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Abstract

The transport properties of the tetravalent ion-doped Lag §Zry,MnO3 (LZMO)
film, with strong magnetic—resistive correlation, have been studied. Vacuum
annealing was adopted to modify the valence of Mn of the film. During the
vacuum annealing process, the resistivity of the film increased overall and
the metal-semiconductor transition shifted to lower temperature and finally
vanished. The Hall effect studies revealed that the charge carriers were hole-
like and the density of the carriers decreased with the oxygen escaping from
the film. The x-ray photoelectron spectroscopy showed that the Mn ions in the
film were driven from a mixture of Mn** and Mn** to that of Mn?* and Mn>*.
When the Mn3* and Mn?* ions were dominant in the film, no resistive—magnetic
correlation was observed. These results indicated that the magnetic—resistive
correlation in the LZMO film was attributable to the interaction between Mn**
and Mn** ions.

1. Introduction

The colossal magnetoresistance (CMR) effects in the manganite perovskite oxides
La;_,M,MnOs, where the M is a divalent ion such as Ca%*, Sr**, Ba%* or Pb%*, have attracted
worldwide attention [1]. The CMR effects can be explained by the double-exchange (DE)
model qualitatively. In the DE scenario, the electron hopping between the Mn** and Mn**
ions, with the help of intermediate oxygen, can produce a magnetic coupling among the
ions [2, 3]. The presence of Mn ions with different valences is essential to DE. LaMnOj is an
antiferromagnetic (AFM) semiconductor at low temperature because of the absence of Mn**
ions [4]. Without DE, the superexchange between Mn3* ions is dominant, and the activation-
type conduction prevails due to the full occupation of the e,; band and the complete emptiness of
the eg> band. Mn** ions can be oxidized into Mn** ions by replacing some of the La** ions with
divalent ions, equivalently to doping holes into the ey band. On the other hand, if substituting
some of the La** ions by tetravalent ions, Mn>* ions will be deoxidized into Mn?* ions, which
is equivalent to introducing electrons into the eg, band. Effects of tetravalent ion doping,
including Ce**, Zr**, Sn** and Te**, have been studied extensively [5—13]. Mandal and Das [8]
reported the Ce-doped LaMnO3, and observed the paramagnetic—ferromagnetic (FM—PM)
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transition and metal-semiconductor transition (MST), which were similar behaviours to the
hole-doped manganites. Furthermore, the Ce-doped films were studied by photoemission/x-
ray absorption spectroscopy and Hall effect to ascertain the electron-doped nature [9-11]. It
seems, at a first glance, that all the data obtained were consistent with each other and could be
accommodated into a frame based on electron-doping. To explain the strong magnetic—resistive
correlation in the electron-doped manganites, the presence of DE between Mn?* and Mn>* has
been proposed [8]. Recently, however, some groups have researched the Lag7Cep3MnO3 film
and found that the film was hole doped, not electron doped [12-14]. All these indicate that
the character of the charge carriers in Ce doped manganites is under debate. To clarify the
debate, it is necessary to further study other tetravalent ion-doping manganites. In fact, Hall
effect measurement is a simple and effective means to distinguish the character of the charge
carriers. In this paper, we report on the transport properties of a Lag §Zry ,MnO3; (LZMO) film,
and find that the resistive-magnetic correlation is attributable to the interaction of Mn** and
Mn** ions, not that of the Mn2* and Mn3* ions.

2. Experiment

The bulk target was prepared by solid-state reaction methods. La;O3;, MnCO3 and ZrO,
powder with the La:Zr:Mn ratio of 0.8:0.2:1 were mixed in a mill for 1 h. The mixture was
calcined in air at 950 °C for 16 h, followed by 1200 °C for 24 h with an intermediate grinding.
The product was then pressed into a target after a ball milling of 2 h, and calcined in air at
1350°C for 48 h.

The LZMO film of the thickness of ~120 nm was grown on the (001) LaAlO3; (LAO)
single crystal substrate, using the pulsed laser ablation technique described elsewhere [15].
The temperature of the substrate was kept at 700 °C and the oxygen pressure was 80 Pa during
the deposition. A post-annealing of the film at 700 °C for 30 min in air was performed to
improve the crystallization of the film (called as-prepared sample hereafter).

The crystal structure of the film was characterized by the x-ray diffraction (XRD)
measurement. The electrical resistivity was measured by a four-probe method, and the
magnetic properties were studied by a superconducting quantum interference device (SQUID)
magnetometer. X-ray photoelectron spectroscopy (XPS) was performed to analyse the valence
of the Mn ions.

3. Results and discussion

Figure 1(a) shows the XRD pattern of the LZMO target. It is obvious that besides the peaks of
the ABOj; phase, the peaks of ZrO, appear, indicating that it is difficult for the Zr to be doped
into manganites for the target. Figure 1(b) shows the XRD pattern of the LZMO film: only the
reflection from the (00/) peaks of the LZMO film and the LAO substrate, no other peaks are
detectable, demonstrating that the film was of single phase and c-axis orientated. The energy
dispersive x-ray spectrometry (EDX) analysis gave a La:Zr:Mn ratio of 0.77:0.221:1, agreeing
well with the target.

The temperature dependence of resistivity and magnetization for the as-prepared sample
is shown in figure 2. The film is metallic below peak temperature (7, ~ 260 K) and
semiconductive above T,. The simultaneous occurrence of MST and magnetic transition
indicates a strong correlation between these two processes. In order to change the valence of
Mn, the film was heated in a vacuum of ~10~* Pa to a predetermined temperature between 200
and 500°C at a rate of ~100°C h™!, then cooled to room temperature. Lower temperatures
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Figure 1. The XRD pattern of the LZMO. (a) The LZMO bulk target; (b) the LZMO film.

were used first to control the release of oxygen, then higher temperatures for a further oxygen
depletion. After every annealing, the resistivity was measured as a function of temperature,
as shown in figure 3. Vacuum annealing caused a gradual low-temperature shift of the MST,
accompanying a considerable resistivity increase. The MST shifted from 260 K to ~150 K,
then vanished and never reappeared.

Effects of oxygen content on the crystal structure of the LZMO film have been studied
by XRD. The change of the (004) peak of LZMO film after selected vacuum annealing is
shown in figure 4(a). The peak moves to a lower angle, indicating an expansion of the out-
of-plane lattice. The lattice expansion is produced by the deoxygenation of the Mn ions due
to the release of oxygen. The MST temperature decreases linearly with the increase of the
out-of-plane lattice constant from 260 to ~150 K, then it vanishes for further oxygen release
(figure 4(b)). The results are similar to that observed in the hole-doped Lag ¢7Cag 33MnO;
(LCMO) film [16], which means that the MSTs of LZMO and LCMO films have a similar
dependence on the oxygen content.
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Figure 2. Temperature dependence of resistivity and magnetization of the as-prepared LZMO film.
The thin line marks the simultaneous occurrence of resistive and magnetic transitions.
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Figure 3. Temperature dependence of resistivity against vacuum annealing.

The resistivity obeys the following relation:
p(T) o Tpoexp(Ea/ksT)

for a small polaron conduction [17], where p is the resistivity, E, the activation energy and
kg the Boltzmann constant, respectively. This gives a satisfactory description for the LZMO
film, as seen in figure 5(a). In(o(T")/T) is linear with 1/ T above T},, and the activation energy
E, can be calculated from the slope. The activation energy increases with the expansion of
the lattice (figure 5(b)), and the relation between E, and the lattice constant can be fitted by
a straight line. The activation energy of LCMO [16] was also given in contrast with that
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Figure 4. (a) The change of the (004) XRD peak of LZMO film after vacuum annealing. (b) The
out-of-plane lattice constant dependence of the MST temperature; the data of the LCMO film are
cited from [14].

of LZMO. It is interesting that the activation energies of LCMO and LZMO have the same
relation to lattice constant, and also the same the activation energy, which indicates that the
LZMO film and the LCMO film have similar relations between activation energy and oxygen
content.

According to the proposal [8] that the DE between Mn?** and Mn** determines the
magnetic and transport properties of tetravalent ion doped manganites, the vacuum annealing
will bring an increase of Mn?Z* content, thus the interaction between the Mn2* and Mn3*
will be strengthened. This actually leads to a decrease in resistivity and an increase in MST
temperature. Obviously, it is a complete contradiction to the experimental results, implying
that the assumed interaction between Mn?>* and Mn>* jons may be incorrect. As an alternative,
considering that the transport behaviours of the LZMO film are similar to the LCMO film,
the strong magnetic—resistive interplay in the as-prepared sample may be attributed to the
interaction between Mn** and Mn** ions. For the vacuum-annealed sample, the releasing of
the oxygen leads to a decrease of the content of Mn** ions, which weakens the DE between
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Figure 5. (a) 1/T dependence of In(p(7)/T) of the LZMO film. (b) The relation between
activation energy and the lattice constant of the LZMO film and LCMO film [14]. The solid line
is a guide for the eye.

the Mn** and Mn** ions; consequently, the resistivity increases and the MST temperature
decreases.

The Hall effects have been studied to distinguish the character of the charge carriers in
the LZMO film. The film was patterned by the conventional lithographic method into a four-
terminal Hall geometry. The Hall resistivity was measured on a commercial physical property
measurement system (PPMS-14, Quantum Design). The experiment was performed in the
temperature range from 25 to 275 K and the magnetic field (H) range from O to 10 T. An
alternating current mode was used to eliminate undesired effects. Two Hall voltages were
measured by rotating the sample by 180° around the applied current in a fixed field to remove
the offset voltage due to the asymmetric Hall terminals or subsisting magnetoresistance.

The Hall resistivity (p,,) against magnetic field for the as-prepared sample is shown in
figure 6. It is clear that p,, can be classified into two well-defined parts: the sharp drop in
the low field range and the linear increase with applied field for higher fields. The former is
called the anomalous Hall effect, due to the rotation of magnetic domains, while the latter is
the normal one. This is a typical feature of a ferromagnet, and a simple description [18]

Pxy = RspoM + RypoH
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Figure 6. Magnetic field dependence of the Hall resistivity of the as-prepared LZMO film
(Tp = 260 K) measured at various temperatures.

has been given if the demagnetization factor is set to unity, where Rs and Ry are the
anomalous and normal Hall coefficients, respectively, (o the vacuum permeability, and M
the magnetization. The increase of temperature causes an inclining of the linear part of the
pxy—HoH curve in the meantime enhancing the anomalous Hall effect, especially near the
Curie temperature. It is interesting to note that the p.,—uoH slope for the linear part of this
curve is positive. This reveals the hole-like character of the charge carriers; in other words,
the substitution of Zr does not produce electron doping in the present case. We further studied
the influence of vacuum annealing on the Hall effect to trace the variation of carrier type and
density. It is found that the general features of the relation between p,, and joH remain
unaffected except for a change in the values of anomalous and normal Hall resistivity. The
Hall effect stays hole-like down to 7, = 226 K, below which (7, < 226 K) the large offset
voltage and magnetoresistance disturb a reliable determination of p,,.

The effective carrier number calculated from Ry using Ry = 1/gn is shown in figure 7 as
a function of temperature. Itis ~0.55 holes/Mn site at T = 25 K for the as-prepared sample.
With the increase of temperature, the carrier number exhibits a slight increase and saturates at
~0.6 holes/Mn site above 135 K. This value is smaller than that observed in Lay 7Cap3MnOj3
(~2 holes/Mn site), but comparable to Lag7Sro3MnO3 (~1 holes/Mn site) [19]. A steep
drop of the carrier density appears as the temperature approaches 7,, which has been observed
in other manganites [20, 21] and attributed to the change of conduction mechanism around
T, [22]. Vacuum annealing leads to a decrease of n. The Hall effect results are consistent with
the previous vacuum annealing data.

The x-ray photoelectron spectroscopy (XPS) was also performed on the film to verify
the valence of the Mn (figure 8). For the as-prepared sample, the Mn 2ps3,, peak is located
at 642.0 eV, which is between the values of peaks of Mn** (642.2 eV) and Mn** (641.8 eV)
(the binding energy of Mn 2p;, of Mn?* is 640.6 eV [6]). The XPS spectrum of Mn in
Lag7Cap3MnO; was also given to be compared with that of LZMO film. The coincidence
of the Mn 2p spectrum of the as-prepared sample with that of Lajy;Cap3MnO; indicates a
similar Mn ion valence in the two manganites. Those results imply that the Mn** and Mn**
ions dominate in the as-prepared film and the sample is hole doped. Obviously, the valence of
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Figure 8. Mn 2p XPS spectra of as-prepared sample and the last vacuum-annealed sample (7,
0 K). The Mn 2p XPS spectrum of Lag 7Cap3MnOs is given in contrast with that of LZMO. Peak
positions for Mn?*, Mn** and Mn** are marked by thin lines.

the Mn ions will decrease when the oxygen escapes from the film. The oxygen release even
drives the Mn** and Mn** ions into Mn?*, which is confirmed by the XPS spectrum of the
last vacuum-annealed sample (7, 0 K). The Mn 2p3,, peak is located at 640.9 eV, between
the peaks of Mn?* and Mn**, indicating that the Mn>* and Mn>* ions dominate in the sample
and the film is truly electron doped, but in this electron-doped film there is no MST observed
and the resistivity is extremely large, which is obviously different from the electron-doped
manganites reported previously.
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The reasons for the appearance of hole-like doping effects could be the presence of
cation vacancies. There are two possibilities for introducing the cation vacancies. One is
the composition distribution in the sample. The nanometre ZrO, domains may be formed
in the LZMO, which could not be detected by x-ray diffraction, just like the Ce-doped
manganites [12]. However, the structure and lattice constant of ZrO, are completely different
from those of CeO,, which means that it is difficult for ZrO, to grow epitaxially in the LZMO
film, so the density of the nanometre ZrO, domain should be very low. The other possibility for
the cation vacancies is excessive oxygen in the sample, which may always occur accompanying
tetravalent ion doping due to the requirement for chemical equilibrium. As a consequence, the
Mn ions mainly stay in the state of Mn>* and Mn**. Mn?* ions could also exist; however, their
content may not be high. It is easy to show that to get a Mn**:Mn?* ratio of 0.2:0.8 excessive
oxygen content of ~8% is enough, within the tolerance of manganite perovskites. In fact, it
has been revealed that for the manganites Mn ions prefer to stay in the Mn** and Mn** mixed
valence state, and in the case of Mn**:Mn** = 0.7:0.3 it is difficult to remove oxygen from or
insert oxygen into the manganite lattice [23]. This explains why significant excessive oxygen
always exists in the LaMnOs films prepared under the conditions for an ordinary hole-doped
manganite film. With this in mind, excessive oxygen in LZMO is possible. The presence of
cation vacancies can also be recognized from the resistive behaviour of LZMO. It is found that
the residual resistivity of the as-prepared LZMO film is ~2.7 x 10~ Q cm, much larger than
that of the LCMO film [14] (~4 x 10~* Q cm) with a similar Curie temperature.

4. Conclusion

In summary, the transport properties of the LaggZro,MnO; film with strong magnetic—
resistive correlation, which was believed to be an electron-doped manganite, have been studied.
Releasing oxygen by annealing the film in vacuum drove the resistivity of the film to increase
and the MST temperature to decrease. These were behaviours usually occurring in a hole-
doped manganite. The hole-like character of the charge carrier was further confirmed by Hall
effects and the XPS data. It is possible that the presence of cation vacancies counteracts
the effect of Zr** ions, resulting in a hole-doping effect. When the average valence of Mn
was less than 3+, i.e., the sample was truly electron doped, no magnetic—resistive correlation
was observed. The results will be helpful to understand the CMR effect of the tetravalent
cation-doped manganites.
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