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Broadband multi-interferometer spectroscopy in high magnetic fields:
From THz to visible
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We present a system capable of broad band frequency domain spectroscopy in the range
6—20 000 cri* at cryogenic temperatures. The apparatus couples two different interferometers to a
9 Tesla superconducting split coil magnet and is designed to work with various detectors, including
thermal bolometers and semiconducting detectors. The optical layout utilizes an intermediate focus
while preserving optical f/#’s throughout enabling DC magnetic field measurements of small
crystals with polarized light in both Voight and Faraday geometries. A reference channel eliminates
errors associated with system drift and facilitates determination of the optical constants. For
transparent samples, simultaneous reflection and transmission can be perfor2@a# Emerican
Institute of Physics[DOI: 10.1063/1.1805252

I. INTRODUCTION some of the phenomena which have been studied. Histori-
_ ~ cally magneto-optical measurements were performed in
~ Spectroscopy is one of the most fundamental and ubidorder to elucidate phenomena such as cyclotron resorfance,
uitous experimental techniques for scientific investigationsgargeen—Cooper—Schrieff@CS) superconductivity? two-

For instance, —spectroscopy in the infrared regimeyimensional2D)-electron gas/ plasmon—phonon interaction,
(3—30 THz, 100—1000 cm) is particularly informative due nd antiferomagneticAF) resonancei 2 The importance

to numerous intrinsic material responses associated with bo magneto-optical measurements has not diminished over

intra-band electronic transitions, collective modes, and th . . - .
. . o . . . . . he years and currently there is strong interest in: Magnetic
interaction of radiation with lattice vibrations, i.e., phon&ns. . 3 .

semiconductors® metamaterials, strongly correlated sys-

Many-body electronic effects including density wavesd A Y X )
superconductivity also give rise to spectroscopic signaturest,emS(f'EId'mduc'ECI strlpe%, AF cgrrelatlon$, quantum.crl-

in the infrared range. There are equally important ranges 4ca Phenomena, electron spin resonajnr’cea-nd high-
lower and higher energies from the infrared region. Currentlylc Superconductors. With a demand for devices such as,
there is great interest in the lower energy terahéftdz) adaptive lenses, tunable mirrors, isolators, and convéfters
range as there are natural absorption bands, due to bi@perating at THz frequencies, an ever increasing important
molecular vibrationd,® as well as biological and chemical characterization of materials is their magnetic properties. As
agents. As one proceeds higher in energy to the mid and nearentioned, a striking example is the recent explosion of in-
infrared, there are other various and important electromageerest in diluted magnetic semiconduct¢BaviS), which has
netic signatures associated with vibrational states in organigroduced great scientific and technological attention in re-
materials and inter-band transitions in both organic and inorcent years. While these materials hold great technological
ganic solids. A quantitative analysis of optical phenomena inhomise!” their broadband magneto-optical response has yet
solids relies on a determination of the optical ConStémS: _ to be fully characterized as appropriate facilities are not nu-
broad band instrument which covers the above specifie erous. With advances in superconducting magnets it has

ranges is a versatile and invaluable tool. Couple this instru;

ecome feasible to set up large magnetic fields for magneto-
ment to a cryostat for temperature dependent measurementEs blarg g g

o . optical measurements within an academic institutional labo-
and to a high field magnet for magneto-optic measurements : 18-21
and the phase space of properties one can investigate is en&gory er'1V|ror.1men ' . . ) ,
MOUS. In this article we describe the design and implementation
Although investigation of the optical constants in mag-©f @ magneto-optical spectroscopic system capablgazd-
netic field is far from new, it is also true that magneto-opticalPandhigh field low temperature measurements. A novelty of
measurements are far from commonplace. Spectroscopy e system is the ability to perform absolute measurements of
magnetic fields is technically challenging and has yet to essmall samples with a good signal to noise. Our research pro-
tablish itself as a standard routine for scientific explorationgram is aimed at detailed investigations of strongly corre-
The importance of using magnetic field as a thermodydated electron systems, semiconductor superlattices, heavy
namically tunable parameter can be summarized by listinglectron systems and novel superconductors among other
magneto-electrodynamic behavior. It is often necessary to go
present address: Los Alamos National Laboratory, MST-10, MS K764, Lod0 lowW temperature and high magnetic fields to elucidate the
Alamos, NM 87545, exotic behavior exhibited by these novel systems.
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FIG. 1. (Color onling Schematic of the optical layout of an apparatus for absolute measureme®{is)aind T(w) in magnetic field. Collimated light input

from the Michelson interferometer is reflected from a 90° off-axis parabolic mirror with a 8.89 cm focal length. Light then passes through anaietermedi
focus(shown in regland off of two flat mirrors before reflecting from the final focusing mirror and into the cryostat. From here the light may then reflect from
the sample back into the reflection unit, or continue through to the transmission unit. In both cases the light strikes a focusing mirror then ofa flat mi
before impinging upon the detector, here depicted as bolometers. The Martin—Puplett interferrometer is coupled by 1/2 1.D. brass pipe depight as th
yellow segments. The reference channel goes directly to the detector while the sample channel is guided into the same optics used by the Michelson setu
This design allows for a quick change between interferometers by simple removal of the off-axis parabolic mirror, and insertion of the light ippe segm
from the Martin-Puplett interferometer. The inset shows two different sample holders used for absolute measurements. In reflection both thd aample a
reference mirror are fixed on two cones mounted oppositely. Referenced measurements are thus obtained by rotation of the sample tube through 180°,
(depicted in the inset by arrowsin transmission mode the sample is located behind an aperture and reference measurements are obtained by vertical
translation(depicted in the inset by arrow# an open channel. Both methods allow for absolute measurements and are controlled by a stepping motor with
encoder feed back. The rotational resolution in reflection mode is 0.02 degrees and the step size in vertical translation is 0.02 mm. The rotational or
translational alignment are both highly reproducible and any error in misalignment is within the signal to noise of the system.

Il. SYSTEM DESIGN AND COMPONENTS While the benefit of most of the above are clear, the
A. Optics advantage of the intermediate focus may be easily over-

. . . looked as, for example, commercial systems lack this par-
The heart of the system is a reflectance unit which P y P

. . %icular ingredient. Since the interferometer is necessarily lo-
couples two interferometers to a superconducting magne

see Fig. 1. This novel design enables the following caprclbili—dated away from the superconducting magnet, the beam

ties: Ability to perform measurements of micro-sized c:rystalstr"’weIS distances on the order of a meter. As a result the

with polarized light, two channel data acquisition, determi—image quality ‘?f the pgam, even if ”a"e"”g in an e\{acuatgd
nation of absolute values of both reflectaiRi@) and trans-  compartment, is diminished due to scattering and dispersion
mission T(w), and ability to perform broadband spectros- effects by th_e time it rgaches Fhe samplellocated within the
copy. This combination is unique and to the best of ourcryostat. This results in poor image quality on the sample
knowledge can only be conveniently implemented with aunder study and thus in a lower signal to noise due to in-
magnet which uses a split-coil design. It is noteworthy tocreased background scattering. A focus within the reflection
mention that this optical design yields these significant capaunit allows one to achieve superb image quality by utilizing

bilities without the need for custom magnets or dedicatechn aperture to cut out the scattered light resulting from a long
spectrometers, but allows for a universal system which igptical path. Thus the improved source image on the sample
usable with many combinations of interferometers or specpermits the characterization of small samples. This is an im-
trometers and with numerous generic magnetic systems. portant distinction because many novel and exotic samples
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tend to be small when first discovered. Another advantage of
the intermediate focus is the ability to measure the magneto-
optical permittivities thus permitting determination of the
off-diagonal components of the conductivifyThe converg-

ing beam allows easy placement of a polarizer near the focus
and in front of the detector, thus permitting crossed polarized
and magneto-ellipsometric measurements.

An additional benefit of the design shown in Fig. 1 is the
ability to perform absolute value measurements over a broad
frequency range. Although much information can be ob-
tained by analyzing raw transmissiof{w) or reflectance
R(w) spectra, the redly’) and imaginary x”) portions of the
linear dielectric response of the material enter mixed into
both T(w) and R(w). Thus if the system under study has a
complicated electromagnetic response the de-coupling of
and x” can be quite difficult. The broad-band ability of this
instrument allows one to calculate the “optical constants”
from R(w) or T(w) by utilizing the Kramers—Kronig integral
relation, which states that R(w) or T(w) is measured over
all frequencies then by causality, the full complex dielectric
function [e(w) =g4(w) +ies(w)], can be calculated. Thus the
reference channel shown in Fig. 1, in combination with the
broadband nature of the instrument, permit the calculation of
the optical constants.

A layout of the optics utilized for the reflection and FIG. 2. (Color onling Photograph of the 9 Tesla superconducting magnet
transmission units, coupled to both the Michelson and théonnected to the Mich.elson interferomgter. The units are connecteq by
Martin—Puplett instruments, is depicted in Fig. 1. The opticsr750cm_ of evacu_ated gwde_. The platfo_rm is where the_detgctor would sit for

’ eflection experiments. A similar box sits on the opposite side of the magnet
are permanently arranged on bread-boards which sit withifor transmissior(not shown.
the reflection and transmission units and have been designed
to work with both interferometers without changing compo-
nents. This is a big advantage in the set-up time for differen
experiments. The bread boards are custom made and rest
kinematic mounts.

As mentioned a novelty of the system is the ability to

[eflectance unit for measurements of anisotropic samples.

glqth the reflection and transmission units have been con-

structed from a solid piece of aluminum and fabricated on a

digital mill. The cost of such a procedure is approximately
0 i

perform referenced measurements utilizing dual channel a L0% more than had the units been constructed from welded

quisition. The optical layout depicted in Fig. 1 details how.Iat aluminum plates. However, the advantage of this design

this is accomplished when the unit is connected to both inis that it yields a more robust unit with relatively thin walls,

terferometers. The input from the Martin—Puplett interferom-Which is capable of being evacuated. The boxes sit on three
gs and have various flanges and ports built in on all sides

2:]2n:élrzlg e_?h; Sre?;tncéae iir;?rl]eel cit;a?hneer: si?l?pls (;ierfgfer:ﬁ%r versatility. A black hard anodized finish is applied to the

(with the aid of an internal light pipe segmeno the refer- boxes ensuring a long lifetime for parts which are frequently

ence channel on the detector. It is possible to perform refml_)olted and unbolted, and additionally minimizes reflections.

enced measurements using the Michelson interferometer Fié‘. lid sits atop the boxes and seals with an O-ring gland.

2, and in this case, a reference beam is taken from the main
input beam and directed to the detector. This is accomplished
utilizing a polarizer aligned at 45° to the beam direction and®- Interferometers
thus no additional loss is incurred for polarized measure- As mentioned the system couples the output of two in-
ments. The advantage of referenced measurement is the alitrferometers, with overlapping frequency coverage, to a su-
ity to compensate for: Magnetic field effects on the interfer-perconducting magnet. The interferometers are a Fourier
ometer or source, light source instability, and system driftransform(Michelsor) interferometer and a Martin—Puplett
during long acquisition times. These issues are primarily rel{MP) interferometer. The Michelson interferometer is a com-
evant for spectroscopy in the far infrared regig®@R) re-  mercially available Fourier transform uriBruker IFS 66v/S
gime and thus a light pipe is suitable for the reference chanvacuum Fourier transform infrarg@T-IR)] capable of mea-
nel. surements in a broad ran@@0—25 000 cmt, 0.6—750 THz,
After light traverses from each interferometer through2.48 meV—3 eV with a maximum resolution of 0.25 crh
either the light pipe or the evacuated compartment it ther=7.5 GHz(apodized. This interferometer uses light sources
exits into the reflection unit. Note that the light entering intosuch as a mercurgHg) arc lamp, SiC globar, and tungsten
the reflection unit, from either the light pipe or evacuatedlamp. Mercury is utilized primarily in the THz and infrared
guide, is unpolarized. Thus a polarizer is used within theregion, globar in the infrared and MIR regimes, and tungsten
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FIG. 3. Power spectrum, configuration, and 100% lines in reflectance mode. The left panels depict the intensity of several configurations @qttedoys. fr

the middle panels show the configuration used for these spectra, and the corresponding 100% lines for each spectrum are presented in the rgitppanels Th
two rows are for the MP setup and the remaining are with the Michelson interferometer. The panels are presented from lowest(ffezuenme in top

pane) to highest frequencyOptical in bottom panel All components used for these measurements are listed in the middle panels.

in the MIR through optical frequency ranges. Several differ-components of the interferometer are assembled on an opti-

ent beam splitters are used for various ranges, see Fig. 3. cal breadboard and are housed in a vacuum compartment to
The Martin—Puplett interferometer has an unapodizedavoid strong absorption in THz range at ambient conditions.

maximum resolution of 0.06 cth=1.8 GHz, is designed to The Martin—Puplett interferometer is a step-scan instrument

work in the lower sub-THz and mm-wave region of the spec-and thus acquisition times can be quite lorgh—20 min.

trum (1—-100 cm?) and is based on a Sciencetech 200 instru-Thus the outgoing polarizer is also used as a beam splitter to

ment. The Martin—Puplett interferometer is used in the lowsplit off a reference beam from the main channel. This allows

frequency regime because of its higher resolution and great@ne to collect accurate measurements through the use of a

sensitivity (a factor of 3 in the sub-THz regimever that of  second channel in conjunction with a two channel detector,

the Michelson interferometesee Fig. 3 A 150 watt described previously in detdif.

Mercury—Xenon arc lamgHamamatsu photonics L248%

used for a source. The Martin—Puplett design utilizes a wire ) ) )

grid polarizer rather than beam splitters as in the Fourief- Evacuated guide and light pipes

transform setup. This allows for nearly perfect beamsplitter ~ The coupling of both the Martin—Puplett and the Mich-

efficiency, even at frequencies of 200 GKz7 cri?). All elson interferometer to the reflection unit is performed with
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both evacuated light guide@ compartment in which the Two custom sample holders have been designed to at-
collimated beam travelsand by conventional light pipes. tach to the supplied sample tufsee inset to Fig.)] one for
Light pipe segments are ideal and easily handled howeveaeflectance and the other for transmission measurements. The
the multiple reflections and properties of the light pipe do notreflectance sample holder is constructed such that two
permit their use at high frequencies. samples can be mounted, thus a reference mirror can be

In the case of the Michelson interferometer, collimatedmounted in addition to the sample and absolute reflectance
light is internally reflected from a computer controlled mo- values can be obtained. The sample and the reference are
torized mirror to a port located on the side of the instrumentmounted on a reflective cone which is attached to the sample
From here the light passes through an evacuated comparnount. The cones allow one to study a sample physically
ment to the reflection unit. This method is preferred since thesmaller than the spot focus since only light that is specularly
light makes no internal reflections within the evacuatedreflected from the surface of the sample is collected by fo-
guide, and loss is minimized thus permitting measurement upusing optics and sent to the detector, while light reflected by
to optical frequencies. The coupling to the Michelson inter-the cone does not. The custom transmission sample holder
ferometer is performed through standard ASA fittings, i.e., allows for referenced measurements by vertical translation to
cylindrical segment with O.D.”3 The utilization of these an open channelaperturg. The repositioning of both the
standard O-ring sealed components allows different segeflection and transmission sample holders is accomplished
ments to be used to vary the distance of the Michelson intemwith a stepping motor attached to the top of the sample tube
ferometer to the magnet, which may be important to mini-with encoder feedback. An enclosure for the stepping motor
mize magnetic field effects on the spectrometer and lightnade of high permeability mu metal allows its use over the
source. We have found that an evacuated guide length dtill range up to 9 Tesla. Both of the custom sample holders
750 cm is suitable to minimize magnetic effects on the specare depicted in the inset to Fig. 1.
trometer, while preserving the quality of the collimated
beam.

For the Martin—Puplett instrument conventional light
pipes are used, since light at these frequencies is extremely
long wavelength. New copper pip€#’ 1.D.), readily avail- Ill. ZERO FIELD CHARACTERIZATION
ablg form any hardwar_e store is used where the interior isnot  \ne have characterized the system performance in a
polished or plated. Light from the sample and reference, mper of different configurations. In each particular setup
channgl exiting from the Martm—PupIett interferometer is fo-the components are optimized for a particular frequency
cused into the opening of the light pipe. Due to the particulaiange and the electronic gain is identical for bolometers.
arrangement of equipment it was necessary for the lighbne component common to all data presented is the win-
pipes to make one or more 90° bends before entering thg,\ys used on the superconducting magnet, which is polypro-
reflection unit. This has been accomplished by constructingyjene in this case. The results from these tests are displayed
90° elbows that attach to the light pipe and are sealed witfj, Fig. 3.
o-ring flanges. The ideal geometry to use for such a turn is A indicator of the quality of a spectroscopic system is

in-fact an ellipsoidal mirror with the light pipe terminating at gncapsylated within the power spectrum. This is depicted in
a specific distancedepending on the f/# of the instrument ¢ |eft panels of Fig. 3 for each configuration. For bolom-

beyon_d the focus of the e_IIipse. However, the 90° elboyvs ar@ters the optical cutoffs are determined by c@lE77 K,
very simple and easy to implement and end up reducing thgn 1= 4.2 K) filters installed within the detectors. The fre-

intensity of light by~20% per elbovf quency dependent fluctuations are intrinsic to each arrange-
, ment and are due to interference fringes related to the thick-
D. Superconducting magnet ness of the beam splitter. The mid-infrar@dIR) spectrum

The magnet used here is a 9 Tesla superconducting spkixhibits frequency dependence and the intensity has several
coil magnet made by OxfordSpectromag SM-9000 The  minimums. These are associated with five absorption lines
particular arrangement of the coils is depicted in Fig. 1. Thgin this range due to the polypropylene windows used for all
split coil design allows both measurements with the magexperiments. The reduced intensity associated with these
netic field parallel to the propagation vecidy called Fara- lines is very manageable as the bandwidth is narrow. The
day geometry and perpendicular kovoight geometry. The advantage of the polypropylene windows is the large fre-
system we have designed is readily compatible with manyjuency range over which it can be used. Usually this is of
split coil magnets offered by various vendors including thosdittle concern as the frequency dependence of samples char-
with higher maximum fields. acterized in transmission or reflection within this range is

The design of the magnet requires two windows for thesmall and thus this is a suitable tradeoff.
light to pass through before making it to the sample. Aroom  Another typical measure of a spectroscopic system is a
temperature window, and a liquid helium windowl  so-called 100% line. This gauge is obtained by measuring
=4.2 K) mounted on the variable temperature ing®T]1). either a transmission or reflectance spectrum and then divid-
Both the 300 K and LHe windows are made from &t ing by a subsequent spectrum. Thus the division of these two
thick transparent polypropylene. A big advantage of the polyshould be a straight line at 100% and deviations from this
propylene utilized here is the transparency of the windows toepresent the noise and instability of the system. 100% lines
visible light which is ideal for alignment of the samples.  for numerous configurations are displayed in the right col-
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umn of Fig. 3. This parameter displays the noise as a func- Frequency (THz)
tion of frequency and thus the relative error bars for all en- 1.0 1 10 100
ergy ranges can be characterized. B =S AL
These gauges of the zero field performance have been
done in reflectance mode. The performance of the unit in
transmission mode is not shown, but typically both the
power spectrum and 100% lines are significantly enhanced.
Another relevant comparison is to that of the zero field in-
terferometer performance when connected directly to the
various detectors. We have found that the magneto-optical
system presented here has a reduction in intensity of approxi-
mately 50% in reflectance mode compared to that of the
original systems. This is a reasonable reduction considering
the added optical length, addition of extra optical compo-
nents, and double the number of cryostat windows.

asoo - A Toodt A T
3000 |

1500 1000 1500

61(m)(g'1cm'1) Reflectance

100 1000
Frequency (cm™)

FIG. 4. Top panel: Reflectance of graphifOPG) at 0 and 7 Tesla, both at
10 K. Bottom panel: Real part of the optical conductivity(w) obtained by

Kramers—Kronig transformation of the reflectance data in the top panel. The
IV. MAGNETO-OPTICAL MEASUREMENTS bottom inset shows the detailed peak structures;6b) in the MIR region,

which are due to the inter-band transitions between Landau levels in mag-
netic fields. The reflectance at field was obtained by the Martin—Puplett

As a gauge of the magneto-optical system in reflectiorsPectrometer, with a 320 m_K bolomgter from 5 to 50 tand with al6K
. bolometer from 20 to 110 cth The Michelson interferometer, with a 4.2 K

mode we _have chosen graphite and \f(BBg,Oy (YBCO) as bolometer, was used from 70 to 700 €mand with a photoconductor de-
two canonical samples to measure. Although there has beengttor from 400 to 3000 cri. The data in NIR region above 3000 tn
large amount of work done on graph%there has yet to be were measured by the Michelson interferometer with an InSb detector and a
a systematic investigation of the optical constants at variou'ating spectrometer in the UV region up to 50 000°tm
magnetic fields and temperatures. Additionally the develop-
ment of intra-band and inter-band transitions in magnetiadata, we are able to obtain the real part of the optical con-
fields is unexplored. As for highzTsuperconductors, one of ductivity of graphite at all fields and temperatures up to
the most important unresolved issues is the exact role of thebout 3000 ¢, with good accuracy.
spin resonance in superconducting propefigd.it is also In the zero field case, a conventional KK analysis as-
not clear how the spin resonance is relevant to the opticaumes time reversal symmetry. However, in the presence of
conductivity. YBCO is one of the most appropriate systemanagnetic fields, time reversal symmetry is broken and a
for this issue because of the many systematic studies on thmodified form of the KK relations has to be us@dThis
spin resonance. However, there are not many studies of tHatter form includes off-diagonal components of the response
magneto-optical properties of YBCO, possibly due to thefunction tensor, e.g.gy,. To characterize the off-diagonal
limiting factor imposed by small sample size. componentsr,,, the maneto-optical Kerr effect was investi-

The particular graphite sample characterized is a sogated up to 8 T using two 90-degree crossed polarizers and
called highly oriented pyrolytic graphittHOPG. The di- no effect was found throughout the entire infrared region.
mensions of the ab plane surface characterized in reflectanddnis can be understood from the special properties of the
measurements are6x 6 mn?. With our unique instrument, Fermi surface of graphit@. Due to the distorted Fermi sur-
we are able to measure the reflectance of graphite at variodace, electrons can be partially accelerated by both left- and
temperatures and magnetic fields up to 9 Tesla in a broadght-handed circularly polarized light, and the same for
frequency range. The magneto-optical measurements wel®les. This fact, together with the equal density of electrons
performed from 5 to 3000 ct at temperatures between and holes, results in a very small rotation of polarization, i.e.,
4.2 K and room temperature. For comparison, measurementegligible oy,. Therefore, the optical constants of graphite in
were also completed from 5 to 50 000 ¢hat zero field. magnetic fields can be obtained by a conventional KK trans-

In order to obtain the optical constants of graphite, weformation directly.
combined reflectance data in magnetic fields below As an example, Fig. 4 shows the reflectance spectrum
3000 cm* and zero field reflectance data above 3000'cm R(w) and the corresponding;(w) spectrum of graphite at
This is warranted since the reflectance spectra have no olbt=0 T andH=7 T, both at 10 K. Ino;(w) at zero field
servable magnetic field dependence as one approachégey curve bottom panel of Fig.)4a Drude component is
~3000 cm®. The data was then extrapolated to low fre- observed below 100 ¢ty which is due to the intra-band
quency using the standard Drude form and to higher frequertransition in graphite. In the MIR regiofirom 100 cm? to
cies using the free electron model. A Kramers—Krofg{) 1000 cm?), there is a broad absorption peak due to the inter-
transformation of the data then allows us to obtain the opticaband transition of ther bands. Notably at fields of 7 Tesla
constants. Various different extrapolations to low frequencyfield there is no Drude component centered at zero fre-
were used and verify that the particular method produced nquency. Instead, the free carrier absorption is shifted to a
noticeable effects ofr;(w) over the measured frequency finite energy resonanagrom 100 to 300 cm?), i.e., cyclo-
range® Therefore, by KK transformation of the reflectance tron resonance, by the magnetic field. The energy bands of

A. Reflectance mode
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FIG. 5. Reflectance spectra p£6.65 YBCO. There are no significant dif- 500 cn1* is referred to as the,“kneé’&and has been consid-

ferences between the zero field and high field values of the reflectance for 4#7€d t0 be relevant to the spin resonance.

frequencies measured. The inset shows a detail of the infrared region. According to neutron scattering experiments, the inten-
sity of the spin resonance should be reduced by about 30% at
H=6.8 T3 So, one can expect that the knee structure should

graphite are split into different Landau levels and the peakge suppressed with magnetic field. However, there is no ob-

of o1(w) in the MIR region at 7 Tesla are a signature of theservable effect at fields up to 7 T as our model calculations

interband transitions between these levels. It is worth pointshow?2 The small changes observed in the spectra are within

ing out that the spectra of graphite show field dependencege noise level of the instrument; 1% in the FIR regime for

up to energies as high as2500 cm'=310 meV. This small crystals. So, it appears that the optical conductivity

unique instrument permits measurements in large magnetigoes not couple to the spin resonance, the effect lies lower in

fields continuously over frequencies from 5¢mup to  frequency, or the effect is smaller than expected.
3000 cm?, thus enabling us to systematically investigate

these interesting high energy phenomena.

An experimental challenge of the YBCO crystal mea-
surements is their relatively small size X0.2 mn? com- Niobium (Nb) is a BCS superconductor with a bulk su-
pared to the large graphite crystals. Thus a characterizatigperconducting temperature &~ 9.5 K and a critical field
of YBCO was undertaken also to verify the sensitivity of the of H,~0.2 T. For thin films of Nb the dependence yf vs
instrument for small samples. The samples were measurddm thickness has been characterized and found to be
and referenced with respect to a perfect reflector, i.e., a mirstrongly reduced for thicknesses below about 100 A. Figure
ror. The samples were then coated with gold and then th& shows transmission spectra of a Nb thin film with a thick-
referenced measurements were repeated. Then a ratio of thess of 120 A on a 5@m sapphire substrate grown at the
two of these measuremen(@ouble ratig allows a determi-  University of California, San Diego. The sample ha$.af
nation of absolute values for small sample sizes, and ha8.2 K and the measurements were performed with the
been described previouﬁ@. Martin—Puplett interferometer at a resolution of 3¢rand a

YBCO is a high temperature superconductor with ascan time of four minutes. The interferometer was coupled to
maximumT,~ 95 K at the so-called “optimal doping” of  the reflection unit through 10 feet of"*brass light pipe and
=6.95. For underdoped YBCO, the system exhibits a spirundergoes one 90° bend. After light passes through the fo-
resonance at approximately 34 mél\/,{-\dditionally the re-  cusing optics it impinges upon the sample and then into the
flectivity is nearly unity due to the superconducting responséransmission box and finally to the detect@ge Fig. 1. The
and/or high conductivity. Thus a characterization of the magdetector used for collection of the data was a thermal bolom-
netic field dependence of this effect is challenging. eter designed for use at 1.6 K.

In Fig. 5 we show two reflectance spectra \of 6.65 The data is displayed as transmission ratios of the super-
YBCO which has a critical superconducting temperature oftonducting state divided by the normal stafg(w)/T,(w).
T.~60 K. The data were obtained in the polarizatiohaE In the top panel the normal state is obtained by increasing
and, therefore, represent the genuine response of the Cu@he magnetic field beyond the critical valti, while in the
planes without a contribution of the Cu—O chains runningbottom panel the normal state is obtained by raising the tem-
along theb-axis. The figure showR(w) at zero field and also perature above the critical temperatdrg In both curves a
at 7 Tesla. Notice there is no difference, within experimentaktrong enhancement of the transmission spectra occur do to
error, between the two spectra over frequencies at least up superconducting state. In the theory of Mattis—Bardeen,
3000 cm®. The inset is a detail of the reflectance spectrathe spectra should peak at an energy Af\&hich is about
with a span of about 10%. The abrupt decrease nea®A=15 cnT1=1.86 meV in these samples. The form of the

B. Transmission mode
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thin film interference exhibited by the substrate is respon- McMorrow, P. Vorderwisch, P. Smeibidl, N. Mangkorntong, T. Sasagawa,

sible for the slight disagreement between the fits to the data

M. Nohara, H. Takagi, and T. E. Mason, Natufieondon 415 299
002.

displayed in Fig. 6. However, the agreement between bOtIr'ELaszIo Mihaly, Diyar Talbayev, LaszI6 F. Kiss, Jianshi Zhou, Titusz Fe-

spectra is evidert thus suggesting that the particular man-
ner in which the normal state is obtained is not relevant.
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