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What is Frustration?



Frustration in 
Physics

Competing interactions that can’t be 
simultaneously satisfied



Frustration in 
Physics

Competing interactions that can’t be 
simultaneously satisfied

e.g. Ising spins H =
1
2

!

ij

Jij!i!j !i = ±1



Why Frustration?

It’s interesting, and builds character:

“People need trouble – a little frustration to 
sharpen the spirit on, toughen it. Artists do; I 
don't mean you need to live in a rat hole or 
gutter, but you have to learn fortitude, 
endurance. Only vegetables are happy.” – 
William Faulkner



Degeneracy
 Common result: many 
ground states

 e.g. Triangular lattice 
Ising antiferromagnet

one dissatisfied bond per 
triangle

ground state entropy 
0.34 kB / spin



Degeneracy breaking

 Degeneracy allows usually weak effects to 
take charge

Sub-dominant interactions

Impurities/defects

Thermal and quantum fluctuations

 Venue for unusual physics!



Fluctuations

 Spin liquid/cooperative paramagnet

spins fluctuate within degenerate ground state 
manifold

can exhibit unusual liquid-like correlations

Order by disorder

entropy/zero point energy can select a ground 
state



Quantum Spin 
Liquids

QSL: a state of a magnet in which quantum 
fluctuations prevent order even at T=0.

Many theoretical suggestions since Anderson 
(73)

“Resonating Valence Bond” QSL states

+ + … 
! = stimulates interest in 

S=1/2 magnets



Materials

 d+f electrons in partially filled shells

“Hund’s rules” give local moments

d-electrons usually antiferromagnetically 
interacting (but not always)



Some Examples
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parameters of a ! 10:271 Å, b ! 5:911 Å, c ! 7:711 Å,
! ! 116:42".12) This structure consists of Cu3O6(OH)2
layers, made up of edge-shared CuO4(OH)2 octahedra and
separated by VO4 tetrahedra and Ba2# ions [Fig. 1(a)]. Cu2#

ions form a nearly perfect kagome lattice, though there are
two crystallographic sites for them, as in volborthite. The
distortion of a Cu triangle from the regular one is negligible
($0:2%) with the distances between two Cu atoms being
2.962 Å (Cu1–Cu2) and 2.956 Å (Cu2–Cu2).12) Thus, the
spatial anisotropy in J may be much smaller than that in
volborthite. Moreover, vesignieite is expected to be free of
antisite disorder, the same as volborthite, because it contains
no ions chemically similar to Cu2#. From these structural
and chemical features, we expect that vesignieite can be an
ideal model system for the spin-1/2 KAFM to be compared
with herbertsmithite and volborthite.

A polycrystalline sample of BaCu3V2O8(OH)2 was
prepared by the hydrothermal method. 0.1 g of the mixture
of Cu(OH)2 and V2O5 in 3 : 1 molar ratio and 0.3 g of
Ba(CH3COO)2 were put in a Teflon beaker placed in a
stainless-steel vessel. The vessel was filled up to 60 vol%
with H2O, sealed and heated at 180 "C for 24 h. Sample
characterization was performed by powder x-ray di!raction
(XRD) analysis using Cu K" radiation. Magnetic and
thermodynamic properties were measured in MPMS and
PPMS (Quantum Design). All the peaks observed in the
powder XRD pattern were indexed to reflections based on a
monoclinic structure with the lattice constants a ! 10:273 Å,
b ! 5:907 Å, c ! 7:721 Å, ! ! 116:29" [Fig. 1(b)], confirm-
ing that our sample is single-phase vesignieite.11,12) The
peaks are considerably broad, indicating a small particle size
on the order of a few nm estimated using the Scherrer
equation.

The temperature dependences of magnetic susceptibility #
and inverse susceptibility #%1 of vesignieite are shown in
Fig. 2(a). #%1 exhibits a linear temperature dependence
above 150K, interpreted as Curie–Weiss magnetism. A
Curie–Weiss fit to the data between 200 and 300K yields

a moderately large negative $W ! %77K and an e!ective
moment peff ! 1:98%B/Cu, which is slightly larger than the
spin-only value expected for S ! 1=2. The exchange cou-
pling J and Lande g-factor g are estimated to be J=kB ! 53K
and g ! 2:16, by fitting the data between 150 and 300K to
the calculation for the spin-1/2 KAFM using the high-
temperature-series expansion.13) The g of vesignieite is
nearly equal to those of herbertsmithite (g ! 2:33)14) and
volborthite (g ! 2:205),3) which are slightly larger than
2, reflecting a negative spin–orbit coupling constant
for Cu2# ions. J smaller than those of herbertsmithite
(J=kB ! 170K)14) and volborthite (J=kB ! 84K)3) may be
ascribed to the corresponding variation in Cu–O–Cu bond
angle over the series: the smaller the bond angle, the larger
the antiferromagnetic coupling.

We have observed neither a long-range order nor a spin
glass transition down to 2K in spite of the moderately strong
antiferromagnetic interaction. The temperature dependence
of # under various fields shows no kink-like anomaly or
thermal hysteresis between field cooling and zero-field
cooling, as shown in Fig. 2(b). The absence of long-range
order is also supported by heat capacity C measurements
showing no peak-like anomaly indicative of a phase
transition (Fig. 3). Thus, the geometrical frustration of the
kagome lattice e!ectively suppresses long-range order down
to low temperatures much less than J=kB.
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Fig. 1. (Color online) (a) Crystal structure of vesignieite BaCu3V2O8-
(OH)2 viewed along the a axis (left) and perpendicular to the ab plane
(right). (b) Powder XRD pattern of a vesignieite polycrystalline sample
taken at room temperature. Peak indices are given by assuming a
monoclinic unit cell of a ! 10:273 Å, b ! 5:907 Å, c ! 7:721 Å, and
! ! 116:29".
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Fig. 2. (Color online) (a) Temperature dependence of magnetic suscepti-
bility # of vesignieite BaCu3V2O8(OH)2 polycrystalline sample measured
on heating at a magnetic field of 0.1 T. The filled circles, open circles, and
broken line represent #, #bulk, and #imp, respectively. The solid curve on
the # data between 2 and 10K represents a Curie–Weiss (CW) fit, and
that between 150 and 300K represents a fit to the kagome lattice model
obtained by high-temperature series expansion (HTSE),13) which yields
J=kB ! 53K and g ! 2:16. The inset shows #%1, where the solid line
between 200 and 300K represents a CW fit, which gives $W ! %77K and
peff ! 1:98%B/Cu. (b) Temperature dependence of field-cooled and zero-
field-cooled # measured in various magnetic fields up to 5T.
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Local moments: Curie-Weiss law at high T

Frustration parameter:  f = |ΘCW|/TN

f>>1: wide regime TN < T < |ΘCW|

Frustration 
fingerprint

! ! A

T "!CW

TTN

Spin liquid

!!1

!CW |!CW |



Examples

f GS S lattice

ZnCr2O4

MnSc2S4

SrCr8Ga4O19

Na4Ir3O8

BaCu3V2O8(OH)2 

and 2 others

FeSc2S4

33 Neel 3/2 pyrochlore

12 Neel 5/2 diamond

150 glass 3/2 kagome

>103 QSL? 1/2 hyperkagome

>102-
103 QSL? 1/2 kagome

>103 spin-orbital 
liquid? 2 diamond



Spinels AB2X4

Chalcogenide X2- = O, S, Se

Metals A2+, B3+

Either A, B or both can be magnetic

Fe3O4 MgAl2O4

B

A

X

cubic Fd3m



A-site Spinels

A atoms: diamond lattice

Bipartite: not 
geometrically 
frustrated

A



Susceptibility



Spectrum of Materials

Spectrum of materials

900

V. Fritsch et al. PRL 92, 116401 (2004); N. Tristan et al. PRB 72, 174404 (2005); T. Suzuki et al. 
(2006)

1 10 205

CoAl2O4

MnSc2S4

MnAl2O4

CoRh2O4 Co3O4
s = 5/2

s = 3/2

FeSc2S4
Orbital 

degeneracy

s = 2

f



Why frustration?

Roth, 1964: 2nd 
neighbor exchange not 
necessarily small

Exchange paths:        
A-X-B-X-B 
comparable

Minimal model
J1-J2 exchange J1

J2



Heisenberg Spins
Symmetric exchange describes many TMOs 

Usually: S>1 behaves very classically

Classical ground states on simple lattices

Coplanar spirals

q chosen to minimize J(q)

H =
1
2

!

ij

Jij
!Si · !Sj

!Si = ê1 cosq · ri + ê2 sinq · ri



Spiral Degeneracy

 Set of spiral wavevectors 

triangular lattice:
points

FCC lattice:
lines

kagome, pyrochlore:
full reciprocal space



Ground state 
evolution

Coplanar spirals 

q
0 1/8

Neel

J2/J1

J2/J1 = 0.2 J2/J1 = 0.4 J2/J1 = 0.85 J2/J1 = 20

Spiral surfaces:

spiral



Monte Carlo

f = 11 
at J2/J1 = 0.85

MnSc2S4CoAl2O4MnAl2O4

Ordering strongly suppressed by fluctuations 
amongst spirals



Phase Diagram

0

Spiral spin 
liquid paramagnet

MnSc2S4

J3

ObD

ObJ3

Entropy and J3 
compete to determine 
ordered state

Spiral spin liquid 
regime has intensity 
over entire spiral 
surface

TN |!CW |



Diffuse scattering

Ordered state

(qq0) spiral

Specific heat?

Comparison to Expts.

Expt. Theory

agrees with theory 
for weak J3

A. Krimmel et al, 2006

J.-S. Bernier, M.J. Lawler and Y.B. Kim, 2008



Spectrum of Materials

Spectrum of materials

900

V. Fritsch et al. PRL 92, 116401 (2004); N. Tristan et al. PRB 72, 174404 (2005); T. Suzuki et al. 
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Orbital degeneracy 
in FeSc2S4

Chemistry:
Fe2+: 3d6

1 hole in eg level

Spin S=2
Orbital pseudospin 1/2

Static Jahn-Teller does 
not appear
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Atomic Spin Orbit

Separate orbital and spin degeneracy can be split!

Energy spectrum: singlet GS with gap = λ

Microscopically,

Naive estimate λ ≈ 25K
λ

! =
6!2

0

!

HSO = !!

!
"x

"
3

"
(Sx)2 ! (Sy)2

#
+ "z

$
(Sz)2 ! S(S + 1)

3

%&



Spin orbital singlet

Ground state of λ>0 term:

Due to gap, there is a stable SOS phase for λ >> J.

Sz=0 Sz=2( Sz=-2+ )! 1"
2



Exchange

Inelastic neutrons show 
significant dispersion 
indicating exchange

Bandwidth ≈ 20K is of 
similar order as ΘCW and 
estimated λ

Gap (?) 1-2K

Small gap is classic indicator of 
incipient order
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cally long-range ordered state of the Mn2+ moments.10 For
FeSc2S4, however, !H!T" remarkably exceeds the bulk sus-
ceptibility "!T", indicating an additional broadening mecha-
nism. The inset shows the relative linewidth !H!T" /H0 vs
"!T" with the temperature T as an implicit parameter. In the
case of magnetic broadening, !H!T" /H0 vs "!T" is expected
to scale with the irradiation frequencies #0 /2$ and/or ap-
plied fields H0.13 Toward low values of !H!T" /H0 and ",
i.e., high temperatures, the leveling off of !H!T" /H0 for dif-
ferent #0 /2$ and/or H0 indicates that a frequency and/or
field independent broadening mechanism is active and the
relative linewidth !H!T" /H0 cannot be explained based on
magnetic effects only.

Therefore, we attribute this contribution of !H to the in-
teraction between the electric quadrupole moment Q of the
probing nuclei and an EFG at the scandium site !B site".
Indeed, the drastic increase of !H resembles the temperature
dependence of the EFG at the A site deduced from the quad-
rupole splitting in Mössbauer experiments,17 where the enor-
mous increase of the EFG toward lower temperatures has
been explained taking into account the effects of second or-
der spin-orbit coupling and random strains on the vibronic e
doublet ground state.17 Dielectric spectroscopy indicates that
the orbital reorientation drastically slows down and is well
below 1 MHz for T%75 K.6 Hence, viewed from the time
scale set by the NMR experiment, the charge distribution of
orbitals appears to be almost frozen in producing a static
EFG at the probing nuclear site.

Figure 4 presents the temperature dependences of the
spin-spin relaxation rates 1 /T2!T" of FeSc2S4 and MnSc2S4.
At high temperatures both compounds exhibit temperature
independent rates and almost identical values of 1 /T2 result-
ing from exchange narrowing due to fast spin fluctuations.
Lowering the temperature, the spin-spin relaxation in the
manganese compound diverges and shows a peak at TN as is
usually observed in antiferromagnets !AFM".18 A fit of a
critical behavior 1 /T2& #!T!TN" /TN$!' with TN=2 K and

'=0.23 !for 2%T%70 K" is shown in the inset of Fig. 4.
This value roughly meets the theoretical prediction '=0.3
for a three-dimensional !3D" Heisenberg AFM.19 But it has
clearly to be stated that critical exponents are only defined
near TN and in zero magnetic fields. In contrast, the spin-spin
relaxation rate 1 /T2!T" in the iron compound decreases to-
ward low temperatures, exhibits a minimum at around 10 K,
and slightly increases again at lowest temperatures. As there
is no long-range magnetic order in FeSc2S4,5,20 this increase
of 1 /T2!T" for T%10 K does not indicate the vicinity of a
magnetically ordered state, but more likely is due to a release
of the exchange narrowing mechanism as orbital fluctuations
or orbital glassiness6 weaken the exchange interaction to-
ward low temperatures.

Finally, the temperature dependences of the spin-lattice
relaxation rates 1 /T1!T" are shown in Fig. 5. In MnSc2S4,
1 /T1!T" exhibits the common behavior of long-range ordered
AFMs with a divergent relaxation rate at the magnetic order-
ing temperature TN=2 K. At high temperatures, 1 /T1!T" lev-
els off at a constant value of 1 /T1%0.6 ms!1 which is
slightly below the value reported recently.10 In FeSc2S4,
1 /T1!T" at elevated temperatures is temperature independent
with a value of 1 /T1%3 ms!1, strongly enhanced when com-
pared to MnSc2S4. In the case of a predominant nuclear re-
laxation mechanism provided by fluctuations of localized
spins, 1 /T1!T" in the high-temperature limit is 1 /T1(

=&2$!)g*BAhf /z!"2z!S!S+1" / !3#ex" with the exchange fre-
quency of local spins #ex=kB '+CW ' / #,&zS!S+1" /6$.10,21

The constants z=4 and z!=6 define the numbers of
exchange-coupled local spins and that of local spins interact-
ing with the probing nuclei, respectively.10 From a plot K
versus " !not shown" we checked that MnSc2S4 as well as
FeSc2S4 exhibit the same value of the hyperfine coupling
constant Ahf%3 kOe/*B. Due to the lower spin value and
the higher value of the Curie-Weiss temperature in the case
of FeSc2S4, the relaxation rate in the high-temperature limit

FIG. 4. !Color online" Spin-spin relaxation rates 1 /T2!T" of
FeSc2S4 !circles" and MnSc2S4 !triangles" at 90 MHz. Inset: the
line is a fit of a divergent behavior !TN=2 K" for MnSc2S4 !see
text".

FIG. 5. !Color online" Spin-lattice relaxation rates 1 /T1!T" of
FeSc2S4 !circles" and MnSc2S4 !triangles" at 90 MHz. Inset:
Arrhenius plot of 1 /T1!T" for FeSc2S4. The solid line fits an acti-
vated behavior 1 /T1&exp!!! /kBT" with !=0.2 meV.

BRIEF REPORTS PHYSICAL REVIEW B 73, 132409 !2006"

132409-3

N. Büttgen et al, PRB 73, 132409 (2006)



Exchange

Heisenberg interactions

Rather classical (S=2)

favors spiral ground states

but competes with spin-orbit interaction

H =
1
2

!

ij

Jij
!Si · !Sj (J1 - J2)



Quantum Critical 
Point

Full Hamiltonian H = HSO + Hex

λ/J

T

AF

QCP

SO singlet



Minimal Model

Neutron scattering 
suggests peak close to 
2π(100)

Indicates J2 >> J1
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Hmin = J2

!

!!ij""

!Si · !Sj + HSO



Quantum Critical 
Point

Mean field phase diagram

λ/J2

T

2π(100) AF
Ferro OO

8

SO singlet

FeSc2S4



Predictions

Large T=0 susceptibility (estimated)

Scaling form for (T1T)-1 ∼  f(Δ/T)

Specific heat Cv ∼ T3 f(Δ/T)

Possibility of pressure-induced ordering

Impurity effects?

Behavior in field?  Can triplet be made to 
condense?

✓

✓

✓



c.f. dimer antiferromagnet

Behavior in Field

λ/J

H

AF

QCP

dimer singlet

saturation



Behavior in field

This model

λ/J2

H

2π(100) AF
Ferro OO

16

SO “singlet”
(disordered)

FeSc2S4



Summary
Rich physics in A-site antiferromagnetic 
spinels arises from “tunable frustration” due 
to complex exchange paths 

Orbital degeneracy and spin orbit provides an 
exciting route to quantum paramagnetism and 
quantum criticality

entangled spin-orbital singlet ground state in an 
S=2 magnet!

spin orbit physics in frustrated systems is a very 
interesting and unexplored area



!"#$%&'()*$%#+ ,-./0*1.23*3450%67"8,90 :2%;<2;%0*

!"#$

%&'
()(*+, -+./&

$% 0123%4

5 6+!"7+8 6+9:

!"

;<=>4"1?:'@A4B
C"D2%":%3@E

9: !"

9:

!2@2%"DF%D":G %@+9:#,EHIJ

="2.,> ,%/0%.>8

=?,:0?4*%0?"20/*
2,*8"%>02

01F:%3@E @")4"4)+2>3E4G

&+K9:H/&L. K!"H/#7+9:./#L&I#

9:#!"HIJ6+FDM3F+N#.H&7+: -+JOPJ(+Q

!"#$%&'()*$%#+ ,-./0*1.23*3450%67"8,90 :2%;<2;%0*

!"#$

%&'
()(*+, -+./&

$% 0123%4

5 6+!"7+8 6+9:

!"

;<=>4"1?:'@A4B
C"D2%":%3@E

9: !"

9:

!2@2%"DF%D":G %@+9:#,EHIJ

="2.,> ,%/0%.>8

=?,:0?4*%0?"20/*
2,*8"%>02

01F:%3@E @")4"4)+2>3E4G

&+K9:H/&L. K!"H/#7+9:./#L&I#

9:#!"HIJ6+FDM3F+N#.H&7+: -+JOPJ(+Q

parameters of a ! 10:271 Å, b ! 5:911 Å, c ! 7:711 Å,
! ! 116:42".12) This structure consists of Cu3O6(OH)2
layers, made up of edge-shared CuO4(OH)2 octahedra and
separated by VO4 tetrahedra and Ba2# ions [Fig. 1(a)]. Cu2#

ions form a nearly perfect kagome lattice, though there are
two crystallographic sites for them, as in volborthite. The
distortion of a Cu triangle from the regular one is negligible
($0:2%) with the distances between two Cu atoms being
2.962 Å (Cu1–Cu2) and 2.956 Å (Cu2–Cu2).12) Thus, the
spatial anisotropy in J may be much smaller than that in
volborthite. Moreover, vesignieite is expected to be free of
antisite disorder, the same as volborthite, because it contains
no ions chemically similar to Cu2#. From these structural
and chemical features, we expect that vesignieite can be an
ideal model system for the spin-1/2 KAFM to be compared
with herbertsmithite and volborthite.

A polycrystalline sample of BaCu3V2O8(OH)2 was
prepared by the hydrothermal method. 0.1 g of the mixture
of Cu(OH)2 and V2O5 in 3 : 1 molar ratio and 0.3 g of
Ba(CH3COO)2 were put in a Teflon beaker placed in a
stainless-steel vessel. The vessel was filled up to 60 vol%
with H2O, sealed and heated at 180 "C for 24 h. Sample
characterization was performed by powder x-ray di!raction
(XRD) analysis using Cu K" radiation. Magnetic and
thermodynamic properties were measured in MPMS and
PPMS (Quantum Design). All the peaks observed in the
powder XRD pattern were indexed to reflections based on a
monoclinic structure with the lattice constants a ! 10:273 Å,
b ! 5:907 Å, c ! 7:721 Å, ! ! 116:29" [Fig. 1(b)], confirm-
ing that our sample is single-phase vesignieite.11,12) The
peaks are considerably broad, indicating a small particle size
on the order of a few nm estimated using the Scherrer
equation.

The temperature dependences of magnetic susceptibility #
and inverse susceptibility #%1 of vesignieite are shown in
Fig. 2(a). #%1 exhibits a linear temperature dependence
above 150K, interpreted as Curie–Weiss magnetism. A
Curie–Weiss fit to the data between 200 and 300K yields

a moderately large negative $W ! %77K and an e!ective
moment peff ! 1:98%B/Cu, which is slightly larger than the
spin-only value expected for S ! 1=2. The exchange cou-
pling J and Lande g-factor g are estimated to be J=kB ! 53K
and g ! 2:16, by fitting the data between 150 and 300K to
the calculation for the spin-1/2 KAFM using the high-
temperature-series expansion.13) The g of vesignieite is
nearly equal to those of herbertsmithite (g ! 2:33)14) and
volborthite (g ! 2:205),3) which are slightly larger than
2, reflecting a negative spin–orbit coupling constant
for Cu2# ions. J smaller than those of herbertsmithite
(J=kB ! 170K)14) and volborthite (J=kB ! 84K)3) may be
ascribed to the corresponding variation in Cu–O–Cu bond
angle over the series: the smaller the bond angle, the larger
the antiferromagnetic coupling.

We have observed neither a long-range order nor a spin
glass transition down to 2K in spite of the moderately strong
antiferromagnetic interaction. The temperature dependence
of # under various fields shows no kink-like anomaly or
thermal hysteresis between field cooling and zero-field
cooling, as shown in Fig. 2(b). The absence of long-range
order is also supported by heat capacity C measurements
showing no peak-like anomaly indicative of a phase
transition (Fig. 3). Thus, the geometrical frustration of the
kagome lattice e!ectively suppresses long-range order down
to low temperatures much less than J=kB.
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Fig. 1. (Color online) (a) Crystal structure of vesignieite BaCu3V2O8-
(OH)2 viewed along the a axis (left) and perpendicular to the ab plane
(right). (b) Powder XRD pattern of a vesignieite polycrystalline sample
taken at room temperature. Peak indices are given by assuming a
monoclinic unit cell of a ! 10:273 Å, b ! 5:907 Å, c ! 7:721 Å, and
! ! 116:29".
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Fig. 2. (Color online) (a) Temperature dependence of magnetic suscepti-
bility # of vesignieite BaCu3V2O8(OH)2 polycrystalline sample measured
on heating at a magnetic field of 0.1 T. The filled circles, open circles, and
broken line represent #, #bulk, and #imp, respectively. The solid curve on
the # data between 2 and 10K represents a Curie–Weiss (CW) fit, and
that between 150 and 300K represents a fit to the kagome lattice model
obtained by high-temperature series expansion (HTSE),13) which yields
J=kB ! 53K and g ! 2:16. The inset shows #%1, where the solid line
between 200 and 300K represents a CW fit, which gives $W ! %77K and
peff ! 1:98%B/Cu. (b) Temperature dependence of field-cooled and zero-
field-cooled # measured in various magnetic fields up to 5T.
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AUTHORS’ SUMMARY

Modern microelectronics relies to a large degree on the properties of
interfaces between two different semiconductors. For example, a
transistor is commonly formed from the electronic interactions at

such an interface, and its electrical conductivity can be controlled very ef-
fectively by application of an external voltage to its gate electrode. Optimizing
the operation of transistors and othermicroelectronic devices requires knowledge
of the electronic states near semiconductor interfaces, and many details
have been revealed over the past half-century. Key to recent developments
has been the ability to create high-quality atomically abrupt interfaces
between different materials, including complex oxides with intricate or
large unit cells. In bulk, these oxides show rich and varied electronic and
magnetic properties produced by strong interactions among the electrons
(1). Combining these materials along an interface can produce new
quantum states and the opportunity to uncover unexpected phenomena.
We outline steps toward visualizing and resolving the detailed behavior of
electrons in specific orbitals at the interface between two complex mate-
rials.We studied twomaterials exhibiting properties not known in ordinary
semiconductors: a ferromagnetic manganese oxide and a superconducting
copper oxide. The ability to manipulate electrons and their behavior at
interfaces may open a path toward a new generation of electronic devices.

The first step along this path is the preparation of chemically pure,
atomically sharp interfaces. A sharp interface is needed both to accurately
study and to constrain electronic interactions to the interface. We used
pulsed laser deposition, in which a laser vaporizes bulk samples in a
vacuum containing some background oxygen. A series of thin, uniform
oxide layers is sequentially deposited on a single crystal forming a
superlattice with sharp interfaces. Study of similar structures during the past
few years has led to demonstrations of high-mobility electron systems (2)
and transistor effects (3) at oxide interfaces.

Understanding the electronic mechanisms responsible for these effects
requires the ability to study the behavior of electrons at the interfaces,
which are typically buried several nanometers below the surface, without
interference from bulk electrons in each layer of the superlattice. Tomeet
this goal, we rely on the properties of x-rays with tunable energy and
polarization emitted from a synchrotron, which penetrate deeply into most
materials. The x-ray photon energy was tuned to zoom in on copper and
manganese atoms right at the interface, and the absorption of x-rays with
polarization parallel and perpendicular to the interfacewas used to extract
information about the shape of the valence-electron clouds (i.e., “orbitals”)
around these atoms (see the figure).

In analogy to atoms in free space, the electrons in metal oxides have the
choice of several types of energetically nearly equivalent (or degenerate)
electronic orbitals. The specific way in which this freedom is broken strongly
influences the interactions between the electrons and hence the physical
properties of bulk transition metal oxides. For instance, alternating occupation
of different orbitals on neighboring lattice sites favors ferromagnetism, whereas
uniform occupation of orbitals on all lattice sites tends to generate antiferro-
magnetism (1). Early investigations with x-rays had established that the arrange-
ment of valence-electron orbitals on copper atoms in bulk copper-oxide
superconductors is particularly robust, so that there is essentially no degeneracy,

and virtually all theories of high-temperature superconductivity are now based on
this orbital pattern. Our data indicate that electrons at the interface occupy a
combination of orbitals that differs drastically from that of the bulk. With the aid
of numerical calculations on small atomic clusters, we trace this“orbital recon-
struction” at the interface to the formation of strong covalent bonds between
copper and manganese atoms across the interface.

Being able to determine these characteristics known only in the interface
betweenmetal oxides should allow synthesis of materials in which the bonding
across oxide interfaces can be manipulated in a predictable fashion. These
methods then will offer a tremendous opportunity to create dense two-
dimensional electron systems with controlled interactions. It is conceivable that
such a system will exhibit properties qualitatively beyond those attainable in
semiconductor heterostructures and that engineers will be able to exploit these
properties in innovative electronic devices.
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1. Y. Tokura, N. Nagaosa, Science 288, 462 (2000).
2. A. Ohtomo, H. Y. Hwang, Nature 427, 423 (2004).
3. S. Thiel et al., Science 313, 1942 (2006).

Schematic showing the interface between two metal oxide compounds being
illuminated by x-rays from a synchrotron, yielding detailed information about the
shape, and thus occupation and degeneracy, of electronic orbitals near the interface.

1114 16 NOVEMBER 2007 VOL 318 SCIENCE www.sciencemag.org

C
RE

D
IT

:X
X
X
X
X
X
X

RESEARCH ARTICLES

 o
n

 M
a

rc
h

 3
1

, 
2

0
0

9
 

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

For the future



References

Boulder summer school lectures on frustrated magnets: 
http://research.yale.edu/boulder/Boulder-2008/Lectures/
index.html#today

D. Bergman et al, “Order by disorder and spiral spin liquid 
in frustrated diamond lattice antiferromagnets”, Nature 
Physics 3, 487 - 491 (2007) 

Sungbin Lee + L.B., “Theory of the ordered phase in A-site 
antiferromagnetic spinels”, Phys. Rev. B 78, 144417 (2008)

Gang Chen et al, “Spin-Orbital Singlet and Quantum 
Critical Point on the Diamond Lattice: FeSc2S4”, Phys. 
Rev. Lett. 102, 096406 (2009)


