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%%Introduc3on%%8%Magne3c%thin%films%



Magne3c%thin%films%

Achievable&sensi5vity&with&SQUID&magnetometer&&&&&&&&&&&&10)11&Am2&(1012&spins)&

Ferromagne5c&monolayer&5&x&5&mm2 & &&&&&&&&&&&&&&&&&&~&&10)8&&&Am2&

Moment&of&oxide&substrate&5x5x0.5&mm2&in&1&T&&&&&&&&&&&&&~&)10)8&&&Am2&&

1&ppm&of&iron&in&the&substrate&& & & & & &&~&&10)8&&&Am2&

&

Cap&

&

Film&

&

Substrate&

Mainz&25)v)2014&&&



Assume&msample&=&msample&on&substrate&–&msubstrate&
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This&is&naïve&!&
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How do dilute magnetic oxides behave?  Thin films 

Material Eg(eV) Doping Moment/T (µB) TC (K) Reference

TiO2 3.2 V – 5%
Co – 7%
Co – 1 -2%
Fe – 2%

4.2
0.3
1.4
2.4

>400
>300
>650
 300

Hong et al (2004)
Matsumoto et al (2001) 
Shinde et al (2003) 
Wang et al(2003)

SnO2 3.5 Fe – 5%
Co – 5%

1.8
7.5

610
650

Coey et al (2004)
Ogale et al (2003)

ZnO

CeO2   

3.3

    3.0

V – 15 %
Mn – 2.2%
Fe5%, Cu1%
Co – 10%
Co –  3.0%

0.5
0.16
0.75
2.0
6.3

>350
>300
550

280-300
725

Saeki et al (2001)
Sharma et al (2003)
Han et al, (2002)
Ueda et al (2001)
Tiwari et al (2006)

Cu2O 2.0 Co5%, Al 0.5% 0.2 > 300 Kale et al (2003)

In2O3 2.9 Fe – 5 %
Cr – 2 %

1.4
1.5

>600
900

He et al (2005)
Philip et al (2006)

ITO
LSTO

3.5
-

Mn – 5%
Co - 1.5%

0.8
2.5

>400
550

Philip et al (2004)
Zhao et al (2003)
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—  Found for doped and undoped 
oxide thin films and nanoparticles 

—  At first they were thought to be 
ferromagnetic dilute magnetic 
semiconductors (DMS) Zn0.95Co0.05O 

— 3d dopants do not order 
magnetically 

— Magnetism is defect-related and 
poorly-reproducible 

  
! &Independent&of&temperature&

! &anhystere5c&

! "Ms"<<&H0""

&→&TC&>>&RT&

→&dipole&interac5ons&

→  A&5ny&volume&frac5on&f&is&‘ferromagne5c’&

d0%magne3sm#
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All Oxide data 100% volume fraction 

Iron 
nanoparticles on 
Si 
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CeO2&Nanopar5cles&

Ms≈ 10 kA m-1 

films 

in&thin&films,&only&a&few&%&of&the&volume&is&ferromagne5c&&

In&nanopar5cles,&the&volume&frac5on&is&~&10&–&100&ppm&&

0&H0≈&80&kA&m
)1&

&H0"=&)NeffM0&&

M0&≈&240&kAm
)1"

Ms≈ 10 A m-1 

nanoparticles 

f"="NefMs/H0&

We&need&a&‘fruibly’&system,&where&data&is&reproducible,&and&no&extraneous&explana5on&is&possible&



%%SrTiO3%–%The%silicon%of%oxide%electronics.%
%%%%%%%%%%%%%%%%%%%Could%it%be%magne3c?%
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Surface/

interface&

quantum&

well&

Oxide 2DEG just below the surface of SrTiO3.  Two explanations

LaAlO3&

&

SrTiO3&

&

2DEG&

The&2DEG&is&confined&to&a&

layer&~&2&nm&thick,&~&2&nm&

below&the&STO&interface/

surfaces(s)&

Essen5al&requirement&is&

band"bending"at&the&
interface&for&a&narrow&

confining&poten5al.&

Electronic&interface&reconstruc5on&

Transfer&0.5e&from&polar&LAO&to&

nonpolar&STO&(100)&

Polar&catastrophe&

STO&

LAO&

100&

AlO2&&&)&

LaO&&&+&

AlO2&&&)&

LaO&&&+&

TiO2&&&&:&

SrO&&&&:&

TiO2&&&&&:&

SrO&&&&:&

)σ/2&

+σ/2&

TiO2&termina5on&

P""E
"

Charge&transfer&at&the&interface&needed&to&

avert&the&polar&catastrophe&is&0.5e&/&uc,&or&

~0.5&Cm)2&or&3.3&1018&electrons&m)2&

E

E"=&σ/2ε0"

Nakagawa,&N.&et"al.&Nat."Materials&5,&204)209&(2006).&& Z.&Q.&Liu&et&al,&Phys."Rev."X&3,&021010&(2013).&

SrTiO3&

&

2DEG&

Atomic&surface&reconstruc5on&for&polar&

cuts&of&STO&(110)&and&(111).&Oxygen&

vacancies&created&near&the&surface.&

Oxygen&vacancies&
aLaAlO3&

&

SrTiO3&

&

2DEG&

Amorphous,&nonpolar&LAO&works&as&

well!&Electrons&come&from&vacancies&

created&by&migra5on&of&O2)&to&LAO&at&

the&interface.&
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Oxide 2DEG just below the surface of SrTiO3. Is an overlayer needed ?

–&Single&crystals&of&polar&cuts&develop&a&2DEG&at&the&surface&when&heated&in&

vacuum.&&

–&ARPES&indicates&giant&Rashba&splipng.&

LETTERS NATUREMATERIALS DOI: 10.1038/NMAT4107

Now, a crucial di�erence between the spin-split electronic
structure measured here for the SrTiO3 surface and a typical Rashba
system is the absence, in our case, of a band crossing at k = 0
(refs 12,13,15)—see, for instance, the experimental band dispersions
in Figs 1e and 2a. Note that, under time-reversal symmetry,
electron eigenstates E(k,") of energy E, momentum k and spin ",
transform into E(�k,#), meaning that for k=0 the bands should
be degenerate. The absence of this Dirac point in our data points
to a further unique property of the SrTiO3 surface, namely the
coexistence of a spin splitting of helical texture and some form
of magnetism. Indeed, an out-of-plane component of an intrinsic
magnetic moment can lift the above degeneracy and open up an
additional gap for all momenta, including around k= 0 (ref. 21).
Note also that our experiments were done in zero external magnetic
field, to conserve the electron wavevector, essential for momentum-
resolved measurements.

Thus, the combination of helical spin texture and magnetism
with a sizeable component along the z-direction should lead to the
occurrence of an out-of-plane spin polarization Pz of increasing
amplitude close to the bottom of the band, as observed for
topological insulators22. However, in the absence of an external
magnetic field, both magnetic orientations along the z-axis are
equally probable, and Pz will average to zero in macroscopic
measurements such as SARPES. The total spin, however, is
conserved and any canting of the spin along ±z , implying the
occurrence of domainswith spin polarizations±Pz in that direction,
will result in a reduced component of the measured in-plane spin
polarization. This is indeed compatible with the binding-energy-
dependent SARPES measurements discussed in Fig. 2.

Therefore, all the data of Fig. 2 show that the spin polarization
and winding on each subband are maintained down to the lowest
binding energies. Note, in particular, that the spin texture of the
outer subband retains a large in-plane polarization amplitude even
in the gap between the two subbands, from about E =�130meV
to E=�190meV. This suggests that the mechanism responsible for
the helical in-plane spin texture is the main energy scale at large
momenta. This energy scale is then one order of magnitude larger
than both the one so far reported in LaAlO3/SrTiO3 interfaces10,11,
and the one expected from a naive Rashba model that takes solely
into account the confining electric field. Such a strong deviation
from the original Rashba scenario has been demonstrated formodel
metallic systems by numerous previous works23,24, and is attributed
as a general property of the surface corrugation and the associated
wavefunction asymmetry23–26, which results in a greatly enhanced
Rashba parameter that increases the spin splitting. Thus, the large
spin splitting of helical spin texture observed in our data may
signal the relevance of surface corrugations for understanding the
electronic and spin structure of the 2DEG at the surface of SrTiO3.

Figure 3 is a schematic summary of our findings for the electronic
structure of the light subbands at the surface of SrTiO3. As shown
by the illustration in Fig. 3a, these light subbands can be depicted
in terms of coexisting Rashba and Zeeman splittings, with the first
dominating at large momenta, and the second dominating around
k = 0. In Fig. 3a, the sombrero-like form of the bottom of the
lower band has been largely exaggerated: even for Rashba splittings
comparable to the magnetic splitting at k= 0, one would obtain
two almost parabolic bands (Supplementary Note 4). We thus stress
that Fig. 3a is an oversimplified image, whereas our results and
conclusions are dictated solely by the data, and are independent of
any theoretical model or analysis.

To facilitate the remaining discussion, we label from 1 to 4 each
of the subband branches, as shown in Fig. 3a. We also introduce, in
Fig. 3b, the local {xyz} axes and a schematic polar representation
of the 3D spin vectors. Thus, we show in Fig. 3c–f the 3D spin
vectors at EF for the light subbands of the 2DEG at the surface of
SrTiO3, obtained from four di�erent sets ofmeasurements at various
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Figure 3 | Summary of spin splittings and spin vectors of the light
subbands at the surface of SrTiO3. a, Schematic representation of the
spin-split light subbands at the surface of SrTiO3. A number is assigned to
each of the subband branches. The two subbands are separated by an
energy gap of about 100 meV for all momenta from k=0 to kF. Each
subband is spin-polarized, with spins winding in opposite directions for
opposite momenta at a given binding energy. This is depicted by the arrows
and the red and blue hues in di�erent subband branches. For each band, the
measured in-plane spin polarization decreases as one approaches the
bottom of the band, and is schematically represented by the width of the
parabolae. b, Definition of the local {xyz} axes and polar representation of
the 3D spin vectors (red ball-pointed arrows) used in the remaining
plots of this figure. c–f, 3D spin vectors at EF for each of the subband
branches (1–4), obtained from four di�erent sets of measurements at
respectively h⌫ =52 eV using linear-vertical (LV) photons, and at
h⌫ =47 eV using circular left-handed (C�), circular right-handed (C+),
and LV photons. All data presented in this figure were measured on the
0102 Brillouin zone at 20 K.

photon energies and polarizations. Data and fits corresponding to
these measurements are presented in Supplementary Note 3.

As seen from Fig. 3c–f, all the di�erent measurements give con-
sistent polarization vectors, although all sets were fitted indepen-
dently. Note, in particular, that, for each of the subband branches,
Px is compatible between all the data sets, which furthermore show
systematically the opposite non-trivial spin-winding textures for the
inner and outer light bands. These results prove that the helical spin
structure, the giant spin splitting, and the subband spin polarization
reported in this work, are all independent of the photon energy and
polarization and, hence, inherent to the electronic structure of the
2DEG at the surface of SrTiO3(ref. 20). On the other hand, contrary
to Px , which does not change with photon energy or polarization,
the out-of-plane component (Pz ) of the spin polarization for the
inner subband presents an anomaly (it gets inverted) at h⌫ =52 eV.
This suggests that Pz originates from extrinsic matrix elements of
the SARPES process (Supplementary Note 3).

The possibility that the two light subbands of the 2DEG in SrTiO3
are oppositely spin-polarized had been overlooked in previous

1088 NATUREMATERIALS | VOL 13 | DECEMBER 2014 | www.nature.com/naturematerials
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0&0&1&

and less dependent on the chemical complexity inherent to in-
terfacial 2DEGs. The (110) 2DEG turns out to be strikingly
different from the (001) 2DEG, which has been the subject of
previous ARPES studies. The band dispersion is not only distinct
from the one of the bulk, it even depends on the quantum

number for the (110) confinement. Hence one can engineer
a completely flat band along ½110", offering good prospects to
find exotic properties in the future. For example, as was shown
firstly in ref. 23, a flat band naturally leads to so-called “flat-band
ferromagnetism,” hence offering a route to spin-polarized currents.
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Fig. 3. ARPES of the electronic structure at SrTiO3(110)-(4 × 1). (A–D) Energy-momentum intensity maps (Tsample = 38  K, hν= 65  eV) along the Γ −M (or [001])
direction and the Γ −M (or ½110") direction, respectively. (E–H) Corresponding second derivatives. In each direction, the spectra were measured with linear
vertical (A and D) and linear horizontal (B and C) polarized light. Tight-binding fits are overlaid for both directions. The dxy -like bands are drawn in blue and
the dyz=dzx -like bands in red. The dxy -derived bands are weakly dispersive and dyz=dzx -derived bands are strongly dispersive along [001]; the dyz=dzx -derived
bands become weakly dispersive and dxy -derived band becomes strongly dispersive along ½110". The subbands become more visible in E–H.
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Fig. 4. Overview of the electronic structure. (A) Full photoemission mapping and (B–D) constant energy cuts at different binding energies (EB = 0, 30, and 60 meV)
and schematic constant-energy surfaces (Lower). Data taken with LV light, which emphasizes dyz and dzx orbitals. These appear bright, whereas dxy -derived states
appear faint. In the schematics the reconstructed (4 × 1) Brillouin zone is indicated by dotted lines. Note that the Fermi surface lies in the (1 × 1) Brillouin zone,
consistent with the 2DEG being confined at the SrTiO3 layers beneath the surface reconstruction. At higher binding energy, EB = 60 meV, only the dyz=dzx -derived
ellipsoid is occupied. The resulting constant-energy surface is strongly anisotropic compared with the bulk projected energy surface (black dashed ellipsoid).
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and less dependent on the chemical complexity inherent to in-
terfacial 2DEGs. The (110) 2DEG turns out to be strikingly
different from the (001) 2DEG, which has been the subject of
previous ARPES studies. The band dispersion is not only distinct
from the one of the bulk, it even depends on the quantum

number for the (110) confinement. Hence one can engineer
a completely flat band along ½110", offering good prospects to
find exotic properties in the future. For example, as was shown
firstly in ref. 23, a flat band naturally leads to so-called “flat-band
ferromagnetism,” hence offering a route to spin-polarized currents.
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Fig. 3. ARPES of the electronic structure at SrTiO3(110)-(4 × 1). (A–D) Energy-momentum intensity maps (Tsample = 38  K, hν= 65  eV) along the Γ −M (or [001])
direction and the Γ −M (or ½110") direction, respectively. (E–H) Corresponding second derivatives. In each direction, the spectra were measured with linear
vertical (A and D) and linear horizontal (B and C) polarized light. Tight-binding fits are overlaid for both directions. The dxy -like bands are drawn in blue and
the dyz=dzx -like bands in red. The dxy -derived bands are weakly dispersive and dyz=dzx -derived bands are strongly dispersive along [001]; the dyz=dzx -derived
bands become weakly dispersive and dxy -derived band becomes strongly dispersive along ½110". The subbands become more visible in E–H.
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consistent with the 2DEG being confined at the SrTiO3 layers beneath the surface reconstruction. At higher binding energy, EB = 60 meV, only the dyz=dzx -derived
ellipsoid is occupied. The resulting constant-energy surface is strongly anisotropic compared with the bulk projected energy surface (black dashed ellipsoid).
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The&polar&cuts&exhibit&flat&bands,&

which&may&be&expected&to&be&

Stoner)split&
F&Santander)Syro&et&al&Nat."Materials"
13&1085&(2014)&&Z&M&Wang,&et&al&PNAS"111%3133&(2014)&&

Fig. 4 shows full photoemission mapping and constant-energy
cuts obtained with LV light polarization and detection along the
½110" direction. The resulting Fermi surface consists of two
perpendicular ellipsoids and a small ellipsoid centered at the
Γ-point. The bright (faint) ellipsoid is derived from dyz=dzxðdxyÞ-like
band and has semiaxes of ∼0.11 Å−1 (0.4 Å−1) and 0.34 Å−1

(0.10 Å−1) along [001] and ½110", respectively. From the area (AF)
enclosed by each Fermi surface, the corresponding 2D carrier
density is n2D =AF=2π2. Taking into account the three bands that
cross EF, we find 0.39 electrons per 1 × 1 unit cell of SrTiO3(110)
(or about 1.8 × 1014 cm−2), a value even larger than the sheet
carrier density measured at the bare SrTiO3(100) surface (7, 8).
The Fermi surface measurements further support the con-

clusion that the 2DEG is not residing at, but underneath, the
reconstructed surface layer, as in the former case we would ex-
pect a gap opening related to the “4×” periodicity along the [001]
direction. Indeed, the Fermi surface lies in the (1 × 1) but not in
the reconstructed (4 × 1) Brillouin zone (the latter is indicated by
the dashed lines in Fig. 4 B–D).
Our results explain the dopant-dependent anisotropy at the

(110)-oriented LaAlO3/SrTiO3 interface that was observed re-
cently (22). Although both dxy- and dyz=dzx-derived Fermi sur-
faces are strongly anisotropic, the difference along the [001] and
½110" directions themselves is not very pronounced at higher
carrier density, when both ellipsoids are occupied (Fig. 4).
However, at a higher binding energy of EB = 60 meV, only the
dyz=dzx-derived ellipsoids appears, with a corresponding carrier
density of ∼1.7 × 1013 cm−2. Remarkably, this is the same carrier

density where a pronounced anisotropic conductivity was ob-
served in transport measurements (22). At this doping level, the
big difference between the semiheavy and light carriers comes to
bear. In the bulk, however, the anisotropy is not so pronounced
(see the dashed ellipsoid in Fig. 4D).
In conclusion, we have demonstrated that an anisotropic

2DEG can be created on SrTiO3(110). The chemically inert and
electrically insulating titania overlayer is native to this system, as
it forms spontaneously to lift the intrinsic polarity of this system.
It provides for a 2DEG that should be less vulnerable against
atmospheric contamination than a 2DEG at the bare surface,
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Fig. 2. Effect of quantum confinement on the electronic structure of (001)- and (110)-oriented SrTiO3. (A and B) Schematics of the Ti lattice in SrTiO3 oriented
along the [001] and [110] direction, respectively. Ti 3dyz orbital lobes expand in the y–z plane. Large ðt1Þ and small ðt2Þ hopping amplitudes depend on the
overlap of the nearest-neighbor d orbitals. (C) Bulk band structure of SrTiO3, consisting of a heavy dyz band (red) and light dxy=dzx bands (blue) along kx , as
well as a light dxy band (blue) and semilight dxy=dzx bands (red) along kM . (D and E) Quantum well states (or subbands) of SrTiO3 confined along the [001] and
[110] direction, respectively. The band dispersions of all the quantum well states confined in the (001) direction are the same as in the bulk. Confinement
along (110) is different: here the dyz=dzx band becomes semiheavy along the ½110" direction and the different (110)-quantum-confined states have a different
mass. (F) 2D Brillouin zone of the SrTiO3(110) surface.

Table 1. Comparisons of experimental and theoretical effective
masses of 2DEGs

SrTiO3(001) SrTiO3(110)

Along kX Along kZ Along kM

Expt. m* 10∼20† 0.7† 9.7 0.67 6.1 0.74
0.5∼0.6‡

Theor. m* 8.2 0.6 8.2 0.6 4.7 0.6
Orbital dyz dxy=dzx dxy dyz=dzx dyz=dzx dxy

The experimental effective masses are slightly larger than those obtained
from tight-binding calculations, indicating a minor mass renormalization
due to electronic correlations.
†Ref. 7.
‡Ref. 8.
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Fig. 4 shows full photoemission mapping and constant-energy
cuts obtained with LV light polarization and detection along the
½110" direction. The resulting Fermi surface consists of two
perpendicular ellipsoids and a small ellipsoid centered at the
Γ-point. The bright (faint) ellipsoid is derived from dyz=dzxðdxyÞ-like
band and has semiaxes of ∼0.11 Å−1 (0.4 Å−1) and 0.34 Å−1

(0.10 Å−1) along [001] and ½110", respectively. From the area (AF)
enclosed by each Fermi surface, the corresponding 2D carrier
density is n2D =AF=2π2. Taking into account the three bands that
cross EF, we find 0.39 electrons per 1 × 1 unit cell of SrTiO3(110)
(or about 1.8 × 1014 cm−2), a value even larger than the sheet
carrier density measured at the bare SrTiO3(100) surface (7, 8).
The Fermi surface measurements further support the con-

clusion that the 2DEG is not residing at, but underneath, the
reconstructed surface layer, as in the former case we would ex-
pect a gap opening related to the “4×” periodicity along the [001]
direction. Indeed, the Fermi surface lies in the (1 × 1) but not in
the reconstructed (4 × 1) Brillouin zone (the latter is indicated by
the dashed lines in Fig. 4 B–D).
Our results explain the dopant-dependent anisotropy at the

(110)-oriented LaAlO3/SrTiO3 interface that was observed re-
cently (22). Although both dxy- and dyz=dzx-derived Fermi sur-
faces are strongly anisotropic, the difference along the [001] and
½110" directions themselves is not very pronounced at higher
carrier density, when both ellipsoids are occupied (Fig. 4).
However, at a higher binding energy of EB = 60 meV, only the
dyz=dzx-derived ellipsoids appears, with a corresponding carrier
density of ∼1.7 × 1013 cm−2. Remarkably, this is the same carrier

density where a pronounced anisotropic conductivity was ob-
served in transport measurements (22). At this doping level, the
big difference between the semiheavy and light carriers comes to
bear. In the bulk, however, the anisotropy is not so pronounced
(see the dashed ellipsoid in Fig. 4D).
In conclusion, we have demonstrated that an anisotropic

2DEG can be created on SrTiO3(110). The chemically inert and
electrically insulating titania overlayer is native to this system, as
it forms spontaneously to lift the intrinsic polarity of this system.
It provides for a 2DEG that should be less vulnerable against
atmospheric contamination than a 2DEG at the bare surface,
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Fig. 2. Effect of quantum confinement on the electronic structure of (001)- and (110)-oriented SrTiO3. (A and B) Schematics of the Ti lattice in SrTiO3 oriented
along the [001] and [110] direction, respectively. Ti 3dyz orbital lobes expand in the y–z plane. Large ðt1Þ and small ðt2Þ hopping amplitudes depend on the
overlap of the nearest-neighbor d orbitals. (C) Bulk band structure of SrTiO3, consisting of a heavy dyz band (red) and light dxy=dzx bands (blue) along kx , as
well as a light dxy band (blue) and semilight dxy=dzx bands (red) along kM . (D and E) Quantum well states (or subbands) of SrTiO3 confined along the [001] and
[110] direction, respectively. The band dispersions of all the quantum well states confined in the (001) direction are the same as in the bulk. Confinement
along (110) is different: here the dyz=dzx band becomes semiheavy along the ½110" direction and the different (110)-quantum-confined states have a different
mass. (F) 2D Brillouin zone of the SrTiO3(110) surface.

Table 1. Comparisons of experimental and theoretical effective
masses of 2DEGs

SrTiO3(001) SrTiO3(110)

Along kX Along kZ Along kM

Expt. m* 10∼20† 0.7† 9.7 0.67 6.1 0.74
0.5∼0.6‡

Theor. m* 8.2 0.6 8.2 0.6 4.7 0.6
Orbital dyz dxy=dzx dxy dyz=dzx dyz=dzx dxy

The experimental effective masses are slightly larger than those obtained
from tight-binding calculations, indicating a minor mass renormalization
due to electronic correlations.
†Ref. 7.
‡Ref. 8.
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Evidence%for%magne3sm%in%STO%

Mainz&25)v)2014&&&
See&Coey&et&al&MRS&Bull&38&1040&(32013)&for&refs&&



If&the&2)DEG&at&the&STO&interface&is&ferromagne5c&

dxy band 

dyz band 

)  Intrinsic&or&defect)induced&?&

)  dxy&or&dyz/zx&&(or&dx2)y2)&
)  Uniform&or&inhomogeneous?&

)  TC&?"

STO&

LAO&
2)DEG&
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SrTiO3%crystal%slices,&as&received&and&vacuum&

annealed&
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)2.&

Magne5za5on&is&hystere5c,&associated&with&iron&par5cles&at&the&surface&(Scanning&laser&MS)&&

1&1&0&

Paramagne5c&impurity&content&deduced&from&Curie&
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4&K&

300&K&
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100&crystal&has&no&moment.&

On&annealing&we&find&5&µBnm
)2&(both&crystal&and&powder)&~&0.7&µB&per&unit&cell&area&

Powdering&without&annealing&gives&0.2&µBnm
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The&magne5c&signal&is&iden5cal&at&4&K&and&300&K.&There&is&no&hysteresis&!& & &&&&&&&&&&&&&&&&

The%%syndrome%
&

NB.&Spin&waves&would&reduce&the&moment&of&an&S&=&1&ferromagnet&with&TC&=&1000&K&by&5&%&



Summary%of%STO%magne3sm.%
%%
"  The&surfaces&of&most&crystals&from&three&suppliers&are&contaminated&

by&ferromagne5c&iron)rich&par5cles,&probably&iron&picked&up&in&the&

polishing&process;&<&1ppm&level.&The&magne5sm&is&hystere5c.&&

"  Some&100&crystal&slices&are&uncontaminated.&These&develop&a&

moment&on&vacuum&annealing,&especially&awer&reducing&to&powder&

form.&The&moment&corresponds&to&0.7&µB&per&unit&cell&area.&&

"  The&magne5za5on&curve&in&anhystere5c&and&shown&no&temperature&

dependence&from&5&K&to&300&K.&The&syndrome&

"  The&moment&is&likely&to&be&related&to&the&surface&2)DEG&which&is&

associated&with&oxygen&defects.&&&

"  Yes.&STO&can&be&magne5c&to&temperatures&far&above&300&K.&&&&&&&&&&&&

The&effect&is&unlikely&to&be&spin)based.&

&
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%%CeO2%–%A%fruiOly%f0%system.%
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&&

Average&radius&&&&&&Ms &&& &H0 &&&&&f"*" " "Surface &&&&&&&&&&&&&&&&&&&&Reference&&&&&&&

r0&(nm) & &&(Am)1)& &(kAm)1)&&&&&&&(10)6)&&& & &&treatment&

&&

3.5 & & & &7 &&& &&60 & &39 &) & & & & &a&

7.5 & & & &11 &&& &&40&&&&&&& &&92 &) & & & & &a&

5×1 & & & &550 &&& &&80 & &2290 &PEG & & & &b&

3 & & & &40 && &&80 & &168 & &Oleic&acid& & &c&

3.5 & & & &1.5 & &120 & &4 & &Glutamic&acid & &d&

2.7 & & & &25 && &&70 & &120 & &NH4OH & & &e&

1.8 & & & &760 &&&& &&50 & &5060 &1,2&dodecandiol &f&

2.5 & & & &150 && &&32 & &1560 &PEG & & & &g&

4.6 & & & &120 & &110 & &364 & &PVP & & & &h&

3.0 & & & &140 &&& &&&90 & &520 &) & & & & &i&

2.0 & & & &84(46) &120(38)& &&233& &PEG & &&& &&Karl&Ackland&PhD &&

&&
a)&A&Sundaresan&and&C.&N.&R.&Rao,&Nano&Today&4&96&(2009)&
b)&Y.&Liu&et&al,&J.&Phys.&Cond.&Ma~er,&20&165201&(2008)&
c)&M.&Y.&Ge&et&al,&Appl.&Phys.&Le~,&93&062505&(2008)&
d)&X.&Chen&et&al,&Nanotechnology,&20&115606&(2009)&
e)&M.&Li&et&al,&Appl.&Phys.&Le~,&94&112511&(2009)&

f)&S.&Y.&Chen&et&al,&J.&Phys.&Chem&C&114%19576&(2010)&
g)&K.&Ackland&et&al,&IEEE&Trans&Magn.&47&3509&(2011)&
h)&S.&Phokha&et&al,&Nanoscale&Res.&Le~.&7&425&(2012)&
i)&N.&Paunovic&et&al,&Nanoscale&4&5469&(2012)&

There&are&many&reports&that&CeO28δ%nanopar3cles%show&stable&weak&
ferromagne5c&order,&with&M&~&100&Am)1&

CeO2%nanopar3cles%Literature%%
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CeO2%nanopar3cles%8%Characteriza3on%

Uniform& 4& nm& CaF2)structure& nano&

par5cles&of&CeO2)δ&are&precipitated&from&

CeNO3& +& PEG& solu5on.& & & Moment& ~&

0.2µB/par5cle&(900&Ce)&

2N&CeO2&

The%syndrome%
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CeO2&nanopar5cles&–&La&doping&

5N&CeO2&

Nanoparticles from 5N precursor are not 
magnetic, but 2N particles showed ‘ferro-
magnetic’’ signal. 
 
Σ 3d impurities < 10 ppm. 

0 1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

60

M
s (A

 m
-1
)

wt % La doping

300 K

La-doping of 5N pure CeO2-δ turns on the 
moment — maximum for 1% 

Mainz&25)v)2014&&&

The%syndrome%



CeO2&nanopar5cles&

Nanoparticles from 5N precursor are not 
magnetic, but 2N particles showed ‘ferro-
magnetic’’ signal, due to La impurities 

Any&Ce&4f&electrons&are&delocalized&(~&no&Curie)law&
upturn&in&suscep5bility&<&0.4%&of&Ce).&&

5N&CeO2&

Surfaces of oyygen-deficient nanoparticles are 
conducting 
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  5d/6s (Ce) 

    4f (Ce) 

    2p (O) 

 

~ 3 eV 

~ 6 eV 



Effect&of&dilu5on–&15nm&&γAl2O3&

Progressive&dilu5on&with&nonmagne5c&15nm&&γAl2O3&

nanopar5cles&makes&the&moment&disappear&!&

&

6&x&dilu5on&(by&volume)&reduces&moment&by&94%&

&

100 nm 

CeO2 
 
γAl2O3 

100 nm 

Dilu5on&with&15nm&γAl2O3&breaks&the&

CeO2&into&clumps&<&100&nm&in&size&

Moment&is&stable&in&5me.&It&

diminishes&by&<&10%&in&a&year&
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Dilu5on&–&&Summary&

The&smallest&par5cles&are&most&effec5ve.&

Awer&dissolving&the&sugar,&the&moment&reappears&(increased)&

.&
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Summary%of%results%

100 nm 

The syndrome seems unprecedented in the literature on magnetism: 
There is no evidence of superparamagnetism (scaling of M with H/T) and 
Hdipolar is 1000 times too small for superferromagnetism 
 
 
1.  The energy scale is exceptionally large. The absence of temperature 

dependence from 4 K to 300 K suggests a ‘Curie temperature’ >1000 K 

2.  There is a mesoscopic length scale of order 100 nm needed for a 
collective magnetic response to appear. 

&

Bacterium&with&~50&nm&Fe3O4&nanopar5cles&

Moment&>&1000µB/par5cle&
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" &How&can&we&understand&it&?&
&
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%%Interlude%



Can&quantum&fluctua5ons&of&the&vacuum&produce&observable&effects&in&

condensed&ma~er? & & & & & & & &Siddhartha&Sen&

&

–&Casimir&force&

–&Lamb&shiw&

&

–&Jaynes)Cummings&systems;&Resonant&op5cal&cavity&&&&&&&&&&&Ebbesen&group;&Strasbourg&
&

Can&we&have&effects&without&a&resonant&cavity&?&&&

&

Photons&of&energy&!ω&have&wavelength&λ&=&2πc/ω&
&&

λ&is&a&natural&length&scale;&&Energy&density&&E&=&!ω/λ3&;&!ω&=&kT&gives&Stefan)Boltzmann&

law.&

&

Energy&density&&E&=&½ε0E2&&where&electric&field&E&=&u√(2hω/ε0λ3)&exp±iωt.&&
Energy&of&an&electron&in&the&field&is&–eE.x#,"where&x&is&the&displacement&from&=ium.&

&

Zero)point&energy&½!ω&&associated&with&each&polariza5on&of&em&field&



In&a&theory&of&the&Lamb&shiw,&the&effect&of&the&zero)point&field&is&to&create&a&rms&

displacement&of&the&orbit&

&

& & & &δL&=&√[2(α/π)&ln1/α2]&λc && &&&&&δL &=&&0.52&pm & &&

&

& &&&&&fine&structure&constant & &Compton&wavelength&of&electron;&2.43&pm &&

&

Toy%model;&Model&condensed&ma~er&as&an&assembly&of&&N&bound&electrons,&with&ground&
state&|0〉&and&a&stable&electronic&excited&state&|1〉&at&energy&!ω,&at&an&energy&ε&below&the&
ioniza5on&threshold.&

&

&&

&

& & & &&|1〉##
#
#
#
|0〉##

a) # # # # # #b)##

##ε#
#
#
!ω#
#

G2!ω#
#
#
#
#
G2!ω#
#
#
#
#
#
#

Ground&state&energy&is&&lowered&by&G2!ω,&where&G2&∝&N,"and&G&<<1""&

One)electron&Hamiltonian&is&

&

H""="!|&0& &Ω&&| & & & & &&

&&&&|&Ω&&& &ω&&|&&&

&

where&!Ω&=&G!ω&is&the&effect&of&ZP&interac5on&
&

NB&electrons&are&considered&as&noninteracBng""



Calcula3on%of%G%for&an&ensemble&of&N&such&electrons.&The&occupy&a&volume&of&size&R&&≈&λ&&
≈&100&nm..&

&

The&effect&of&their&interac5on&with&the&ZP&electric&field&is&to&replace&R"by&R’"""
"

& & & &R’&=&R&+&√N&δL& & & &where&δL &=&&0.52&pm&

&

Volume&increase&is"δV.&&
&

Energy&density&is&now & &&&&E&(V&+&δV)&&
Induced&change&in&elec5c&field&&δE(V)&=&E(V&+&δV)&)&E(V)&=&E(V)&(δV/2V)&where&δV/V"<<1&
&

The&off)diagonal&matrix&element&in&the&one)electron&Hamiltonian&H&

&

&&!Ω&=&G!ω&=&<0|ex.&δE(V)|1>&=&√(2!ω/ε0λ3)&<0|ex."u|1>&&
&

Hence&&G&=&G&=&√(α)(r1/λ)(δV/V)&&&&where&&r1&=&<0|x.u|1>&&&(size&of&excited&state&orbital)&
&

Expressions&for&G;&&&3D;"V"≈"λ3;"&δV/V&=&3√(N)δL/λ&&gives&G3&=&3(r1δL/λ2)√(αN) && & &&

&

& & & &2G;&V"≈"λ2b;"&δV/V&=&√(N)δL/b&&gives&G2&=&{r1δL/b√(bλ)}√(αN)&&



Is%a%realis3c%solu3on%possible?%
%
Condi5on&&&&kT&<&G2!ω&<&ε&
&

Suppose&T&=&RT &&&

%
&

|1〉##
#
#
#
|0〉##

a) # # # # # #b)##

##ε#
#
#
!ω#
#

G2!ω#
#
#
#
#
G2!ω#
#
#
#
#
#
#

Effects&observable&at&RT&may&be&possible&in&2D&systems&with&large&

surface/interface&area;&Never&in&3D&systems.&&&&&&

& & & & & & & & & & &BOTTOM%LINE%



An%explana3on%

100 nm 

— It has nothing to do with ferromagnetism (No Ce compound has Tc > 15 K! ) 
 
— We are looking at giant orbital paramagnetism associated with persistent electric 
currents in coherent domains > 100 nm is size.  
 
 
 
 
 
—  Quantum field theory envisages such coherent domains due to resonance with 
vacuum fluctuations of the electromagnetic field. (cf Casimir force), which  
renormalizes the interaction by √N, where N is the number of particles (Ce atoms) 
in the coherent domain.  
 
— The theory predicts that the magnetization curve should be of the form 
 

                      M =Msx/(1 + x)1/2                 (1) 
  
. 

 

E&del&Guidice&et&al,&PRL&61&1085&(1985)&
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An%explana3on%

100 nm 

   
—  Fitting the magnetization curves gives both the length scale and the 
energy scale for the system 
       
  
. 

 

x"=&CB&                    (2)"
"
x&=&2V/!ω&where&V&=&mB""""""""""""""""""""""""""""""""""
=&(π/6)λ3MB"
"
&λ=&2πc/ω&the&wavelength&of&the&

em&radia5on&is&iden5fied&with&the&

size&of&the&coherent&domain&&&&

&"&
&&&&λ4&=&3hcC/πMs""""""""""""(3) "&&

λ&

Fit&to&(1)&
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An&explana5on&

100 nm 

A coherent domain is 320 nm in size contains N = 5 108 Ce atoms or ~ 5 105 
nanoparticles with a moment µ = 2 105 µB. The moment per nanoparticles in 
the coherent domain is 2.4 µB # 8% of the sample is in the coherent state. 
  
. 

 

C =&9.4 (7) T-1  
  

M = 58 Am-1 
 

λ&=&327&nm&&

&

!ω = 3.8 eV&
"
"
"

λ&

Mainz&25)v)2014&&&

 

  5d/6s (Ce) 

    4f (Ce) 

    2p (O) 

 

~ 3 eV 

~ 6 eV !ω&&
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UV&absorp5on&spectrum&



%%%%%%%%%%%%%%%%%%%%%%%Summary%
%
"  Clusters&of&4&nm&CeO2&nanopar5cles&exhibit&giant"orbital"

paramagneBsm."
"  The&orbital&currents&are&due&to&resonant&coupling&with&zero)point&

fluctua5ons&of&the&electromagne5c&field&in&coherent&domains&~&300&
nm&is&size.&

"  This&may&be&the&first&evidence&of&an&influence&of&these&fluctua5ons&
in&condensed&ma~er.&

"  The&explana5on&can&perhaps&be&extended&to&other&manifesta5ons&
of&the%syndrome%

"  If&true,&many&more&manifesta5ons&of&the&effect&are&an5cipated&
(Water&at&biological&membranes,&interfacial&nanobubbles……)&
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!

     Thank you ! 
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