Chapter 6

Effect of Magnetism on the
Barrier Height

6.1 Introduction

One of the characteristic features of perovskite oxides is the ab di nce of magnetic
ground states present [1]. Among the materials with ferroma¢ 3« ground states,
perovskites including manganese are attracting significant attc tion for their high
Curie temperature and the strong coupling of the ferromagnetic zround state to the
electrical properties, making them potential candidates for magnetic devices [2—4].
The physics of manganites is complex due to the similar energy scales involved in
the interactions between structural, electronic and magnetic degrees of freedom.
The magnetic interactions have been based on the double exchange interaction be-
tween Mn-O-Mn nearest neighbors [5,6] and the strong coupling with the lattice in
connection with the Jahn-Teller distortion of the Mn-O octahedra [7]. The most
significant property of the manganites is the so called colossal magnetoresistance
(CMR), which is the large negative magnetoresistance exhibited close to T¢ as seen
in St or Ca doped LaMnQOj3 shown in Fig. 6.1 [8]. The robust crystal structure of the
perovskite enables different A-site cation occupation in manganites. The magnetic
and the electronic phase diagram of four such examples of A-site cation combination
are shown in Fig. 6.2. It is evident that the conductivity, magnetic ground states
and the ordering temperatures can be tuned by specifying the desired A-site cation
and the stoichiometry.

After the success in fabrication of manganites in thin film form [11], research
on interfaces using manganites has accelerated by strong motivation to fabricate
devices. The field investigated most significantly is in magnetic tunneling junctions
[12-14], taking advantage of the fully spin-polarized ground state in Lag 7St 3MnOs.
Recently there has also been emerging interest in more fundamental building blocks
such as pn- or pin- junctions [15,16] and in Schottky junctions, with motivations
to demonstrate the bulk magnetic properties in junction structures. Examples in-
clude La; ,Sr,MnOjz [17,18], La;_,Ca,MnO3 [19] or La;_;Ce,MnO3 [20,21]. The
majority of the measurements in these junctions are I- V' characteristics which show
device operation with characteristic features of the bulk manganites as a function

70



£ 20
s 1
AR earaaiaciis
5 1ol 05T
b eevrrresoressoossozan,
i .g 05 o.n/’
8 ol tentremees]| N
54 = B jac ;
o 100+ \ )
3 ol S
(=] E r g
= G tdl S
Q % O ~"”\M-u
> = g2
= & 40 2
R%) 2 T2
8 of  meor
. )
F 80 [ ~0— 0T - pTIATT; & ]
B gol —m-IMT)-pHTIRUT y&d-; % 3
b= ]
g" 40 [® 0 0-0.0.0.0-0-0" J’. ]
x 20 P 4
oL . s . = il : L T2eny;
200 300 400 o] 50 100 150 200 250 300 350
(a) Temperature{K) (b) Temperature (K}

Figure 6.1: Temperature dependence of the resistivity under applied magnetic field
in (a) Laj_,Sr,MnOy (x = 0.175) [8] and (b) Lag5CagesMnOy together with mag-
netization and magnetoresistance [9]. '

of temperature or magnetic fields. However, in order to understand the character-
istic features evidenced in I-V or other junction characterizations, it is essential
that the band alignment at the interface is understood. The importance of interface
band alignment and its sensitivity to magnetism has already been pointed out in
the major fields of spintronic devices in other material systems.

In the studies of electrical injection of highly polarized spins in Schottky junc-
tions using ferromagnetic metals [22-24] or heterojunctions between a non-magnetic
semiconductor and dilute magnetic semiconductors (DMS) [25-28], it has been
known that the injection efficiency is very sensitive to the interface barrier for-
mation [29-31]. For example, a substantial difference in the SBH is expected by
changing the surface termination of GaAs in Fe/GaAs Schottky junction, influenc-
ing the spin injection efficiency [31]. Also the coupling of magnetism and junction
properties at the interface can be seen in spin selective heterostructures. A metal-
insulator-metal tunneling junction with europium chalcogenide as the insulator has
shown a large magnetic field sensitivity in the tunneling current [32], which later
proved to be due to the change in the built-in potential existing from spin ordering
of the 4f electrons [33]. Similar experiments using DMS has been done in Au/n-
Cd;_oMn,Se [34] or Au/n-Cd;_,Mn,Te [35] Schottky junctions producing sugges-
tive evidence of built-in potential change induced by magnetic field. However the
origin of the field induced barrier change has not been understood solely by the bulk
magnetic properties of the semiconductors. _

Most of the studies in spintronics have used well established conventional semi-
conductors as part of their structures. In the case of manganite based junctions,
the strong interaction between the many degrees of freedom makes them a challeng-
ing system to investigate for the various possible effects on the interface electronic
structures.
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Figure 6.2: Magnetic and electronic phase diagram versus z for (a) Laj_;Sr;MnOs3,
(b) Pry_;Sr;MnOs, (¢) Pr;—,Ca;MnO3 [8] and (d) La;—,Ca,MnOs [9]. Abbrevi-
ations: F - ferromagnetic, P - paramagnetic, AF - antiferromagnetic, C - canted
magnetic structure, Ty - ferromagnetic Curie temperature, T - Neel temperature,
M - metal, I - insulator and CO - charge ordered phase.
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A suitable model system is required to investigate the effect of magnetism at the
interface. From recent reports, we focus our study in the system Lag7Sro3sMnOj_s
/Nb:SrTiO; in which large magnetic field dependence in the forward bias current
is observed (Fig. 6.3) [17]. The absence of the effect in Lag 7Sro3MnOy raises the
question of the role of oxygen deficiency in Lag7Srg3sMnQO;3_s. The temperature
dependence of the effect can be seen in the plot of the dc-conductance and the zero-
bias capacitance shown in Fig. 6.4. The exponential decrease in the de-conductance
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Figure 6.3: (a) Magnetic field dependence of the Lag 7519.aMnO4_; junction forward

bias characteristics at 10 I{. (b) Magnetic field dependence of the Lag7Srg3sMnOy
junction forward bias characteristics at 10 K [17].

and the linear decrease in the zero-bias capacitance both suggest a reduction in the
depletion width, on the assumption that the current transport process is FE and
the measured capacitance is the depletion capacitance. However, as in many cases,
the junction characterization through /-V or C-V always involve application of
bias voltage which hinders the extraction of the physical parameters at thermal
equilibrium.

6.2 Motivation

In this study, we investigate the magnetic field sensitive Schottky junction in Lag7
Srg3MnOs(_s/Nb:SrTiO3, making it a potential candidate device element for mag-
netic field sensitive transistors or magnetic field sensors. The study is aimed at
clarifying the physical origin of the magnetic field dependence in the junction and
gain insights for effective methods to design heterostructures for functionalities cou-
pled to magnetic field. Internal photoemission is used to determine the SBH at
thermal equilibrium which is compared with other measurements to understand the
detailed band diagram of the system.
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Figure 6.4: Magnetic field dependence of the Lag7Srg3MnO;_s junction character-
istics at various temperatures. (a) Zero-bias junction capacitance for magnetic field
sweeps across £8 T. (b) Differential conductance for magnetic field sweeps across
+8 T. The junction bias was fixed to correspond to 0.02 A/ cm? at 8 T indicated by
arrows for 10 K in Fig. 6.3(a), corresponding to 0.76 V, 0.71 V, and 0.59 V at 10,
40, and 100 K, respectively [17].

6.3 Experimental

Table 6.1: Growth conditions for the Lag 7SrosMnOs(_5/Nb:SrTiOs Schottky junc-
tions.

Lag 7519 3sMnO3  Lag 7519 3MnO;3_s
Substrate Nb:SrTiO3
Nb = 0.01 wt%
Oxygen Partial Pressure (Torr) 250 1.0
Substrate Temperature (°C) 750
Laser Fluency (J/cm?) 4.0

The junctions were fabricated by the PLD method under the conditions shown
in Table 6.1, which are the same as those reported by Nakagawa et al. [17]. The
electrical contacts for the junctions were made by using silver epoxy paint (Epotek)
and ultrasonic solder for the Lag7Srg3sMnOs_s5) and Nb:SrTiOs, respectively. For
in-plane transport measurements, silver epoxy was used to make four contacts onto

the film surface.
Measurements of /- V, C-V and IPE were conducted inside a liquid helium cryo-

stat (Physical Property Measurement System, Quantum Design). Unless stated
otherwise, the magnetic field was applied perpendicular to the junction surface in
all the measurements.
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6.4 Results and Discussions

6.4.1 Thin Film Characterization

The lattice constants of Lag7SresMnO;_; was determined from X-ray 20-0 diffrac-
tion (XRD) measurements shown in Figs. 6.5 and 6.6. The absence of diffrac-
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Figure 6.5: Wide range XRD spectra for (a) Lag7SrgsMnO3_; and (b)
Lag-SrgsMnO;4. The peaks correspond to the Nb:SrTiO3 (00n), showing the epi-
taxial growth of the Lag 7Srg3sMnOg_4) films.

tion peaks other than (00n), corresponding to those perpendicular to the surface
of the substrates, indicates the epitaxial growth of the films and the absence of
secondary phase formation. From the high resolution measurements around the
(002) peak. the out-of-plane lattice constants of the films are estimated to be 3.872
A(Lag 7Sr3Mn0O3) and 3.858 A(Laﬂ,-,Sru‘gMnOs_é). Since the c-axis lattice con-
stant of Lag7SrosMnO; single crystal is reported to be 3.889 A (36], both films
on SrTiO; substrates are contracted in the out-of-plane direction. Notice that the
out-of-plane lattice constant for Lag 7Srg3MnO;_s is smaller by 0.36% than that of
Lag7Sro3MnO3, implying the stronger tensile strain in Lag7SrosMnOj_;.

Lag 7510 sMnOy films were deposited simultaneously on SrTiO4(001) substrates
under the same conditions as those on Nb:SrTiOj;. The resistivity of the films
are shown in Fig. 6.7(a). The peak temperature in p-T is reduced by ~ 60K
from ~ 340K for Lag7SrosMnO3 to ~ 280K for Lag7SrgsMnO3_s. The resistivity
measured under applied magnetic field of 6 T revealed a change in the resistivity
similar to the behavior reported in Ref. [17] where a larger magnetoresistance was
observed for Lag7SrosMnO;_s compared with Lag7Srg3MnOj;. The reduced peak
temperature from p—T is consistent with the reduced Curie temperature determined
from the magnetization measurement carried out using a SQUID magnetometer
shown in Fig. 6.7(b). To first approximation, the reduced Curie temperature in
Lag 7Sro3MnO;_s can be interpreted as reduction in the hole concentration, which
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Figure 6.6: High resolution XRD scan around Nb:SrTiOj3 (002) for Lag 7Srg 3sMnO3_s
(red) and Lag 7Srp3MnOjz (blue).
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Figure 6.7: (a) Resistivity and (b) magnetization of Lag7Srg3MnOj3 (blue lines) and

Lag 7SrpsMnO;3_; (red lines) under applied magnetic field of 0 T (solid lines) and 6
T (dotted lines).
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enables us to estimate the hole concentration in Lag 7Srg sMnO;_s from the magnetic
phase diagram of La;_,Sr;MnOj3 (Fig. 6.8) [37]. Assuming the valency of lanthanum
as La®T and of oxygen as O?~, the hole concentration of La;_,Sr,MnO3_s on the
Mn site is z — 2d. From Fig. 6.8, the hole concentration corresponding to a T of
280 K is x = 0.175 which gives us an estimate for the oxygen deficiency of § ~ 0.06
from 0.3 — 2§ ~ 0.175.
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Figure 6.8: Magnctic and clectronic phase diagram of La;_,Sr,MnO; [37].

6.4.2 General Junction Characterization
I-V Characteristics

The temperature dependence of rectifying Lag 7Sro.sMnOs(_s) /NDb:SrTiO3 junctions
measured under zero magnetic field is shown in Fig. 6.9(a) and (b). A shift in the
onset voltage of the forward bias current is seen with decrease in temperature for
both junctions. The semi-logarithmic plot shown in Figs. 6.9(c) and (d) demon-
strate the linear voltage dependence of the forward bias current and their evolution
with temperature. A systematic decrease in the reverse bias current Jg, which is
independent of voltage, is seen in both junctions above ~ 100 K, below which an
increase in the Jg is seen as the temperature is decreased. The low temperature Jp
shows a large voltage dependence which differs from the high temperature reverse
bias current. Comparison of the low temperature reverse bias current is shown in
Fig. 6.10 for LagrSro3sMnOs and Lag.7SrosMnO;_; at 10 and 50 K. The voltage
dependence of it has been given many explanations such as: Zener tunneling, im-
‘pact ionization breakdown, image force lowering, etc. Among the various voltage
dependences often observed at interfaces and bulk conduction in insulators, the volt-
age dependence in the case of Lag 7SrosMnO3_s can be fitted satisfactorily with the
Poole-Frenkel emission formula

J ~Vexp(aVV/T). . (6.1)
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The smaller current at higher temperature is also consistent with Eq. (6.1). The
Poole-Frenkel emission process is likely to be dominating at 10 K for Lag 7Srg 3MnO3,
however it is interesting that the identical formula does not apply at 50 K implying
the possible presence of different conduction process.
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Figure 6.9: Temperature dependent /-V characteristics for (a) Lag7Srg3MnOj s
and (b) Lag7Srp3sMnOj in linear scale. Semi logarithmic plot shown in (c) and (d)
respectively.

Another possibility for the Jg behavior at low temperatures is the effect of the
electric field dependent permittivity in SrTiO3. The decrease in the dielectric per-
mittivity at the interface by the electric field narrows the depletion width resulting
in a higher tunneling probability. Using the SBH obtained from the IPE measure-
ments and a nominal value for Np in Nb:SrTiO4, the calculated electric field at
the interface, E, ..., and the depletion widths at various reverse bias voltages are
shown in Fig. 6.11. It is apparent that the effect of reverse bias voltage on E,,..
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is strongly enhanced as the temperature is reduced. The bias voltage effect on the
total depletion width is small at low temperatures where tunneling is more likely.
Approximating the reverse biased band bending as a triangular potential, the tun-
neling probability is estimated to be P x exp(—1/Enq:) from Eq.(3.33), which
indicates that higher electric fields give higher tunneling probability.

It is not certain whether or both the Poole-Frenkl or the permittivity effect are
dominating process of Jg, since no functional formula is available for FE process in
Schottky junctions incorporating the effect of electric field dependent permittivity.
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Figure 6.10: [-V characteristics at reverse bias in Lag 7Srp3sMnO3_5 and

Lag 7510 sMnO; measured at 10 K (closed circles), 50 K (open circles). The data
have been shifted so as to set the onset of the current at V = 0.

Based on the assumption of a thermoionic emission process across the junction,
the SBH and the ideality factor n is determined from Eq. (3.31) in Fig. 6.12.

iy e 4 | i
J&= ATT exp( T ) exp (ukT) (6.2)

Here we set the effective Richardson constant A* to be 156 Acm~2K~?, which cor-
responds to the effective mass m* = 1.3mg for Nb:SrTiO; (38]. The extracted SBH
decreases with decrease in temperature with a change in the slope between 60 <
T < 100 K. This implies the disappearance of the barrier heights with decrease in
temperature, which is inconsistent with the rectifying behavior observed even at the
lowest temperature (Fig. 6.9). This is a clear indication that the transport process
other than TE should be dominant at low temperatures. One obvious candidate
is the TFE or FE process. In order to determine the dominance of these processes,
Eo, a measure of field emission contribution in -V, was calculated from the ideality
factors for each temperature using the relation Ey = nk7/q. The relation between
Eo and the thermal energy are plotted in Fig. 6.13. Fitting to the experimental data
using Eq.(3.38) are shown as dotted lines. A relatively good agreement is obtained
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Figure 6.11: Calculated (a) electric field at the interface and (b) the depletion
width in Lag 7Srg3sMnO;3_5/Nb:SrTiO;3 (red) and Lag 7Sro3sMnO3/Nb:SrTiO3 (blue)
based on equations from [52]. ®gp = 1.31 eV (1.18 eV) for Lag7Sro3MnO; 4
(Lag.7Sro3sMnO3) and Np = 3.3 x 10" cm~3 have been used as input parameters.
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Figure 6.12: (a) Schottky barrier heights and (b) the ideality factor n deduced from
I-V characteristics based on the thermoionic emission model for Lag7Srg3MnQO4
(blue) and Lag 7Srp3MnO;3_;s (red). Decrease in the barrier height with decrease in
temperature is observed in both junctions.
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Figure 6.13: Parameter FEy calculated from the slope of the I-V curves in Fig..6.9
for Lag 7SresMnOy (blue solid) and Lag 7St sMnOy_;s (red solid). The dotted lines
represent the fitting curves using Eq. (3.38), which estimates values of Ego = 2.7(9.3)
meV for Lag 7SrpsMnO;3 (Lag 7SrgsMnO3_s).

in the case of Lag7SrosMnOs with the fitting parameter Foo = 2.7 meV. Attempts
to fit the Lag 7Sro3MnO;_; data succeeds in the temperature range between 100 K
and 250 K, but fails to explain the behavior at lower temperatures. The best fit
using Fgo = 9.9 meV predicts a saturation below ~ 37 K, but Ey shows an up-
turn which is unexpected even for TFE or FE. Therefore we can conclude that the
high temperature current transport process is likely to be TFE but the low tem-
perature characteristics in Lag7S1o3MnO3_; cannot be explained by a simple FE
process. Similar analysis carried out by Susaki et al. [39] have presented evidence
of crossover from TFE to FE behavior in both of these junctions. The differences
between Ref. [39] and the present data are suspected to be due to the difference in
the subtle growth conditions or the differences in the fitting region for estimating
the ideality factors.

From the temperature dependence of the I-V characteristics, we have found that
the transport process is dominated by TFE in the high temperature region and at
low temperatures, evidence for non-trivial additional current transport process have
been found.

C-V Characteristics

The temperature dependence of C-V characteristics are shown in Fig. 6.14 for
Lag 7St3MnO;3_s and Lag7SrgsMnOj3. The built-in potentials were estimated by
fitting the C~2-V with Eq. (5.7) for low temperatures (T' < 200 K)and Eq. (3.61)
for high temperatures (7' > 200 K). In the case of Eq. (5.7), the curves were fitted by
using three free parameters, namely the built-in potential V;; and the two prefactors
in the linear and the quadratic terms. The curved behavior in Fig. 6.14(a) indicates
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a stronger internal electric field at the interface of Lag 75r; 3MnO;_s compared with
that of Lag 7Srg sMnO;. This contradicts the built-in potential results in Fig. 6.14(c)
where the built-in potential is larger for Lag 7Srg sMnOj.
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Figure 6.14: Temperature dependence of the C-V characteristics for (a)
Lag 7Srg3MnO;3_5 and (b) Lag 7Sr; 3sMnOj3 and (c¢) the estimated built-in potentials.

One possible reason could be that the assumption of Schettky junctions in
Lag7SrgsMnOj_s is not justified. As we have estimated from the reduced T,
a pn heterojunction may be a better starting point for the analysis of C-V in
the case of Lag7Sro3MnO; 5. By considering Lag 7Srg3sMnO3_5/Nb:SrTiO3 as a
pn heterojunction, we expect a contribution in the depletion capacitance from the
Lag 7Srg3sMnQO;_; side similar to the case proposed by Anderson in Ge/GaAs [40].
The Anderson model of band alignment at semiconductor-semiconductor interface
is based on the assumption of direct contact with no interface states, similar to the
Schottky-Mott model in metal-semiconductor contacts. The apparent built-in po-
tential measured by C-V is the sum of the built-in potentials on Lag 7Srg3MnO3_;
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and Nb:SrTiOs. If we treat Lag7SrgsMnOs_s as a p-type semiconductor and the
difference in the hole concentration as the only difference between Lag7Srg3MnO3
and Lag 751 3sMnQO3_s, then this model predicts the built-in potential to be identical
unless the work function of the manganites are different. In other words, the built-in
potential is independent of doping. It is the ratio of the electrostatic potential at the
interface between each semiconductor that is changing. In the present case, if hole
concentration is reduced, the built-in potential decreases on the Lag.7Sro3MnOsz(_s)
side and increases in the Nb:SrTiO;3 side, keeping the sum of the two constant.
The band diagram is illustrated in Fig. 6.15 assuming a smaller band gap for
Lag 7S193sMnO3_s. The other extreme case of band alignment can be considered in
analogy to the Bardeen model in metal-semiconductor interfaces. In this model, the
band alignment is totally determined by the surface state density of the constituent
semiconductors pinning the Fermi level [41]. The Fermi pinning effect results in an
extra potential drop (js at the interface when drawn relative to the vacuum level,
giving a built-in potential of the form Vj; = Vgro + Vig — (ar. However, in order to
consider the effect of doping on the built-in potential, detailed information on the
surface state density is required. .

Limiting our analysis to the Anderson model, the capacitance of the pn hetero-
junction is expressed as,

_ qNesy
¢ = 2(Vyi — V)
1 1 1
= + . 6.3
Negs €rsNrs  €stoNsro (6.3)

Here €rs(sT0) and Nis(sroy are the dielectric permittivity and the doping concen-
tration of Lag7Sro3sMnOz_s (Nb:SrTiO3). It is important to remember that here
the capacitance is a function of the product of e¢r¢ and Nig. If €15 is assumed to be
independent of doping, Eq.(6.3) predicts a smaller capacitance for Lag 7Sro.3MnOs_s
equivalent to an increase in C~2 which is opposite to what has been observed. Unlike
the elemental metals, conductive oxide lattices are bonded mainly by ionic bonding
which make them easily polarized [42] which can potentially increase €rg, although
simultaneously the screening effect by the electrons should also be considered [43,44].
The above discussion indicates that application of the conventional semicon-
ductor band alignment cannot explain the present results by simply assuming that
hole concentration is the only relevant difference between Lag 7Srg3MnOz and Lag 7
Srp3MnOj_s. A systematic investigation of the C-V characteristics by varying the
Sr concentration in La;_,SrzMnQO3; should be carried out for further information.

IPE

The IPE spectra measured at 300 K normalized to the photoyield at 4.3 eV are
shown in Fig. 6.16. Almost identical spectra are obtained for the two junctions
with a slight difference in the low energy region. The barrier height deduced from
the linear fitting shown in Fig. 6.16(b) are 1.18 V for Lag 7Srg3MnO3 and 1.31 V
for Lag 7Srg3MnOs_s. The expected SBH from the Schottky-Mott relation is 0.7 +

84



0.1 eV using the work function value of data of 4.840.1 eV for Lag7Sro3MnOj [45]
and the electron affinity of 4.1 eV for Nb:SrTiO; [46].
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Figure 6.16: IPE spectra measured at 300 K for Lag 751y 3sMnOg _5/Nb:5rTiO;3. (a)
Full spectra and the (b) magnified spectra for extracting the SBHs. The red (blue)
line corresponds to Lag7SrgsMnOjy_s (Lag 751 3MnOy).

6.4.3 Magnetic Field Dependent Junction Characterization

The magnetic field sensitivity in Lag7StosMnOg_s)/ Nb:SrTiO3 Schottky junctions
were investigated at 10 K, where the magnetic field effect is most significant.

I-V Characteristics

The I-V characteristics of the two junctions under applied magnetic field at 10
K are displayed in Fig. 6.17. The difference in the magnetic response is clearly
observed. The current increased under applied magnetic field in Lag7Sr3MnO;_;
but not in Lag7Sre3MnO; consistent with the report by Nakagawa et al. [17]. In
order to clarify the contribution of the bulk magnetization to the junction transport
properties, I-V characteristics were also measured for Lag 7519 sMnO;_; with mag-
netic field applied parallel to the junction (Fig. 6.18). It is clear that there is no
difference in the behavior between magnetic field parallel and perpendicular to the
interface. This result strongly suggests that the bulk magnetization effect on the
junction properties is negligibly small considering the large demagnetization factor
in thin films.

IPE

Fig. 6.19 shows the IPE spectra taken at 10 K for Lag 7Sto3MnOj3._s. On the
left shown in red are the square root of the photoyields calculated from the mag-
nitude of the photocurrents I (= /1% + IYQ). On the right axis, the phase shift
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Figure 6.17: I-V characteristics of (a) Lag7Sro3MnQO;_s and (b) Lag 7Srg3MnO;
junctions at T = 10 K under applied magnetic field of 0 T (red line) and 6 T (blue
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Figure 6.18: I-V characteristics of Lag7Srg3MnO;_s junctions at T = 10 K under
applied magnetic field parallel (blue) and perpendicular (red) to the junction plane.
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® (= tan~!(Iy/Ix)) is depicted. Since the photoexcitation of the electrons is an
instantaneous process compared with the frequency of the optical chopper, all the
IPE photocurrent is expected to appear in the in-phase photocurrent. Indeed at
high photon energies down to ~ 2 eV, this is observed in both cases by the absence
of phase shifts. However, ® begins to deviate from zero at low photon energies and
almost shows saturation to -135 ° below 1 eV. Correspondingly, the photoyield does
not diverge down in the semilogarithmic plot but exhibits a plateau. This finite
photoyield is distinguished from noise current which is defined as the current under
dark and of an order of magnitude smaller. The slight discontinuity in the two
curves around 1.5 eV corresponds to the energy where gratings were switched. The
emergence of finite phase shift and the appearance of a plateau in /Yz Vg im-
plies the generation of the quadrature component in the photocurrent signal, which
is direct evidence of the existence of a reactance element in the junction, ie. a
capacitance or an inductance. Here for simplicity, we plot the square root of the
photoyield calculated from the in-phase photocurrent in Fig. 6.20 and consider the
quadrature component later.
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Figure 6.19: Square root of the photoyield from the magnitude of the photocur-
rent w (red, left) and the phase shift of the photocurrent (blue. right) for

(a)Lag -SrosMnO;_; and (b)Lag 7Srg3MnOj3 junctions.

The full spectra is shown in Fig. 6.20(a) where a rapid decrease in the pho-
toyield above 3.2 eV corresponding to the electron-hole generation in Nb:SrTiO3
and the gradual decrease below is observed. As seen in the magnified spectra in
Fig. 6.20(b), both of these junctions present linear dependence on the square root
of the photoyield, assuring the validity of the Fowler’s relation. The IPE spectra
measured under magnetic field of 6 T are shown in Fig. 6.21(a). There is a clear
horizontal shift to lower photon energy in the IPE spectrum for Lag7Sro3sMnO3_;
whereas the spectrum of Lag 7Sr¢3MnOj is independent of magnetic field. The par-
allel shift in the IPE spectrum is a strong implication of a shift in the SBH. The
obtained SBH under different magnetic fields are summarized for Lag 781 sMnOj4
and LagSrgsMnO;_s in Fig. 6.21(b). A systematic decrease in the SBH is seen
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Figure 6.20: IPE spectra of Lag7Sro3MnOs and Lag7Srg3MnQO; 5 at T = 10 K
under no applied magnetic field. (a) The full spectra and (b) the magnified spectra
for estimating the SBHs.
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for Lag 7Sre sMnO;_; whereas it is independent of magnetic field for Lag 7Srg3sMnOj.
As has been discussed by Nakagawa et al,, [17] this change in SBH is opposite in
direction and of much larger magnitude to what is expected from a simple Zeeman
splitting [47,48].

Quadrature Component

The appearance of phase shifts in Lag 7Sro3sMnOg(_g)/ Nb:SrTiO3 junctions at low
photon energies is suggestive of the presence of a reactance element in the device.
Since the quadrature component evolves with the illuminated photon energy, the
reactance element in question is also a photosensitive element.

Analogous phase shift of the photocurrent under chopped light illumination has
been reported under the names of modulated photoconductivity (MPC) [49] and ac-
primary photocurrent measurements (ac-PPC) [50] in amorphous semiconductors. A
schematic diagram of the measurement system is illustrated in Fig. 6.22(a) which is
the same for both techniques. The ac-photocurrent is recorded as the frequency, light
intensity or the photon energy is varied. The difference between the two techniques is
in the physical parameter that is varied. When constant photon energy exceeding the
energy gap is used and the phase shift is investigated as a function of the chopping
frequency or the intensity of the light, they are referred to as MPC. Phase shift
investigation as a function of photon energy is commonly known as ac-PPC. The
important physics underlying the appearance of the phase shift for both MPC and
ac-PPC is the existence of defect states acting as trap states. The experimental
conditions in the present case has closer resemblance to the ac-PPC measurements,
such as the appearance of phase shifts at lower than band gap energy region, low
light intensity and the low chopping frequency used for the measurement. Therefore
it is reasonable to compare the detailed physical origins related to the appearance
of the phase shift using theoretical models in ac-PPC as a starting point.
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Figure 6.22: (a) Schematic diagram of the experimental setup in MPC or ac-PPC.
(b) Energy diagram showing the relevant energy levels for ac-PPC and the corre-
sponding transitions.

The energy band diagram for the relevant processes are depicted in Fig. 6.22(b).
The localized defect states within the band-gap Ep can act as a trapping state
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which leads to two-step excitation by combination of photoexcitation and thermal
excitation depending on the photon energy.
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Figure 6.23: Schematic diagram of the photon energy dependence in the (a) pho-
tocurrent in logarithmic scale and (b) the phase shift in ac- and de- PPC.

By modeling these processes in a three level system under ac illumination of light,
Okamoto has derived formulae relating the occupation of the defect states and the
chopping frequency [50]. The theoretical derivation concludes that a phase shift in
the photocurrent appears as the excitation process changes from direct photoexci-
tation (process A) to thermal + B2 to B1 + thermal. In process A no phase shift
is expected because the process is independent of the defect states. Depending on
the relative energy level of the defect state, a phase shift is expected at the photon
energy coincident with the corresponding energy gap, namely Eqc-Ep for process B2
and Ep - Ey for process Bl. It is natural to expect that when Ep is located below
half the band gap, thermal excitation of electrons in process Ep — E¢ is extremely
small, hence no photocurrent is expected below photon energy of Ep - Ey. This
is the case in dc photoconductivity and the photocurrent disappears. However, in
ac photoconductivity, the Eyy — Ep excitation and the capturing process causes a
temporal fluctuation in the static charge density of the semiconductor by charging
and discharging of defect states. Therefore a finite photocurrent remains even if the
defect state is located below half gap of the semiconductor. According to Okamoto,

- a large shift of almost 90 ° in phase is expected. A schematic diagram of the photon
energy dependence of the photocurrent and the phase shift are illustrated in Fig.
6.23.

Considering the case of Lag.75r9.3MnOs(_s) /NDb:SrTiO3 in analogy to the above
ac-PPC model, the equivalent of the dangling bond states in a:Si-H could be some
defect states in the vicinity of the interface on the Nb:SrTiOj3 side or on the Lag 7Srp.s
MnOg(_s) side. The presence of the behavior in both junctions suggests that the
defect states are more likely to be located on the Nb:SrTiO; side. However, the
magnetic field dependence of the phase shift shown in Fig. 6.24 reveals that the
phase shift is also magnetic field sensitive, for which the change in the magnitude
is inexplicable by the shift in Ix. Therefore it is likely. that the defect states are
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Figure 6.24: /Y and /Yy (left) and © (right) measured under applied magnetic
filed in (a)Lag7Srg3sMnOy_s and (b)Lag 751 3MnOj.

located at the interface and consists of the nature of both Lag 7Srg3MnQOjg(_s5) and
Nb:SrTiOs. Typical examples of defects in perovskite oxides include point defects
such as oxygen and cation vacancies, dislocations due to lattice mismatch, local
segregation of secondary phase formation [51]. For further clarification of the origin
of the phase shift, we believe that a systematic study in the fabrication condition
dependence is required.

In conclusion, the IPE spectra obtained at low temperature is a sum three trans-
port processes. First is the electron-hole generation in the semiconductor above the
band gap, second is the photocurrent from the photoexcited electrons in the metal
to the semiconductor, and the third is the photoexcitation from the semiconductor
valence band to the in-gap defect state likely to be located at the interface.

C-V Characteristics

The C-V characteristics for Lag7Sro3MnOgy_s) are shown in Fig. 6.25(a). The
curved behavior common in both cases is a consequence of the electric field depen-
dent permittivity explained previously [52]. The magnetic field modifies the C-2Vv
characteristics in Lag7Srg3MnO3_s but not in Lag 7Srp3sMnOj;. The built-in poten-
tial was deduced from Fig. 6.25(a) using Eq. (5.7), which is summarized in Fig.
6.25(b). It is evident that the built-in potential also decreases by magnetic field in
the case of Lag 7Sre sMnO3_s but not for Lag 7Sro sMnOjy. If the ratio of the change in
the built-in potential and the SBH obtained from IPE are compared (Fig. 6.26(a)),
the change in the ratio of each value agrees very well. However, when the magnitude
of the values are compared (Fig. 6.26(b)), there is a difference almost by a factor
of two. This difference cannot be ascribed to the correction term £ from the energy
difference between the conduction band bottom and the Fermi level. It is intriguing
that a similar oxide metal SrRuO3/Nb:SrTiO; does not show this discrepancy but
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Figure 6.25: (a) 1/C? vs. V for Lag7Sro3MnOj3 (blue, left) and Lag 7Srg3sMnO3_s
(red, right) at 10 K. (b) Obtained built-in potential against applied magnetic field
for Lag7Sro3MnO3 (blue, left) and Lag 7Sro3MnO3_s (red, right).

Lag 7819 3MnOj_s) does. Two possibilities for the discrepancy are considered below.

One possibility is the existence of an additional parallel capacitance in the device,
reducing the built-in potential obtained from the C'~? versus V' plot as shown in Fig.
6.27. An obvious candidate for the parallel capacitance would be trap states inside
Nb:SrTiOg, which is consistent with the discussion on the phase shift at low photon
energy in IPE. However the fact that the discrepancy between C-V and IPE is
absent in SrRuOj suggests that if present, the trap states are more likely to be in
the Lag 7Srg3sMnOg(_s) side.

Another possibility is the existence of an interface dipole at the interface. If a
dipole is present at the interface, an electrostatic potential is created at the interface
causing different barrier heights on each side of the interface. Since the two probes
involved independently measures the barrier height on each side, it can be expected
that the two SBHs are different for each measurement. Related result supporting
the non-idealistic barrier height formation in Lag 7Srg3MnO; has been reported us-
ing photoemission spectroscopy in the same structure by Minohara et al. [53] shown
in Fig. 6.28. Whilst StRuO3/Nb:SrTiO; Schottky barrier is consistent with the
Schottky-Mott relation, the Lag 7Srg3sMnQO3/Nb:SrTiO3 Schottky barrier height de-
viates from this relationship implying the importance of the microscopic origins in
the formation of SBH.

6.4.4 Possible Origins of ®g5(H)

The origin of the reduction of the SBH by magnetic field in Lag7Srg3MnO;_; is
considered from the following three different perspectives.

1. Schottky-Mott model
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lower voltage from the real capacitance (blue) due to the additional parallel capac-
itance present in the device.
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2. Interface dipole model

3. Interface charge transfer model

Schottky-Mott Model

From the simplest understanding of Schottky barrier formation, the SBH is deter-
mined by the work function of the metal and the electron affinity of the semiconduc-
tor. A change in SBH by magnetic field implies a change in either of the two physical
quantities. It is natural to believe that the magnetic field dependence is not arising
from Nb:SrTiOj; for it is not a magnetic material, and it is confirmed by the ab-
sence of the magnetic field dependence in the I- V characteristics of Au/Nb:SrTiO3
junctions. Therefore a change in the work function, or equivalently the chemical
potential, of Lag 7Srg3sMnO3z_s by magnetic field may be occurring.

A chemical potential shift as a function of the magnetization has been proposed
in double exchange systems by N. Furukawa [54]. According to this scenario, at a .
constant temperature, the chemical potential is proportional to < M? > as shown
in the inset of Fig. 6.29. The situation applied to the present case is schematically
drawn in Fig. 6.30. Application of magnetic field increases < M? >, broadening
the conduction band in Lag7Srg3MnQO;3_s, leading to an increase in the chemical
potential. In other words, the double exchange interaction enhances the bandwidth
with stronger magnetic field. However, the magnetization at 10 K is almost satu-
rated in both junctions, which questions the magnitude of the effect. More impor-
tantly, the appearance of the magnetic field dependence only in Lag7SrgsMnOs_s
requires a drastic difference in the density of states between Lag7Sro3MnO;z; and
Lag 7Srg3sMnQ3_s for this effect to be present. Therefore we conclude that the chem-
ical potential shift is not the dominating origin of the magnetic field dependence of
SBH in La0_7Sr0.3MnO3_,g.
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Interface Dipole

In addition to the work functions in the bulk on both sides, the interface chemical
bonds also contribute to the formation of Schottky barrier heights [55]. The SBH
in the interface dipole model @47 is expressed as

3E
18955 +(1—718)—

?Npd

9" INpims (6.4)
€int Eg + K

ID
P
Y o= 1=

where ®$¥ is the SBH in the Schottky-Mott model, Np is the number of chemical
bonds at the interface, dys is the bonding length at the interface and €; is the
dielectric constant at the interface. The change in the SBH can be induced by the
change in the chemical bonding at the interface.
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Figure 6.31: Schematic diagram of SBH change by magnetic field. The relative
energy level of the e, orbitals are determined by the distortion of the octahedra
inducing competition between superexchange and double exchange (see text for de-
tail).

Through the investigation of electronic and magnetic structures at the surface
or interfaces in manganite [56-58], it has been discussed that the breaking of the
symmetry induces a change in the electrostatic potential modifying the relative
energy scale of the occupied e, orbitals on Mn ions [59,60]. This difference in
the occupancy induces a competition between double exchange and superexchange.
In many cases, it has been speculated that the antiferromagnetic state is more
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stable because of the lower d,2_,» energy compared with ds,2_,2. This can cause
serious effects on the chemical bonds at the interface because of the difference in
the spatial distribution of the two orbitals. ds,2_,» orbitals are oriented towards the
interface whereas d2_,2 is distributed parallel to the interface. Since the second
term in Eq. 6.4 is a function of the strength of the chemical bond at the interface,
the enhancement can be anticipated by higher occupation in the ds,2_,2 orbital.
This is consistent with the experimental result that the SBH is decreasing by the
application of magnetic field by which the antifierromagnetically aligned interface
to, Spins are forced to align ferromagnetically, stabilizing the ferromagnetic ground
state. This also explains the absence of the field dependent SBH in Lag.7Srg.3MnOs3.
As can be seen from the XRD measurement, the out-of-plane lattice constant of
Lag7SrosMnOs_s is smaller implying a stronger tensile strain, which accelerates
the competition of the occupancy between ds,2_,2 and dg2_y2 because of the larger
Coulomb repulsion in the out-of-plane direction.

Despite the crudeness of the analysis, the phenomena is consistently explained
in this scenario. Further studies through the effect of strain should be decisive in
confirming the validity of this scenario.

Interface Charge Transfer

The previous two perspectives have been direct applications of the established con-
cepts mainly in conventional semiconductors. The perspective of charge transfer at
perovskite interfaces is a concept recently drawing much attention [61,62].

When a perovskite structure is viewed from the [010] or [100] direction, the

stacking can be seen as a sequence of - - - - AO - BOz - AO - - - - planes. Depending on
the valence of the B-site cation, the sheet charge density on each planeis--- - +1--1
~4+1----in case of A¥¥B3+Qg, 0r--- -0-0-0---- in the case of A**B*t O3, where

each layer is charge neutral. When a perovskite with charged sheets and charge
neutral sheet meet at the interface, for example between La3+ A3+ O3/Sr?*Ti*t O3,
uncompensated charge is formed at the interface which creates an electric field and
accordingly an electrostatic potential. Since the dipoles are created not only in the
first layer but all the way to the surface of the crystal, the electrostatic potential is
calculated to diverge as the thickness of the polar surface layer increases. In order
to avoid this energetically unfavorable situation, some kind of a reconstruction is
necessary. In the case of LaAlO3/SrTOs, for one type of interface, the so called
n-type interface in which the neighboring sheets are LaO/TiO,, half an electron is
transferred to the TiO, layer which changes the boundary condition for the electric
field at the interface eliminating the potential divergence. In the other combination
of the interface formation, AlO,/SrO called the p-type interface, oxygen vacancies
are introduced to avoid the potential divergence because there is no valence degree
of freedom in Al.

A similar situation can be imagined in the case of Lag 7Srg sMnOg(—s)/SrTiO3 (001)
(Fig. 6.32(a)). Lag.7Sro3MnOs(-g) is classified as a polar stacking sequence when
viewed along the [001] direction; therefore, when an interface is formed with SrTiOs3,
a reconstruction is necessary to avoid the potential divergence. The present case of
Lag.7Sr0.3MnOg(—s) differs from that of LaAlO3/SrTOj in that Mn can access the va-
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Figure 6.32: Schematic diagram of the stacking of Lag 7Srg3sMnQO3 / Nb:SrTiO; in
the [001] direction presenting the dipoles, electric field and the electrostatic po-
tential generated by the polar discontinuity at the interface (a) without electronic
reconstruction and (b) after reconstruction by charge transfer of electron into MnO,
layer.

lence of both Mn?* or Mn**, enabling the change in the valence state for the change
in the boundary conditions (Fig. 6.32(b)). If electrons are doped at the interface on
the Lag 7519 sMnQOjg(_s side, the Lag 7Sro3sMnOs(_s) layer closest to the interface has
a lower hole concentration compared with the rest of the thin film. Therefore the
situation at the interface can be illustrated as shown in Fig. 6.33(a). In the case of
Lag 7810 sMnQjy, the difference in the hole concentration does not change the ground
state because the hole concentration is far away from the concentration for inducing
a metal-insulator transition as can be seen with reference to Fig. 6.8. On the other
hand, for Lag7Srp3MnQs_s, the reduced hole concentration is close to or crossing
this critical concentration. By application of magnetic field, a small difference is
expected for Lag 7Sro3sMnO3 but for Lag 7Sro sMnOj;_s, the magnetic field may cross
the critical concentration forcing the interface to order in the ferromagnetic metallic
phase.

A decisive measurement would be to fabricate a stoichiometric La;_,Sr,MnOj3
/Nb:SrTiO3 junction and measure IPE under applied magnetic field. The result
is shown in Fig. 6.34(b) together with the magnetoresistance of La;_,Sr;MnO3
/SrTiO3(001). As can be seen from the magnetoresistance Fig. 6.34(a), the film
shows an insulating behavior with a reduced T¢ of ~ 200 K. As the magnetic field
is increased, a systematic increase in the slope of the IPE spectra is observed. How-
ever the linearly extrapolated photon energy remains the same implying that the
SBH is magnetic field independent. This fact suggests us that the magnetic field
sensitivity in Lag 7SrosMnQOj3_s does not arise simply from the reduction in the hole
concentration.
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Figure 6.34: (a) Temperature dependent resistivity under applied magnetic field in
La,_.Sr.MnOj3 (x = 0.10)/SrTiO3(001) and (b) IPE spectra measured under applied
magnetic field at 60 K for La; ,Sr,MnOj; (x = 0.10) / Nb:SrTiO3(001).
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Junctions on Nb:SrTiO;(110) Substrates

The concept of an interface metal-insulator transition is very similar to the scenario
of the interface dipole, but the difference is the driving force behind the transition.
In the interface dipole scenario, the driving force was the distorted chemical bonding
at the interface, whereas in the charge transfer scenario, it is to resolve the intrinsic
electrostatic potential arising from the polar nature of the interface. To differentiate
the two scenarios, the same measurements were carried out with junctions fabricated
on substrates with (110) orientation.

The perovskite structure viewed in the direction of [110] consists of an alternate
stacking of - - - - ABO - O, - ABO - - - - as shown in Fig. 6.35. The average charge in
each layer is +4, therefore the difference in the charge discontinuity at the interface
in the case of Lag 7St 3MnOj3(_5 /Nb:SrTiO3 (110) junction is expected to be smaller
than in the case of Lag7Sro3MnOjz(_ 5 /Nb:SrTiO3 (100). Therefore, if the charge
transfer scenario is dominant, the magnetic field dependence in the SBH should
diminish in the case of (110) junction.

(a) [110] T (b) [110] I

Figure  6.35: Schematic  presentation of the stacking in (a)
Lag7SrosMnO3/Nb:SrTiO; and (b) Lag7Sro3MnO;_s5/Nb:SrTiO3 along [110]
direction. The reduced polar discontinuity can be seen in comparison to Fig. 6.32.

In Fig. 6.36, the magnetic field dependence of the I-V characteristics at 10
K for the Lag7SrgsMnOg(_5/Nb:SrTiO3 junctions are presented. The strong mag-
netic field dependence in Lag 7Sro3MnO3_s and the its absence in Lag 7Sro3MnOsj is
opposite to what is expected from the interface charge transfer scenario. The quan-
titative differences are likely to have been the results of the subtle growth condition
differences.

Therefore, out of the scenarios we have considered, we believe that the magnetic
field dependence in the SBH is more likely a consequence of the interface lattice
distortion modifying the local chemical bonds at the interface.
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Figure 6.36: I-V characteristics under applied magnetic field at 10 K for
(a)Lag 7Srg3sMnO;_s and (b) Lag7Sro3sMnO3 grown on Nb:SrTiOg (110) substrate.
The strong magnetic field dependence in Lag 7St 3MnQOj3_; disfavors the SBH reduc-
tion driven by a charge transfer scenario.

6.5 Conclusions

We have investigated the effect of magnetic order at the interface of an oxide Schot-
tky junction in Lag 7Srg3MnOj s /Nb:SrTiO;. Direct characterization of the SBH
by internal photoemission technique revealed a decrease in the SBH under magnetic
field in the junction exhibiting magnetic field sensitivity in the electrical character-
istics. In addition, the phase incoherent signal from IPE has indicated presence of
in-gap states in the structure which is also magnetic field dependent. We believe that
the magnetic field sensitivity is likely originated from the strong coupling between
the lattice distortion at the interface influencing the local magnetic order.

This is the first time that IPE has been used under magnetic field to charac-
terize interfaces in all-oxide junctions. Furthermore, there has not been any serious
consideration of quadrature component of the photocurrent in IPE.

A number of features indicating the presence of in-gap states in Nb:SrTiO; have
also been discovered. These may be purely extrinsic states arising from the growth
process, or they could be arising from the intrinsic electronic or structural nature
of the perovskite oxides such as strong correlation effects. For more detailed under-
standing of interfaces and novel functionalities, serious investment should be made
to clarify these in-gap states hidden at the interfaces.
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