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Scattering-type scanning near-field optical microscopy (s-SNOM) provides few nanometer optical
spatial resolution and is compatible with nearly any form of linear and nonlinear optical spectroscopy.
We have developed a versatile s-SNOM instrument operating under cryogenic and variable tempera-
ture (∼20–500 K) and compatible with high magnetic fields (up to 7 T). The instrument features in-
dependent tip and sample scanning and free-space light delivery with an integrated off-axis parabolic
mirror for tip-illumination and signal collection with a numerical aperture of N.A. = 0.45. The optics
operate from the UV to THz range allowing for continuous wave, broadband, and ultrafast s-SNOM
spectroscopy, including different variants of tip-enhanced spectroscopy. We discuss the instru-
ment design, implementation, and demonstrate its performance with mid-infrared Drude response
s-SNOM probing of the domain formation associated with the metal-insulator transitions of VO2

(TMIT " 340 K) and V2O3 (TMIT " 150 K). This instrument enables the study of mesoscopic order
and domains of competing quantum phases in correlated electron materials over a wide range of con-
trolled electric and magnetic fields, strain, current, and temperature. © 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4789428]

I. INTRODUCTION

Strong electron correlations in transition metal oxides
and related materials can lead to unusually rich phase dia-
grams with distinct crystallographic, electronic, and magnetic
phases, often with frustration and degenerate ground states.
In many cases the strong electron, spin, and lattice interac-
tions result in phase competition and coexistence of multiple
phases near the phase boundaries.1, 2

The origins of these spatial phase inhomogeneities,
especially in nominally homogeneous pure single crystals,
has been an intensely debated issue in condensed matter
physics.1–6 The problem is difficult to track theoretically,
as the role of domains in defining macroscopic material
properties is often unclear. In addition, despite some notable
exceptions, most experimental evidence of spatial phase
inhomogeneity is indirect due to a lack of versatile imaging
techniques with the necessary spatial resolution, that are
applicable in situ, ideally under variable magnetic and electric
fields, and that are simultaneously sensitive to the different
relevant order parameters.7, 8

Evidence of local phase separation and domain for-
mation on mesoscopic length scales is often indirect from
bulk measurements of electronic transport,9, 10 X-ray and
neutron diffraction,11, 12 and angle-resolved photo-emission
spectroscopy.13 Here, macroscopic quantities, which are ex-
pected to exhibit a discontinuous change at the phase transi-
tion temperature are instead found to be broadened due to the
formation of an inhomogeneous phase distribution of a priori
unknown texture and domain sizes.
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In an effort to gain information about the underlying do-
main structure and its spatial evolution during phase tran-
sitions of correlated electron materials, scanning tunneling
microscopy,14–19 electron microscopy techniques,20–24 pho-
toelectron emission microscopy (PEEM),25 magnetic force
microscopy,26–29 piezoresponse force microscopy,30 conduc-
tive atomic force microscopy (AFM),6, 31 and others have been
applied with great success. Although powerful, these tech-
niques often cannot image multiple order parameters simul-
taneously. Moreover, these techniques are generally not com-
patible with large external magnetic or electric fields.

Optical techniques could overcome these limitations.
With relevant energy scales defined by electronic and lattice
excitations, optical imaging and spectroscopy at meV to eV
energies provide direct contrast between, and simultaneous
insight into the structural changes of the material which are
characteristic of the different phases. In addition, optical spec-
troscopy is compatible with a wide range of internal and ex-
ternal stimuli including strain, electric fields, and magnetic
fields. While the spatial resolution is in general diffraction
limited in the far-field, by combining optical spectroscopy
with scanning probe microscopy we can achieve nanoscale
optical resolution in the near-field, through as scattering-type
scanning near-field optical microscopy (s-SNOM).

The imaging contrast is provided by the optical field lo-
calization at the nanoscale tip apex and its optical antenna
properties. The tip (generally 5–20 nm radius of curvature)
acts as a local scattering source for the enhanced evanescent
optical fields localized between the AFM tip and the sam-
ple surface. The scattered light from the tip-apex region then
contains spectroscopic information about the sample from a
region confined laterally by the dimensions of the tip apex
radius.

The s-SNOM signal reflects the near-surface bulk proper-
ties of a sample to a depth on the order of several nm, as given
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by the spatial extent of evanescent field of the tip apex. The
signal is thus largely insensitive to surface electronic states
and surface contaminants.

s-SNOM can be applied over a wide wavelength range,
from the UV up to the THz regime. The signal is generated by
a scattering mechanism which relies solely on free space ex-
citation and detection and is therefore intrinsically broadband
and compatible with ultrafast laser spectroscopy. This is in
contrast to fiber based near-field scanning optical microscopy
(NSOM)32, 33 which is limited in spatial resolution, sensitiv-
ity, and usable wavelength range, by aperture transmission,
waveguide cut-off, and fiber material.

s-SNOM, as a purely optical technique, is compatible
with variable and cryogenic temperatures, as well as large
magnetic and electric fields. The local optical near-field
interaction in s-SNOM can couple directly to electronic
and vibrational resonances, spin order, lattice symmetry,
and therefore provides contrast due to many mechanisms
including the metallic infrared Drude response, nanoscale
impedance, infrared and Raman vibrational response, or non-
linear optical interactions.

With the appropriate choice and combination of those
techniques, multiple order parameters can be probed simulta-
neously in real space. These unique nanoscale spectroscopic
capabilities make s-SNOM a versatile tool for the spectro-
scopic imaging of as yet poorly understood material systems,
such as correlated electron systems.

Currently, investigations of correlated electron materi-
als using s-SNOM have been carried out at or above room
temperature,34, 35 and only a limited number of specialized
low temperature s-SNOM systems have been developed.36–39

All currently reported designs have either small numerical
apertures, operate in transmission mode, are not capable of
operating under large magnetic fields, or are not generally
compatible with a broad range of optical techniques includ-
ing ultrafast laser pulses.36–39 Although many low tempera-

ture NSOM designs exist,40–48 the requirements for a low-
temperature s-SNOM system are quite different.

In this paper, we report on the development of a versa-
tile s-SNOM system, operating at temperatures from 500 K
down below 20 K, over a broad spectral range from the UV to
mid-infrared, and compatibility with a superconducting multi-
Tesla magnet.

II. INSTRUMENT DESIGN

The design of our cryogenic s-SNOM instrument re-
quires a set of primary considerations critical for reaching
the desired optical, thermal, and magnetic field specifications.
The overall geometry of the setup is determined by the need
for broadband illumination, large solid angle for tip-scattered
light collection, compatibility with low temperatures, and
large magnetic fields. This leads to several trade-offs, e.g., a
compact design is desired to fit into the bore of a supercon-
ducting magnet which restricts the optical access with large
numerical aperture for most efficient apex illumination and
near-field scattering collection.

Given the restricted space inside the magnet bore, the
incident and outgoing beams are chosen to be parallel or
collinear. Furthermore, the incident beam enters the appara-
tus from the bottom, such that the optical axis is parallel to the
magnetic flux lines and instrument axis (Fig. 1). This illumi-
nation scheme requires only a single-solenoid magnet, while
simultaneously yielding a short and interferometrically stable
beam delivery. This design also allows to maintain the con-
ventional upright AFM orientation.

An off-axis parabolic mirror is positioned at the side of
the sample stage with its focus at the tip location. The numer-
ical aperture is maximized within the limits set by the sample
plane, tip axis, scan range, magnet geometry, and beam size.
Independent tip and sample positioning is desirable for an op-
timal optical alignment procedure as discussed in Sec. II B.
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FIG. 1. Cryogenic scattering-type scanning near-field optical microscopy (s-SNOM) system, based on a contact and dynamic force AFM with parabolic optics
for tip illumination and collection of scattered near-field light. (a) s-SNOM schematic. The arrow in the center of the vacuum chamber indicates the magnetic
field direction; the copper block marked with T is the heater and temperature sensor connected to the flow cryostat. (b) Cross-sectional view of core components.
The AFM consists of two positioners for independent tip and sample spatial control. Light is focused by an off-axis parabolic mirror, mounted on a 2-axis
goniometer. All components are held by a titanium housing mounted on a continuous flow cryostat, with optical access through its base for epi-illumination
and detection. The dimensions are minimized such that insertion into a high-field superconducting magnet (not shown) is possible. (c) Photo of the s-SNOM
apparatus, with AFM inside the test chamber (cut away view).
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Cooling is performed by a modified Janis ST500 cryostat.
It features an exchangeable 25 mm diameter bottom window,
e.g., BaF2 (ISP-Optics, BF-W-38-5) used for the experiments
demonstrated here, and suitable for experiments from the UV
to mid-IR. The cryostat was chosen to meet the temperature
requirements. All materials inside the chamber are chosen to
be high-vacuum compatible. With a turbo-molecular pump
(Pfeiffer HiCube Eco pump station) a pressure <10−5 mbar
is reached at room temperature.

A. AFM

A dynamic force AFM (Attocube Systems AG) serves
as the core component for the cryogenic s-SNOM system. It
consists of two 3-axis piezo slip-stick stages (ANPxyz101)
for independent tip and sample positioning. Each stage fea-
tures a 5 mm coarse xyz travel range, with a step size of about
100 nm at room temperature.

An open loop 3-axis piezo scanner (ANSxyz100) is
mounted on top of the sample stage. This scanner has a range
of 50 µm × 50 µm × 24 µm at room temperature (30 µm
× 30 µm × 15 µm at 4 K). The cantilever oscillation is
tracked interferometrically by a single mode fiber placed 50–
100 µm from the backside of the cantilever.49 The AFM al-
lows for a variety of imaging modes, including conductive,
magnetic force, contact and non-contact atomic force mi-
croscopy.

A titanium housing for the components ensures a non-
magnetic, rigid mounting with low vibration transmission.
The translation stages are also made of titanium, and provide
minimal absolute and relative thermal expansion. The slender
design of the positioners and scanners with outer dimension
of ∼24 mm × 24 mm leaves enough space for the free space
optical beam delivery and provides for a good fit into a typical
75 mm diameter superconducting magnet bore.

The vibration spectrum was analyzed with both an exter-
nal accelerometer and a built-in AFM noise analyzer. Results
indicated minimal vibrations levels, with mechanical ampli-
tudes !1 nm (root-mean-square).

B. Optics

Free space beam delivery of the incident and scattered
beams is necessary for s-SNOM in order to allow for a wide
spectral range (UV–THz), and large spectral bandwidth, also
desired for short pulse excitations. This rules out fiber deliv-
ery due to dispersion and transmission constraints.

For broadband light and ultrashort laser pulse illumina-
tion, reflective optics are superior to refractive optics since
the absence of material dispersion eliminates any chromatic
or other aberration for confocal applications. Parabolic mir-
rors are preferable to Cassegrain objectives, as they are more
compact and have shorter focal lengths. However, parallelism
of the incident light beam with respect to the optical axis of
the off-axis parabolic mirror is crucial to avoid coma in the
focus.50, 51

Based on an empirical function fitted to simulated data,51

we estimate that a tilt of δ from the parabolic mirror axis
would reduce the peak intensity to 1.26 × e−290δ/λ for δ be-

tween 0.02◦ to 0.07◦ (λ in µm). Even a tilt of 0.03◦ would
already strongly deform the focus, and although the FWHM
of the center peak only increases by a few percent, the peak
intensity is reduced by a factor of two, e.g., for 10 µm
wavelength light.

A customized off-axis parabolic mirror (Nu-Tek Preci-
sion Optical Corporation) with a focal length of 11.25 mm and
a numerical aperture of 0.45 is used. The surface roughness is
specified to be 7 nm RMS and the form accuracy is specified
to be below 0.625 µm. The mirror is mounted on a piezo-
driven 2-axis goniometer (Attocube ANGt50/ANGp50) with
a tilting resolution of 10−4 degree. With the aid of a flat face
precision machined on the mirror, the mirror axis is aligned to
the incident visible alignment laser beam.52 Fine tuning of the
laser focus is achieved by imaging the tip onto a CCD camera
and optimizing the tip apex scattering to be as small and sym-
metric as possible. Different laser sources can then readily be
coupled into the system by aligning them co-linearly with the
alignment laser.

C. Cryostat and vacuum system

A number of factors are taken into account for optimal
sample cooling. A thermal link made of a stack of 20 laser
welded gold plated Oxygen-free high thermal conductivity
(OFHC) copper foils (Attocube Systems AG, ATC100), with
thermal conductivity of 10 mW/K is used to couple the sam-
ple to the cryostat.

To minimize the heat conduction from the translation
stage to the sample holder, a teflon thermal isolation plate
sandwiched by two layers of aluminized mylar foil is placed
underneath the sample holder. The multiple interfaces be-
tween sample holder and the translation stage reduce the heat
conductance to be below 1 mW/K.53

To minimize heating effects through heat conduction via
the wires of the heater and the temperature sensor, these ca-
bles were coiled around the cryostat and pre-cooled. Finally,
to keep laser heating of the sample at a minimum, the incident
laser power should be kept below 10 mW, which is a typical
power level for s-SNOM.

The heat conduction via the gas with pressure below
0.1 Pa is estimated from q̇gas = 0.5kpA#T , where k is an
empirical coefficient of 1.2 for air, p the pressure (Pa), A the
sample holder surface area (m2), and #T the temperature dif-
ference between sample and the room temperature chamber
wall (K).53 For our conditions q̇gas can be estimated to be
∼0.7 mW, and is therefore negligible.

A significant heat load arises from radiant heat flow from
the surrounding chamber walls at 300 K to the sample holder
at, e.g., 80 K when cooled with liquid nitrogen. We can esti-
mate the heat transfer using the black-body radiation expres-
sion q̇rad = σEA(T 4

Env − T 4
Samp), to be ∼130 mW, with σ the

Stefan-Boltzmann constant, E a factor related to the emissivi-
ties of the surfaces (taken as 0.5), A the sample holder surface
area (m2), and TEnv and TSamp the environment and sample
temperature, respectively. A thin copper radiation shield was
built around the AFM and linked to the cryostat to reduce the
thermal radiation. With the radiation shield at ≈100 K the ra-
diation power is reduced to <1 mW for N2 (l) cooling.
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Based on the above analysis, we estimate a 30 mW cool-
ing power necessary for maintaining the sample at 80 K. The
sample temperature is controlled with a resistive heater and
a temperature controller (Cryocon 32B), with a maximum
power of 5 W, and stability within ± 0.1 K.

D. Magnet

In the design, a multi-filamentary niobium-titanium su-
perconducting magnet (Janis 6.5 T-74) was used as a repre-
sentative model. This superconducting magnet can produce a
6.5 T vertical field, with a moderate inhomogeneity of ±0.5%
over a 1 cm sphere. Within a typical AFM scan area of 10 µm
× 10 µm, the inhomogeneity is below 10−3%. The vertical
center bore has a diameter of 74 mm. All the piezo motors,
including goniometers, coarse positioners, and scanners, are
made of titanium and have demonstrated functionality under
7 T magnetic fields (specified up to 31 T).

III. CHARACTERIZATION/RESULTS AND DISCUSSION

A. Near-field contrast of gold on silicon
reference sample

To test the general system performance we perform elas-
tic IR s-SNOM with contrast resulting from the metallic
Drude response. Light from a CO2 laser (p-polarized, I = 5
mW, λ = 10.6 µm) is focused onto a commercial Pt-Ir coated
AFM tip (Nanosensors, Arrow NCPt). The optical signal is
detected in the back scattered direction by a liquid nitrogen
cooled HgCdTe detector (Judson, J15D14-M204-S250U-30)
with a high bandwidth transimpedance preamplifier (Femto,
HVA-S).

The AFM operates in dynamic force mode, with a con-
trolled tip oscillation amplitude of about 20 nm, and fre-
quency % ≈ 250 kHz. The near-field contribution is se-
lected by lock-in demodulation at harmonics of the tip oscil-
lation frequency (%, 2%, and 3%). The optical response dur-
ing approach gives a clear indication of the near-field optical
contrast.54 Approach curves over the flat gold section in Fig-
ure 2(a) show a strong nonlinear distance dependence, con-
firming the near-field signal origin.

Interferometric signal amplification and detection conve-
niently provides both near-field amplitude and phase by mod-
ulating the phase of the reference field Eref at a frequency ωref

(Fig. 1(a)).55 The signal at the detector contains a near-field
component ENF, far-field background from the tip shaft and
sample surface Ebg, and the reference field Eref, with total in-
tensity I ∝ |Esig(%) + Ebg(%) + Eref(ωref)|2. The near-field
ENF is extracted by demodulating I at side bands of frequency
n%+mωref, where n, m are integers.56 Figures 2(b)–2(d) show
an s-SNOM scan demodulated at 2% sideband across the edge
of a Au film evaporated onto a silicon surface. The simultane-
ously acquired topographic and s-SNOM images demonstrate
the optical dielectric contrast between gold and silicon in the
optical amplitude. The signal variation directly along the Si-
Au edge is a topographic artifact.57 No obvious phase contrast
is expected and the small variation of #φ ∼ 10◦ observed
(Fig. 2(d)) is due to residual far-field interference.
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(c) s-SNOM amplitude

Au

1 µm

FIG. 2. s-SNOM approach curves on a Au surface at the first three tip har-
monic demodulations show a near-field localization <30 nm (a). Panels (b)–
(d) display the topography and associated s-SNOM optical signal for a Au-Si
interface using optical excitation from a CO2 laser (λ = 10.6 µm). An optical
dielectric material contrast is observed in near-field amplitude (c), but only
negligible in phase (d) due to the non-resonant properties of Au and Si/SiO2
at the excitation wavelength.

B. Image of phase transition of VO2 and V2O3

To demonstrate the ability to probe phase transitions
above and below room temperature, micrometer-sized vana-
dium dioxide (VO2) single crystals on a silicon substrate
were imaged. VO2 undergoes a first-order metal-insulator
transition (MIT) from a low-temperature monoclinic insulat-
ing phase to a high-temperature rutile (R) metallic phase at
TMIT = 340 K. These substrate bounded single crystals form
domains during the MIT due to external substrate-induced
stress.34 Figure 3 shows the s-SNOM image with correspond-
ing topography. The crystal remains insulating at 340 K
(Fig. 3(b)) and becomes metallic at 355 K (Fig. 3(d))
with contrast due to the increase in optical conductivity of
the metallic phase. s-SNOM line scan over a VO2 crystal
(Fig. 3(e)) shows optical contrast of metallic domains, with
no topographic variation.

V2O3 is a paramagnetic metal at room temperature
with a MIT around 150 K, accompanied by a structural
change from rhombohedral to monoclinic symmetry.58 It
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FIG. 3. The topography (a), (c) and near-field response taken with a CO2
laser at 10.6 µm (b), (d) of a VO2 crystal at 340 K (a), (b) and 355 K (c),
(d). Due to the difference in optical conductivity between the metallic and
insulating phases, the insulating phase appears dark and the metallic phase
appears bright. (e) s-SNOM signal together with topography line-scan along
the dashed line in (c), (d).

undergoes magnetic ordering from a paramagnetic metal to
an antiferromagnetic insulator.59 The MIT can be tuned by
pressure or doping which modifies the magnetic ordering.
Recently, the domain evolution across the paramagnetic in-
sulator to paramagnetic metal phase transition on chromium
doped V2O3 ((V1−xCrx)2O3, x = 0.011) was studied using
PEEM.60 Here we use micrometer sized V2O3 single crys-
tals to demonstrate the s-SNOM system performance at low
temperature. The sample has been pre-characterized by cryo-
genic Raman measurement, and the phase transition mani-
fests itself in phonon Raman response acquired ex situ at
different temperatures as shown in Fig. 4(a). A correspond-
ing s-SNOM image is shown in Fig. 4(c). Upon cooling, at
temperatures ∼200 K, the emergence of insulating domains
is observed. They appear to nucleate around topographic de-
fects, with domain topology similar to what has been observed
before.60

(c)
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10 nm/div

T>Tc

T<Tc
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200 nm 200 nm

FIG. 4. Cryogenic micro-Raman (a), and mid-IR s-SNOM images of doped
V2O3 (taken with a CO2 laser at 10.6 µm) (c) with corresponding topogra-
phy (b). Metallic phases (red) with spatial variation on 10’s nm are seen to
nucleate near defects (large islands are a dielectric surface impurity).

IV. CONCLUSION/OUTLOOK

In conclusion, we have developed a versatile cryogenic
s-SNOM system compatible with strong magnetic fields for
multimodal and multispectral imaging. This system, in com-
bination with linear, nonlinear, and ultrafast spectroscopy,
could provide spectroscopic access to electronic and vi-
brational resonances, structural symmetry, and femtosecond
dynamics with few-nanometer spatial resolution.61 The sen-
sitivity, specificity, and selectivity of the optical interaction
allows for the systematic real space probing of multiple order
parameters and phases of complex materials simultaneously.
The tool is applicable to a wide range of materials with related
physical phenomena, including organic conductors and semi-
conductors which also exhibit electron correlation, charge or-
der, and superconducting gaps.
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Christoph Bödefeld, Reinhold Pohlner, Christian Mitzkus,
and Martin Zech (Attocube Systems, AG). This work is dedi-
cated to Carsten Georgi, who passed away in a tragic accident
shortly after joining the development team. We also thank An-
drew Jones for help with the s-SNOM measurements. VO2

and V2O3 samples were kindly provided by David Cobden,
University of Washington. The work has been supported by
the Department of Energy, Division of Materials Sciences and
Engineering (Grant No. DE-SC0002197). E.H. acknowledges
the DAAD RISE program.

1E. Dagotto, Science 309, 257 (2005).
2N. Mathur and P. Littlewood, Solid State Commun. 119, 271 (2001).
3A. Moreo, S. Yunoki, and E. Dagotto, Science 283, 2034 (1999).
4E. Dagotto, T. Hotta, and A. Moreo, Phys. Rep. 344, 1 (2001).
5M. Fiebig, T. Lottermoser, D. Fröhlich, A. V. Goltsev, and R. V. Pisarev,
Nature (London) 419, 818 (2002).

http://dx.doi.org/10.1126/science.1107559
http://dx.doi.org/10.1016/S0038-1098(01)00112-0
http://dx.doi.org/10.1126/science.283.5410.2034
http://dx.doi.org/10.1016/S0370-1573(00)00121-6
http://dx.doi.org/10.1038/nature01077


023701-6 Yang et al. Rev. Sci. Instrum. 84, 023701 (2013)

6T. Choi, Y. Horibe, H. T. Yi, Y. J. Choi, W. Wu, and S.-W. Cheong, Nature
Mater. 9, 253 (2010).

7V. B. Shenoy, D. D. Sarma, and C. N. R. Rao, ChemPhysChem 7, 2053
(2006).

8V. B. Shenoy and C. Rao, Philos. Trans. R. Soc. London, Ser. A 366, 63
(2008).

9Y. Tokunaga, M. Tokunaga, and T. Tamegai, Phys. Rev. B 71, 012408
(2005).

10T. Z. Ward, Z. Gai, H. W. Guo, L. F. Yin, and J. Shen, Phys. Rev. B 83,
125125 (2011).

11P. M. Woodward, D. E. Cox, T. Vogt, C. N. R. Rao, and A. K. Cheetham,
Chem. Mater. 11, 3528 (1999).

12C. Ritter, R. Mahendiran, M. R. Ibarra, L. Morellon, A. Maignan, B.
Raveau, and C. N. R. Rao, Phys. Rev. B 61, R9229 (2000).

13Z. Sun, J. F. Douglas, A. V. Fedorov, Y.-D. Chuang, H. Zheng, J. F.
Mitchell, and D. S. Dessau, Nat. Phys. 3, 248 (2007).

14M. Fath, “Scanning tunneling spectroscopy on correlated electron sys-
tems,” Ph.D. dissertation (Universiteit Leiden, 1999).

15S. H. Pan, J. P. O’Neal, R. L. Badzey, C. Chamon, H. Ding, J. R.
Engelbrecht, Z. Wang, H. Eisaki, S. Uchida, A. K. Gupta, K. W. Ng, E. W.
Hudson, K. M. Lang, and J. C. Davis, Nature (London) 413, 282 (2001).

16C. Renner, G. Aeppli, B. G. Kim, Y.-A. Soh, and S. W. Cheong, Nature
(London) 416, 518 (2002).

17K. McElroy, J. Lee, J. A. Slezak, D.-H. Lee, H. Eisaki, S. Uchida, and J. C.
Davis, Science 309, 1048 (2005).

18C. V. Parker, P. Aynajian, E. H. da Silva Neto, A. Pushp, S. Ono, J. Wen, Z.
Xu, G. Gu, and A. Yazdani, Nature (London) 468, 677 (2010).

19A. Mesaros, K. Fujita, H. Eisaki, S. Uchida, J. C. Davis, S. Sachdev, J.
Zaanen, M. J. Lawler, and E. A. Kim, Science 333, 426 (2011).

20M. Uehara, S. Mori, C. H. Chen, and S. W. Cheong, Nature (London) 399,
560 (1999).

21J. Xu, Y. Matsui, T. Kimura, and Y. Tokura, Physica C 357–360, 401
(2001).

22T. Asaka, S. Yamada, S. Tsutsumi, C. Tsuruta, K. Kimoto, T. Arima, and
Y. Matsui, Phys. Rev. Lett. 88, 097201 (2002).

23J. C. Loudon, N. D. Mathur, and P. A. Midgley, Nature (London) 420, 797
(2002).

24J. Tao, D. Niebieskikwiat, M. Varela, W. Luo, M. A. Schofield, Y. Zhu, M.
B. Salamon, J. M. Zuo, S. T. Pantelides, and S. J. Pennycook, Phys. Rev.
Lett. 103, 097202 (2009).

25T. Taniuchi, H. Kumigashira, M. Oshima, T. Wakita, T. Yokoya, M. Kubota,
K. Ono, H. Akinaga, M. Lippmaa, M. Kawasaki, and H. Koinuma, Appl.
Phys. Lett. 89, 112505 (2006).

26L. Zhang, C. Israel, A. Biswas, R. L. Greene, and A. de Lozanne, Science
298, 805 (2002).

27W. Wu, C. Israel, N. Hur, S. Park, S.-W. Cheong, and A. de Lozanne, Na-
ture Mater. 5, 881 (2006).

28D. Serrate, P. Ferriani, Y. Yoshida, S.-W. Hla, M. Menzel, K. von
Bergmann, S. Heinze, A. Kubetzka, and R. Wiesendanger, Nat. Nanotech-
nol. 5, 350 (2010).

29J. H. Lee, L. Fang, E. Vlahos, X. Ke, Y. W. Jung, L. F. Kourkoutis,
J.-W. Kim, P. J. Ryan, T. Heeg, M. Roeckerath, V. Goian, M. Bernhagen, R.
Uecker, P. C. Hammel, K. M. Rabe, S. Kamba, J. Schubert, J. W. Freeland,
D. A. Muller, C. J. Fennie, P. Schiffer, V. Gopalan, E. Johnston-Halperin,
and D. G. Schlom, Nature (London) 466, 954 (2010).

30E. B. Lochocki, S. Park, N. Lee, S. W. Cheong, and W. Wu, Appl. Phys.
Lett. 99, 232901 (2011).

31T.-M. Chuang and A. de Lozanne, Rev. Sci. Instrum. 78, 053710 (2007).
32E. H. Synge, Philos. Mag. 6, 356 (1928).
33D. W. Pohl, W. Denk, and M. Lanz, Appl. Phys. Lett. 44, 651 (1984).
34A. C. Jones, S. Berweger, J. Wei, D. Cobden, and M. B. Raschke, Nano

Lett. 10, 1574 (2010).
35M. M. Qazilbash, M. Brehm, B.-G. Chae, P.-C. Ho, G. O. Andreev, B.-J.

Kim, S. J. Yun, A. V. Balatsky, M. B. Maple, F. Keilmann, H.-T. Kim, and
D. N. Basov, Science (N.Y.) 318, 1750 (2007).

36K. Taniguchi and Y. Kanemitsu, Jpn. J. Appl. Phys. 44, 575 (2005).
37A. Kirihara, S. Kono, A. Tomita, and K. Nakamura, Opt. Rev. 13, 279

(2006).
38G. Andreev, “Application of infrared nanooptics to ultrathin materials,”

Ph.D. dissertation (University of California, 2011).
39I. C. Moldovan-Doyen, G. Xu, L. Greusard, G. Sevin, E. Strupiechonski,

G. Beaudoin, I. Sagnes, S. P. Khanna, E. H. Linfield, A. G. Davies, R.
Colombelli, and Y. De Wilde, Appl. Phys. Lett. 98, 231112 (2011).

40R. D. Grober, T. D. Harris, J. K. Trautman, and E. Betzig, Rev. Sci. Instrum.
65, 626 (1994).

41W. Göhde, J. Tittel, T. Basché, C. Bräuchle, U. C. Fischer, and H. Fuchs,
Rev. Sci. Instrum. 68, 2466 (1997).

42G. Behme, A. Richter, M. Süptitz, and C. Lienau, Rev. Sci. Instrum. 68,
3458 (1997).

43S.-Y. Yim, J. S. Kim, Y. H. Kim, C. C. Byeon, O.-H. Cha, M. S. Jeong,
D. J. Park, S. B. Choi, D. S. Kim, and C. Lienau, J. Korean Phys. Soc. 56,
717 (2010).

44Y. Durand, J. C. Woehl, B. Viellerobe, W. Göhde, and M. Orrit, Rev. Sci.
Instrum. 70, 1318 (1999).

45M. H. Gray and J. W. P. Hsu, Rev. Sci. Instrum. 70, 3355 (1999).
46N. Fukutake, S. Takasaka, and T. Kobayashi, J. Appl. Phys. 91, 849 (2002).
47A. Bek, R. Vogelgesang, and K. Kern, Rev. Sci. Instrum. 77, 043703

(2006).
48E. Nazaretski, K. S. Graham, J. D. Thompson, J. A. Wright, D. V. Pelekhov,

P. C. Hammel, and R. Movshovich, Rev. Sci. Instrum. 80, 083704 (2009).
49D. Rugar, H. J. Mamin, and P. Guethner, Appl. Phys. Lett. 55, 2588 (1989).
50M. Lieb and A. Meixner, Opt. Express 8, 458 (2001).
51A. April, P. Bilodeau, and M. Piché, Opt. Express 19, 9201 (2011).
52Due to machining precision of about 1 mrad (0.057◦), back-reflection is not

sufficient to achieve the best alignment.
53J. W. Ekin, Experimental Techniques for Low-Temperature Measure-

ments: Cryostat Design, Material Properties, and Superconductor Critical-
Current Testing (Oxford University Press, 2006).

54M. B. Raschke and C. Lienau, Appl. Phys. Lett. 83, 5089 (2003).
55N. Ocelic, A. Huber, and R. Hillenbrand, Appl. Phys. Lett. 89, 101124

(2006).
56J. M. Atkin, S. Berweger, A. C. Jones, and M. B. Raschke, Adv. Phys. 61,

745 (2012).
57T. Taubner, R. Hillenbrand, and F. Keilmann, J. Microsc. 210, 311 (2003).
58P. Dernier and M. Marezio, Phys. Rev. B 2, 3771 (1970).
59D. McWhan, A. Jayaraman, J. Remeika, and T. Rice, Phys. Rev. Lett. 34,

547 (1975).
60S. Lupi, L. Baldassarre, B. Mansart, A. Perucchi, A. Barinov, P. Dudin, E.

Papalazarou, F. Rodolakis, J. P. Rueff, J. P. Itié, S. Ravy, D. Nicoletti, P.
Postorino, P. Hansmann, N. Parragh, A. Toschi, T. Saha-Dasgupta, O. K.
Andersen, G. Sangiovanni, K. Held, and M. Marsi, Nat. Commun. 1, 105
(2010).

61X. G. Xu, M. Rang, I. M. Craig, and M. B. Raschke, J. Phys. Chem. Lett.
3, 1836 (2012).

http://dx.doi.org/10.1038/nmat2632
http://dx.doi.org/10.1038/nmat2632
http://dx.doi.org/10.1002/cphc.200600188
http://dx.doi.org/10.1098/rsta.2007.2140
http://dx.doi.org/10.1103/PhysRevB.71.012408
http://dx.doi.org/10.1103/PhysRevB.83.125125
http://dx.doi.org/10.1021/cm990281d
http://dx.doi.org/10.1103/PhysRevB.61.R9229
http://dx.doi.org/10.1038/nphys517
http://dx.doi.org/10.1038/35095012
http://dx.doi.org/10.1038/416518a
http://dx.doi.org/10.1038/416518a
http://dx.doi.org/10.1126/science.1113095
http://dx.doi.org/10.1038/nature09597
http://dx.doi.org/10.1126/science.1201082
http://dx.doi.org/10.1038/21142
http://dx.doi.org/10.1016/S0921-4534(01)00262-3
http://dx.doi.org/10.1103/PhysRevLett.88.097201
http://dx.doi.org/10.1038/nature01299
http://dx.doi.org/10.1103/PhysRevLett.103.097202
http://dx.doi.org/10.1103/PhysRevLett.103.097202
http://dx.doi.org/10.1063/1.2347895
http://dx.doi.org/10.1063/1.2347895
http://dx.doi.org/10.1126/science.1077346
http://dx.doi.org/10.1038/nmat1743
http://dx.doi.org/10.1038/nmat1743
http://dx.doi.org/10.1038/nnano.2010.64
http://dx.doi.org/10.1038/nnano.2010.64
http://dx.doi.org/10.1038/nature09331
http://dx.doi.org/10.1063/1.3665255
http://dx.doi.org/10.1063/1.3665255
http://dx.doi.org/10.1063/1.2735568
http://dx.doi.org/10.1063/1.94865
http://dx.doi.org/10.1021/nl903765h
http://dx.doi.org/10.1021/nl903765h
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1143/JJAP.44.575
http://dx.doi.org/10.1007/s10043-006-0279-z
http://dx.doi.org/10.1063/1.3597411
http://dx.doi.org/10.1063/1.1145128
http://dx.doi.org/10.1063/1.1148170
http://dx.doi.org/10.1063/1.1148308
http://dx.doi.org/10.3938/jkps.56.717
http://dx.doi.org/10.1063/1.1149591
http://dx.doi.org/10.1063/1.1149591
http://dx.doi.org/10.1063/1.1149919
http://dx.doi.org/10.1063/1.1423390
http://dx.doi.org/10.1063/1.2190211
http://dx.doi.org/10.1063/1.3212561
http://dx.doi.org/10.1063/1.101987
http://dx.doi.org/10.1364/OE.8.000458
http://dx.doi.org/10.1364/OE.19.009201
http://dx.doi.org/10.1063/1.1632023
http://dx.doi.org/10.1063/1.2348781
http://dx.doi.org/10.1080/00018732.2012.737982
http://dx.doi.org/10.1046/j.1365-2818.2003.01164.x
http://dx.doi.org/10.1103/PhysRevB.2.3771
http://dx.doi.org/10.1103/PhysRevLett.34.547
http://dx.doi.org/10.1038/ncomms1109
http://dx.doi.org/10.1021/jz300463d

