magnetic transition temperatures! for the
samples withx50, 0.243, and 0.347. The patterns are sho
only over the lower angular range~scattering angle

e

FIG. 4. Observed~open circles! neutron-diffraction patterns (l
51.094 Å) for (La12xDyx)0.7Ca0.3MnO3 of the x50, 0.243, and
0.347 samples at 297 K and 15 K recorded over the lower ang
range where magnetic Bragg reflection intensities, if any, are
pected predominantly. The solid lines represent the Rietveld refi
patterns. The difference patterns between the observed and c
lated patterns are also shown at the bottom of each curve by s
lines. The vertical lines indicate the position of allowed Bra
peaks. The insets show the combined peak intensity of the~110! and
~002! inner Bragg peaks (2u'16.6 °) of thex50.243 and 0.347
samples as a function of temperature.
1-4
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'11–43 deg.! where magnetic Bragg reflection intensities,
any, are expected predominantly. The patterns obtained a
K and 300 K were analyzed by the Rietveld method us
theFULLPROFprogram.56 Refinement shows an orthorhomb
perovskite structure~space groupPbnm! at all temperatures
For all the samples, the 297-K diffraction patterns could
fitted with only nuclear intensities confirming the parama
netic nature of the samples at room temperature. Rietv
refinement of data recorded at 15 K shows ferromagn
ordering for thex50 sample with a net Mn-site ordere
moment of 3.4260.06mB along the crystallographicc direc-
tion as reported in literature.54 The moment value obtained i
our dc magnetization measurements is in good agreem
with these results. However, for both thex50.243 and 0.347
samples, the 15-K diffraction pattern could be fitted w
only nuclear intensities confirming the absence of any
servable long-range magnetic ordering. For thex50.243 and
0.347 samples, the refinement at 15 K shows a comp
absence of ferromagnetic ordered moment with a detec
limit 35,43,45 of ;0.5mB per Mn or Dy site. The absence o
any magnetic contribution to the~110! and ~002! nuclear
Bragg peaks over 15–200 K~shown in inset of Fig. 4! con-
firms the absence of long-range magnetic order at any in
mediate temperatures as well. It may be stressed that no
ditional Bragg peaks are found either, indicating the abse
of any other ordered magnetic phase~antiferromagnetic, spi-
ral, etc.! in the x50.243 and 0.347 samples. The observ
low spontaneous magnetization (50.17mB per formula unit
at 15 K! from the dc magnetization data for thex50.243
sample lies well below the detection limit in the prese
neutron-diffraction experiments and is, therefore, consis
with the absence of observable ferromagnetic intensity un
fundamental Bragg peaks. The absence of observed ord
moment in the neutron-diffraction study for thex50.243
sample suggests that the spins are randomly~local!
canted35,45 with very large average canting angle of M
spins. The possibility of uniform canting of spins is ruled o
from the absence of any observed magnetic Bragg-peak
tensity. The canting of Mn-site moments is, therefore,
sumed to be random~local! from site to site so that the or
dered component of moments that gives a long-ra
ferromagnetic ordering over the domain is quite small
magnitude (;0.17mB). A canted ferromagnetic behavior ha
been reported for other perovskites.35,45,57Such a canted spin
model for mixed-valent manganites was theoretically p
dicted by de Gennes,58 within the framework of a model for
competing ferromagnetic double-exchange and antife
magnetic superexchange interactions. For thex50.347
sample the absence of spontaneous magnetization, as als
ordered ferromagnetic moment in the low-temperat
neutron-diffraction pattern, might occur due to spin-gla
like ordering.43,45We will discuss later the true nature of th
spin ordering in the case ofx50.243 and 0.347 samples.

In order to obtain more information on the possible ma
netic ordering of the Mn and Dy ions in the Dy-dope
samples, we have also recorded neutron-diffraction patt
on a smaller Dy-dopedx50.114 compound. Figure 5 show
the observed and Rietveld refined neutron powder-diffrac
patterns for thex50.114 sample at 9, 50, 100, 200, and 2
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K over the scattering angular range of;11–40 deg. Refine-
ment confirms an orthorhombic perovskite structure~space
groupPbnm! at all temperatures. A ferromagnetic ordering
Mn moments with a net Mn-site ordered moment of 3.
60.08mB per Mn ion at 9 K, 3.1260.13mB at 50 K, and
1.6460.18mB at 100 K was found. The ordered Mn mome
was found to align along the crystallographicc direction, as
in the parent compound. The absence of any ordered mom
at 200 and 297 K~above the magnetic ordering temperatu
150 K, obtained from our ac susceptibility measuremen!
confirms the paramagnetic nature of the sample at th
higher temperatures. Refinement shows that the Dy mom
is not ordered down to 9 K, as found in the dc magnetizat
study of the La0.72xDyxSr0.3MnO3 perovskite.59 The reduc-
tion of observed site averaged ordered moment for Mn ion
the x50.114 sample~as compared to the parentx50
sample! suggests that the Mn spins are randomly canted a
average angleF of ;24 deg with respect to the@001# crys-

FIG. 5. Neutron-diffraction patterns (l51.242 Å) at several
temperatures down to 9 K for (La0.886Dy0.114)0.7Ca0.3MnO3, shown
by the open circles. The solid lines represent the calculated patt
The difference patterns between the observed and calculated i
sities are also shown at the bottom.
1-5
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talline axis in thex50.114 compound. Here, the cantin
angleF is given by the expression, cosF5m/m0, wherem
(53.12mB) andm0 (53.42mB) are the low-temperature or
dered moments forx50.114 and 0 samples, respectively.

E. Neutron depolarization

In order to get further clues regarding the nature of s
ordering in thex50.243 and 0.347 samples, we carried o
neutron-depolarization experiments and before presen
the results we wish to point out that neutron-depolarizat
technique is a mesoscopic probe and essentially measure
spatial magnetic inhomogeneity on a length scale, say f
100 Å to several microns.46,47,49In an unsaturated ferrimag
net or ferromagnet, the magnetic domains exert a dip
field on the neutron polarization and depolarize the neutr
owing to the Larmor precession of the neutron spins in
magnetic field of domains. A magnetic inhomogeneity on
atomic scale—as in true spin-glass state—has no effec
the neutron polarization. In a true spin-glass phase~in zero-
field cooled state!, the atomic spins are randomly frozen
space on a microscopic length scale and, as a result,
magnetic induction averages out to zero on a mesosc
length scale. Hence no depolarization is found in true sp
glass systems. Similarly, no depolarization can be expe
in the paramagnetic state because the temporal spin fluc
tion is too fast (10212 s or faster! for the neutron-polarization
vector to follow the variation in the magnetic field B actin
on the moving thermal neutrons. However, one would exp
depolarization for the case of clusters of spins~of mesos-
copic length scale! with net moments. The domain/spin
cluster size information can therefore be obtained~as an av-
erage over the entire sample!, and there are essentially n
resolution restrictions on the size of the domains which
be measured.

The temperature dependence of the transmitted neu
beam polarizationPf for x50.243 and 0.347 samples wit
an applied field of 7 Oe are depicted in Fig. 6~a!. The pro-
cedure of obtainingPf values from the measured flippin
ratios for the transmitted polarized beam is describ
elsewhere.51 As shown in the figure, forx50.243 sample,Pf
shows a continuous decrease right from;65 K before at-
taining a constant value below about 28 K. AtT.65 K, the
value of Pf is the same as that for the incident-beam pol
ization, implying that this sample is in its paramagne
phase above 65 K. The magnetic ordering temperature
thex50.243 sample is thus estimated to be about 65 K. T
results confirm the presence of domains of spins with
magnetic moments in it. Absence of any evidence of bre
down of domain structure at any temperature below 65
~which results in a recovery of the transmitted neutron be
polarization Pf) indicates the absence of any transition
temperatures around 35 K, below which an insulating beh
ior is found, as shown in Fig. 2. Teraiet al.38 identified the
low-temperature phase of thex50.243 sample as the RSG
state with ferromagnetic Curie temperatureTC of ;57 K
and spin-glass transition temperatureTg of ; 38 K. How-
ever, belowTg a collapse of the ferromagnetic ordering w
suggested in their report.38 Neutron-depolarization measure
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ments performed on several RSG systems, namely, Ni-M48

a-Fe-Zr,48 a-Fe-Ru-Zr,60 a-Fe-Mn,61 a-Fe-Ni62 etc. have
shown that long-range ferromagnetic correlation does
breakdown even atT,Tg where some typical spin-glass-lik
properties are found in macroscopic magnetization meas
ments. Large ferromagnetic domains of a few micrometer
size do exist at low temperatures, in good agreement with
mean-field predictions. In Ni-Mn system,48 ferromagnetic
domains were found to exist at all temperatures belowTC

even for the samples close to the critical concentration. T
compound x50.243 undergoes a spontaneous insula
metal transition which has a spontaneous ferromagnetic
relation in the metallic state over the temperature ran
65–35 K, as expected for the DE- mediated perovskites.35 At
T,35 K, too, we observed a ferromagnetic state as repo
for the ferromagnetic insulating compound
(La-Pr)0.7Ca0.3MnO3 ~Ref. 37! and (La-Y)0.7Ca0.3MnO3

~Ref. 37! containing light rare-earth-metal ions. The macr
scopic magnetic and transport studies
La0.72dYdCa0.3MnO3 ~Ref. 36! with d50.15 shows a behav
ior similar to the one observed for thex50.243 sample.
However, the low-temperature metallic phase
La0.72xYxCa0.3MnO3 with x50.15 was interpreted in term
of cluster glass state36 as against our finding of the random
canted ferromagnetic phase with large domains (;5 mm).

FIG. 6. ~a! Temperature dependence of transmitted neut
beam polarization measured at 7 Oe applied field for thex50.243
and 0.347 samples.~b! Comparison of2 ln@Pf(T)/Pi# andS@M (T)#2

at various fields applied duringM vs T measurements for thex
50.243 sample~see text!.
1-6
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La0.72dDydSr0.3MnO3 compounds59 with d between 0.35 and
0.4 also show similar magnetization and resistivity behav
as found for thex50.243 sample.

The occurrence of the transverse spin freezing in the R
state as predicted by the mean-field theory cannot be dire
checked by our neutron-depolarization study. This is beca
the depolarization is mainly determined by the longitudin
spin components.48 From the observed depolarization an e
timate of the average size of domains/clusters was, howe
made using the expression47,48,35,45

Pf5Pi expF2aS d

D D ^Fd&
2G , ~1!

where Pi and Pf are the initial and final neutron beam
polarization, a is a dimensionless parameter'1/3,
d(510 mm) is the effective thickness of the samp
D is the average domain size, andFd5(4.63310210

G21 Å22)lBD is the precession angle. The internal me
induction B54pMSr ~in Gauss! within a domain at low
temperature was estimated from the bulk magnetization m
surements. HereMS is the spontaneous magnetization
emu g21 andr is the density of the material in g cm23. The
spontaneous magnetization value of 4.5 emu g21, obtained
from the ‘‘Arrott’’ plot of magnetization at 15 K, has bee
used for the estimation ofB. The meanB of ;352 G is
obtained using the average sample density of 6.23 g cm23.
Equation.~1! is valid with the assumption that the Larmo
precession angle of the neutron spin due to the internal m
netic fields of the sample is a small fraction of 2p over a
typical domain/cluster length. The value ofFd for a 1.205-Å
neutron in a 10-mm Fe domain (B;21 kG) is; 1.1 rad. In
the compound we are studying, the value ofB is only
;352 G and allows Eq.~1! to be valid up to large domain
sizes of about 100mm. Using the above expression, as us
in the literature,35 an average domain/cluster size of;5 mm
is obtained at 15 K. Here the domain size is estimated
assuming a homogeneous magnetic state. However, a p
segregation in the present system, as observed in other
ovskites cannot be ruled out. If the ferromagnetic doma
represent only a certain volume percentage of the sample
estimate of domain size will be different. Inaccuracy~if any!
arising from the assumption of the presence of only one t
of domain size can be handled by measuring the wavele
dependence of transmitted neutron beam polariza
P(l).47,48 Another factor, which probably introduces an e
ror to the estimated value ofD is the internal mean induction
B. Further uncertainty in theD value could arise from the
assumptions of the domain structure model used here, a
full three-dimensional polarization analysis49 would be use-
ful in this regard. Hence, the inferred domain size of ab
5 mm is meant to only reflect the order of magnitude.

In order to compare the temperature dependence oPf
with the temperature dependence of the low-field magnet
tion we have plotted2 ln@Pf(T)/Pi# andS@M (T)#2 ~whereS
is a normalization factor! in Fig. 6~b!. It is interesting to note
that a temperature-independent behavior ofM andPf is evi-
dent atT,28 K, indicating a temperature-independent d
main sizeD below this temperature. At low applied field~50
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Oe! the temperature-dependent magnetization andPf almost
overlap whereas, at higher applied fields~say 500 Oe!, there
is a considerable deviation between the two over the te
perature range;30–90 K. The observed variation o
temperature-dependent magnetization with field revealed
field-induced magnetic ordering as observed in ot
perovskites.35,45

We now turn to the temperature dependence of the po
ization of transmitted neutron beam for thex50.347 sample
shown in Fig. 6~a!. Pf starts decreasing below about 47 K. A
T.47 K, the value ofPf is the same as the incident-bea
polarization. This implies that the sample is in its parama
netic phase above 47 K where no change of neutron po
ization is expected. The magnetic ordering temperature
this sample is thus estimated to be 47 K in accordance w
the ac susceptibility data in Fig. 1 where a cusplike peak
found. Below 47 K depolarization data show the presence
magnetic clusters on mesoscopic length scale. At this st
we may recall that in the zero-field cooled virgin dc magn
tization data no evidence for spontaneous magnetization
found for the x50.347 sample~Fig. 3!. The presentx
50.347 compound is therefore similar to the ‘‘insulator sp
glass’’ (La2/3Tb1/3)2/3Ca1/3MnO3 compound studied by Ter
esaet al.43 where a cluster-spin-glass state with no sponta
ous magnetization was found. During the passage
polarized neutrons through such a spin cluster if the Larm
precession time of neutron spins is shorter than the relaxa
time t for the clusters, the neutron spins will effectively s
a nonzero precession field, and depolarization of neut
spins occurs.45 As mentioned before, if the Larmor prece
sion angle of the neutron spin is a small fraction of 2p over
a cluster length, the observed depolarization can be re
sented by Eq.~1!. A cluster-spin-glass state atT,46.5 K is
therefore confirmed for thex50.347 sample. The observe
characteristic temperature dependency ofxac for the x
50.347 sample indicates the cluster-spin-glass freezing.
may recall that according to the phase diagram given
Terai et al.,38 the x50.347 sample (t50.905) belongs to an
insulator-spin-glass. Thex50.347 compound remains an in
sulator within the limits of our measurements. It is importa
to stress that the observed cluster-spin-glass behavior fo
x50.347 sample occurs within the insulating phase as
posed to the fact that for manganites, the DE-mediated in
lating spin-glass phase should be of canonical~true! type.
The x50.347 compound is therefore in a double-exchan
mediated insulating cluster-spin-glass state, as observed
example in the case of (La2/3Tb1/3)2/3Ca1/3MnO3

40,41,43where
a significant increase in the low-angle magnetic neutron s
tering was found at T<95 K, indicating the presence of spi
clusters and a very steep rise in resistivity below 150 K.

F. Crystal structure and magnetic ordering

When Dy31 replaces La31, during doping, the
Mn31/Mn41 ratio remains fixed at its original value of 7/
as in the La0.7Ca0.3MnO3 parent compound and, hence, th
number of mobileeg electrons and also the number of ava
able hopping sites for theeg electrons ~responsible for
double-exchange interaction! remains fixed. However, dop
1-7
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S. M. YUSUFet al. PHYSICAL REVIEW B 68, 104421 ~2003!
ing of La31 ions ~ionic radius: 1.216 Å! by smaller Dy31

ions~ionic radius: 1.083 Å!63 is expected to alter the hoppin
integral for the mobileeg electrons as mentioned in the In
troduction. Microscopic distortion in perovskite structure
the manganites can be quantified by the geometrical to
ance factort, defined ast5(r A1r O)/A2(r Mn1r O), where
r A is the average ionic radius ofR31 and Ca21, r O is the
ionic radius of O22, and r Mn is the average ionic radius o
Mn31 and Mn41. In an ideal, undistorted perovskite stru
ture with cubic symmetry (t51), the value of the Mn-O-Mn
bond angle~with the manganese ions being octahedrally
ordinated to the oxygen ions! is 180 deg. With a decrease i
the value oft from its ideal value of ‘‘unity.’’ the Mn-O-Mn
bond angle reduces, distorting the structure first to rhom
hedral symmetry involving cooperative rotation of the MnO6
octahedra about the@111# axis and then to orthorhombi
symmetry with GdFeO3-type structure~as found for the
present compounds!, involving cooperative rotation abou
the @110# axis. As expected from the sizes of the La31 and
the Dy31 ions, the tolerance factor~t! values in the presen
case, calculated using ionic radii reported by Shanno63

shows a decreasing trend with increasing Dy concentra
(t50.916, 0.913, 0.908, and 0.905 forx50, 0.114, 0.243,
and 0.347, respectively!. This gives an increase in the buc
ling of MnO6 causing a decrease in the Mn-O-Mn bo
angle further below 180 deg~Ref. 39! and subsequent nar
rowing down of the one-electron bandwidthW of the eg
electrons.37 This causes a decrease in the transfer integralto ,
which in turn, weakens DE~ferromagnetic! interaction and
thus explains qualitatively the deterioration of the observ
ferromagnetic and conducting properties. A strong comp
tion between the coexisting ferromagnetic DE interactio
and t2g(Mn)-2pp(O)-t2g(Mn) antiferromagnetic superex
change interaction in the highly distorted structures gi
rise to magnetically disordered states with canted ferrom
netic metallic state for thex50.243 compound and a cluste
spin-glass insulating state for thex50.347 compound. The
electronic and magnetic properties of manganites depend
only on the tolerance factor, but also on the variance~second
moment, a parameter corresponding to a random distribu
of Mn-O-Mn bond angles! s2 defined by the equations2

5yir i
22r A

2 , wherer i is the radius of eachR31 andA21, yi
is the fractional occupancies of thei ions ((yi51), r A is the
average ionic radius ofR31 andA21 ions.42,44,64,65A contri-
bution due to random distribution of Mn-O-Mn bond angl
towards the spin-glass transition has also been discusse
Ref. 44. The role played by the intrinsic disorder in the
mixed-valent systems has also been underlined65,66 in the
context of the inhomogeneous states found on various sc
from the formation of polaronic clusters or clustered ma
netic regions67 up to large-scale phase separation.68,69 s2 of
(La12xDyx)0.7Ca0.3MnO3 increases with increasing Dy13

content.38 A large value ofs2 corresponds to a random dis
tribution of the Mn-O-Mn bond angles~closely related to the
transfer integral!, makes the specimen magnetically inhom
geneous, and drives the system towards the spin-glass s

IV. SUMMARY AND CONCLUSION

Using ac susceptibility, dc magnetization, resistivi
neutron-depolarization, and neutron-diffraction techniqu
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we have investigated theA-site ~La-site! ionic size effect on
the magnetic ordering in La0.72xDyxCa0.3MnO3 ~with x50,
0.114, 0.243, and 0.347!. In the x50 ~parent! and 0.114
compounds, there is clear evidence of long-range ferrom
netic order in the low-temperature metallic state, due to
dering of Mn spins, as revealed by the low-temperat
neutron-diffraction experiments. Our neutron-diffractio
study also shows that the Dy site is not magnetically orde
down to 9 K, the lowest temperature of our measureme
For thex50.243 sample, the spontaneous magnetizatio
found to be quite low to show any observable intensity in
neutron diffraction pattern in its low temperature metal
state. However, the neutron-depolarization study confir
the existence of quite large (;5 mm) ferromagnetic do-
mains with low net magnetic moments below 65 K. It
therefore, suggested that the spins are highly canted in
x50.243 compound causing the randomly canted ferrom
netic phase with average canting angleF of Mn spins
>82 deg. The canting of Mn spins occurs due to the co
petition between the antiferromagnetic and reduced fe
magnetic interactions with lowering of tolerance factor a
with increase in disorder caused by the random substitu
of Dy ions at the La sites. For higher degree of Dy substi
tion (x50.347) spin clusters have been observed at low
temperature. The magnetic and transport behavior of
presentx50.347 compound is similar to that of the ‘‘insula
tor spin-glass’’ (La2/3Tb1/3)2/3Ca1/3MnO3 compound studied
by Teresaet al.43 The spin-cluster behavior of thex50.347
sample seems to come from a more detailed balance of c
peting ferromagnetic and antiferromagnetic interactions
also due to disorder. Remaining magnetic coupling of
clusters leads to a cluster-spin-glass-like behavior. The e
trical resistivity measurement shows that thex50.347
sample remains an insulator in its cluster spin-glass stat
broad distribution of cluster sizes is probable in thex
50.347 sample. Small-angle neutron-scattering34 and
wavelength-dependent neutron-depolarization study47,48 may
give a quantitative measure of the size distribution of th
clusters. We must mention that we have assumed all alo
homogeneous magnetic state model, although phase seg
tion as observed in other perovskites cannot be ruled ou

Microscopically, the effects of the Dy substitution can
understood as follows: With increasing Dy concentration,
tolerance factort (50.916, 0.913, 0.908, and 0.905 forx
50, 0.114, 0.243, and 0.347, respectively! decreases. This
causes a bending of Mn-O-Mn bonds away from 180 d
and gives weaker transfer integralto for the hopping ofeg
electrons. Reduction in the Mn-O-Mn bond angles leads
narrower one-electron bandwidth. The narrow bandwidth
fectively reduces the transfer integral ofeg electrons, thereby
favoring an insulating state. This, in turn, gives weaker D
interaction, resulting in the reduction of ferromagnetic e
change. Consequently, DE ferromagnetic interactions and
existing t2g(Mn)-2pp(O)-t2g(Mn) antiferromagnetic super
exchange interactions compete more strongly depending
the structural distortion, giving rise to a magnetically diso
dered state. The electronic and magnetic properties of m
ganites depend not only on the tolerance factor but also
the variance~second moment, a parameter corresponding
1-8
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a random distribution of Mn-O-Mn bond angles! s2. Thes2

of (La12xDyx)0.7Ca0.3MnO3 increases with increasing Dy31

content.38 A large value ofs2 corresponds to a random dis
tribution of the Mn-O-Mn bond angles~closely related to the
transfer integral!, making the specimen magnetically inh
mogeneous and drives the system towards a spin-glass

Randomly canted ferromagnetic state ~in
La0.67Ca0.33Mn0.9M0.1O3 , M5Fe,35 Ga,45! and cluster spin-
glass state@in La2/3Ca1/3Mn12xTxO3, T5In,29 Ti,24 Al,28 and
(La12xTbx)2/3Ca1/3MnO3, ~Refs. 41 and 43!# have already
been reported for several Mn- and La-site doped mangan
The present magnetic and transport studies on
(La12xDyx)0.7Ca0.3MnO3 compounds, however, give
clearer understanding about the evolution of the length s
of magnetic ordering in the ferromagnetic manganites wit
decrease in the average size of the ions at the rare-earth
Since in the present Dy substituted systems, the Mn31/Mn41

ratio remains fixed at its original value of 7/3 as in t
La0.7Ca0.3MnO3 parent compound~and hence the number o
mobile eg electrons and also the number of available ho
ping sites for theeg electrons, responsible for double
exchange interaction, remain unchanged! and there is no or-
dered moment on Dy ions down to the lowest temperat
studied, all the observed effects can be ascribed to a
lattice effect as influenced by the change in the tolera
factor value. Unlike the several magnetic phase diagra
published so far on the effect of the lattice on the magn
properties of the manganites,37,38,41,43 the present work,
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