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Effect of Ga doping for Mn on the magnetic properties of La, gCap3dMN0O 5

S. M. Yusuf
Solid State Physics Division, Bhabha Atomic Research Centre, Mumbai 400 085, India

M. Sahana, K. Doy, U. K. RoBler, and K.-H. Miler
IFW Dresden, Postfach 270016, D-01171 Dresden, Germany
(Received 25 April 2002; published 12 August 2002

The effect of Ga substitution for Mn in the ferromagnetic manganitgsie, 3:3MnO; has been studied by
preparing a series of baLa 3Mn;_,Ga O3 (x=0, 0.10, 0.25). Magnetic properties have been investigated
by means of macroscopic ac susceptibility and dc magnetization, mesoscopic neutron depolarization, and
microscopic neutron-diffraction probes. The substitution offMiby nonmagnetic G allows one to study
the effect of a reduction of the number of lattice sites participating in the itinerant ferromagnetic double
exchange interaction, i.e., a dilution of the magnetic Mn sublattice. In contrast to other Mn site substitutions,
changes of the electronic band structure by structural effects are small due to similar ionic siz&"o&n
Ga". Experimental results show that the ferromagnetism at low temperature is suppressed and the system is
driven into a randomly canted ferromagnetic statexfer0.10 and a cluster spin-glass state Xer 0.25.

DOI: 10.1103/PhysRevB.66.064414 PACS nunider75.50.Lk, 75.60.Ch

I. INTRODUCTION ied. Experimentally, this can be achieved by a suitable
substitution forR and/or Mn sites. Extensive research on
Rare-earth manganite  perovskites of the typemetallic, ferromagnetic manganites of the type
R;_xAxMnO;, whereR is the trivalent rare-earth ions ad  La, ,Ca, ;MnO5, where the Ca concentration is close to an
is the divalent alkali-earth ions, have recently been the focusptimum value in relation to the ferromagnetic interaction,
of a large number of experimental and theoretical studieswas done through doping the La sites with rare eaftti$°
This is because they exhibit a range of extraordinary magpPr!® Dy,° Th2%*?etc) of different sizes. The lattice distor-
netic, electronic, and structural properties including colossalions introduced by La-site disorder influence the ferromag-
negative magnetoresistanté, charge orderind;” and netic DE couplings by changing the Mn-O-Mn angle. The
magnetic-field-induced changes in struckirand transport competition with antiferromagnetic superexchange interac-
properties® and also because of potential technological aptions, that are less affected by lattice effects, may give rise to
plications. When a divalent iofA) is doped in the rare earth magnetically disordered states. Thus this type of disorder
site a proportional number of M is converted into Mfi" indirectly affects the magnetic couplings between the Mn
and mobileey electrons are introduced, which mediate a fer-sites. Phenomenologically, changes in the magnetic behavior
romagnetic interaction between ®Mnand Mrf* according can be understood in terms of the tolerance factor for the
to the double exchangéE) interaction modet! In these  perovskite structure, i.e., the average ionic size of the La site
systems the ferromagnetic interaction between*Mmnd  (r,),*° and the La-site size-disorder, i.e., the widthof the
Mn**, caused by the hopping &, electrons between two distribution of the ions on the La sité. A decreasing 1(»)
partially filled d orbitals of neighboring M#i" and Mrf* and/or an increasing reduce the transition temperatufg .
ions via the orbital overlapy(Mn) —2p,(O)—e4(Mn), and  Beyond critical values, the lattice disorder brings about
a strong on-site Hund’s coupling between thg core spins  glassy magnetic states. In these insulating or metallic states,
and mobileey electrons(known as DE interactionplays an  evidence of ferromagnetic clustering has been fotdrfd.
important part in determining the magnetic behavioFhese Direct substitution of Mn sites yields another probe for
ferromagnetic interactions must compete with coexistinghe magnetism in these systems. Since the early stéftigs,
tog(Mn) —2p,(O) —tye(Mn) antiferromagnetic interactions. various investigations have been madei' however, the as-
Recently, the important role of the intrinsic disorder in pect of effects due to the introduced disorder in the Mn-
these mixed-valent systems was recognizénl connection ~ O-Mn subsystem did not play a prominent role. Many stud-
with inhomogeneous states found on various scales from thies focused on the overall properties of the magnetic system,
formation of polaronic clusters or clustered magnetice.g., by shifting the average balance between ferromagnetic
regions* up to large-scale phase separatioff Disorder ef-  and antiferromagnetic couplings in the magnetic sublattice. It
fects appear necessary to understand magnetic ordering argdinteresting to note that only recently a substantial enhance-
transport properties in these compouttiBar-reaching sce- ment of T by partial Ru substitution in a layered ferromag-
narios were discussed, where “colossal” or “giant” effects netic manganite was found. But this effect seems related to a
were caused by inhomogeneities in such metal oxides due foarticular itinerant ferromagnetic double exchange by delo-
a competition between different ordered phases linked by aalizedt,, electrons and to a ferromagnetic superexchahge.
first-order transition in the “clean limit.2” Therefore, stud- Generally it was found that the possible substitutions by vari-
ies are of high interest where disorder in colossal magnetoresus other ions such as thel 3netals?4-263033=3/gr |n, Al,
sistive manganites can be extrinsically introduced and varGa, or Ge?®2°*8-*!grastically lower the critical temperature
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Tc of the paramagnetic-ferromagnetic transition and eventueouble-exchange mechanism involving the Bjbands, be-
ally lead to insulating states and/or spin-glass-like propertiesause the F& €y Up states are completely filled, and the
for higher substitutiond-*~3*33-4Responsible for this are energies oft,, down states are about 2 eV above these
the combined effects of Mn-site substitutidil: a shifting of  levels?>3* Therefore, the magnetic coupling in Mn-O-Fe
the effective valency in the remaining Mn-O-Mn network; must be due to weaker antiferromagnetic superexchange. Be-
and (ii) changes of the band-structure for the conductioncause Fe-O-Fe superexchange pairs should also be antiferro-
electrons mediating the DE excharfgé.e., band filling and  magnetic, pairs of Fe in the ferromagnetic manganites will
bandwidth, for thegy electrons. These band-structure effectsexperience magnetic frustration which can yield spin canting
imply disorder and therefore influence the ferromagnetidor the Fe spins and surrounding Mn spins, as described al-
double exchange. Immobile defect ions on Mn sites cause arady by Leung, Morrish and Evans for
electrostatic potential on neighboring Mn ictfswhich in- La; PbMn;_,Feg0; compound$® This may explain
troduces attractive sites for mobiég-band electrons or holes cluster-glass-like properties at higher Fe substitdftéhand
in the Mn lattice where the average charge is between threthe randomly canted, weakly ferromagnetic spin-structures
and four elementary charges. For example, a substituted divithin mesoscopic clusters in LaCay sMng & 103.%°
valent atom like ZA"“3 will strongly attract holes in its vi- Considering the complex influences incurred by Mn-site
cinity. Further Mn-site substitution may cauge) lattice dis-  doping, it is desirable to study the effect of a direct replace-
tortions due to changed ionic sizév) magnetic dilution for ment of Mr?™ by a nonmagneti¢diamagnetit ion without
nonmagnetic ions like Al 37:2838-40|n3+ 40 gnd TP+ 3536 the effect of static lattice distortion and/or introducing any
or (v) additional magnetic couplings by introduction of mag- additional magnetic exchange interaction due to the replace-
netic ions like Cr3 Fe2®4144-46Co 2731Nj 2 or Cu?’ These ment. The change of the effective Mn valency cannot be
effects may be interrelated, and all of them can influence thavoided; however, substitution by a trivalent ion starting
magnetic behavior. from a compound with Mfi"/Mn3* ~0.3 allows one to re-
Most investigations of Mn-site substitution show a com-main well within the range of the ferromagnetic phase with
bination of these microscopic effects even for nonmagnetidvin®*/Mn3* < 1.
(diamagnetiz dopant ions. For example, Blascet al,> Substitution of G&" ions on Mn sites can fulfill these
from a detailed study on LaCaMn; ,Al,O;3_4 com-  requirements. Gd has no magnetic moment and an ionic
pounds, reported a drastic decrease of the Curie temperatursige very similar to MA*. Thus lattice effects are not intro-
and the temperature of the associated metal-insulator transtuced by G&" substitutior’® Also G&* has a filled-shell
tion with AI*" doping up tox=0.05. Magnetic inhomoge- configuration; the orbitals are not available for the exchange
neities were found fox=0.1. The macroscopic results ob- interactions. Recently, Suet al?® investigated the effects of
tained for this LasCa,Mn;_,Al,O;_4 series are very Ga doping (limited to 10 at.% in the Mn site of
similar to those obtained for (liayTby)2,3Cal,3MnO3,2l Lay ¢Ca 3MNO; by low field (50 Og dc magnetization and
which shows a cluster spin glass stateyer1/42? Similarly,  resistivity (under zero external fieldstudies. The Curie tem-
from a study on magnetic properties and magnetoresistangeerature and the associated metal-insulator transition tem-
of LayCaysMn;_,In,O; compounds, Sanchegt al®® re-  perature were reported to decrease drastically with the Ga
ported that IA* destroys long-range ferromagnetic order anddoping as also found in Pr,(Ca,Sr\Mn; _,Ga,0;.%® Cao
induces a cluster-glass behavior and the absence of metat al. studied La ;(Ca& 3gMn;_,Ga 05 with Ga substitution
insulator transition forx=0.05 substitution. It should be also up tox=0.1, and concluded from x-ray-absorption fine-
noted that in both studies on trivalent diamagnetic dopants atructure data that the substitution promotes the formation of
possibly interrelated effect of size mismatch with respect taclusters?®
Mn®" and induced oxygen vacancies might have played a As remarked upon above, disorder in the mixed-valent
role for the magnetic properties. Liet al3 concluded from  manganites is interesting for the fundamental understanding
magnetization, resistivity, and electron-spin resonance studf the mechanisms underlying their particular magnetic and
ies that for more than 10 at.% doping of Ti for Mn in magnetoresistive properties. Substitutional disorder without
Lay Ca sMnO;, a cluster spin-glass state occurs at low tem-the complications due to lattice effects are now being studied
peratures with combined effects of the size and the valenctheoretically. Upon completion of the experimental work re-
of Ti** ion. ported in this paper, we became aware of a numerical $tudy
Substitution of Mn sites with magnetic ions was also in-of a disordered double-exchange model with competing su-
tensely studied. Cr substitutiBtf’ at the Mn site only perexchange interactions, where Ga- and Fe-doped
slightly decrease3 -, which may indicate that this dopant Lay¢Ca 3dMNO; was considered. A quantum critical point
does not strongly modify the ferromagnetic double ex-behavior is predicted for Ga substitution wixr-0.1-0.2,
change. On the other hand, substitution by(Refs. 25, 26, where the paramagnetic state may reach down to zero tem-
30, 34, 41, and 43or Ni (Ref. 27 yielded drastic reductions perature. Abovex=0.2, the calculation points toward a com-
of the Curie temperature. Iron substitutfoR®30:33:3441.44-46  gjicated situation with different, nearly degenerate phases
provided the best-studied and simplest case of a magnetthat might look somehow glassy experimentally, as sug-
dopant ion on Mn sites. From N\ésbauer spectroscopy gested by the authors. The predicted phase diagram is similar
studieé®>*it is proved that the F& (S=5/2) moments are to the scenario described by Burgyal’
antiferromagnetically coupled to the ferromagnetic Mn-O In this paper, we present results on the effects of the sub-
network. One assumes that the Fe cannot take part in thgtitution of Mn by Ga (10% and 25 at.% in
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Lag ¢Cay 3qMN0O; from a study of macroscopic magnetic surement, which is a sensitive tool to probe the magnetic
properties by detailed ac susceptibility and dc magnetizatiointhomogeneity on a mesoscopic length s¢dfé} was car-
measurements which is combined with investigations of théied out using the neutron-polarization analysis spectrometer
magnetic order at microscopic and mesoscopic length scaléBAS) at Dhruva reactor, Trombay & 1.205 A). A detailed
from neutron diffraction and neutron depolarization, respecdescription of the spectrometer was given in earlier
tively. In these compounds, where magnetic frustration angapers:*>® The temperature of the sample was varied be-
disorder are present, the nature of the magnetic correlatiofveen 15 and 300 K in a closed-cycle helium refrigerator and
cannot be determined by bulk magnetic measurements ugontrolled to better than 0.1 K. Measurements were per-
equivocally. Neutron diffraction has been employed in ordefformed in the heating cycle in the presence of a 7-Oe exter-
to characterize the long-range magnetic order and its gradu#iil field after cooling the sample in the same field of 7 Oe
suppression by the substitution. Neutron depolarizatioirom 300 to 15 K. The incident neutron beam was polarized
probes magnetic inhomogeneity on a length scale of severalong the—z direction (vertically down with a beam polar-
10 nm up to fewum and, thus, allowed to probe the exis- ization of 98.601)%. The transmitted neutron beam polar-
tence of magnetic clusters for 25% of Ga. The results proization was measured along thez direction, as described in
vide a strong indication of the cluster spin glass state ofletail in Ref. 54. The powder sample used for the depolar-
Lag gCay 3MNg <Gy 40;. Since GA' is a nonmagnetic, ization study was in the form of a pellet of cylindrical shape.
size-matching substitution for M, our experimental re- The sample was placed in the neutron beam in such a way
sults essentially reflect how the random dilution of the Mnthat the flat surface of the cylindrical sample remains perpen-
sublattice influences the magnetic order on the differenglicular to the propagation direction of the polarized neutron
length scales. beam. The beam passed through an effective sample thick-
ness of 9.8 mm. The beam size was restricted with a cad-
mium slit, which is within the size of the sample. An external
magnetic field of 7 Odon the samplewas applied parallel
Polycrystalline Lgg/Cay3dMn; ,Ga0; (x=0, 0.10, and to the incident neutron beam polarization directionz) us-
0.25 samples were prepared through a conventional soliding @ small electromagnet.
state reaction route. Stoichiometric amounts of,Qa The unpolarized neutron diffraction patterns were re-
CaCQ;, MnC,0,-2H,0, and GaO; were ground well, and corded for all the three samples at 15 and 297 K on the PAS
the homogeneous mixture was heated at 900 °C for 24 HN its unpolarized mode over the lowet 2ngular range of
cooled to room temperature, reground and heated at 1250 °c11°—33° where magnetic Bragg scattering intensities are
for 24 h. The black powder thus obtained was pelletized an@redominantly expectedf any). The temperature variation
sintered at 1500 °C for 12 h. The sintered samples thus otf diffracted intensity of the(110 and (002 Bragg peaks
tained were powdered. X-ray-diffraction patterns for all threewas studied from 15 to 200 K for the=0.25 sample. The
samples were recorded at room temperature using a Siemefifraction measurements were carried out on the polycrys-

Il. EXPERIMENTS

system with ClK-« radiation. talline sample with no external magnetic field.
The real part of ac susceptibility data were obtained on all
the samples in an ac field of 0.5 Oe and at a frequency of 80 IIl. RESULTS AND DISCUSSION

Hz, using an APD closed cycle helium refrigerator with

Meissner coil assembly in conjunction with an EG & G  X-ray diffraction patterns of polycrystalline samples of

Model 5208 lock-in amplifier. The frequency dependence ofLag g Cay 3gMNn; —,Ga O3 with x=0, 0.10, and 0.25 are pre-

the in-phase ac-susceptibility in the frequency range 10 Hsented in Fig. 1. It shows clean single-phase patterns of

<f=<10 kHz and in an ac field of 1 Oe was measured usingrthorhombic crystalline structure with space gro@pnm

a Lakeshore 7000 Series susceptometer. for all samples. No noticeable change in the lattice parameter
The magnetization measurements were carried out witis found for the Ga-doped samples. Figure 2 shows the tem-

x=0, 0.10, and 0.25 samples as a function of temperaturperature dependence of the ac susceptibility)( curve for

and magnetic field using either a Quantum Design SQUILaIl the three samples. Magnetic transition temperatules

(superconducting quantum interference devitmgnetome- fined as the point of steepest slope in jhgvs T curve are

ter or an Oxford Instruments design vibrating sample magfound to be~238.6,~122.8 K and~48 K for x=0, 0.10,

netometer. All measurements were carried out on compacteghd 0.25 samples, respectively, indicating that the substitu-

powder samples. Compacting ensures that rotation of thton of Ga for Mn leads to a strong decrease in the magnetic

crystallites does not take place. In zero field coolg&C) ordering temperature. The onset of magnetic ordering for the

measurements the sample was cooled freB00 to 5 K in  x=0 sample is found to be-252 K, in accordance with the

zero field. A field of preset magnitude was applied at 5 K,reported value in literaturé. With increasing Ga substitu-

and then the ZFC magnetization measurements were carridin, the transition is broadened and eventually ¥hecurve

out in the heating cycle. For the field-cool€lC) case, on  shows a cusplike peak at 41.5 K for tle=0.25 composi-

the other hand, the sample was first cooled froB60 to 5 K tion. A similar peak was found to occur at “the spin-glass-

in the presence of the preset field value and measuremeriike” transition in Lay;Ca;sMnO; doped with Al (Ref. 39

were then carried out in this field during the heating cycle, aand Fe(Ref. 44 for higher degree of substitution. The tran-

in the ZFC case. sition broadening has also been observed in other perovskite
The one dimensionalzfz) neutron-depolarization mea- materials substituted by tetravalent Ti ions for Mn site®
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FIG. 1. Powder x-ray-diffraction patterns for fields for La, g/Cay 3dMNg 76Ga@y 2:05 .
Lag g.Ca 3Mn; _,Ga 05 with x=0, 0.10, and 0.25.

. . — (~3.17, er formula unit, and 48.29 emug (~1.8
In Fig. 3 an irreversibility between the ZFC and FC mag—per forlrt\ilg unit for x=0, 0.10 and 0.25 sagrlnples, féLsBpec—

netization curves is clearly seen for tlke=0.25 sample at tively. Because L3, C&*, G&*, and &~ ions have no
temperatures below about 30 K. The irreversibility is foundmagr;etic moment ’the mc;ment 'ofd.ee}Ca) Mn,_,GaO

to persist even under a field of 20 kOe. The branching tembriginates trom the moments of N and I\ilrf” liB)F]s Th3e
perature is found not to change with the applied magnetic;10minal numbers of MH and Mrf* ions per formul;a unit

field up to_20 kOe. This implies that the anisotropy field IS 2re 0.67 and 0.33 for the=0 sample, 0.57 and 0.33 for the

very large in thex=0.25 compound. For the=0.10 sample ~0.10 | d 0.42 and 0.33 for the 0.2 I

an irreversibility is found only at low applied fieldrig. 3) x=0.1 sampie, and 42 and 0. or ; S sample,
. respectively. High-spin manganese gives spin doigbital

For the parenk=0 sample no such irreversibility is found o
. N i contribution quenchedordered momentu=gsug Where
(not shown. Such an irreversibility in thé1-T data for the Mn3* and Mrf* carries 4. and 3ug, respectively, withg

FC and ZFC measurements was observed in several manga: : : 4
. . L . ..~(the gyromagnetic ratiay 2. Assuming a complete ferro-
nite systems, and it was suggested that this irreversibilit ic order of th : . . |
arises possibly due to the canted nature of the spins or due Oagnetlc order of the manganese spins, maximum spin-only
57.58 ordered moments of 3.6, 3.27ug, and 2.6wg per for-

the random freezing of spirs: .
In Fig. 4, the magnetic-field dependence of virgin magne—mUIa unit are expected for the=0, 0.10, and 0.25 samples,

tization is shown for thex=0, 0.10, and 0.25 samples at 15 ;zizzcrﬂ]\gegé;?; tizazg dsgr?géemtﬁt Sv?;eixiesde\;(alggé); (s)r-in-
K with a maximum magnetic field of 48 kOe. It is clearly 9 g P P

seen that for th&=0.25 sample, the saturation of magneti- only value and, for thex=0.10 sample, the observed mo-

zation is not achieved even under a 48-kOe field. The valud'®"t IIS r:;]arglgally Ioc\j/ve(~3%)t. .HOWG‘.’f.e“ f(:lr tlhex=(1.h25 th
of magnetization at 15 K under a 48-kOe field is found to pe>@MPie, the observed moment is sighificantly lower than the

96.38 emug! (~3.61up per formula unit, 83.99 emug*

100
/./.‘.—.f.ﬁﬁf.—.—'.
1.0 x=0 .,.--—l—l—lwl—-—- u
2 08 / o
c =
5 0.6 g 50 N
3 =0.10 o aAATTT
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% o0 x=025 o . = at —8—x=0
S : \ A —m— x=0.10
0.0 / A\-%mm 3 —A—x=0.25
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FIG. 2. Temperature dependence of the real part of the ac sus- FIG. 4. Virgin magnetization curves for

ceptibility for Lay ¢ Cay 3Mn; _,Ga O3 (x=0, 0.10, and 0.26com- Lag ¢ Ca 3dMN; _,Ga 05 at 15 K. Solid lines are drawn to guide the
pounds measured in an ac field of 0.5 Oe and a frequency of 80 Heyes.
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<=0 (022) netic field for all the three samples. The refinement shows an
10000+ T= 207K G orthorhombic perovskite structurésp. gr. Pbnm for all
7500 - 020) 1098 & samples at all temperatures. The stoichiometric hature of the
5000.] 28323 @00) (120) $9° samples is confirmed from the analysis. The |_ref|nem<_ant for
112) @10 ¢ thex=0 sample at 15 K shows a ferromagnetic ordering of

(111) Mn moments with a net site averaged ordered moment of
3.4(1)ug per Mn ion (oriented along the crystallographic
c-direction as reported in the literatur8.For the x=0.10
10000+ sample, the corresponding value is found to be 3.2¢Lper
‘ Mn ion (i.e., 2.8 per formula unit. These values are in

good agreement with the results obtained in our dc magneti-
zation measurements. However, for tktie 0.25 sample, the
refinement shows the complete absence of a ferromagneti-
cally ordered moment. In fact no trace of ferromagnetic or-
dering was found over the entire temperature range down to
15 K, as peak intensities do not vary with temperature indi-
cating magnetic scatteringee the inset in Fig.)5It may be
stressed that no additional Bragg peaks was found either in-
dicating the absence of any other ordered magnetic phase
(antiferromagnetic, spiral, ejcin the x=0.25 compound.
The reduction of observed site averaged ordered moment for
Mn ion in thex=0.10 samplgas compared to the parext
=0 samplé suggests that the spins are randomly canted at
an average angle of20° with respect to th€001] crystal-
line axis in thex=0.10 compound. A canted ferromagnetic
behavior has been reported for other perovsKité8Such a
behavior for mixed-valent manganites was theoretically pre-
dicted by de Genn&bwithin a model for competing ferro-
magnetic double-exchange and antiferromagnetic superex-
change interactiongalso see Ref. 62 Due to the random
nature of substitution of Mt with G&* this mechanism
can cause a randofiocal) canting of sping® A higher de-
gree of the substitution which leads to a random distribution
of the ferromagnetic and antiferromagnetic exchange inter-
actions may cause the formation of ferromagnetic spin clus-
ters with randomly canted spins.

In order to obtain more clues regarding the nature of spin
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TiK)
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15 20 25 30 ordering in thex=0.25 sample, here we present the results of
Scattering Angle (deg.) dc magnetization and neutron depolarization. Before present-
ing the experimental results of our neutron depolarization
FIG. 5. Neutron-diffraction patterns for study on thex=0.25 sample, we briefly recall the theory of

Lag 6Cép.3MN; ,GaO;, with x=0, 0.10, and 0.25 at 297 and 15 neutron depolarization in various magnetic systéfd:>2
K recorded over the lower angular range-11°-33° where mag-  The neutron depolarization technique is a mesoscopic probe.
netic Bragg scattering intensities are predominantly expetfed |t can measure the spatial magnetic inhomogeneity on a
any). Open circles and crosses show the observed data. The soligngth scale, say from 10 nm to several microns. In an un-
lines represent the Rietveld refined patterns. The difference patterrgtyrated ferromagnet or ferrimagnet, the magnetic domains
between the observed and calculated patterns are also shown at {8gart g dipolar field on the neutron polarization and depolar-
bottom of each curve by solid lines. The vertical lines indicate thej;a the neutrons owing to the Larmor precession of the neu-
position of allowed Bragg peaks. Tl values are marked above 5 gpins in the magnetic field of domains. As the neutron
the re:pe(t:tt've sc?tztggng (?nl%le;. For r:heo'ZS fﬁmple the O:" <flepolarization technique probes the magnetic inhomogeneity
served patlerns at =57 an are shown on the same scale. a mesoscopic length scale, a magnetic inhomogeneity on
inset shows the combined peak intensity(df0 and (002 Bragg ; - .
) an atomic scale—as in a true spin-glass state—has no effect
peaks as a function of temperature for the0.25 sample. o . .
on the neutron polarization. In a true spin-glass phase

expected spin-only value. We recall that this value of magzero-field-cooled stajethe atomic spins are randomly frozen
netization is still far from saturation at 48 kOe. in space on a microscopic length scale and, as a result, the

Figure 5 shows the observed and Rietveld refinggsing  magnetic induction averages out to zero on a mesoscopic
the FULLPROF progrant®) neutron powder diffraction patterns length scale. Hence no depolarization is found in true spin-
recorded at 15 and 297 K.e., well above and below the glass systems. Similarly no depolarization is expected in the
magnetic transition temperatuyesithout any external mag- paramagnetic state because the temporal spin fluctuation is
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FIG. 6. (a) Temperature dependence of transmitted neutron =N O,.?
beam polarization measured at 7 Oe applied field forxthke®.25 QE, o . :
s_ample.(b)_Compgrison of- In[P¢(T)/P;] and C[M(T)]? at various E 10, ;f . 3 5K
fields applied duringM vs T measurements for the=0.25 sample P o wK
(see the text g xRk
0 200 400 600 800

too fast(10 ?s or fastey for the neutron polarization to HIT (Oe / K)
follow the variation in the magnetic fiel& acting on the
moving thermal neutrons. However, one would expect depo- F|G. 7. Virgin magnetizatioM vs H/T for the x=0.25 perov-
larization for the case of clusters of spife least of meso-  skite, under ZFC conditions. The solid curve (@ represents the
scopic length scajevith net moments. During the passage of calculated Langevin function as described in text. The superposition
polarized neutrons through such a spin cluster if the Larmobf curves forT>30 K is shown separately itb) for better clarity.
precession time of neutron spins is shorter than the relaxation
time 7 for the clusters, the neutron spins will effectively the lowest temperature of measurement. In order to compare
“see” a nonzero precession field, and a depolarization ofthe temperature dependenceRyf with the temperature de-
neutron spins occurs. If the Larmor precession angle of thgeendence of the low-field magnetization we pldtFy{T)/P;]
neutron spin is a small fraction ofr2over a cluster length, and C[M(T)]? (whereC is a normalization factorin Fig.
the observed depolarization can be represented by th&b). It is interesting to note that a temperature independent
expressioff>* behavior ofM and P; is evident atT<30 K, indicating a
temperature-independent cluster sizéelow this tempera-
P.=P, ex;{—a(g)@%)z}, (1) ture. A.de\./iation betV\_/een j[he temperature dependence of
) magnetization andP; is evident aboveT~30K, where
M(H,T) shows a clear field dependence. Variation of the
observed temperature dependence of magnetization with
fields indicates a field-induced magnetic ordering on magne-
tization.

In order to obtain the cluster moment, the temperature and
magnetic-field behaviors of magnetization of these spin clus-
ters were analyzed by plotting the magnetization as function
of H/T (Fig. 7). When the thermal energy becomes higher
than the anisotropy energy, the cluster moments will exhibit
a Boltzmann distribution of orientations with respect to ap-
plied magnetic fieldH at thermal equilibrium. The effective
magnetization is then given by the classical Langevin ex-
pression

where P; and P; are the initial and final neutron beam po-
larization, o is a dimensionless parameter=1/3,

d (=9.8 mm) is the effective thickness of the sampfas
the average cluster size, add;=(4.63x10 G 1 A~?)
AB§ is the precession anglB=47Mgp (in G), denotes the
internal mean induction within a spin clustarthe neutron
wave lengthM 5 the spontaneous magnetization in emti g
andp the density of the material in g cm. The temperature
dependence of the neutron beam polarization for xhe
=0.25 sample is shown in Fig(®. The procedure for ob-
taining P; values from the measured flipping ratios for the
transmitted polarized beam is described elsewPere,
starts to decrease right from 48 K. At>48 K, the value of
Py is the same as the incident beam polarization. This im- M =M o[ coth{ wH/kgT) — kg T/ wH], 2
plies that the sample is in its paramagnetic phase above 48 K

where no change of neutron polarization is expected. Th&vhereM/M refers to the component of magnetization in the
magnetic ordering temperature for this sample is thus estifield direction;u refers to the magnetization of the magnetic
mated to be 48 K in accordance with the ac susceptibilitycluster, comprising a large number of magnetic Mn ions; and
data in Fig. 2. At lower temperatures, the presence of clustellsg is the Boltzmann constant. At higher temperatur@s (
of spins with net magnetic moments is thus confirmed from>30 K), the superposition of data at various temperatures
the occurrence of significant depolarization down to 15 K,can be seen. The Langevin curghown in Fig. 7a)], com-

064414-6



EFFECT OF Ga DOPING FOR Mn ON THE MAGNETI. . . PHYSICAL REVIEW B 66, 064414 (2002

0.08 - interactions exi§f among the relaxing magnetic entities, and
0.074 ‘ that the magnetic transition for the= 0.25 sample should be
‘ described as a collective freezing. Combining this observa-
0.06+ ‘ tion with our conclusions about ferromagnetic correlations
0.054 ‘ on a mesoscopic length scale from neutron depolarization,
-‘§ ‘ we conclude that thg=0.25 sample shows a transition into
g 0047 1 a cluster-spin glass state at low temperature. A detailed study
< 0.03- on the glassy dynamical properties will be published
elsewheré®
0.02+ A cluster spin-glass state was already found in several
0.014 doped manganites such as in (LaTh,),sCa;,zMn0O;,%122
000 (Lay—,DYy)0.1Ca MnOg, % La.7- Y xCa MO, *°
' Lay/sCay/sMn; I, O3, Lag /Cay sMn;_Tiy O3, etc.
0 20 40 60 80 100 120 140 160 However, the difference in the present work is that Ga has
TK) been used to substitute the Mn, and Ga is both nonmagnetic

and very similar in size to Mn. The microscopic mechanisms
FIG. 8. Temperature dependence of in-phase ac susceptibilitie®sponsible for the observed cluster spin-glass behavior in
at different frequencies for the=0.25 sample. The inset shows the the present LggCay3Mng 7:Gay ,<0; compound is, thus,
relaxation timer as a function of the inverse peak temperature. Thegxclusively due to random magnetic dilution caused by'Ga
solid line is the fit to the Nel-Arrhenius equation explained in the jons at the Mn sites. The present work also includes the
text. results of a neutron depolarization study that gives a robust

. . L demonstration of a cluster spin glass at 25% of Ga substitu-
puted using a saturation magnetization of 53.9 emu/g

I d facti i Ps Yion. Comparing with the detailed study on
.(NfZ'OMdB -u.) and an re] ective cluster mé)np]enfte 24B: | a,CaMn, AlLO; 4,3 we find somewhat similar ten-
IS found to represent the magnetization behavior at temperggancies However, still a sizeable ferromagnetically ordered
tures>30 K. At temperatures below 30 K, the curves in Fig.

. oY e ) moment of 2.5 (1.86g) was found forx=0.15(0.25 of Al,
7 deviate from superposition, indicating the freezing of Clus'respectively. Higher Al substitution seems to cause also a
ter moments at these temperatures.

It Ik B3 that often it is difficult to distinauish much more smeared magnetic freezing at Ilow
IS well knowr™ that often 1t IS diticult 1o dISUNGUIS o peratyred® This effect may be caused by the different

between a superparamagnet and a cluster spin glass EXPEAR+ radius and the reported oxygen understoichiometry in

r'nen'tally. In particular, t.h‘H/T scaling C.)f the.static magné- hese compounds, which may yield more heterogeneous
tization above the freezing temperatiifeg. 7) is no positive magnetic states. The magnetic®Fesubstitution seems to

proof for independ_enft superparamagnetic clusters, i.e., thﬁave a stronger tendency than the diamagneti%*Ga de-
absence of magnetic interactions. An attempt has been mag?

A . abilize ferromagnetic long-range order as in Ref. 46 no
to distinguish the two by measuring the frequency deF)endergrdered magnetic moment was found from neutron diffrac-
ac susceptibility as a function of temperatuge(f,T) (Fig.

. ) tion for Lay g/Ca 3dMNg F& 1O3. This can be understood as
2 for the Xt'_b(')I:tZS sarrk1ptle. A fretquency-dEpendent_sh||:f_t of consequence of the sizable frustrated antiferromagnetic su-
€ susceptibility peak temperature can be seen in Fig. erexchange involving Bé ions. However, the transition
Assuming thermally activated relaxation, it is possible to de-

. e . . temperature for the randomly canted ferromagnetic state in
scribe the ac susceptibilities for independently relaxing mag P y 9

tic clust by the NeArthenius | th laxati that compound is 108 K, which is rather similar to the tran-
Q;g:rcglij\fe?\rf)fz € frhenius law with a refaxation  gj4iqp, temperature of 123 K found here for the less canted

ferromagnetic state in lggCay 3dMNg ¢Gay 105 .
7= 1o exp(KV/KgT). 3) In t_hei_r th(_eoretical study, Alonset al.did not_treaF the Fe

substitution in Lgg/Ca 3dMNO; in a model with disorder,
In this expressiorK is the magnetic anisotropy energy per and, thus, could not describe the important difference be-
unit volume,T is the temperature, and s the volume of the  tween Fe and G# which may involve strong, locally ran-
cluster. The value of, depends on the gyromagnetic preces-dom spin-canting and noncollinearly distorted Mn-spin mo-
sion time and is usually-10'°-10 '*s for superparamag- ments near Fe. Some general aspects of the double-
netic relaxatio®’ Now x(f,T) at any given frequencyis  exchange-model and predictions for  Ga-diluted
sensitive to magnetic entities having a range of relaxation a, ,/Ca, ;gMNnO; by Alonso et al*?> are confirmed by our
times (7) of the order of that frequen&).At T=Tg, where  experiments, i.e., the drastic suppression of ferromagnetic
Tg is the blocking temperature, the relaxation timean be  order and the occurrence of a glassy behavior with increasing
equated to the observation timg = 1/f.°>%®From the peak substitution. However, their prediction of magnetic glassi-
temperatureT ,(f ) obtained from the ac susceptibility we ness at higher dilution is based on the competition between a
may estimate the characteristic freezing or blocking temperamultitude of differentantiferromagnetiorderings with small
tures seen within the observation time. Therefore, fitivg  coexistence regions between them in the phase-diagram of
Trjl(f) according to Eq(3) should yield the Arrhenius pref- their theoretical model. This prediction does not agree with
actor. However, from the fitinset of Fig. 8 we find an  the observed cluster glass with ferromagnetic short-range or-
unphysically smallry~10 1%<10 12 s. This indicates that der atx=0.25 in our experiment. A more general phase-
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separation scenario with competing ferromagnetic and possnetic interactiongtoward the antiferromagnetic sidand the
bly antiferromagnetic ordéf ruled by a quantum critical random nature of the substitution. For higher degree of Ga
point in the rangex=0.1-0.2 Ga substitution remains to be substitution k=0.25) the ferromagnetic long-range order is

explored experimentally. fully lost. Random and competing interactions result in the
occurrence of spin clusters with a net magnetic moment. Re-
IV. SUMMARY AND CONCLUSIONS maining magnetic coupling of the clusters leads to a cluster-

) spin glasslike behavior. A broad distribution of cluster size is
The present study on bg/Cay3Mn;_xGa0O; with X propable in thex=0.25 compound. However, in the present

=0, 0.10, and 0.25 has shown that all the samples havgnalysis no attempt has been made to take into account any
orthorhombic crystallograp_hlc structure withbnm spaceé sych possibility. Small-angle neutron scattefhgand
group; no change of lattice parameters was noticeablgyayelength-dependent neutron depolarization $tiffymay

following changes of the magnetic behavior are obseri¢d:  summarizing the effect of Ga substitution observed in our
The magnetic ordering temperature decreases quite drasfixperiments one might state that the magnetic properties of
cally. (i) An irreversibility between the ZFC and FC magne- gz substituted LgsCay 3MNO; are qualitatively similar to
tization vsT curves occurs which increases with the increasgngse obtained b'y other substitutions on the Mn site. The
of Ga substitution (i) As detected by neutron diffraction  sjgnificance lies in the fact that these properties are caused
and depolarization measurements, the collinear ferromagsy the dilution of the Mn sublattice. Neither a change of the
netic state of the parent compound transforms to a locallyrystal structure has been observed, nor additional magnetic
canted ferromagnetic state fer=0.10 and to a cluster-spin  jnteractions of Mn with the substituted element are involved.
glass state fox=0.25. Microscopically, the effects of the Ga Therefore, these experimental results should be useful

substitution can be understood as follows: nonmagnetigor a direct comparison with recently established theoretical
Ga" ions do not participate in the ferromagnetic double-models.

exchange interaction, as well as in the antiferromagnetic su-
perexchange interaction. Thus both interactions should be
weakened by the substitution. However, the suppression of
the itinerant ferromagnetic exchange appears to be more pro-
nounced. This might be related to the effect of an additional S.M.Y. is grateful to Dr. S.K. Sikka and Dr. M. Rama-
electrostatic attraction the &asites have on the hole charge nadham for their encouragement and support in this work.
carriers, as pointed out by Alona al*? The appearance of M.S. thanks M.S. Hedge for providing the sample prepara-
a randomly canted ferromagnetic phase for the0.10 tion facilities and the Alexander von Humboldt Foundation
sample can be attributed to the shifted balance of both mader a fellowship.
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