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Bulk, single crystal, and metal-organic chemical-vapor deposition thin-film samples Q§/Ga 3:MnO3
were prepared and examined for their electrical, magnetic, and structural propertiggC&dMnO; is
ferrimagnetic with a transition temperature between 50 and 80 K and a compensation temperature of about 15
K. A molecular field model with a ferromagnetic manganese sublattice antiparallel to the gadolinium sublattice
qualitatively explains the magnetism data. A large high-field susceptibility is observed at 5 K, suggesting a
sublattice rotation. The resistivity and the magnetoresistance show no anomaly near the ferrimagnetic transi-
tion. There is no noticeable change in the structure, as seen from the x-ray-absorption fine structure between 40
and 69 K, indicating that there is no structural discontinuity across the paramagnetic insulator to ferromagnetic
insulator phase boundary. The resistivity ofG¢Ca, 3MnO5 is consistent with small polaron hopping at high
temperaturegup to 1100 K, and possibly by a different mechanism at low temperatures.
[S0163-182697)01010-2

I. INTRODUCTION ferromagnetic nature of this low-temperature state has re-
cently been questioned due to evidence of a spin-glass be-
The mixed valentR;_,A,MnO; perovskite manganates, havior with no long-range ferromagnetic order in

whereR and A are rare-earth and alkaline-earth elements(TbyLa; )0 6Ca3Mn0O;.” The x-ray-absorption fine-
respectively, have received much attention due to their unstructure(XAFS) technique can detect small variations of the
usual electronic and magnetic properties. Most of these confiverage local environment about a particular atomic species,
pounds are either metals or highly conducting semiconduchaking it ideal for studying subtle structural phase transi-
tors. For this reason, and because they are very stable undéens associated with such metal-insulator or magnetic tran-
oxidizing conditions at high temperature, these perovskitesitions. The MnK edge(6.54 ke\) and GdL,, edge(7.25
have been used for the cathode material in solid-oxide fugke€V) are well enough separated that there is little interfer-
cells! Some of these materials, particularly the lanthanumence of the Mn and Gd XAFS.
containing compounds, show a paramagnetic-semiconductor In this study, we have found that the rare-earth moments
to ferromagnetic-metal transition upon cooling. This pecu-in Gd, & 3MnO; order antiparallel to the manganese,
liarity has spawned the theory of double exchange to explaigiving rise to ferrimagnetism. Furthermore, we find that not
such a transitioR.More recently, very large magnetoresis- only does this material remain insulating when it becomes
tances have been found in materials which show this metamagnetically ordered, but we also find that no structural dif-
insulator transition(see, for example, Ref.)31t has been ference exists between the ferrimagnetic and paramagnetic
proposed that a structural transition accompanies the ferrgtate. This is consistent with models that require a structural
magnetic transition, and the relative importance of each irthange, as well as the ferromagnetic ordering of the manga-
promoting the metal-insulator transition is of particular nese atoms, to explain the metal-insulator transition and the

interest large magnetoresistance that accompanies it.
In order to examine the nature of this metal-insulator tran-
sition, we have chosen to study &gCa, 39Mn0O;. The com- Il. EXPERIMENT

positionx=1 was chosen because this doping concentration
should maximize the double exchange effect as seen in the
lanthanum compoundsDue to the small size of the Gt Three types of samples were prepared: polycrystalline
ion, Gd, 5/Ca, 3gMnO; should be in the region of the=3 pellets, float-zone crystals, and thin films. Polycrystalline
phase diagram where there is no transition to a metallic statsamples of Ggls/Ca, 3dMnO; were made using standard ce-
but to a ferromagnetic insulating state around 56 Rhe  ramic synthesis techniques. &, CaCQ, and MnO were

A. Sample preparation
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FIG. 1. Low-temperature magnetization of (zdCay 33VInO; FIG. 3. Low-temperature and high-field magnetic susceptibility,

measured in a 5-kOe field and zero field after cooling in a IargeX:[M(eo kO8—M (40 kO81/20 kOe, of Gg 5/Ca, 3MNnO; crystal.
field (remnant. Inset, hysteresis loop at 5 K.

repeatedly reacted in air at 1250 °C for several days. Pellets! and resistivityp measurements at temperatuiefrom 2
were cold pressed and sintered under the same condition® 400 K and magnetic fieldd up to 6 T. Measured data of
Powder x-ray diffraction showed single phase orthorhombidhin films contained contributions from the film and the
perovskite(Pnmg a=5.52 A, b=7.50 A, c=5.34 A) as re- LaAlO; substrate, which is diamagnetic with a small contri-
ported previously. bution from a paramagnetic impurifyThe ferrimagnetic
From this material, float-zone crystals were grown using dransition temperaturé. was estimated by three methods, all
CO, laser heated pedestal growth sysfehiThe approxi- of Wh|cﬁ1 give the same result-0.2 K) in the molecular field
mately 1-mm-diameter crystals were grown at about 1 cm/hModel:” The remnanfl; is the temperature where the bulk
The solid source metal-organic chemical-vapor depositio?| the magnetization, in zero or small field, vanishes. The
reactor used to grow the films in this study has been delnflection T, is the temperature of the inflection point |n2the
scribed previously®  The 2.2,6,6-tetramethyl-3,5- M vsT curve. The ArrotfT . is the temperature where tiv
heptanedionat6TMHD) organometallic complexes used for VS H/M curve extrapolates to the origtf.
Gd, Ca, and Mn were, respectively, {i$IHD) gadolinium,
bis(TMHD) calcium, and trisTMHD) manganese LaAlQ
substrate temperatures of 600 °C were used in an oxygen Four leads were attached with indium for measurements
partial pressure of 3—4 torr. 1500-A-thick films were less than 400 K or polyimide-based silver epoxy for above
grown at approximately 45 A/min. The films were then an-400 K (in air) either in the van der Pauwor conventional
nealed in flowing oxygen at 950 °C for several hours andconfiguration. dc currents were chosen well within the
cooled slowly(~20 °C/h to room temperature. The compo- Ohmic regime. Offset voltages were subtracted by reversing

C. Electronic transport measurements

sition of the source material was based on our experiencie current. Voltages were measured at several slighfyto
20%) different currents to calculate the precision. For resis-
tances greater than %@ or T<100 K, two point resistance
measurements were made using an electrometer.

with lanthanum-based compourttis.

B. Magnetization measurements

A Quantum Design MPMssuperconducting quantum in-
terference device magnetometer was used for magnetization
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D. XAFS measurements

X-ray absorption spectra were collected in transmission
mode on beam line 4-3 at the Stanford Synchrotron Radia-

Gdo.wcamaMnO3 Arrott Plot

-
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Gdy 6 Cq3MnO;. Solid line is the high-temperature fit to

x=u2/[8(T—0)] described in the text.

FIG. 4. Arrott plot of polycrystalline Gglg/Cay 3MnO; pellet.
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TABLE |. Transition temperatures for Gg-Ca 3dMnOs;. ] Gd, Ca  MnO, High Temp. Resistivity
Arrott  Remnant Inflection 4,4
TComp(K) Te (K) Te (K) Te (K) - §3 a
. g gLa2
Polycrystalline pellet 17 52 60 80 = 5
Single crystal 17 56 62 78 g of 753 b
. . = 1000/T (1000/K}
Thin film 13 70 81 88 e 4
E -2F 53
e g
. . o T oaf g2
tion Laboratory using powder samplégrain size less than 1
30 um. The sample temperature was regulated using an Ox- 6 018 i i
ford helium cryostat system within 0.1 bsolute tempera- PR 3 1 5 P 7
ture may be as muchsa&2 K warmey). Data for this experi- 1000/T (1000/K)

ment were collected above and beldw, atT=69 K and 40 . o . . .

K. Data reduction and analysis followed standard procedures FIG. 6. High-temperature resistivity during heating and cooling

reported previousl)]/‘.‘ a G gCa 3MNn0O; film, In(p/T) vs 1IT. Inseta, comparison with
In(p) vs 1/T. Insetb, comparison with Itp) vs 1T

lll. RESULTS y15 "
: ping conductivity.>~°Below about 150 KFig. 7), the resis-
A. Magnetism tivity is somewhat better described bR, exp(T,/T)Y4,

The polycrystalline pellets, crystals, and thin films all dis- which is commonly attributed to variable range hoppihg.
play a ferromagnetic transition and a compensation temperarhe quantitative aspects of the fits is discussed below. The
ture (Fig. 1), which is characteristic of ferrimagnets. Both thin-film and crystal samples show no transition to a metallic
bulk materials, polycrystalline pellet and float-zone crystal,state down to 5 K. No extraordinary magnetoresistance was
have very similar magnetic properties, while the film is observed in the entire temperature range. The magnetoresis-
slightly different. The molar magnetic susceptibiligy(Fig.  tance at 200 and 300 K is a few percent in a 70-kOe field,
2) above 200 K can be fit to the Curie-Weiss law: and approximately proportional td? (Fig. 7). Reliable re-
=u24/[8 (T—0)] with u2=71 ug and ®=34 K. The dif- sistivity data could be measured on the crystal sample down
ference in the susceptibility of the crystal compared to that ofo 40 K. No discontinuity in the resistivity was found near
the pellet at high temperatures may not be significant. The .
hysteresis loop at 5 KFig. 3) shows an additional high-field
paramagnetic response not expected for a mean-field ferri-
magnet. The experimental values Bf are summarized in C. XAFS
_Tab_le | An e_XamP'e of the nonline* vs H/ M Arrott p.IOt The primary quantity in XAFS data analyses is
is g|ven_|r_1.F|g. 4. The calculateq magnetization and mversej((k):[M(k)_’uo(k)]/luo(k), wherek is the ejected photo-
susceptibility for the molecular field model described beIOWeIectron wave vector(K) is the total absorption due to the

is shown in Fig. 5. absorbing atomic species, apg(k) is the portion ofu(k)
) that does not include the photoelectron backscattering off
B. Electronic transport neighboring atoms. This backscattering causes an interfer-

The resistivity can be well approximated by ence at the absorbing atom which is manifest as oscillations
R, Texp(E,/kgT) (Fig. 6), predicted by small polaron hop- in x(k). A Fourier transform ok (k) thus produces peaks

Gd_ _Ca ) 33Mn03 Mean Field Calculation
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FIG. 5. Magnetization and inverse magnetic susceptibility cal-
culated for GggCa3MnO; using the simplified mean-field FIG. 7. Low-temperature resistivity of GgCa 3dMnO; crys-
theory described in the text ald =83 K, T¢omg=17 K. The con-  tal, In(p) vs 1TY4 Inseta, comparison with Itp/T) vs 1/T. Solid
tribution to the magnetization of each sublattice is shown in dashetines show linear best fit to the data shown. Insetmagnetoresis-
lines. tance of a film at 200 and 300 K; solid line is the quadratic fit.
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e I A s s S s B B s s B Sy B larger spins, dominates. This is best seen in zero-field rem-
| | nant data which shows the magnetization changing sign at
(a) Mn K-edge ] Tcomp- The change in sign of the zero-field magnetization is
characteristic of a ferrimagnet and not that of a spin glass. In
the presence of magnetic fields greater than the coercive
field, the stronger sublattice flips to align parallel with the
field, giving the minimum inM at T¢o, as seen the 5-kOe
data.

Due to the stronger @ exchange interaction compared to
that of the 4, we expect the Mn-Mn coupling to be stronger
than the Mn-Gd, and the Gd-Gd interaction to be negligible.
Since the observed Curie temperature is about that expected
from the trend found in the manganese ferromagnetic order-
ing temperature as a function of the average ofRhend A
atom size inR, ,A, 3MnO,.° If we assume for now that the
Mn-Mn interaction in Ggg/Ca) 3qMN0O; is ferromagnetic,
the ferrimagnetism must then arise from a weaker, antiferro-
magnetic Mn-Gd interaction. Thus, unlike the ferrites, where
the dominant interaction is antiferromagnetic between the
two transition-metal sublattices, the strongest magnetic cou-
pling in Gd, Ca 3dMN0O; is ferromagnetic, much like that
found in the rare-earth cobaltites, e.g., GCd

The above description of the magnetization can be bol-
stered using a simple molecular or mean field mdde\s-
T suming that all atoms on each sublattié4n or Gd) feel the
0 1 5 3 4 5 same mean field, there are only two unknown mean-field

~A) coefficients due to the Mn-Mn and Mn-Gd interactions.
These two coefficients are easily determined, since they are
) nearly proportional tdl . and T¢gm, respectively. This mo-

FIG. 8. Fourier transform dty (k) from (&) Mn K-edge andb) |ecular field model(Fig. 5) reproduces the qualitative fea-
Gd L,-edge data on Gg/a 3qMnO;. The solid lines are data tures described above.
collected afT =69 K, while the trianglesA) are data collected at 1o giscrepancies in the salient features discussed below
T e e T ova o e 1) reSul ftam the simpifcatons of the model, and the

: . assumptions behind it. The evidence concerning the mag-
edge data are from 3.5-12.5 Aand Gaussian broadened by 0.3 - - L
A~ Transform ranges for the Mn edge data are from 3.2-125 A netic StrUCture of the manganese in the ferrqmagnetlc insula-
and Gaussian broadened by 0.3% tor phase pomts to a canted ant|ferromagnet|<_: structure rather
than a simple ferromagnet. The magnetic structure of
o Pry 68 3MN0O;3, which is on the boundary between
that correspond to the distribution of atoms around the abferromagnetic-insulator and ferromagnetic-metal  low-
sorbing atom. Figure 8 shows these Fourier transforms.  emperature phasédhas been extensively studied. Neutron

The agreement between the data above and b&low itraction shows Pyg/Ca, :dMNO; to have a charge-ordered,
very good and places limits on any atom-position changeganed-antiferromagnetic structure in the low-temperature
around either the Gd or Mn atoms within 0.005 A, and phase with ferromagnetic moment about half of the total ex-
changes in the Debye-Waller broadening factor to 0.002 A'pected momer®?l A compound clearly in the
ferromagnetic-insulator part of the tolerance-factor phase
diagram, much closer to GgCa3dMnO; than
Pry.6Ca 3MN0O;3, is Lay,Y:Ca MnO;. This compound

Gd, Lo 3dMNO; displays the properties of a ferrimag- appears to be ferromagnetic with about half the expected
net, much like the garnet ferrite Giee,0,,.2® At about 60 K,  ferromagnetic momerft,which could be explained by a
the transition metal spins order, dominating the magnetizacanted antiferromagnetic state similar to that found in
tion. As the temperature is lowered, the opposing magnetiPr, ¢/ Ca& 3dMNO;. Thus, one should expect the ferromagnetic
zation of the weaker coupled rare-earth ions increases, singeoment of the Mn ions in GgyCa, 3dMnO; to be half that
they behave almost as though they were free paramagnetedicted in the above molecular field model. If the Gd mo-
spins reacting to an internal field. Figure 3 is essentially thenents are also canted to the same degree, then the predicted
magnetic susceptibility of these rare-earth moments, showingagnetization will be qualitatively the same for the uncanted
an approximate1/(T + T¢omp behavior until the G mo-  case(Fig. 5), only half the magnitude; namely, there will still
ments effectively order antiferromagnetically with respect tobe a compensation temperature.
the manganese moments beldy,n,. At the compensation The model is further limited by the obvious simplifica-
temperaturel comp, the rare-earth and transition metal sub-tions: not only are there two distinct types of Mn atoms
lattice magnetizations exactly cand@h zero field. Below  (Mn®*' and Mrf*), but there are numerous possible configu-
Tcomp: the magnetization of the rare-earth ions, which haveations for the number and type of near neighbors due to the

0.2

©
M

FT of ky(k)

o
S

-0.2

IV. DISCUSSION
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randomness on the Mn and Gd/Ca sites. The discrepandjre susceptibility abov& . will not obey a simple Curie-
among the various values df, determined by the three Weiss law even in the mean-field approximatidfig. 5).
methods mentioned is an example of non-mean-field ferroThe simple meag-fie!d model of the above ferrimagnetism
magnetic behavior. Such atomic disorder can result in a spiffquiresT/6>3."" This is clearly not the case for the mea-
glass, and indeed a spin-glass insulating Iow—temperatur%ured parameters. Alternatively, the addition of a Pauli-like

. ; susceptibilityy, to the fit, y=xo+ u2¢/[8(T—0)], will reduce
phase was fgund |§1Tbea1,X)o_67CaO_33Mn03 In place of the the contribution fromu.;. For example, an equally good fit
ferromagnetic insulator state. The compound

to the data can be found with2,=63 u3, xo=7.7x10"°
Ty 6/Ca 3MNO; should be in the same region of the g G121 and©=50 K. he=63 1gs xo

tolerance-factor-phase diagram as (@& 3MnO; and Since Gd" has the largest spin of the rare-earth elements,
Lag oY 0.5C8aMNnO;. The Th compound is apparently a pure it should have the highest ordering temperature. If the rel-
spin glass with no long-range magnetic orddie question evant exchange interaction is due to spin-spin coupling of the
of the existence or nonexistence of spin-glass behavior inare-earth and manganese atoms, then the strength of this
Gd, sCa 3dMNO; is beyond the scope of this investigation. interaction will be proportional to the sp®of the rare-earth
However, it is clear that GgCa, 3dMnO; has long-range ion. From this relation, we can estimate the ordering tem-
magnetic order. The distinction is most obvious in the Arrottperature of the rare-earth moments in related compounds to
plot (Fig. 4), which shows that Gg;Ca 3dMnO; has anon- be abott 7 K for NdygLCa&:MnO; and 5 K for
zero magnetization whenH=0 below T., while PrLCa 33MnO;. This should result in a decrease h at

(Tbo 34-30 670 6T 3MNO; does not. The other striking low T. This appears at temperatures lower than these esti-
feature of Gg ¢Ca, 3qMN0O; is the existence of a compensa- mates, if at alf>2® perhaps indicating an interaction strength
tion point, which, to our knowledge, cannot be explained byproportional toS?, the square of the rare-earth spin, or sim-

a spin-glass magnetic system. ply that these moments do not order antiparallel to the man-
The saturation magnetizaton per mole of ganese moment<.
Gd, ¢Ca 3MNO; expected from the Gd s=Z, |=0 is The electrical resistivity of Ggs/Ca 3dMNnO; is consis-

u=(0.67X2X7/2) ug=4.67 ug, while high-spin manganese tent with adiabatic small polaron hopping conductivity
gives spin only(orbital contribution quench@du=gsug, R TexpE,/ksT),>#® R,=2kg/3ne’a?v, particularly at
g=2 so u=2 ug[0.67x2 (from Mn®*")+0.33x3 (from  high temperatures. Herkg is Boltzmann’s constang is the
Mn*")]=3.67 ug. The simple two sublattice Gd and Mn electronic charge,n is the number density of charge
ferrimagnetism described above predicts a zero-temperatutmarriers—about 0.7 carrier per Mna-is the site-to-site hop-
saturation magnetization of 4.67;—3.67 ug=1.00 ug (if ping distance, and is the longitudinal-optical phonon fre-
there is any canting of the sublattices, such as that imuency. This behavior has also been observed in the La-
P, 6/ Ca 3MN0;,2° a smaller moment is predictedThis is  containing compountt’® Resistivity data are often displayed
roughly what is observed. The mean-field calculation pre-on an Arrhenius plofin(p) vs 1/T], which will give a straight
dicts a constant moment f@r<5 K, while the data show an line for a band-gap semiconductb?® providing the mobility
almost linear increase iM for 2<T<5 K. Also, the peak in is not temperature dependent. The slightly different tempera-
the magnetization, observed at about 50 K in the 5-kOe dataure dependence of the data provides the significant nonlin-
is less than the 1.9z predicted in the mean-field calcula- earity in such a fit(Fig. 6). We infer a polaron hopping
tion. activation energye, of 1940 K, and an attempt frequency of
The large field-dependent magnetization sedhiéis not ~ 8x10 s, The small polaron mechanism implies that un-
predicted in the simple mean-field calculation. It is not un-like a band-gap semiconductor, the highly temperature-
common, however, to observe such a field-induced increasgependent quantity is the mobility, not the carrier concentra-
of the magnetization in canted ferromagnetic or ferrimag-ion. A high, temperature-independent carrier concentration
netic systemé?23and it is used as evidence of the ferrimag-is consistent with Hall effect measurements on
netic sublattices canting away from antiparaffeThe mag-  Lag ¢Ca 3Mn0O5.>*°
netic field affects the canting angle, which results in the The resistivity of the manganites has also been attributed
magnetization increasing nearly linearly with field, even atto variable-range hopping due to Anderson localizafioat
T=0 K.2 If this large susceptibility were due to a second temperatures less than 150 K, this picture produces a some-
phase with free paramagnetic spins, then this phase wouldhat better fit to our datéFig. 7), but is clearly inferior to
have to contain at least half of the available spins and have the polaron model at high temperatur@sg. 6). The fit to
1/T temperature dependence forallThis is not seen in Fig. R, exp(T,/T)Y* givesT,=1.7x10° K. In the theory of vari-
3. Instead, the high-field susceptibility maximizes n€gg,,  able range hoppind;**kgTo~21/[¢*N(Eg)] where{ is the
(Fig. 3), which is typical of an antiferromagnet with decay length of the localized wave function, aN@E;) is
Tn~Tcomp- This is predicted in the mean-field calculation the density of localized states at the Fermi level. Eofa
for a ferrimagnet! =3.9 A, the distance between neighboring Mn atoms, this
Susceptibility data above 200 K fit to the Curie-Weiss lawimplies N(Eg) ~2.4x10'® eVt cm™3, which is typical for
with ©=34 K and u*=71 u3. For quantum mechanical disorder semiconductors, but about 1500 times less than the
spins u2; per mole is expected to be §33: 221 3(0.67X  density of states found in the specific heat of manganites
4x8)=16 w3 from Mn*"; 22,3(0.33x3x32)=5 w3 which become metalic at low temperature$~5
from Mn*"; 2213(0.67x £xX 3)=42 w3 from GAF. This mImolrtK 234
extra moment, which is also observed inl#Ca, 3qMNnOs,> Unlike the colossal magnetoresistance manganites,
may be due to the orbital contribution in the manganese ion<sd, L&, 3IMNO; does not have a metal-insulator transition
Since the two sublattices have different coupling energiespr a large magnetoresistance near the Curie temperature. The
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negative magnetoresistance is only of order 1% in largerder (only spin-glass magnetismin the ferromagnetic-
fields and is proportional té1? (or M?, since it scales with insulator region of the tolerance-factor phase diagram,
X2 like that observed in LgCa, 305 in the paramag-  Gdy 5Ca, 3MnO; shows definite long-range order and a
netic stat€® Thus, Gg 5:Ca, 3qMnO; is clearly in the class compensation point which cannot be explained by spin-glass
of 2 doped manganites which, due to the small size of'Gd  phenomena alone. The resistivity is consistent with small
change from paramagnetic insulators to ferromagnetic insysolaron conductivity over a broad temperature range, with a
lators atT.. There is much interest in finding a structural possible crossover to a different mechanism such as variable-
change af . in the giant magnetoresistive manganites, sinceange hopping at low temperatures. There is no noticeable
it is predicted to have a large effect on the resistivechange in the structure, as determined by XAFS, or conduc-
transition* There is now evidende 3 for a decrease in tivity at the ferrimagnetic transition. Recent theoretical and
structural disorder as the magnetoresistive manganites bexperimental work concludes that structural effect$ aare
come ferromagnetic metals. EgCa 3MnO; shows the associated with the metal-insulator transition and large mag-
contrapositive: there is no discontinuity in the atomic disor-netoresistance. Since @gCa, 3qMnO; is in the doping re-
der for a material which does not become metallicTat  gime where a metal-insulator transition and large magnetore-
This has also been noted in manganites with different dopardistance arenot observed atT., this work supports that
concentrations:  Lgda&MnO; (Ref. 35 and conclusion, i.e., that a significant structural change is associ-
Lay Ca, Mn0O; .8 ated not with the ferromagnetic transition, but with the
metal-insulator transition.
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