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Interplay Between Electronic Transport and Magnetic Order in Ferromagnetic
Magnetic Manganite Thin Films

M.F. Hundley, J.J. Neumeier*, R H. Heffner, Q.X. Jia, X.D. Wu, and J.D. Thompson
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

The transition metal oxides Lai..AMnO; (A = Ba, Ca, or Sr) order ferromagnetically with
Curie temperatures ranging from as low as 50 K to well above room temperature. Magnetic order
in these compounds results in a concomitant metal-insulator transition. The feature displayed by
the manganites that is most important technologically is the extremely large negative
magnetoresistance that achieves its largest values near the magnetic ordering temperature.
Qualitatively, this colossal magnetoresistance (CMR) phenomenon involves the suppression of the
relatively sharp maximum in the resistivity that is centered at Tc. When considered collectively,
the anomalous temperature-dependent transport properties, the CMR effect, and the magnetically
ordered ground state indicate that a novel interplay between magnetism and electronic transport
occurs in the manganites. General features of the magnetic-field and temperature-dependent
electrical resistivity and magnetization as displayed by PLD-grown thin films are examined.
Particular emphasis is placed on what these measurements tell us about the conduction process
both above and below the magnetic ordering temperature.

INTRODUCTION

The electronic transport and magnetic properties of the doped ferromagnetic (FM)
semiconductors La;«AMnO;.; (A = Ba, Ca, or Sr) were first examined many years ago [1,2].
Undoped LaMnQ; is an insulating super-exchange antiferromagnet (AFM), while divalent
substitution for La’" leads to a mixed Mn**" nominal valence, a FM ground state intimately
associated with a metal-insulator (MI) transition at Tyg = T, and the colossal magnetoresistance
(CMR) [3] effect. The unusual temperature and magnetic field dependent resistivity exhibited by
these compounds reflects a novel interplay between magnetism and electronic transport that does
not occur in conventional metals, ferromagnets, or semiconductors. The concept of Double
Exchange (DE) was proposed to account qualitatively for the close interplay between magnetic
order and electronic transport in these compounds [4]. The recent rediscovery of the CMR effect
[5,6] has lead to renewed interest in these compounds with an emphasis on moving beyond the
basic notions of DE in order to uncover the physical mechanisms involved in the CMR effect.
The emerging theoretical picture is that DE alone cannot account for the physical behavior of the
CMR system at other than a very crude level [7]. Instead, it may be that the CMR effect stems
from an interplay between magnetic exchange and a strong electron-phonon interaction that
occurs due to the Jahn-Teller (JT) active octahedrally coordinated 3d* ions present in these
materials [7]. In this scenario [8] the interplay between the spin, charge, and lattice degrees of
freedom leads to localized small-polaron quasiparticles in the paramagnetic state, while long-
range order delocalizes the carriers, leading to metallic-like large polaron transport below Tc. In
support of this picture, experimental evidence [9-11] indicates that de-localized polaron-like
effects persist below Tc.

In this paper we examine three aspects of electronic transport and magnetism in manganite
thin films. First, we examine the general temperature and magnetic field dependence exhibited by
PLD-grown thin films and compare them to the properties displayed by polycrystalline bulk




samples. Second, to determine how resistivity and magnetic order are interrelated in these
‘compounds we present the results of careful p(H,T) and M(H,T) measurements performed on
high-quality Lag;Cao;MnO; thin films with the goal of determining the functional correlation
between these quantities. Lastly, to determine the dependence of the CMR effect on Tc, we
examine the temperate and H-field dependent resistivities of a series of Lag7A93MnQ;.; thin films
with Tc’s ranging from 150 to 350 K. We will show that the CMR effect is a strong function of
sample Tc. Throughout this paper, the correlations and dependencies exhibited by the manganites
will be employed to make important insights into the nature of the mechanisms responsible for the
CMR effect.

EXPERIMENTAL

Highly oriented 1000 A thick films were deposited on (100) LaAlO; substrates with pulsed-
laser deposition (PLD) from composite targets of Lag7A¢3MnO; (A = Ba, Ca, or Sr). The PLD
process which was carried out in a 200 mTorr oxygen atmosphere. In agreement with previous
work [6,12,13] a post-anneal is critical in order to obtain high-quality films. OQur films were
therefore annealed in flowing oxygen at 950 °C for ten hours. This process raises Tc, drops p by
two to three orders of magnitude, and sharpens the magnetic signature of the FM transition.
Rutherford back-scattering measurements indicate that the annealing process increases the
oxygenation by 1% to 3%. Scanning-tunneling and atomic-force microscopy reveal that the
annealing process produces a ten-fold increase in grain size (to roughly 500 nm). The post-
annealed films were patterned using conventional photolithography and ion milling into a six-
terminal configuration suitable for p and Hall effect (Ry) measurements. Electrical contacts were
made with a silver conductive paint. Four-probe Ry and p measurements were performed using dc
currents ranging from 1 nA to 1 pA. The temperature was controlled with a capacitance
thermometer during field sweeps (critical when examining samples with a large dp/dT), while the
zero-field temperature was determined with a carbon-glass temperature sensor. All
magnetoresistance (MR) data presented here are transverse MR (current in the film plane, H
applied perpendicularly to the film plane); the MR is defined as Ap/p, = (p(H)-p(H=0))/p(H=0).
Magnetization measurements were performed with the same sample orientation using a Quantum
Design SQUID magnetometer.

RESULTS

p(H.T) in CMR films

The temperature-dependent zero-field resistivity and 2 kOe magnetization of a Lay 7Cag:MnO;
film grown with a substrate temperature T, of 600 C are shown in Fig. 1. The H=0 and H = 50
kOe resistivities for this same film are depicted in Fig. 2. Arrott plots (H/M vs. M?) indicate that
Tc =250 K % 5 K for this specimen; this is precisely the temperature where the resistivity and MR
are largest. The resistivity displays Arrhenius behavior above Tc with an activation energy E, =
0.1 eV (1160 K). Hall measurements at 300 K give a carrier concentration n ~ 0.3 carriers per
formula unit, a drift mobility up ~ 0.02 cm?’/V-sec, and a mean-free path smaller than a lattice
constant. The short mean-free path and very small mobility suggest that conduction proceeds via
nearest-neighbor adiabatic small polaron hopping above T rather then by semiconducting
transport. Recent thermopower and Hall effect measurements confirm this view [14,15]. Below
Tc, p drops sharply, reaching values characteristic of a dirty metal below 30 K (~ 140 pQ-cm). A
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Fig. 1. p(T) and M(T) for a film with Tc = 250 K. Fig. 2. p(T) in H = 0 and 50 kOe (left axis) and transverse
- MR(T) in 50 kOe (right axis).

50 kOe applied H-field drastically suppresses the peak in p at Tc: Ap/p.(50 kOe) = -85% at Tc.
Below T¢/2 the MR is essentially zero. Measurements on annealed films with Tc's ranging from
150 to 350 K confirm the previous observations [5,6,12,13] that both the resistivity and the MR
peak at Tc. Further, for a given field strength, Ap/p,(Tc) is generally larger for samples with
smaller transition temperatures (see below). For example, a specimen with Tc = 150 K displays a -
99.6% MR in 50 kOe. For comparison, Jin, ef al. [12] report a -99.92% MR in a T¢ ~ 80 K film
at 60 kQOe.

The field-dependent resistivity of the Tc = 250 K Lag 7Cao3MnO; film is displayed in Fig. 3.
Below 100 K the negative MR is extremely small (-0.7% at 100 K in 50 kOe). The data in Fig. 3
show that the MR grows as T increases, reaching its largest saturation values near Tc¢; the field
sensitivity FS = (1/p)(dp/dH) is a maximum just below Tc (FSpax(240 K) = -9x10° Oe™* at 4 kOe,
FSmax(250 K) = -6x10”° Oe™ at 13 kOe). Despite the very large MR near T in 50 kOe, the low-
field MR is very small (Ap/p, at 240 K is -1.6% and -0.02% in fields of 1 kOe and 100 Oe,
respectively). p(H) does not exhibit cusp-like behavior (a discontinuous dp/dH at H = 0) at any
temperatures, fine-scale measurements near H = 0 reveal that p varies as H? for H < 2 kQe. Above
Tc the MR rapidly drops with increasing temperature.
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Fig. 3. Transverse MR(H) at number of temperatures ~ £18- 4. Ca-doped Polycrystal o(T) in H = 0 and 50 kOe
from T<100 K to 300 K. (left axis) and transverse MR(T) in 50 kOe (nght axis).




. - . There are important qualitative differences

‘ 0.0¢ La,Ba MnO, 1  between the temperature-dependent
magnetoresistance of thin film and bulk

0.1 TE) polycrystalline samples. These differences are

. 300 clearly evident when comparing p(H,T) data
o-02¢ 250 ] for a 33% Ca-doped polycrystalline sample
< o (Figs. 4 and 5; Tc ~ 225 K) with that of a thin
03 100 ] film specimen (Figs. 2 and 3). The zero-field
50 resistivity of the polycrystalline bulk sample

V4r ‘ , . .10 . ]  exhibits the same overall temperature
60 -40 20 0 20 40 60 dependence as the film. In general the MR

H (kOe) - effect is similar as well, displaying the largest

effect at temperatures centered about Tc. The

: , key difference occurs at temperatures well

Fig. >. Traﬁ?;;iﬁeggﬁl ga;gg%e(;ig tyerystal at below Tg; w@e epitaxial films and single

crystals [16] display essentially zero MR at
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below Tc. This difference is a manifestation of the dissimilarities in p(H) for films and

polycrystalline samples. p(H) data for a 33% Ba-doped polycrystal specimen (Fig. 5; Tc ~ 350 K)

indicate that there is an additional low-field MR effect in polycrystalline samples that is not

present in epitaxial specimens. This strongly H-dependent low-field effect is responsible for most

of the MR at low temperatures, while its contribution is essentially nonexistent near Tc. This

strongly field-sensitive low-temperature MR contribution has been attributed to intergranular
charge-transport effects that do not occur in bulk crystalline samples or epitaxial thin films [17].

Transport-Magnetism correlations in CMR films

Figures 1, 2 and 3 indicate that both dp/dH and dp/dT are largest in the vicinity of T¢; this is
precisely the region where dM/dT is a maximum and where an applied H-field could have the
greatest effect on the microscopic magnetism. Clearly, there is a close interrelationship between
ordered magnetism and charge transport in the manganite CMR compounds. To explore the

relationship between p(T) and M(T), these

_ quantities are plotted in Fig. 6 for the same
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Fig. 6. p(T) in H = 0 (solid line) and 50 kOe (dashed line) depend on both the local ordered moment and
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200 K (not shown) are strongly field-
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dependent below a characteristic field H, = S kOe. This suggests that M is governed by local
magnetism above H,, while M is determined by the evolving FM domain structure below H,. The
data in Fig. 6 therefore suggest that /n(p) follows -M(T) in fields sufficient to make the observed
bulk magnetization reflect the local magnetic order.

To more fully examine the p-M correlation hinted at by Fig. 6, careful measurements of
p(H,T) and M(H,T) were made; the results are presented in Fig. 7 where p(H,T) is plotted versus
M(H,T) rather than as a function of H or T. The data were measured at nine temperatures from
272 K to 10 K in fields sufficient to saturate the domain structure (i.e., at H > H,). The data
display a correlation encompassing a two orders of magnitude variation in p that can be
parameterized as

p(H,T)=pm exp (-M(H,T)/ M} . (1)

The least-squares fit shown in Fig. 7 gives pn = 21 + 3 mQ-cm and 47M, = 2.02 + 0.02 kG. For
temperatures above T¢ where FM fluctuations are not observed (at T > 280 K the film is purely
paramagnetic, i.e. McH) p and M are no longer related by Eqn. 1; instead, the resistivity varies as
M?. The nature of the fit in Fig. 7 suggests that the complex T- and H-field dependent transport in
La;..A:MnQOs is controlled by the underlying magnetization that develops near and below Tc.

This resistivity-magnetism correlation was first observed in the manganites by Hundley et al.
[9] and it has since been confirmed [14,18] by a number of other research groups on thin film
samples. Muon spin resonance measurements also detect this relationship between the local zero
field magnetization and the resistivity in bulk samples [10]. These bulk measurements indicate that
the p-M correlation is not a thin-film artifact, but instead is a manifestation of the physical
mechanism responsible for the CMR effect in the manganites. Because the correlation is universal
and holds throughout the temperature range below T¢ it is clear that the CMR compounds are not
conventional ferromagnetic metals even well below T and that electronic transport is influenced
by magnetic order in a highly unconventional manner.

The phenomenology expressed by Eqn. 1 provides important insight into the transport
mechanism in the ordered regime. There is no clear theoretical framework that fully describes the
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Fig. 8. Wp(M) as calculated from Eqns. 3 and 4 and with Eqn. 5. The fitting parameters are indicated in
M(H,T) data presented in Fig. 7. The solid line shows the figure.

Wp(M) as calculated via Eqns. 3 and 6.

transport state below Tc, making it difficult to determine meaning of this p-M correlation. One
approach is to assume that the adiabatic small polaron hopping description that is valid above Tc
will still apply over a limited temperature range below the ordering temperature. The resistivity of
an adiabatic small polaron system is given by [19]

p =p,Texp(E,/ kT) @

where p, is a constant, and kg is Boltzmann’s constant. The resistivity activation energy E, is
related to the binding energy of an adiabatic polaron Wp (a measure of the degree to which charge
carriers are localized) by [19]

W, ‘
EP=TP—J+E0 , 3)

where E, is the carrier concentration activation energy as determined from the thermopower
(those measurements indicate E, = 10 meV for 30% Ca-doped manganite films [14]) and J is the
bandwidth; for polaronic systems the bandwidth is considerably smaller than the binding energy
(we assume J = Wp/10).

In order to determine the effect magnetic order has on the polaronic charge carriers we seek a
relationship between Wp and M. An expression for E, is realized by equating Eqns. 1 and 2,

E, = k r[m[%)—%} , @

By employing the M(H,T) data displayed in Fig. 7, Eqns. 3 and 4 allow a determination of
Wp(M). The resulting binding energy-magnetization relationship is presented in Fig. 8. The
Wp(M) plot. yields the surprisingly simple result that the binding energy linearly decreases with
increasing magnetization. This relationship holds from the onset of magnetic order down to 150
K; this is the temperature where a polaron description is no longer valid because Wp is less than
the phonon energy of 40 meV [20]. A clearer understanding of this Wp-M correlation can be




obtained by eliminating temperature in Eqn. 4. The M(T) data depicted in Fig. 9 are well
«described by the expression

T

M(T) = Ma(l——T-c—) , | ©)

with a ~ 1/3; this exponent is characteristic of a 3d Heisenberg ferromagnet. By inverting this
expression, temperature can be eliminated from Eqn. 4 and the resistivity activation energy
becomes ‘ ‘

M MY M s
E, = k Tc(a - —M—0+(1—a)(Ma] Yt O[(M/Ma) U , ©)
where a = In(p,/p,T). Wp as calculated with Eqn. 6 is included in Fig. 8 as the solid line running
through the data points. This expression makes it clear why Wp varies linearly with M: the third-
order term only becomes non-negligible when M is a large fraction of M,.

The linear relationship between polaron binding energy and magnetization indicates that the p-
M correlation is simply a manifestation of the fact that below Tc the developing magnetic order
acts to gradually delocalize the charge-carrier quasiparticles. This delocalization can be brought
about by either reducing the temperature or by applying a magnetic field. In either case M(H,T)
controls the transport process. The picture that emerges is that of localized small polaron
transport at high-T/low-H that evolves into delocalized large polaron transport at low-T/high-H.
Small polarons are highly resistive whereas large polarons compounds [21] can exhibit resistivities
comparable to poor metals (~100 u€) cm). The CMR effect comes about from this order-induced
carrier delocalization process, an M(H, T)-controlled process that has a profound effect upon the
resistivity. '

CMR Te dependence

To determine the dependence of the CMR effect on T¢, we examine the temperature- and H-
field dependent resistivity p(H,T) of a series of Lag7A03MnQs.; thin-films (A = Ba, Ca, and Sr)
with Tc¢'s ranging from 150 K to 350 K. Both the zero-field resistivity and the magnetoresistance
are strongly dependent upon a given film's ordering temperature; low-T¢ films exhibit a substantial
negative MR, while films with T¢'s above 300 K exhibit a more modest MR ratio.

Transport and magnetism measurements were performed on a series of six Lag7A¢3Mn0;3.s
thin films grown via pulsed-laser deposition (PLD). The highly oriented, 1000 A-thick films were
deposited on (100) LaAlO; substrates in a 200 mTorr oxygen atmosphere. The films were post-
annealed in flowing oxygen at 950 °C for ten hours. Sample T was controlled both by varying the
dopant element A [1], and by varying the substrate temperature Ts used during the deposition
process. Growth parameters for each film, along with their respective magnetic ordering
temperatures (determined from magnetization Arrott plots), are presented in Table I. The Ca-
~ doped films (films 1-4) have T¢'s ranging from 150 K to 290 K, while the Ba and Sr-doped films
(films 5 and 6) have T¢'s that are above room temperature. Both the FM transition width and the
low. temperature saturation magnetization are Ts-independent. Details of the underlying sample-
to-sample differences (stoichiometry, microstructure, etc.) that are responsible for the variation in
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Tc in the Ca-doped samples will not be considered here; the variation is most likely due to Ts-
dependent differences in excess oxygen content [13].

The H = 0 resistivities of the films with T¢ < 300 K are depicted in Fig. 10a. Sample 1 (Tc =
152 K) exhibits a sharp drop in p below Tc [p(4K)p(Tc) = 5x10*] and activated behavior
(activation energy E,~ 0.1 eV) above Tc. Samples 2 and 3 also exhibit activated behavior above
Tc with similar E, values. For the other samples, p(Tc) progressively decreases with increasing
Tc. Well below Tc, p saturates to a value near 100 uQ-cm for all samples. When normalized by
their respective low-T resistivities, p(T > Tc) roughly fall on a common curve for all samples.

The T-dependent magnetoresistance MR(T) in 50 kOe is shown in Fig. 10b. Sample 1 displays

a wide, flat-topped peak centered at

Tc with a maximum MR of Ap/p, = -
TABLE I Stoichiometry, substrate temperature Ts, and magnetic 0.996. With increasing Tc the MR
ordering temperature Tc for the six La; (AxMnOs;5 thin-film

specimens considered here. All films were identically post- data indicate the following trends: (a)

annealed. the width of the MR peak decreases,

I— v (b) the MR peak temperature Tpax

Sample Number A X Ts (°C) Tc(K) shifts somewhat below Tc, (c) the
1 Ca 03 900 152 magnitude of the MR peak decreases,

2 Ca 0.3 750 224 and (d) Ap/p, is very small at T <<

3 Ca 0.3 600 255 Tc for all six films. MR(T) data

4 Ca 03 500 292 measured in H < 50 kOe indicate that

5 Ba - 03 600 325 Tmax approaches T¢ as H is increased.

6 Sr 0.3 600 350 - The H-dependent magnetoresistance

MR(H) for samples 1-6 at their
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Fig. 12. Normalized resistivity plotted against 1000/T for samples
1-6 at their respective ordering temperatures in both zero field and
50 kOe.

respective ordering temperatures are shown in Fig. 11a in fields to 100 kOe. Sample 1's MR
saturates at a value near Ap/p, = -1 in 25 kQOe; sample 2's MR also saturates, but in a larger H-
field and at a smaller value of Ap/p,. The magnetoresistance of samples 3-6 do not saturate even
in the largest fields applied. Extrapolations of the MR data to H > 100 kOe for these higher-Tc
films suggests that the saturation values of Ap/p, decreases with increasing Te.

The key finding from the MR(T,H) data presented in Figs. 10 and 11 is that the size of the
CMR effect decreases with increasing film Tc. This result is summarized in Fig. 11b where
Ap/ps(50 kOe) at Tc¢ is plotted against sample T¢ for films 1-6. The 50 kOe field essentially
saturates the MR of sample 1 (T¢ = 152 K), reduces p by 50% for the film with a T¢ near room
temperature, and only reduces p by roughly 20% for the high-Tc Sr-doped film (film 6). This
CMR T dependence is simply a reflection of the fact that the order-induced drop in p that occurs
below T¢ is far larger in low-Tc samples than in high-T¢ samples. This is made clear in Fig. 12,
where p(Tc) in both zero field and 50 kOe is plotted versus 1000/T¢ for the six films; the
resistivity is normalized by the low-temperature (4 K) saturation resistivity. The quantity
p(Tc)/p(4 K) is a measure of the reduction in p brought on by complete FM order. In zero-field
p(Tc)/p(4 K) varies as exp(E,/Tc) with an activation energy E, = 0.1 eV. This is the same
activation energy evident in p(T > T¢) in films 1-3. The normalized resistivity in 50 kOe is
essentially Tc-independent. The zero-field and 50 kOe results in Fig. 12 lead directly to the
expression '

Aplp, = Bexp(-E,/T.)-1 (7)

that is displayed in Fig. 11b (with B = 20). The data in Figs. 11b and 12 indicate that the key
quantity that controls the MR in a given film is the normalized resistivity p(Tc)/p(4 K) (which is
set by Tc), and not just p(Tc). Hence, attempts to increase p(Tc) by growth non-optimization

should also increase p(4 K), and would presumably have little affect on the magnitude of the
CMR effect. ‘




CONCLUSIONS

The characteristic H-field strength sufficient to substantially reduce p provides insight into the
charge-carrier's nature. In a single-electron description the characteristic field Hex required to
affect p by influencing the magnetic order is roughly given by gSusHes ~ ksTc. With g =2, S =
1.85 (valid for x = 0.3), and Tc = 250 K, we find Her ~ 1 MOe, 100 times larger then the 10 kOe
field required to significantly reduce p experimentally. This indicates that an energy scale far
smaller than the FM exchange energy (J = kgTc) characterizes the conduction process in these
_ compounds. The effective energy scale is quite small (Eex ~ 58 peV (0.7 K) for Heg ~ 10 kOe),
and it presumably characterizes the magnetic polaron. The rapid rate at which the polaron binding
energy is reduced by the order-induced magnetization indicated in Fig. 8 (dWp/dM ~ 20meV/kG)
also indicates that the polaron is destroyed at a rate far above what would be expected on simple
energy scale arguments. While there is clear local-structure [22] and transport evidence [14,15]
for the existence of the small polarons above Tc, the challenge is to extend our theoretical
understanding of the underlying physics that describes the interplay between magnetic order and
polaronic quasiparticles in the CMR manganites.

The strong H-field and T dependencies of p appear to be dictated by the local magnetism in
Lag7CaosMnQ;. The nature of the p(H T)-M(H,T) correlation suggests that below Tc the
conduction process involves quasiparticle hopping. The considerable H and T dependence of p in
the doped lanthanum-manganates indicates that the nature of the quasiparticle must be
qualitatively altered by the application of an H-field or by a reduction in temperature. It appears
that the magnetization that develops as a result of magnetic order acts to delocalize the trapped
polaronic carriers by progressively reducing the electron-phonon binding energy Wp.

The field-dependent resistivity measurements on a series of six PLD-grown CMR films
indicate that the magnitude of the CMR effect is determined by a given film’s magnetic ordering
temperature. Films with a low T exhibit both a large drop in the resistivity in the FM state and a
large, negative magnetoresistance, while both effects are significantly smaller in films with a high
ordering temperature.
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