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The effect of substituting La with Dy in the ferromagnetic perovskitg s, ;MnO; has been studied in the
series (L —x)Dyy)o.7Ca MNO; (x=0, 0.114, 0.243, and 0.34Magnetic 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 systdfor x=0.114 and 0.2453first into a randomly canted ferromagnetic state
with a reduced metal-insulator transition temperature and tfeerx = 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 integgaldescribing the hopping d, electrons between MnA and
Mn**, known as ferromagnetic double-exchange interagtioesulting from an increase in the structural
distortion. The randomly canted ferromagnetic state and the cluster-spin-glass state fa243 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
factort and the randomness resulting from the random substitutions 6t with Dy®".
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[. INTRODUCTION Generally, substitutions of Mn by various ions, such as the
3d metalst®1%1922-2%r |n, Al, Ga or Get"'82'—*rasti-

In recent years there has been a growing interest in raresally lowers the critical temperatuiig- of the paramagnetic-
earth manganese perovskites of the tyRe ,)AMnOs, ferromagnetic transition and eventually produces insulating
whereR denotes the trivalent rare-earth ions akhdlenotes state and/or spin-glass-like properties for higher level of
the divalent alkali-earth-metal ions. This is because theyubstitutior?®?*-252/-2°Reasons underlying these features
exhibit a range of extraordinary magnetic, electronic,are the combined effects of Mn-site substitution viz), a
and structural properties including colossal negativeshifting of the average valence in the Mn-O-Mn network and
magnetoresistance® charge ordering;’ magnetic-field- (i) changes in the band structure and hence the conduction-
induced changes in the structdré,and the transport electron-mediated DE interactiGhFurther Mn-site substitu-
properties® and also because of their potential technologication by nonmagnetic ions such as *Tj??5 |n3+2°
applications. AIST 171:26=2 anq 77+ 32 causes magnetic dilution, while

When in a perovskite manganite, LaMgQTy=120 K,  replacement by magnetic ions such as’TCEel#30:33-35
Refs. 4 and § a divalent ion A substitutes for a La, a pro- Co2%2° Ni,’® or Cu? may introduce additional magnetic
portional number of MA" ions are converted to MiA. In couplings. Substitution of Mn site may also cause lattice dis-
the doped state with mixed Mn valence, the hoppinggf tortions due to changed ionic size. All these effects are gen-
electrons between two partially filledl orbital of neighbor-  erally intertwined and can influence the magnetic and elec-
ing Mn** and Mrf* ions is facilitated by the orbital overlap trical behavior. Considering the complex influences
eg(Mn)-2p,(0)-e4(Mn) and the strong on-site Hund’s cou- generated by Mn site doping, if one is interested in studying
pling between the,, core spins and the, electrons. This the ionic size effect on the magnetic and transport properties
interaction, known as double-exchan@@E) interaction:™*?  of theseR;_,yA,MnO; perovskites, it is desirable to focus
brings about simultaneous onset of ferromagnetic and metabn replacing LA* by a nonmagnetic iorfwith 3" ionic
lic characters. The competition between the coexisting ferrostatg with different radius without changing the effective
magnetic  double-exchange interaction and  theMn valency.
tog(Mn)-2p.(O)-t,4(Mn) antiferromagnetic superexchange  Extensive research has been done on metallic, ferromag-
interactions plays an important role in determining the magnetic manganites of the type §.#Ca ;MnO;, through dop-
netic and transport properties of these doped mangahitds. ing the La&™ sites with trivalent rare earthéy,36" pr3’

Direct substitution of Mn sites can also probe the mag-Dy,%3° Th 24! etc) of different sizes keeping the fixed Ca
netic and transport properties in these systems, and margpncentrationat 0.3 close to an optimum value in relation
early studie$*~*®and more recent ones have been m&d&  to the ferromagnetic interaction. These substitutions bring
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about strong lattice effects and disorder, and ultimately influtermined by bulk magnetic measuremeiit® Neutron-
ence the magnetic and transport properties of these materialfiffraction has been employed in order to characterize the
The lattice distortions introduced by La-site disorder influ-long-range magnetic order and its gradual suppression by
ence the ferromagnetic DE couplings by changing the Mnihe substitution. Neutron depolarization technique probes
O-Mn angle and Mn-O bond distance. The competition ofmagnetic inhomogeneity on a length scale of several 10 nm
the ferromagnetic DE interactions with the antiferromagneticup to few um and thus, helps in establishing the existence
superexchange interactions, which are less affected by latticef magnetic domains/clusters for=0.243 and 0.347 of
effects, may give rise to magnetically disordered statesDy substituted samples. The results provide strong evidence
Thus, this type of substitution at thesites affects indirectly of the presence of ferromagnetic correlation in
the magnetic couplings between the Mn sites. Phenomendta, ;5 DYq 2490 78 aMNO3 and a cluster-spin-glass state in
logically, the changes in the magnetic and transport behavLag g5V 347 0 T 3MNO3 in their low-temperature insu-
iors can be understood in terms of the tolerance facfor  lating states contrary to what was concluded by Tetail.*8
the perovskite structure, i.e., the average ionic size of the L&ince the microscopic neutron-diffraction study confirms that
site, (rg), and the La-site size disorder, i.e., the widtrof  the Dy** does not show magnetic ordering down to 9 K, our
the distribution of the ions on the La sité*®#2~*/A decreas-  experimental results essentially reflect how ¢thg) ando of
ing (rg) and/or an increasing reduces the transition tem- the La sublattice influence the magnetic order on the differ-
peratureT.. Beyond a certain range of values, the latticeent length scales. A preliminary report of the results of ac
disorder brings about glassy magnetic states. In these inssusceptibility, dc magnetization, resistivity, and room-
lating or metallic states, evidence for ferromagnetic clustertemperature neutron-diffraction measurements onxthé
ing has been fount:* Within a framework of a DE mecha- and 0.243 samples has been given elsewffere.
nism, an effectiveey electron transfer between the Rfand
Mn** ions in these perovskites is given lycos 6/2),
wheret, denotes argy electron transfer probability when
localizedt,y spins are parallel and represents the angle Polycrystalline samples with nominal compositions
between two neighborint,y spins. Therefore, the mobility (La; -,Dy,)oCa MnO; (x=0, 0.114, 0.243, and 0.347
of electrons in the DE systems can be controlled by varyingvere prepared by solid-state reaction of MnQAldrich,
t, and/or 6. With diminishing (rg), the Mn-O-Mn bond 99.9%, CaCQ (Aldrich 99%), La,0O; (Aldrich 99%), and
angles and the, electron transfer probability, (which are  Dy,05 (Aldrich 99%) at 1250 °C. Stoichiometric amounts of
microscopically interrelatecddecreasd’ the compounds were mixed together and were first calcined
Teraiet al® have investigated the effects of Blysubsti-  at 1000°C for 12 h. The calcined products were then sin-
tution in (Lg; - Dyx) 07 Ca sMNO; by dc magnetization, re- tered at 1300°C for one week with several intermediate
sistivity, and magnetoresistance studies. The Curie tempergrindings and pelletizations. L&; was preheated at
ture and the associated metal-insulator transition temperatug®00 °C prior to the reaction. Room-temperature powder
were reported to decrease drastically with the Dy dopingx-ray-diffraction patterns confirmed the single-phase forma-
The compounds withx=0.143 {=0.911), 0.243 { tion of orthorhombic perovskite structure.
=0.908), and 0.286t&0.907) were reported to show reen-  The real part of ac susceptibilityyf.) was measured for
trant spin-glassRSQ behavior where the high-temperature all the four samplesx =0, 0.114, 0.243, and 0.3%#sing an
insulating paramagnetic state transforms to a ferromagnetiavalanche photodiodéAPD) closed cycle helium refrigera-
metallic state at relatively lower temperatures and finallytor with Meissner coil assembly in conjunction with an
transforms to an insulating spin-gla@gith a collapse of fer- EG&G Model 5208 lock-in amplifier. Measurements were
romagnetic orderingat further lower temperatures. Far  performed at a frequency of 80 Hz and in an ac field of 0.5
>0.286 ¢<0.907), only a spin glass insulator phase appear©e. dc electrical resistance measurements were performed on
at low temperatures which was compared with the insulatothe x=0, 0.243, and 0.347 samples by the standard four-
spin glass state reported by Teresal*® for the compound probe method using a Datrdmodel 1071 multimeter over
(La-Tb),sCa&,sMn0O;. The spin glass insulator phase ob- the temperature range of 14—-300 K.
served in (La,Dyy)oCaMnO; for x>0.286 was Zero-field cooled virgin dc magnetization measurements
interpreted® to be different from a ferromagnetic insulator were carried out on the=0, 0.243, and 0.347 samples at 15
that appears in the compounds containing light rare-earthK using a superconducting quantum interference device
metal ions of Pt" and/or Y¥**. (SQUID) magnetometer as a function of magnetic field up to
In this paper, we present results on the50 kOe. Field cooled dc magnetization measurements were
(Lag1-x)DYx) 0.7 Ca MnO; with x=0 (t=0.916), 0.114 {  also carried out on the = 0.243 sample using the SQUID
=0.913), 0.243 {=0.908), and 0.347 t&0.905) using magnetometer over the temperature range of 5—290 K and in
magnetic and transport measurements by ac susceptibility, &® and 500 Oe magnetic field in the heating cycle. All mea-
magnetization, and resistivity, which are combined with in-surements were carried out on compacted powder samples.
vestigations of the magnetic order at microscopic and mesd=ompacting ensures that rotation of the crystallites does not
scopic length scales from neutron-diffraction and neutrontake place during measurements.
depolarization techniques, respectively. In these compounds, The one-dimensionallD) (z-z) neutron-depolarization
where magnetic frustration and disorder are present, the naneasurement& good tool to probe the magnetic inhomoge-
ture of the magnetic correlation cannot be unequivocally deneity on a mesoscopic length s¢8@9 were carried out on

Il. EXPERIMENT
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the x=0.243 and 0.347 samples using the neutron-

polarization analysis spectromet@AS) at Dhruva reactor,

Trombay (=1.205A). The detailed description of the

spectrometer has been given in earlier papetéThe tem-

perature of sample was varied between 15 and 300 K using a

closed-cycle helium refrigerator and controlled to better than

0.1 K. Measurements were performed in the heating cycle in

the presence of 7 Oe external field after cooling the sample

in the same field of 7 Oe from 300 K to 15 K. The incident

neutron beam was polarized along tzedirection (vertically

down) with a beam polarization of 98.60%. The polariza-

tion of transmitted neutron beam was measured along-the 00k : e s

direction as described in detail in an earlier papefhe 0 30 100 150 = 200 250

powder sample used for the depolarization study was in the Temperature (K)

form of a pellet of cylindrical dimension. The sample was  FIG. 1. The temperature dependence of the real part of ac sus-

placed in the neutron beam in such a way that its planeeptibility for (La;_,Dy,)q-Ca MnO; samples withk=0, 0.114,

surfacexz remains perpendicular to the propagation direc-0.243, and 0.347.

tion y of the polarized neutron beam. The beam passed

through an effective sample thickness of 10 mm. The beantransition for La;Ca;,sMnO; doped with G&> Al,%® In,?°

size was restricted with a cadmium slit to keep it within theand Fe(Ref. 14 with higher degree of substitution and for

size of the sample. The external magnetic field of 7(@®  the rare-earth site substituted cluster-spin-glass perovskites,

the samplgwas applied parallel to the incident neutron beamsuch as  (L&sThy/3)25Ca/MNO;  (Ref. 43  and

polarization direction—z using a small electromagnet. Lag 7Y ¢ 1:Ca MnO;.%° Similar y,. cusps observed for the
The unpolarized neutron powder-diffraction measure-other perovskites have been ascribed to either a spin-glass-

ments were carried out on the=0, 0.243, and 0.347 type transitiori® or a local spin canted spin state.

samples at 297 K and 15 Khe lowest possible temperature

of measurementsin a cylindrical vanadium sample con- B. Resistivity

tainer using the 1D position sensitive detector based profile Fi 5 sh h d q fth .
analysis diffractometer N\=1.094 A) at Dhruva reactor, igure 2 shows the temperature dependence of the resis-

Trombay®® The temperature variation of diffracted intensi- Vity p forx=0, 0.243, and 0.347 samples under zero mag-

ties of the(110) and (002) Bragg peaks of the=0.243 and netic field. The resistivity curve fox=0 sample shows an
0.347 samples were studied from 15 to 200 K. For the insulator-metal transition at 240 K with a metallic behav-

—0.114 sample, the neutron-diffraction patterns were relor at lower-temperature side, as reported in the literattre.

corded at 297, 200, 100, 50, car® K using another one- For x=0.243 sample, the insulator-metal transition tempera-

dimensional position sensitive detector based powder diffraciure Shifts to 52 K and the metallic behavior is observed only

tometer f=1.242 A) at Dhruva reactor, Trombay. The over the temperature range of 52—35 K, as found by Tefrai

diffraction measurements were carried out on the polycrys-
talline samples with no external magnetic field.

x . (arb. units)

2250

1750

Ill. RESULTS AND DISCUSSION 1250 5

A. ac susceptibility S

750 <

(=8

Figure 1 shows the temperature dependence of the ac sus-
ceptibility (x,c) curve for all the four samples. Magnetic
transition temperature@efined as the point of the steepest
slope in they,. vs T curve are found to be 232, 111, 70, and
55 K for x=0, 0.114, 0.243, and 0.347 samples, respec-
tively, indicating that the substitution of Dy for La leads to a
strong decrease in the magnetic ordering temperature. The
onset of ferromagnetic ordering for the = 0 sample is
found to be~ 251 K, in accordance with the reported value
in literature>*® The temperature variation of, for the x
=0.243 and 0.347 samples is very much different from that
of the ferromagneticx=0 and 0.114 samples. For these 00, =20 "100 150 200 250 300
higher Dy substituted samples= 0.243 and 0.347 the y ..
curves show cusplike peak at 60 K and 46.5 K for
=0.243 and 0.347 samples, respectively. Similar peak shapes FIG. 2. The zero field resistivity as a function of temperature for
have been reported in the,. plots at the “spin-glass-like”  (La,_,Dy,)oCaysMNnO; samples withx=0, 0.243, and 0.347.

250

Temperature (K)
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FIG. 3. (a) Arrott plot at 15 K for perovskite compounds with 2

x=0, 0.243, and 0.347. Solid lines are the extrapolated lines of the ol e
linear fit to the higheH/M data.(b) The extrapolated line of the
linear fit to the higheH/M data is enlarged over lowét/M for

the x=0.243 sample. 1000
al.3® At temperatures below 35 K, an insulating behavior 00 A
reappears. The behavior of resistivity for 0.243 sample is o e
somewhat similar to what was reported for the ] ,
(Lag 786Y 0.2140.7C8.MNO; perovskit(_a?fa_ However, the x § 600 x=0347
=0.347 compound is found to remain in the insulating state 1000 § sool 11 1 F 11141t
within the range of our measurement capability similar to 5 400 150 150" 200 15K
that observed in the (La-Th)Ca,,sMnO; perovskite® 500 T
0- | Il | no o ol L nom
C. dc magnetization 15 20 25 30 35 40
The Arrot plots derived from the zero-field cooled virgin Scattering Angle (deg.)

M(H) measurements at 15 K are shown in Fig. 3 for xhe FIG. 4. Ob d ircles neutron-diffracti fterns
=0, 0.243, and 0.347 samples. The positive intercept of the:l 094'1 A') fof'%r_ve oger)n c;cr:ce I\;:(L)j r%?'ﬂ:eriilgn (;))a24e3rnan(d
straight line extrapolated from the points at highM values ' A-xYxo7-&3vINDs AT

for thex=0 and 0.243 | th dinate clearly indi 0.347 samples at 297 K and 15 K recorded over the lower angular
orthex=u and u. samples on he ordinate clearly in I'range where magnetic Bragg reflection intensities, if any, are ex-

cates the presence of spontaneous magnetization at this t€fkcteq predominantly. The solid lines represent the Rietveld refined
perature(15 K). Itis interesting to note that the spontaneousyterns. The difference patterns between the observed and calcu-

magnetization decreases drastically from 97.08 eMug |ated patterns are also shown at the bottom of each curve by solid
(=3.69up per formula unit for the x=0 compound t0 |ines. The vertical lines indicate the position of allowed Bragg
4.5 emug! (=0.17up per formula unit for the x=0.243  peaks. The insets show the combined peak intensity oflth® and
compound; whereas, for the=0.347 sample, no spontane- (002 inner Bragg peaks (@<16.6 °) of thex=0.243 and 0.347
ous magnetization is found , in agreement with the publishedamples as a function of temperature.

paper by Teresaetal®® for the insulator spin-glass

(Lay3Tby/3) 25CasMN0O;. For thex=0.243 sample, as dis- D. Neutron diffraction
cussed later in this paper, the observed value of the sponta- Figure 4 shows the observed and Rietveld refined neutron
neous magnetization Mg(H=0,T) at T=15K powder diffraction patterns at 15 and 297(ike., well below

(=4.5emug?) has been used for calculating the magneticand above the magnetic transition temperaturies the
correlation length from the measured neutron depolarizatiogamples withk=0, 0.243, and 0.347. The patterns are shown
at 15 K. only over the lower angular rangéscattering angle
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~11-43 deg. where magnetic Bragg reflection intensities, if 10001
any, are expected predominantly. The patterns obtained at 15

K and 300 K were analyzed by the Rietveld method using

the FULLPROF program:® Refinement shows an orthorhombic 500+
perovskite structuréspace grougPbnn at all temperatures.

For all the samples, the 297-K diffraction patterns could be N -
fitted with only nuclear intensities confirming the paramag-

netic nature of the samples at room temperature. Rietveld 1000, T = 200K

refinement of data recorded at 15 K shows ferromagnetic B

ordering for thex=0 sample with a net Mn-site ordered 5004

moment of 3.42-0.06ug along the crystallographic direc- A .

tion as reported in literatur¥. The moment value obtained in sastending. arattiieueadhy
our dc magnetization measurements is in good agreement R

with these results. However, for both the- 0.243 and 0.347 1000+

samples, the 15-K diffraction pattern could be fitted with

only nuclear intensities confirming the absence of any ob- 500.

servable long-range magnetic ordering. Forxke0.243 and
0.347 samples, the refinement at 15 K shows a complete
absence of ferromagnetic ordered moment with a detection
limit3>434°of ~0.5ug per Mn or Dy site. The absence of 1000
any magnetic contribution to thél10 and (002 nuclear
Bragg peaks over 15—-200 ¢hown in inset of Fig. icon-
firms the absence of long-range magnetic order at any inter- 5001
mediate temperatures as well. It may be stressed that no ad-
ditional Bragg peaks are found either, indicating the absence
of any other ordered magnetic phasatiferromagnetic, spi-

ral, etc) in the x=0.243 and 0.347 samples. The observed
low spontaneous magnetizatios 0.17ug per formula unit

at 15 K) from the dc magnetization data for the=0.243 500
sample lies well below the detection limit in the present
neutron-diffraction experiments and is, therefore, consistent
with the absence of observable ferromagnetic intensity under
fundamental Bragg peaks. The absence of observed ordered
moment in the neutron-diffraction study for the=0.243 Scattering Angle (deg.)
sample suggests that the spins are randortibcal)
canted®*® with very large average canting angle of Mn

spins. The possibility of uniform canting of spins is ruled out by the open circles. The solid lines represent the calculated patterns.

from_ the absence_ of any Obs_erved magne'FIC Bragg-peak Mhe difference patterns between the observed and calculated inten-
tensity. The canting of Mn-site moments is, therefore, as-

. . sities are also shown at the bottom.

sumed to be randorfiocal) from site to site so that the or-
dered component of moments that gives a long-range
ferromagnetic ordering over the domain is quite small inK over the scattering angular range ©fL1-40 deg. Refine-
magnitude 0.17ug). A canted ferromagnetic behavior has ment confirms an orthorhombic perovskite struct(space
been reported for other perovskit€s>°’Such a canted spin groupPbnm) at all temperatures. A ferromagnetic ordering of
model for mixed-valent manganites was theoretically pre-Mn moments with a net Mn-site ordered moment of 3.12
dicted by de Genne8,within the framework of a model for *=0.08ug per Mn ion at 9 K, 3.120.13ug at 50 K, and
competing ferromagnetic double-exchange and antiferrol.64+0.18ug at 100 K was found. The ordered Mn moment
magnetic superexchange interactions. For the0.347 was found to align along the crystallograplaiclirection, as
sample the absence of spontaneous magnetization, as also theéhe parent compound. The absence of any ordered moment
ordered ferromagnetic moment in the low-temperatureat 200 and 297 Kabove the magnetic ordering temperature
neutron-diffraction pattern, might occur due to spin-glass-150 K, obtained from our ac susceptibility measurements
like ordering®®*°We will discuss later the true nature of the confirms the paramagnetic nature of the sample at these
spin ordering in the case of=0.243 and 0.347 samples.  higher temperatures. Refinement shows that the Dy moment

In order to obtain more information on the possible mag-is not ordered down to 9 K, as found in the dc magnetization
netic ordering of the Mn and Dy ions in the Dy-doped study of the Lg 7 4Dy,StysMnO3 perovskite’® The reduc-
samples, we have also recorded neutron-diffraction patterrt#n of observed site averaged ordered moment for Mn ion in
on a smaller Dy-dopes=0.114 compound. Figure 5 shows the x=0.114 sample(as compared to the parem=0
the observed and Rietveld refined neutron powder-diffractiorsamplé suggests that the Mn spins are randomly canted at an
patterns for thex=0.114 sample at 9, 50, 100, 200, and 297average angl® of ~24 deg with respect to th®01] crys-

Neutron Counts (arb. units)

1000+

FIG. 5. Neutron-diffraction patterns\&1.242 A) at several
temperatures dowrot9 K for (Lay ggdDYo 114 0 7C& MNO3, shown
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talline axis in thex=0.114 compound. Here, the canting 1.00
angle® is given by the expression, cds=u/u, Where u
(=3.12ug) and g (=3.42ug) are the low-temperature or- 0.984 % 'Sl ilaiaiiaiallett
dered moments fox=0.114 and 0 samples, respectively. = XX XXX °°
§ 0961 x=0347 _  _70e(FC)
E. Neutron depolarization g
In order to get further clues regarding the nature of spin © 0.944 °
ordering in thex=0.243 and 0.347 samples, we carried out °° x=0.243 (a)
neutron-depolarization experiments and before presenting 0.92] oo000®
the results we wish to point out that neutron-depolarization . , . . , .
technique is a mesoscopic probe and essentially measures the 0 20 40 60 80 100 120
spatial magnetic inhomogeneity on a length scale, say from Temperature (K)
100 A to several micron®*"*°In an unsaturated ferrimag- 0.08
net or ferromagnet, the magnetic domains exert a dipolar oy, x=0.243
field on the neutron polarization and depolarize the neutrons S 0.06 @ ® In(P,/P)
owing to the Larmor precession of the neutron spins in the o A SM 500 0e
magnetic field of domains. A magnetic inhomogeneity on an = . O SM® 500e
atomic scale—as in true spin-glass state—has no effect on 8" 0044 o
the neutron polarization. In a true spin-glass ph@seero- s, ¢ A
field cooled statg the atomic spins are randomly frozen in % 0.02+ o (b)
space on a microscopic length scale and, as a result, the ' ® A
magnetic induction averages out to zero on a mesoscopic 0.004 L
length scale. Hence no depolarization is found in true spin-
glass systems. Similarly, no depolarization can be expected 0 50 100 150 200 250 300
in the paramagnetic state because the temporal spin fluctua- Temperature (K)

tion is too fast (10*? s or fastey for the neutron-polarization )
vector to follow the variation in the magnetic field B acting ~ F!G- 6. (8 Temperature dependence of transmitted neutron
on the moving thermal neutrons. However, one would expedf€@™m Polarization measured at 7 Oe applied field f°”¢h®'2423
depolarization for the case of clusters of spia$ mesos- 2nd 0.347 samplegb) Comparison of- In[P((T)/P;] andS M(T)]
copic length scalewith net moments. The domain/spin- at various fields applied durinyl vs T measurements for the
cluster size information can therefore be obtaif@sl an av- =0.243 samplésee text
erage over the entire sampleand there are essentially no
resolution restrictions on the size of the domains which camments performed on several RSG systems, namely, Nffvin,
be measured. a-Fe-Zr*® a-Fe-Ru-Zf° a-Fe-Mn®! a-Fe-Nf? etc. have
The temperature dependence of the transmitted neutrashown that long-range ferromagnetic correlation does not
beam polarizatiorP; for x=0.243 and 0.347 samples with breakdown even at<T, where some typical spin-glass-like
an applied field of 7 Oe are depicted in Figa6 The pro-  properties are found in macroscopic magnetization measure-
cedure of obtaining®; values from the measured flipping ments. Large ferromagnetic domains of a few micrometers in
ratios for the transmitted polarized beam is describedize do exist at low temperatures, in good agreement with the
elsewhere! As shown in the figure, fox=0.243 sampleP;  mean-field predictions. In Ni-Mn systef# ferromagnetic
shows a continuous decrease right fren5 K before at-  jomains were found to exist at all temperatures befw

taining a constant value below about 28 K. Rt-65 K, the  gyen for the samples close to the critical concentration. The

value of Py is the same as that for the incident-beam polar-,mnqund x=0.243 undergoes a spontaneous insulator-
ization, implying that this sample is in its paramagnetic

. . metal transition which has a spontaneous ferromagnetic cor-
phase above 65 K. The magnetic ordering temperature f P 9

. . Yelation in the metallic state over the temperature range
thex=0.243 sample is thus estimated to be about 65 K. Th 5-35 K, as expected for the DE- mediated perovsRitas.

results confirm the presence of domains of spins with ne <35 K. t00. we observed a ferromaanetic state as reported
magnetic moments in it. Absence of any evidence of break: ' ' 9 P

down of domain structure at any temperature below 65 KO' _ the ~ ferromagnetic  insulating ~ compounds
(which results in a recovery of the transmitted neutron beanj-8-Po.CaMNO; (Ref. 37 and (La-Y), Ca MO,
polarization P;) indicates the absence of any transition at(R€f- 37 containing light rare-earth-metal ions. The macro-
temperatures around 35 K, below which an insulating behay$COPIC  magnetic — and  transport  studies  of
ior is found, as shown in Fig. 2. Terat al® identified the L8.7-5Y sCa3MnO; (Ref. 39 with 6=0.15 shows a behav-
low-temperature phase of the=0.243 sample as the RSG ior similar to the one observed for the=0.243 sample.
state with ferromagnetic Curie temperatufg of ~57 K~ However, the low-temperature metallic phase of
and spin-glass transition temperattffg of ~ 38 K. How-  Lag7-xYxCa MnO; with x=0.15 was interpreted in terms
ever, belowT, a collapse of the ferromagnetic ordering was of cluster glass stattas against our finding of the randomly
suggested in their repott.Neutron-depolarization measure- canted ferromagnetic phase with large domainss (um).
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Lag 7— 5Dy sSI MNO; compound® with § between 0.35 and Oe) the temperature-dependent magnetization Rpdimost
0.4 also show similar magnetization and resistivity behaviooverlap whereas, at higher applied fie[day 500 Og there
as found for thex=0.243 sample. is a considerable deviation between the two over the tem-

The occurrence of the transverse spin freezing in the RS@erature range~30-90 K. The observed variation of
state as predicted by the mean-field theory cannot be directigmperature-dependent magnetization with field revealed the
checked by our neutron-depolarization study. This is becauséeld-induced magnetic ordering as observed in other
the depolarization is mainly determined by the IongitudinalperOVSkitEI§-5‘45
spin component® From the observed depolarization an es- We now turn to the temperature dependence of the polar-
timate of the average size of domains/clusters was, howeve#ation of transmitted neutron beam for the: 0.347 sample
made using the expressfBif®3>4° shown in Fig. 6a). P; starts decreasing below about 47 K. At

T>47 K, the value ofP; is the same as the incident-beam
d ) polarization. This implies that the sample is in its paramag-
Pi=Piexp —a A (@7, oy netic phase above 47 K where no change of neutron polar-
ization is expected. The magnetic ordering temperature for
where P; and P; are the initial and final neutron beam this sample is thus estimated to be 47 K in accordance with
polarization, « is a dimensionless parameter1/3, the ac susceptibility data in Fig. 1 where a cusplike peak is
d(=10 mm) is the effective thickness of the sample,found. Below 47 K depolarization data show the presence of
A is the average domain size, ani,=(4.63x10 %0 magnetic clusters on mesoscopic length scale. At this stage,
G 'A~?)\BA is the precession angle. The internal meanwe may recall that in the zero-field cooled virgin dc magne-
induction B=47Mgp (in Gaus$ within a domain at low tization data no evidence for spontaneous magnetization was
temperature was estimated from the bulk magnetization medeund for the x=0.347 sample(Fig. 3). The presentx
surements. HeréMg is the spontaneous magnetization in =0.347 compound is therefore similar to the “insulator spin-
emug ! andp is the density of the material in g cm. The  glass” (LaysThys)03CasMNO; compound studied by Ter-
spontaneous magnetization value of 4.5 emd, gobtained  esaet al*®* where a cluster-spin-glass state with no spontane-
from the “Arrott” plot of magnetization at 15 K, has been ous magnetization was found. During the passage of
used for the estimation oB. The meanB of ~352 G is  polarized neutrons through such a spin cluster if the Larmor
obtained using the average sample density of 6.23 g%cm precession time of neutron spins is shorter than the relaxation
Equation.(1) is valid with the assumption that the Larmor time 7 for the clusters, the neutron spins will effectively see
precession angle of the neutron spin due to the internal mag nonzero precession field, and depolarization of neutron
netic fields of the sample is a small fraction ofrver a  spins occur® As mentioned before, if the Larmor preces-
typical domain/cluster length. The value®f; for a 1.205-A  sion angle of the neutron spin is a small fraction of @ver
neutron in a 1gum Fe domain B~21 kG) is~ 1.1 rad. In a cluster length, the observed depolarization can be repre-
the compound we are studying, the value Bfis only  sented by Eq(1). A cluster-spin-glass state @ 46.5 K is
~352 G and allows Eq(l) to be valid up to large domain therefore confirmed for thg=0.347 sample. The observed
sizes of about 10@m. Using the above expression, as usedcharacteristic temperature dependency xqf. for the x
in the literature®™ an average domain/cluster size6 um  =0.347 sample indicates the cluster-spin-glass freezing. We
is obtained at 15 K. Here the domain size is estimated bynay recall that according to the phase diagram given by
assuming a homogeneous magnetic state. However, a phaberai et al., the x=0.347 samplet(=0.905) belongs to an
segregation in the present system, as observed in other pénsulator-spin-glass. The=0.347 compound remains an in-
ovskites cannot be ruled out. If the ferromagnetic domainsulator within the limits of our measurements. It is important
represent only a certain volume percentage of the sample, the stress that the observed cluster-spin-glass behavior for the
estimate of domain size will be different. Inaccurddyany)  x=0.347 sample occurs within the insulating phase as op-
arising from the assumption of the presence of only one typ@osed to the fact that for manganites, the DE-mediated insu-
of domain size can be handled by measuring the wavelengtiating spin-glass phase should be of canonitale type.
dependence of transmitted neutron beam polarizatiomhe x=0.347 compound is therefore in a double-exchange-
P()).*"* Another factor, which probably introduces an er- mediated insulating cluster-spin-glass state, as observed for
ror to the estimated value df is the internal mean induction example in the case of (bgTby3) 5/sCayaMN0;*** *where
B. Further uncertainty in thé& value could arise from the a significant increase in the low-angle magnetic neutron scat-
assumptions of the domain structure model used here, andtaring was found at 95 K, indicating the presence of spin
full three-dimensional polarization analySisvould be use- clusters and a very steep rise in resistivity below 150 K.
ful in this regard. Hence, the inferred domain size of about
5 um is meant to only reflect the order of magnitude.

In order to compare the temperature dependenc®;of
with the temperature dependence of the low-field magnetiza- When Dy* replaces L&", during doping, the
tion we have plotted- In[Py(T)/P,] and S[M(T)]? (whereS  Mn3*/Mn*" ratio remains fixed at its original value of 7/3
is a normalization factgrin Fig. 6(b). It is interesting to note  as in the LgCa ;MnO; parent compound and, hence, the
that a temperature-independent behavioMoind Py is evi-  number of mobilegy electrons and also the number of avail-
dent atT<28 K, indicating a temperature-independent do-able hopping sites for the, electrons (responsible for
main sizeA below this temperature. At low applied fielB0  double-exchange interactipmemains fixed. However, dop-

F. Crystal structure and magnetic ordering
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ing of La®" ions (ionic radius: 1.216 A by smaller Dy* we have investigated th&-site (La-site) ionic size effect on
ions (ionic radius: 1.083 A% is expected to alter the hopping the magnetic ordering in lgg_,Dy,Ca MnO; (with x=0,
integral for the mobileey electrons as mentioned in the In- 0.114, 0.243, and 0.347In the x=0 (paren} and 0.114
troduction. Microscopic distortion in perovskite structure of compounds, there is clear evidence of long-range ferromag-
the manganites can be quantified by the geometrical tolemetic order in the low-temperature metallic state, due to or-
ance factort, defined a§=(rA+ro)/\/§(rMn+ro), where  dering of Mn spins, as revealed by the low-temperature
ra is the average ionic radius &°* and C&", ro is the  neutron-diffraction experiments. Our neutron-diffraction
ionic radius of G, andry, is the average ionic radius of study also shows that the Dy site is not magnetically ordered
Mn®* and Mrf*. In an ideal, undistorted perovskite struc- down to 9 K, the lowest temperature of our measurements.
ture with cubic symmetryt(=1), the value of the Mn-O-Mn  For thex=0.243 sample, the spontaneous magnetization is
bond angle(with the manganese ions being octahedrally cofound to be quite low to show any observable intensity in the
ordinated to the oxygen ionss 180 deg. With a decrease in neytron diffraction pattern in its low temperature metallic
the value oft from its ideal value of “unity.” the Mn-O-Mn a6 However, the neutron-depolarization study confirms
bond angle reduces, distorting the structure first to rhombofhe existence of quite large~(5 um) ferromagnetic do-
hedral symmetry involving cooperative rotation of the MNO | i <\ vith Tow net magnetic moments below 65 K. It is,
octahedra about thg111] axis and then to orthorhombic therefore, suggested that the spins are highly canted in the

symmetry with GdFe@type structure(as found for the - . A
present compoundsinvolving cooperative rotation about X_.O 243 comp_ound causing the_randomly canted fer_romag
netic phase with average canting angle of Mn spins

the [110] axis. As expected from the sizes of the’laand ) .
[110] axi xb 'z =82 deg. The canting of Mn spins occurs due to the com-

the D)F+ ions, the tolerance factdt) values in the present " . .
case, calculated using ionic radii reported by Sharfiion, Petition between the antiferromagnetic and reduced ferro-

shows a decreasing trend with increasing Dy concentratioA@gnetic interactions with lowering of tolerance factor and
(t=0.916, 0.913, 0.908, and 0.905 fer=0, 0.114, 0.243, With increase in disorder caused by the random substitution
and 0.347, respectivelyThis gives an increase in the buck- Of Dy ions at the La sites. For higher degree of Dy substitu-
ling of MnOg causing a decrease in the Mn-O-Mn bondtion (x=0.347) spin clusters have been observed at lower
angle further below 180 de(Ref. 39 and subsequent nar- temperature. The magnetic and transport behavior of the
rowing down of the one-electron bandwidW of the e;  presenix=0.347 compound is similar to that of the “insula-
electrons’’ This causes a decrease in the transfer integral  tor spin-glass” (La/;Thys) »5CasMnO; compound studied
which in turn, weakens DHEferromagnetig interaction and by Teresaet al*® The spin-cluster behavior of the=0.347
thus explains qualitatively the deterioration of the observedample seems to come from a more detailed balance of com-
ferromagnetic and conducting properties. A strong competipeting ferromagnetic and antiferromagnetic interactions and
tion between the coexisting ferromagnetic DE interactionsalso due to disorder. Remaining magnetic coupling of the
and t(Mn)-2p,(O)-t,4(Mn) antiferromagnetic superex- clusters leads to a cluster-spin-glass-like behavior. The elec-
change interaction in the highly distorted structures givegrical resistivity measurement shows that the=0.347

rise to magnetically disordered states with canted ferromagsample remains an insulator in its cluster spin-glass state. A
netic metallic state for the=0.243 compound and a cluster- pr5aq distribution of cluster sizes is probable in the
spin-glass insulating state for the=0.347 compound. The _ 347 sample. Small-angle neutron-scattéfingand

Qavelength-dependent neutron-depolarization $titfimay
ﬁive a quantitative measure of the size distribution of these
clusters. We must mention that we have assumed all along a
homogeneous magnetic state model, although phase segrega-
tion as observed in other perovskites cannot be ruled out.
Microscopically, the effects of the Dy substitution can be
bution due to random distribution of Mn-O-Mn bond anglesunderstood as follows: With increasing Dy concentration, the
towards the spin-glass transition has also been discussed fy/érance factott (=0.916, 0.913, 0.908, and 0.905 far
Ref. 44. The role played by the intrinsic disorder in these= 0, 0-114, 0.243, and 0.347, respectiyetiecreases. This
mixed-valent systems has also been underfin&in the causes a bending of Mn-O-Mn bonds away from 180 deg
context of the inhomogeneous states found on various scalé®d gives weaker transfer integigl for the hopping ofey
from the formation of polaronic clusters or clustered mag-electrons. Reduction in the Mn-O-Mn bond angles leads to
netic region&’ up to large-scale phase separafibf’ o2 of ~ narrower one-electron bandwidth. The narrow bandwidth ef-
(La;_,Dy,)oCaMnO; increases with increasing Dy  fectively reduces the transfer integralegfelectrons, thereby
content® A large value ofo corresponds to a random dis- favoring an insulating state. This, in turn, gives weaker DE
tribution of the Mn-O-Mn bond angle&losely related to the interaction, resulting in the reduction of ferromagnetic ex-
transfer integral makes the specimen magnetically inhomo-change. Consequently, DE ferromagnetic interactions and co-
geneous, and drives the system towards the spin-glass stagxistingt,q(Mn)-2p(O)-t,4(Mn) antiferromagnetic super-
exchange interactions compete more strongly depending on
IV. SUMMARY AND CONCLUSION the structural distortion, giving rise to a magnetically disor-
dered state. The electronic and magnetic properties of man-
Using ac susceptibility, dc magnetization, resistivity, ganites depend not only on the tolerance factor but also on
neutron-depolarization, and neutron-diffraction techniquesthe variancgsecond moment, a parameter corresponding to

only on the tolerance factor, but also on the variafsezond
moment, a parameter corresponding to a random distributio
of Mn-O-Mn bond angleso? defined by the equation?
=y;r?—r4, wherer; is the radius of eacR®* andA?", y,

is the fractional occupancies of théons (Eg/f 1), rpis the
average ionic radius d®®* andA?" ions#44464.5%A contri-
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a random distribution of Mn-O-Mn bond angjes?. Thes?  which includes the results of a neutron-depolarization study,
of (La; _,Dy,) o CaysMNnO; increases with increasing By  gives a robust demonstration of the existence of ferromag-
content® A large value ofo? corresponds to a random dis- netic domains in the canted ferromagnetic state of xhe
tribution of the Mn-O-Mn bond angleElosely related to the =0.243 compound and spin clusters in the cluster-spin-glass
transfer integral making the specimen magnetically inho- state of thex=0.347 compound. There is no breakdown of
mogeneous and drives the system towards a spin-glass staterromagnetic domain structure in tlkxe=0.243 compound,
Randomly canted ferromagnetic state (in down to the lowest temperatufeovering the temperature
Lag 67Ca 3MNo.oM.105, M=Fe Ga®®) and cluster spin- range where resistivity shows an upturn, indicating a reen-
glass statéin Lay;CaysMn; T, 03, T=1In,2°Ti,>*Al,?®and trant transition to an insulating behavipas opposed to what
(La;_Th,),sCa,sMnO;, (Refs. 41 and 43 have already was concluded earlier by Terat al® The randomly canted
been reported for several Mn- and La-site doped manganiteferromagnetic state of this compound is somewhat similar to
The present magnetic and transport studies on théhat in La Ca 3Mng oF & 10s,° where a sizable frustrated
(La;_Dy,)0Ca MNO; compounds, however, give a antiferromagnetic superexchange involving®Feons was
clearer understanding about the evolution of the length scalpresent. It may be recalled that the phase diagram given by
of magnetic ordering in the ferromagnetic manganites with alerrai et al3® for the same series (La,Dy,)7Ca MnO;
decrease in the average size of the ions at the rare-earth sitedicates a spin-glass insulating phase whensmaller than
Since in the present Dy substituted systems, thé MMIn** 0.907. It was concludéfl that the spin-glass insulator in
ratio remains fixed at its original value of 7/3 as in the (La;_,Dy,)q7C& aMnO;, for t<0.907, is different from a
Lay Ca sMnO; parent compoundand hence the number of ferromagnetic insulator that appears in the compounds con-
mobile ey electrons and also the number of available hop-aining light rare-earth metal iofisof PP and/or ¥+,
ping sites for theey electrons, responsible for double- However, our study shows that even for Dy concentration as
exchange interaction, remain unchangedd there is no or- high as 0.347{ = 0.905 a cluster-spin-glass state persists.
dered moment on Dy ions down to the lowest temperatur€€omparing with rare-earth doped manganites such as in
studied, all the observed effects can be ascribed to a pud, ¢ Ca 39MnO3,”° where the rare-earth site was reported
lattice effect as influenced by the change in the tolerancéo order magnetically, we find no evidence for any magnetic
factor value. Unlike the several magnetic phase diagramerdering of Dy down to 9 K. Our experimental results, there-
published so far on the effect of the lattice on the magnetidore, essentially reflect horz) and o of the La sublattice
properties of the manganité§34143 the present work, influence the magnetic order at different length scales.
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