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Growth by MBE:

- Bozovic, Eckstein, Schlom (Varian)

- Locquet (IBM Zurich)

-  ...

Keys for progress

- Activated oxygen

- Accurate rate control 

- RHEED

- Substrate termination

- ...

Now, growth of complex oxide multilayers also by pulsed laser deposition

A. Schmehl

Growth of Complex Oxide Multilayers



Many Good Reasons to Grow Materials on a Layer-by-Layer Basis

‣ Freedom to design, grow stacking sequences not realized by nature in the bulk 

(tricolor lattices)

‣ Grow device structures (tunnel junctions, FETs, ...)

‣ Create novel phases and metastable materials, 

large scale, single-crystal quality, easily measurable

‣ Utilize epitaxial stress and strain

‣ Add doping layers

‣ ...



Also Growth of Well Defined Interfaces Possible

LaAlO3 - SrTiO3
L. Fitting Kourkoutis, 
D. Muller (Cornell)

seminal publications: Ohtoma & Hwang (2002, 2004)



Many Good Reasons to Grow Materials on a Layer-by-Layer Basis

‣ Freedom to design, grow stacking sequences not realized by nature in the bulk 

(tricolor lattices)

‣ Grow device structures (tunnel junctions, FETs, ...)

‣ Create novel phases and metastable materials, 
large scale, single-crystal quality, easily measurable

‣ Utilize epitaxial stress and strain

‣ Add doping layers

‣ ...

‣ Create materials with novel electronic systems generated at interfaces in systems 

with strong electronic correlations 
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Electronic Reconstruction at Interfaces in Correlated Electronic Systems 
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Novel Electronic Phases at Interfaces in Correlated Electronic Systems 
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Plus:

‣ charge transfer, space charge effects, band bending ...

‣ possible misalignment

‣ orbital reconstruction

‣ altered:
-  Madelung energies 

-  hybridization (also hybridization through interface)
-  screening, dielectric and magnetic environment

-  orbital order (including frustrated orbital order)
-  spin order (including frustrated spin order)

talks by Tchakhalian, Eckstein, Hwang, Abbamonte, Pentcheva, Okamoto, Bozovic, ...



Plus:

‣ use gradients

‣ multiferroic coupling generated by interface

‣ use reduction of dimensionality

‣ decouple mobile carriers from excitations (superconducting pairing!)

‣ non-equilibrium effects, induced for example by current injection

talks by Tchakhalian, Eckstein, Hwang, Abbamonte, Pentcheva, Okamoto, Bozovic, ...



Martin Breitschaft et al., arXiv:0907.1176
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The LaAlO3-SrTiO3 Interface Electronic System



 rs = (1/ π aB
2n)1/2  5 − 50

The LaAlO3-SrTiO3 Interface Electronic System

TiO2 -plane

 n  5 ×1012 − 5 ×1014 /cm2

Ti O 3.9 Å



E = EH +Ekin +Exc +Ecorr +Eext

The Energy of the Electron System

Ti O 3.9 Å



E = EH + Ekin,i
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The Energy of a Capacitor with LaAlO3-SrTiO3 Plates

neglecting tunneling and exchange contributions between the plates

EH + Eext,i
i
∑ = d

ε0εr A
Q 2

for homogenous electron systems:

E = 1
2C

Q 2



The General Equation for the Capacitance of a Capacitor

1/C = 1/Cgeom + 1
i
∑ /Ckin, i + 1

i
∑ /Cxc,i + 1

i
∑ /Ccorr,i + 1

i
∑ /Cel-ncc,i

Cgeom Ckin Cxc Ccorr Cel-ncc

the electron systems of the electrodes have their own capacities
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When is C = Cgeom?

is only valid in the limit of large d /εrC = ε0εr
A
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Transition to Quantum Electronics



The General Equation for the Capacitance of a Capacitor
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2D Homogenous Electron Systems:

C el-ncc,i = 0



E
/A

×
10

4
(e

2
/4
πε

0a
B3
)

-1.2

-1.1

-1.0

-0.9

-0.8

-1.0 -0.5 0 0.5 1.0

Energy of Capacitors with 2D Electron Gases in the Plates

εeff = 1
m*/m = 1

d /(εraB)= 10.0
n = 3.6 ×1013 cm-2

8.0

6.0
5.0

3.0

Q /A×103(e/aB
2)

T. Kopp and J. Mannhart, J. Appl. Phys. 106, 064504 (2009)
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Capacitance of a Capacitor with 2D Electron Gases in the Plates

T. Kopp and J. Mannhart, J. Appl. Phys. 106, 064504 (2009)



C (V )-Characteristic of a Capacitor with 2D Electron Gases in the Plates

εeff = 2.5
m*/m = 1

d /(εraB)= 10.0

n = 3.6 ×1013 cm-2

T. Kopp and J. Mannhart, J. Appl. Phys. 106, 064504 (2009)
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FIG. 8: Sketch, illustrating several possible scenarios for
the charge dependence of the energy of the two-dimensional,
parallel-plate capacitor (compare Fig. 7). The continuous red
line corresponds to the red line of Fig. 7 with d�/aB = 3.0.
The dotted and dash-dotted lines are tentative extrapolations
for high charge densities of the order of the carrier density
10−3/a2

B = 3.6 × 1013cm−2. The latter lines have not been
calculated, but rather present a sketch. The capacitor with
four minima has different capacities in the metastable and
stable states, as reflected by the different curvatures of the
characteristics in the minima. Here, C1 and C2 refer to the
inverse of the curvature at the minima which are marked by
the vertical arrows. The capacitance of such a capacitor can
therefore be switched by current pulses.

responds to the phase shift of a standard inductance. In
analogy, we suggest the possible realization of conduc-
tors with negative inductances, the phase shift of which
corresponds to the phase shift of standard capacitances.

It is also amusing to consider the threshold behavior at
a possible electrical breakdown of the dielectric. When
approaching breakdown, localized charge carriers in the
dielectric start to get released and move to the electrode
of opposite charge. This charge redistribution shifts the
electro-chemical potential so that an equal number of
charge carriers flows through the leads. The original
charge state is hereby stabilized and the release of charges
does therefore not seem to change the electronic state
in the electrodes. At the same time, the change of the
charge distribution in the dielectric reduces the release
of further carriers in the dielectric. The Coulomb-field of
the altered charge distribution, however, affects the en-
ergy of the electron systems of the plates and thereby in-
directly alters the charge distribution on the electrodes.
Should at breakdown a conducting channel be induced
in the dielectric, the same argument applies, if the chan-
nel is considered as an additional lead that connects the

electrodes. The electronic state of the electrodes is not
dependent on this channel and the electrodes will stay
charged.

VI. VOLTAGE DEPENDENCE OF THE
CAPACITANCE

In many applications it is the voltage and not the
charge, with which the state of a capacitor is controlled.
To calculate the C(V ) characteristic we consider the Leg-
endre transform E of the energy E(Q) with respect to Q,
and identify the total capacitance as

C(V ) =
Q(V )

V
(26)

As example we take again the model system of Sec. IIIA
with parallel, two-dimensional plates comprising the ca-
pacitor.

The calculations reveal that already in the regime of
moderate effective distance of the capacitor plates, devia-
tions from the conventional characteristics of a textbook
capacitor are manifest: in Fig. 9 we display Q(V ) which
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FIG. 9: Charge per area of a two-dimensional, parallel-plate
capacitor plotted as a function of voltage between the plates.
The charge per area Q(V ) has been calculated for the model
capacitor described in Sec. IIIA. The electronic systems of
the electrodes form dilute and homogenous 2D electron gases.
The charge carrier density (carriers per area) is 10−3/a2

B =
3.6× 1013cm−2, the effective mass of the carriers is m�/m =
1, and the effective dielectric constant in the electrodes is
�eff = 2.5. The effective distance between the plates d�/aB =
d/(�r aB) is 10.0, where �r is the dielectric constant of the
dielectric. The dotted line shows the Q(V )-characteristic of
the conventional, classical capacitor with Q = CgeomV .
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is expected to be linear with Q = CgeomV in the text-
book case or for sufficiently large d� = d/�r (green dot-
ted line). For d� = 10aB and �eff = 2.5 the slope at zero
voltage is steeper and Q(V ) deviates from a linear behav-
ior, most prominently for the strongly charged capacitor.
The corresponding voltage dependent capacitance C(V )
is shown in Fig. 10. With increasing voltage the capac-
itance increases because the capacitance is a function of
the charge in the plates. The higher charge in the plates
the higher the capacitance which results in a noticeable
upturn of C(V ).

This feedback of increasing capacitance with increasing
charge may be so strong for nanoscopic distances that the
conventional Q(V ) and C(V ) characteristic is completely
modified (see Fig. 11). For example, for d� = 5.6aB (and
�eff = 1) we operate in a regime where the capacitor
self-charges once a sufficiently high charge has been ac-
cumulated. In that case charge is transfered at vanishing
energy expense (cf. Fig. 7, where V (Q) = dE/dQ = 0
for a distinct, finite Q in the green, middle curve). The
voltage is not zero in the fully charged state (Fig. 11)
because this is not a thermodynamic state with a well-
defined minimum in the energy E(Q) — as compared to
the tentative capacitors of Fig. 8 which display minima
in E(Q).

The capacitance C(V ) of the model capacitor (top
panel of Fig. 11) may have multiple values, depending
on the charge state. It is conceivable to switch between
a positive value of C(V ) (blue curve in Fig. 11) and a
negative value (red curve in Fig. 11), using charge pulses
to switch the capacitor in and out of the “self-charged”
state.
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FIG. 10: Capacitance C(V ) = Q(V )/V of a two-dimensional,
parallel-plate capacitor plotted as a function of voltage. The
capacitance C(V ) has been calculated for the model capacitor
described in Sec. IIIA. The parameters are the same as in
Fig. 9. The capacitance is normalized to C0, the capacitance
of a classical capacitor of the same geometry.

FIG. 11: Capacitance and charge of the two-dimensional,
parallel-plate capacitor of the model capacitor described in
Sec. IIIA plotted as a function of the voltage between the ca-
pacitor plates. The charge carrier density (carriers per area)
is 10−3/a2

B = 3.6×1013cm−2, the effective mass of the carriers
is m�/m = 1, and the effective dielectric constant in the elec-
trodes is �eff = 1. The effective distance between the plates
d�/aB = d/(�r aB) is 5.6. Top panel: voltage dependence
of the capacitance C(V ) = Q(V )/V . Lower panel: voltage
dependence of the charge per area Q(V ). In both panels,
blue and red lines refer to the ranges of positive and neg-
ative capacitances, respectively. The dotted line shows the
characteristics of the conventional, classical capacitor with
Q = CgeomV .

VII. SPECIFIC EXAMPLES

Magnetocapacitive effects have been investigated for
several decades. A capacitive measurement, in which
Landau levels in a 2D electron gas of a MOSFET were
observed, was reported in Refs. 44–46,48,49. More re-
cently, the density of states in the fractional quantum
Hall regime has been investigated by magnetocapacitive
measurements.30,47 A charge controlled transition of an
electrode into a magnetic state would also yield large
magnetocapacitive effects. Such a transition is conceiv-

C (V )-Characteristic of a Capacitor with 2D Electron Gases in the Plates

εeff = 2.5
m*/m = 1

d /(εraB)= 10.0

n = 3.6 ×1013 cm-2

T. Kopp and J. Mannhart, J. Appl. Phys. 106, 064504 (2009)
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Materials of Interest

‣" interface electron systems, e.g., LaAlO3-SrTiO3, LaVO3-SrTiO3 

‣" standard metals with low carrier densities

‣" strongly correlated systems, transition-metal oxides

‣" graphene, nanotubes (Latessa et al., PRB (2005): Ilani et al., Nature Physics (2006))

‣" van-Hove systems (for small-C devices)

...
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Capacitance of a Capacitor with 2D Electron Gases in the Plates
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switching between the two 

states with bias pulses

‣" memory devices?

‣" coherent states?

States of Capacitors with Negative C 



Reminiscent of ferroelectrics, but

‣ no ferroelectric compounds 

‣ no discharging, no depolarization 

‣ electronic effect, fast

Ferroelectric-type Behavior without Ferroelectric Compound

V = 0
+ + + +

- - - - + + + +
V = 0 - - - -



1." negative compressibilities of the electron system cause instabilities:

" charge density wave, stripes, other inhomogeneous phases

2." coherent states of both plates? (Moon et al. (1995), Zheng et al. (1997))

3." charge imbalance between plates, negative C

Capacitors with Electron Systems with Negative Compressibilities

controlling parameters: 

-" material properties (strongly correlated systems?) 

-" device geometry

-" experimental conditions (T, V, history) 



Other Work on Total Negative Capacitances

for example:

‣ generated by using amplifier circuits (Beavis, 1954)  

‣ found for electron injection through interfaces (Omura, 2000)

‣ proposed for structures comprising ferroelectrics (Salahuddin and Datta, 2007)

plus considerable experimental and theoretical work on negative contributions to a 

total positive capacitance



MOSFETs with Negative-C Gate Stacks 

- - - + + +

- - -

Information carriers: electrons with neutralized global Coulomb energies

S D+ + +S D

VG = 0 VG = 0



MOSFETs with Negative-C Gate Stacks 

- - - + + +

- - -

Information carriers: electrons with neutralized global Coulomb energies

S+ + +S D D



Overview on Impedances
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Artificial Materials Using Negative-C Electron Systems

Artificial material with negative effective εr

metal

dielectric



Artificial Materials Using Negative-C Electron Systems
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V =0

“Stripes”

Artificial material with negative effective εr



Charge separation and phase transition controllable with V,
e.g., magnetic phase transition controlled with V

Artificial Materials Using Negative-C Electron Systems
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Artificial Materials Using Negative-C Electron Systems

-
+

• external-parameter (e.g., H ) alter Ecorr, charge separation, RSD 

   sensor applications?
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- - -
D

E = EH + Ekin,i
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‣ Energies of integrated circuits dive into the quantum regime 

‣ Correlated materials and interfaces in correlated materials change the rules, 
great opportunities

‣ New devices and circuit design possible:  
  new game for FET gate stacks and DS-channels, 

  new capacitors, low-C  interconnects 

Integrating correlated materials enables new approaches to overcome 

fundamental limits of miniaturization

Outlook


