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Local structure, transport, and rare-earth magnetism
in the ferrimagnetic perovskite Gd0.67Ca0.33MnO3
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Bulk, single crystal, and metal-organic chemical-vapor deposition thin-film samples of Gd0.67Ca0.33MnO3

were prepared and examined for their electrical, magnetic, and structural properties. Gd0.67Ca0.33MnO3 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 of Gd0.67Ca0.33MnO3 is consistent with small polaron hopping at high
temperatures~up to 1100 K!, and possibly by a different mechanism at low temperatures.
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I. INTRODUCTION

The mixed valentR12xAxMnO3 perovskite manganates
whereR and A are rare-earth and alkaline-earth elemen
respectively, have received much attention due to their
usual electronic and magnetic properties. Most of these c
pounds are either metals or highly conducting semicond
tors. For this reason, and because they are very stable u
oxidizing conditions at high temperature, these perovsk
have been used for the cathode material in solid-oxide
cells.1 Some of these materials, particularly the lanthanu
containing compounds, show a paramagnetic-semicondu
to ferromagnetic-metal transition upon cooling. This pec
liarity has spawned the theory of double exchange to exp
such a transition.2 More recently, very large magnetoresi
tances have been found in materials which show this me
insulator transition~see, for example, Ref. 3!. It has been
proposed that a structural transition accompanies the fe
magnetic transition, and the relative importance of each
promoting the metal-insulator transition is of particul
interest.4

In order to examine the nature of this metal-insulator tr
sition, we have chosen to study Gd0.67Ca0.33MnO3. The com-
positionx5 1

3 was chosen because this doping concentra
should maximize the double exchange effect as seen in
lanthanum compounds.5 Due to the small size of the Gd31

ion, Gd0.67Ca0.33MnO3 should be in the region of thex5 1
3

phase diagram where there is no transition to a metallic s
but to a ferromagnetic insulating state around 50 K.6 The
550163-1829/97/55~10!/6453~7!/$10.00
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ferromagnetic nature of this low-temperature state has
cently been questioned due to evidence of a spin-glass
havior with no long-range ferromagnetic order
~TbxLa12x!0.67Ca0.33MnO3.

7 The x-ray-absorption fine-
structure~XAFS! technique can detect small variations of t
average local environment about a particular atomic spec
making it ideal for studying subtle structural phase tran
tions associated with such metal-insulator or magnetic tr
sitions. The MnK edge~6.54 keV! and GdL III edge~7.25
keV! are well enough separated that there is little interf
ence of the Mn and Gd XAFS.

In this study, we have found that the rare-earth mome
in Gd0.67Ca0.33MnO3 order antiparallel to the manganes
giving rise to ferrimagnetism. Furthermore, we find that n
only does this material remain insulating when it becom
magnetically ordered, but we also find that no structural d
ference exists between the ferrimagnetic and paramagn
state. This is consistent with models that require a struct
change, as well as the ferromagnetic ordering of the man
nese atoms, to explain the metal-insulator transition and
large magnetoresistance that accompanies it.

II. EXPERIMENT

A. Sample preparation

Three types of samples were prepared: polycrystal
pellets, float-zone crystals, and thin films. Polycrystalli
samples of Gd0.67Ca0.33MnO3 were made using standard c
ramic synthesis techniques. Gd2O3, CaCO3, and MnO were
6453 © 1997 The American Physical Society
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6454 55G. JEFFREY SNYDERet al.
repeatedly reacted in air at 1250 °C for several days. Pe
were cold pressed and sintered under the same condit
Powder x-ray diffraction showed single phase orthorhom
perovskite~Pnma; a55.52 Å, b57.50 Å, c55.34 Å! as re-
ported previously.1

From this material, float-zone crystals were grown usin
CO2 laser heated pedestal growth system.8,9 The approxi-
mately 1-mm-diameter crystals were grown at about 1 cm

The solid source metal-organic chemical-vapor deposi
reactor used to grow the films in this study has been
scribed previously.10 The 2,2,6,6-tetramethyl-3,5
heptanedionato~TMHD! organometallic complexes used fo
Gd, Ca, and Mn were, respectively, tris~TMHD! gadolinium,
bis~TMHD! calcium, and tris~TMHD! manganese LaAlO3
substrate temperatures of 600 °C were used in an oxy
partial pressure of 3–4 torr. 1500-Å-thick films we
grown at approximately 45 Å/min. The films were then a
nealed in flowing oxygen at 950 °C for several hours a
cooled slowly~;20 °C/h! to room temperature. The compo
sition of the source material was based on our experie
with lanthanum-based compounds.3

B. Magnetization measurements

A Quantum Design MPMS2 superconducting quantum in
terference device magnetometer was used for magnetiza

FIG. 1. Low-temperature magnetization of Gd0.67Ca0.33MnO3
measured in a 5-kOe field and zero field after cooling in a la
field ~remnant!.

FIG. 2. Inverse magnetic susceptibility of bu
Gd0.67Ca0.33MnO3. Solid line is the high-temperature fit t
x5meff

2 /@8~T2Q!# described in the text.
ts
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M and resistivityr measurements at temperaturesT from 2
to 400 K and magnetic fieldsH up to 6 T. Measured data o
thin films contained contributions from the film and th
LaAlO3 substrate, which is diamagnetic with a small cont
bution from a paramagnetic impurity.3 The ferrimagnetic
transition temperatureTc was estimated by three methods, a
of which give the same result~60.2 K! in the molecular field
model.11 The remnantTc is the temperature where the bu
of the magnetization, in zero or small field, vanishes. T
inflectionTc is the temperature of the inflection point in th
M vsT curve. The ArrottTc is the temperature where theM

2

vs H/M curve extrapolates to the origin.12

C. Electronic transport measurements

Four leads were attached with indium for measureme
less than 400 K or polyimide-based silver epoxy for abo
400 K ~in air! either in the van der Pauw13 or conventional
configuration. dc currents were chosen well within t
Ohmic regime. Offset voltages were subtracted by revers
the current. Voltages were measured at several slightly~up to
20%! different currents to calculate the precision. For res
tances greater than 106V or T,100 K, two point resistance
measurements were made using an electrometer.

D. XAFS measurements

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

e
FIG. 3. Low-temperature and high-field magnetic susceptibil

x5@M ~60 kOe!2M ~40 kOe!#/20 kOe, of Gd0.67Ca0.33MnO3 crystal.
Inset, hysteresis loop at 5 K.

FIG. 4. Arrott plot of polycrystalline Gd0.67Ca0.33MnO3 pellet.
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55 6455LOCAL STRUCTURE, TRANSPORT, AND RARE-EARTH . . .
tion Laboratory using powder samples~grain size less than
30mm. The sample temperature was regulated using an
ford helium cryostat system within 0.1 K~absolute tempera
ture may be as much as 2 K warmer!. Data for this experi-
ment were collected above and belowTc , atT569 K and 40
K. Data reduction and analysis followed standard procedu
reported previously.14

III. RESULTS

A. Magnetism

The polycrystalline pellets, crystals, and thin films all d
play a ferromagnetic transition and a compensation temp
ture ~Fig. 1!, which is characteristic of ferrimagnets. Bo
bulk materials, polycrystalline pellet and float-zone crys
have very similar magnetic properties, while the film
slightly different. The molar magnetic susceptibilityx ~Fig.
2! above 200 K can be fit to the Curie-Weiss law:x
5meff

2 /@8 ~T2Q!# with meff
2 571 mB

2 andQ534 K. The dif-
ference in the susceptibility of the crystal compared to tha
the pellet at high temperatures may not be significant. T
hysteresis loop at 5 K~Fig. 3! shows an additional high-field
paramagnetic response not expected for a mean-field f
magnet. The experimental values ofTc are summarized in
Table I. An example of the nonlinearM2 vsH/M Arrott plot
is given in Fig. 4. The calculated magnetization and inve
susceptibility for the molecular field model described bel
is shown in Fig. 5.

B. Electronic transport

The resistivity can be well approximated b
RhTexp(Ea/kBT) ~Fig. 6!, predicted by small polaron hop

TABLE I. Transition temperatures for Gd0.67Ca0.33MnO3.

TComp ~K!
Arrott
Tc ~K!

Remnant
Tc ~K!

Inflection
Tc ~K!

Polycrystalline pellet 17 52 60 80
Single crystal 17 56 62 78
Thin film 13 70 81 88

FIG. 5. Magnetization and inverse magnetic susceptibility c
culated for Gd0.67Ca0.33MnO3 using the simplified mean-field
theory described in the text andTc583 K, TComp517 K. The con-
tribution to the magnetization of each sublattice is shown in das
lines.
x-

es

a-

l,

f
e
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e

ping conductivity.15,16Below about 150 K~Fig. 7!, the resis-
tivity is somewhat better described byR0 exp(T0/T)

1/4,
which is commonly attributed to variable range hopping17

The quantitative aspects of the fits is discussed below.
thin-film and crystal samples show no transition to a meta
state down to 5 K. No extraordinary magnetoresistance
observed in the entire temperature range. The magnetor
tance at 200 and 300 K is a few percent in a 70-kOe fie
and approximately proportional toH2 ~Fig. 7!. Reliable re-
sistivity data could be measured on the crystal sample do
to 40 K. No discontinuity in the resistivity was found ne
Tc .

C. XAFS

The primary quantity in XAFS data analyses
x(k)5[m(k)2m0(k)]/m0(k), wherek is the ejected photo-
electron wave vector,m(k) is the total absorption due to th
absorbing atomic species, andm0(k) is the portion ofm(k)
that does not include the photoelectron backscattering
neighboring atoms. This backscattering causes an inte
ence at the absorbing atom which is manifest as oscillati
in x(k). A Fourier transform ofkx(k) thus produces peak

l-

d

FIG. 6. High-temperature resistivity during heating and cooli
a Gd0.67Ca0.33MnO3 film, ln~r/T! vs 1/T. Inseta, comparison with
ln~r! vs 1/T. Insetb, comparison with ln~r! vs 1/T1/4.

FIG. 7. Low-temperature resistivity of Gd0.67Ca0.33MnO3 crys-
tal, ln~r! vs 1/T1/4. Inseta, comparison with ln~r/T! vs 1/T. Solid
lines show linear best fit to the data shown. Insetb, magnetoresis-
tance of a film at 200 and 300 K; solid line is the quadratic fit.
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that correspond to the distribution of atoms around the
sorbing atom. Figure 8 shows these Fourier transforms.

The agreement between the data above and belowTc is
very good and places limits on any atom-position chan
around either the Gd or Mn atoms within 0.005 Å, a
changes in the Debye-Waller broadening factor to 0.002

IV. DISCUSSION

Gd0.67Ca0.33MnO3 displays the properties of a ferrimag
net, much like the garnet ferrite Gd3Fe5O12.

18 At about 60 K,
the transition metal spins order, dominating the magnet
tion. As the temperature is lowered, the opposing magn
zation of the weaker coupled rare-earth ions increases, s
they behave almost as though they were free paramag
spins reacting to an internal field. Figure 3 is essentially
magnetic susceptibility of these rare-earth moments, show
an approximatex}1/~T1TComp! behavior until the Gd

31 mo-
ments effectively order antiferromagnetically with respect
the manganese moments belowTComp. At the compensation
temperatureTComp, the rare-earth and transition metal su
lattice magnetizations exactly cancel~in zero field!. Below
TComp, the magnetization of the rare-earth ions, which ha

FIG. 8. Fourier transform ofkx(k) from ~a! Mn K-edge and~b!
Gd L III -edge data on Gd0.67Ca0.33MnO3. The solid lines are data
collected atT569 K, while the triangles~n! are data collected a
T540 K. Agreement between data above and belowTc is well
within the errors of the experiment. Transform ranges for the
edge data are from 3.5–12.5 Å21 and Gaussian broadened by 0
Å21. Transform ranges for the Mn edge data are from 3.2–12.521

and Gaussian broadened by 0.3 Å21.
-
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larger spins, dominates. This is best seen in zero-field r
nant data which shows the magnetization changing sign
TComp. The change in sign of the zero-field magnetization
characteristic of a ferrimagnet and not that of a spin glass
the presence of magnetic fields greater than the coer
field, the stronger sublattice flips to align parallel with th
field, giving the minimum inM at TComp as seen the 5-kOe
data.

Due to the stronger 3d exchange interaction compared
that of the 4f , we expect the Mn-Mn coupling to be strong
than the Mn-Gd, and the Gd-Gd interaction to be negligib
Since the observed Curie temperature is about that expe
from the trend found in the manganese ferromagnetic ord
ing temperature as a function of the average of theR andA
atom size inR0.7A0.3MnO3.

6 If we assume for now that the
Mn-Mn interaction in Gd0.67Ca0.33MnO3 is ferromagnetic,
the ferrimagnetism must then arise from a weaker, antife
magnetic Mn-Gd interaction. Thus, unlike the ferrites, whe
the dominant interaction is antiferromagnetic between
two transition-metal sublattices, the strongest magnetic c
pling in Gd0.67Ca0.33MnO3 is ferromagnetic, much like tha
found in the rare-earth cobaltites, e.g., GdCo5.

19

The above description of the magnetization can be b
stered using a simple molecular or mean field model.11 As-
suming that all atoms on each sublattice~Mn or Gd! feel the
same mean field, there are only two unknown mean-fi
coefficients due to the Mn-Mn and Mn-Gd interaction
These two coefficients are easily determined, since they
nearly proportional toTc andTComp, respectively. This mo-
lecular field model~Fig. 5! reproduces the qualitative fea
tures described above.

The discrepancies in the salient features discussed be
may result from the simplifications of the model, and t
assumptions behind it. The evidence concerning the m
netic structure of the manganese in the ferromagnetic ins
tor phase points to a canted antiferromagnetic structure ra
than a simple ferromagnet. The magnetic structure
Pr0.67Ca0.33MnO3, which is on the boundary betwee
ferromagnetic-insulator and ferromagnetic-metal lo
temperature phases,6 has been extensively studied. Neutro
diffraction shows Pr0.67Ca0.33MnO3 to have a charge-ordered
canted-antiferromagnetic structure in the low-temperat
phase with ferromagnetic moment about half of the total
pected moment.20,21 A compound clearly in the
ferromagnetic-insulator part of the tolerance-factor ph
diagram, much closer to Gd0.67Ca0.33MnO3 than
Pr0.67Ca0.33MnO3, is La0.2Y0.5Ca0.3MnO3. This compound
appears to be ferromagnetic with about half the expec
ferromagnetic moment,6 which could be explained by a
canted antiferromagnetic state similar to that found
Pr0.67Ca0.33MnO3. Thus, one should expect the ferromagne
moment of the Mn ions in Gd0.67Ca0.33MnO3 to be half that
predicted in the above molecular field model. If the Gd m
ments are also canted to the same degree, then the pred
magnetization will be qualitatively the same for the uncan
case~Fig. 5!, only half the magnitude; namely, there will sti
be a compensation temperature.

The model is further limited by the obvious simplifica
tions: not only are there two distinct types of Mn atom
~Mn31 and Mn41!, but there are numerous possible config
rations for the number and type of near neighbors due to

d
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randomness on the Mn and Gd/Ca sites. The discrepa
among the various values ofTc determined by the three
methods mentioned is an example of non-mean-field fe
magnetic behavior. Such atomic disorder can result in a s
glass, and indeed a spin-glass insulating low-tempera
phase was found in~TbxLa12x!0.67Ca0.33MnO3 in place of the
ferromagnetic insulator state. The compou
Tb0.67Ca0.33MnO3 should be in the same region of th
tolerance-factor-phase diagram as Gd0.67Ca0.33MnO3 and
La0.2Y0.5Ca0.3MnO3. The Tb compound is apparently a pu
spin glass with no long-range magnetic order.7 The question
of the existence or nonexistence of spin-glass behavio
Gd0.67Ca0.33MnO3 is beyond the scope of this investigatio
However, it is clear that Gd0.67Ca0.33MnO3 has long-range
magnetic order. The distinction is most obvious in the Arr
plot ~Fig. 4!, which shows that Gd0.67Ca0.33MnO3 has a non-
zero magnetization whenH50 below Tc , while
~Tb0.33La0.67!0.67Ca0.33MnO3 does not.7 The other striking
feature of Gd0.67Ca0.33MnO3 is the existence of a compens
tion point, which, to our knowledge, cannot be explained
a spin-glass magnetic system.

The saturation magnetization per mole
Gd0.67Ca0.33MnO3 expected from the Gd31 s57

2, l50 is
m5~0.673237/2! mB54.67mB , while high-spin manganes
gives spin only~orbital contribution quenched! m5gsmB ,
g52 so m52 mB@0.6732 ~from Mn31!10.3333

2 ~from
Mn41!#53.67 mB . The simple two sublattice Gd and M
ferrimagnetism described above predicts a zero-tempera
saturation magnetization of 4.67mB23.67mB51.00mB ~if
there is any canting of the sublattices, such as that
Pr0.67Ca0.33MnO3,

20 a smaller moment is predicted!. This is
roughly what is observed. The mean-field calculation p
dicts a constant moment forT,5 K, while the data show an
almost linear increase inM for 2,T,5 K. Also, the peak in
the magnetization, observed at about 50 K in the 5-kOe d
is less than the 1.9mB predicted in the mean-field calcula
tion.

The large field-dependent magnetization seen at 5 K is not
predicted in the simple mean-field calculation. It is not u
common, however, to observe such a field-induced incre
of the magnetization in canted ferromagnetic or ferrima
netic systems,22,23and it is used as evidence of the ferrima
netic sublattices canting away from antiparallel.24 The mag-
netic field affects the canting angle, which results in t
magnetization increasing nearly linearly with field, even
T50 K.22 If this large susceptibility were due to a seco
phase with free paramagnetic spins, then this phase w
have to contain at least half of the available spins and ha
1/T temperature dependence for allT. This is not seen in Fig
3. Instead, the high-field susceptibility maximizes nearTComp
~Fig. 3!, which is typical of an antiferromagnet wit
TN'TComp. This is predicted in the mean-field calculatio
for a ferrimagnet.11

Susceptibility data above 200 K fit to the Curie-Weiss la
with U534 K andmeff

2571 mB
2. For quantum mechanica

spinsmeff
2 per mole is expected to be 63mB

2: 22m B
2(0.673

4
23 6

2 )516 m B
2 from Mn31; 22m B

2(0.333 3
23 5

2 )55 m B
2

from Mn41; 22m B
2(0.673 7

23 9
2 )542 m B

2 from Gd31. This
extra moment, which is also observed in La0.67Ca0.33MnO3,

3

may be due to the orbital contribution in the manganese io
Since the two sublattices have different coupling energ
cy
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the susceptibility aboveTc will not obey a simple Curie-
Weiss law even in the mean-field approximation~Fig. 5!.
The simple mean-field model of the above ferrimagneti
requiresTc/U.3.11 This is clearly not the case for the me
sured parameters. Alternatively, the addition of a Pauli-l
susceptibilityx0 to the fit,x5x01meff

2 /@8~T2U!#, will reduce
the contribution frommeff . For example, an equally good fi
to the data can be found withmeff

2 563 mB
2, x057.731026

emu G21 g21, andU550 K.
Since Gd31 has the largest spin of the rare-earth elemen

it should have the highest ordering temperature. If the
evant exchange interaction is due to spin-spin coupling of
rare-earth and manganese atoms, then the strength of
interaction will be proportional to the spinS of the rare-earth
ion. From this relation, we can estimate the ordering te
perature of the rare-earth moments in related compound
be about 7 K for Nd0.67Ca0.33MnO3 and 5 K for
Pr0.67Ca0.33MnO3. This should result in a decrease inM at
low T. This appears at temperatures lower than these e
mates, if at all,25,26perhaps indicating an interaction streng
proportional toS2, the square of the rare-earth spin, or sim
ply that these moments do not order antiparallel to the m
ganese moments.27

The electrical resistivity of Gd0.67Ca0.33MnO3 is consis-
tent with adiabatic small polaron hopping conductivi
RhTexp(Ea/kBT),

15,28 Rh52kB/3ne
2a2n, particularly at

high temperatures. Here,kB is Boltzmann’s constant,e is the
electronic charge,n is the number density of charg
carriers—about 0.7 carrier per Mn—a is the site-to-site hop-
ping distance, andn is the longitudinal-optical phonon fre
quency. This behavior has also been observed in the
containing compound.3,16Resistivity data are often displaye
on an Arrhenius plot@ln~r! vs 1/T#, which will give a straight
line for a band-gap semiconductor,1,29providing the mobility
is not temperature dependent. The slightly different tempe
ture dependence of the data provides the significant non
earity in such a fit~Fig. 6!. We infer a polaron hopping
activation energyEa of 1940 K, and an attempt frequency o
831013 s21. The small polaron mechanism implies that u
like a band-gap semiconductor, the highly temperatu
dependent quantity is the mobility, not the carrier concen
tion. A high, temperature-independent carrier concentra
is consistent with Hall effect measurements
La0.67Ca0.33MnO3.

3,30

The resistivity of the manganites has also been attribu
to variable-range hopping due to Anderson localization.31 At
temperatures less than 150 K, this picture produces a so
what better fit to our data~Fig. 7!, but is clearly inferior to
the polaron model at high temperatures~Fig. 6!. The fit to
R0 exp(T0/T)

1/4 givesT051.73109 K. In the theory of vari-
able range hopping,32,33kBT0'21/[z3N(EF)] wherez is the
decay length of the localized wave function, andN(EF) is
the density of localized states at the Fermi level. Forz'a
53.9 Å, the distance between neighboring Mn atoms, t
implies N(EF)'2.431018 eV21 cm23, which is typical for
disorder semiconductors, but about 1500 times less than
density of states found in the specific heat of mangan
which become metallic at low temperatures~'5
mJ mol21 K22!.34

Unlike the colossal magnetoresistance mangani
Gd0.67Ca0.33MnO3 does not have a metal-insulator transitio
or a large magnetoresistance near the Curie temperature
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6458 55G. JEFFREY SNYDERet al.
negative magnetoresistance is only of order 1% in la
fields and is proportional toH2 ~or M2, since it scales with
x2! like that observed in La0.67Ca0.33MnO3 in the paramag-
netic state.30 Thus, Gd0.67Ca0.33MnO3 is clearly in the class
of 1

3 doped manganites which, due to the small size of Gd
31,6

change from paramagnetic insulators to ferromagnetic in
lators atTc . There is much interest in finding a structur
change atTc in the giant magnetoresistive manganites, sin
it is predicted to have a large effect on the resist
transition.4 There is now evidence35–38 for a decrease in
structural disorder as the magnetoresistive manganites
come ferromagnetic metals. Gd0.67Ca0.33MnO3 shows the
contrapositive: there is no discontinuity in the atomic dis
der for a material which does not become metallic atTc .
This has also been noted in manganites with different dop
concentrations: La0.88Ca0.12MnO3 ~Ref. 35! and
La0.5Ca0.5MnO3.

38

V. CONCLUSION

Gd0.67Ca0.33MnO3 is ferrimagnetic with a compensatio
temperature of about 15 K due to the interaction and ord
ing of the Gd31 moments. The qualitative features of th
magnetic properties can be accounted for with a simple
sublattice ~Gd and Mn! molecular field model. The large
high-field susceptibility at low temperatures may indicate
canting of the magnetic sublattices. Contrary to the conc
sion in Ref. 7 that there does not exist long-range magn
l
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order ~only spin-glass magnetism! in the ferromagnetic-
insulator region of the tolerance-factor phase diagra
Gd0.67Ca0.33MnO3 shows definite long-range order and
compensation point which cannot be explained by spin-g
phenomena alone. The resistivity is consistent with sm
polaron conductivity over a broad temperature range, wit
possible crossover to a different mechanism such as varia
range hopping at low temperatures. There is no noticea
change in the structure, as determined by XAFS, or cond
tivity at the ferrimagnetic transition. Recent theoretical a
experimental work concludes that structural effects atTc are
associated with the metal-insulator transition and large m
netoresistance. Since Gd0.67Ca0.33MnO3 is in the doping re-
gime where a metal-insulator transition and large magnet
sistance arenot observed atTc , this work supports that
conclusion, i.e., that a significant structural change is ass
ated not with the ferromagnetic transition, but with th
metal-insulator transition.
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