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Absence of magnetic-field-induced effects in the mid-infrared transmission of La,_,Sr,CuQO,
thin films
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We report magnetotransmission measurements on a series of La,_,Sr,CuQO, thin films. The measurements
were performed in magnetic fields of 18 T, on films with doping levels of x=0, 0.01, 0.03, 0.045, 0.06, 0.08,
and 0.10. In addition, an optimally doped film (x=0.16) was studied in magnetic fields up to 33 T, both above
and below its superconducting critical temperature 7,.=41 K. A combination of Gaussian and wavelet filtering
was employed to improve the signal-to-noise ratio of the data. However, even after this procedure, we could
not detect any field-induced changes of transmission in any of the studied samples. Our results therefore rule
out a direct relation between intensity changes in mid-infrared charge excitations and a bosonic mode in the far

infrared. We discuss these observations in the context of existing proposals regarding the nature of medium

energy range excitations in the cuprates.
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I. INTRODUCTION

The mechanism of superconductivity in the cuprates con-
tinues to evade resolution. In particular, the origin of possible
bosonic mode(s) responsible for pairing has been at the cen-
ter of condensed matter research for the past several years.'™*
Infrared (IR) spectroscopy was the first experimental tech-
nique to suggest that, in addition to low energy excitations,
medium energy range (between 0.1-0.5 eV) and high-energy
excitations (between approximately 0.5-1 eV) might also
play an important role in the cuprates.*~ These excitations
show up as modes in the optical functions, such as the qua-
siparticle scattering rate 1/7{w) or the optical self-energy
3P(w).% In the last few years advances in angle resolved
photoemission spectroscopy (ARPES) have allowed reliable
studies of cuprates in the medium, and even high-energy
ranges.'®!> ARPES has also revealed excitations in these
parts of the spectra, which might play an important role in
high-temperature superconductivity.

It is unlikely that the medium and high-energy range ex-
citations can have lattice origin;'* phonon modes in the cu-
prates are typically confined to lower energies (below about
1000 cm™), and second-order phonons are believed to be
too weak to have prominent effects on electronic properties.
It is therefore natural to assume that these excitations have
electronic and/or spin degrees of freedom involved. Indeed,
advances in sample synthesis have allowed (relatively) large
samples to be grown, which on the other hand have permit-
ted inelastic neutron-scattering (INS) experiments to be per-
formed in the medium energy range (as high as 200
meV).">1 These measurements have also detected medium
energy range excitations and have assigned them to spin
fluctuations or spin/charge stripes. It is not clear at the mo-
ment if or how these excitations are related to charge dynam-
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ics and, ultimately, to high-temperature superconductivity.

In this study we have used both the 18 T superconducting
magnet and the 33 T resistive magnet at the National High
Magnetic Field Laboratory (NHMFL) in Tallahassee, Florida
to systematically investigate effects of external magnetic
field on the optical properties of La,_,Sr,CuO, (LSCO) fam-
ily in the mid-infrared energy range. Our measurements ex-
tend previous magnetoreflection studies?*2* to higher mag-
netic fields, as well as doping ranges which were previously
not examined. Within the error bars of the experiments, we
do not find any field-induced changes of transmission in any
of the samples, irrespective of the doping level and tempera-
ture. These results preclude an interpretation in terms of the
scattering-rate-induced changes in the strength of mid-IR ex-
citations due to coupling to a bosonic mode in the far IR,
which is known to be very susceptible to external magnetic
field.?+23

The paper is organized as follows. First, in Sec. II we
describe the sample growth and magnetotransmission experi-
ments used to study LSCO samples. In Sec. III we present
the results of our optics measurements. Then, in Sec. IV we
outline the numerical procedure for improving the signal-to-
noise ratio in the data. The procedure consists of combined
Gaussian and wavelet filtering and is shown to give good
results. In Sec. V we discuss our findings in the context of
current understanding of high-7,. cuprates and, in particular,
the mid-energy range excitations. Finally, in Sec. VI we sum-
marize our results.

II. EXPERIMENTS

We have measured magnetotransmission properties of
several LSCO films grown on LaSrAlO, (LSAO) substrate,
with doping levels of x=0, 0.01, 0.03, 0.045, 0.06, 0.08,
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TABLE 1. Parameters of La,_ . Sr,CuO, films used in this study: x - doping level, ML - number of
monolayers (1 ML is 6.5 A thick), d thickness, Ty-Néel temperature (Ref. 28), T.-superconducting tempera-

ture, and H ,-upper critical field (Refs. 29 and 30).

x 0.0 0.01 0.03 0.045 0.06 0.08 0.10 0.16
ML 80 120 120 80 86 83 120 120
d (A) 520 780 780 520 559 539.5 780 780
Ty (K) 310 215

T. (K) <5 ~15 ~20 41
H,, (T) ~20 ~40 ~50 ~60

0.10, and 0.16. All films were grown on commercially avail-
able 0.5-mm-thick LSAO substrates, using molecular-beam
epitaxy.?® The films have different thicknesses ranging from
520 to 780 A.?7 Some physical parameters of studied films
are shown in Table I. The samples were characterized using a
number of techniques such as atomic force microscopy
(AFM), reflection high-energy electron diffraction (RHEED),
and resistivity and magnetization measurements, all of which
indicate excellent film quality.®3'-33 Figure 1(a) displays a
schematic phase diagram of LSCO, as well as the points
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FIG. 1. (Color online) (a) Schematic phase diagram of
La,_,Sr,CuO, high-temperature superconductor. The stars represent
the doping levels for which magnetotransmission measurements in
18 T were performed. The pentagons represent the temperature
points for which magnetotransmission measurements on an opti-
mally doped sample were performed in 33 T. The inset shows mag-
netization x(7) for this optimally doped film (x=0.16). A sharp
transition to superconducting state occurs at T,=41 K. (b) T-H
phase diagram of optimally doped LSCO bulk sample with 7,
=38 K, as adopted from Ref. 29. The line shown is the so-called
mean-field upper critical field H,, obtained from resistivity mea-
surements. The triangles represent 7-H points for which magne-
totransmission measurements have been performed in a 33 T field;
the data are shown in Fig. 4.

(stars and pentagons) for which the field data were taken.
Note that the doping range spans all the important parts of
the phase diagram up to the optimal doping, including two
antiferromagnetic films (with x=0 and 0.01) and several su-
perconducting films (x=0.06, 0.08, and 0.10).

The magnetotransmission measurements were performed
at a temperature of 5 K in magnetic fields up to 18 T applied
along the ¢ axis (perpendicular to CuO, planes). In addition,
an optimally doped film with x=0.16 and 7.=41 K was
studied in perpendicular fields up to 33 T, both below and
above T,. The focus of the study was on the mid-IR fre-
quency range, from approximately 1100 cm™' (0.137 eV) to
3500 cm™' (0.434 eV). The LSAO substrate limits the trans-
mission at lower frequencies (because of the strong IR active
phonons**-3%), and the optical system with light pipes em-
ployed in this study renders the signal unmeasurably small at
higher energies. Fortunately, the allowed frequency interval
matches approximately the medium energy range, where
various features have been observed in IR, ARPES, and INS.

III. RESULTS

The measurements were performed with a Fourier trans-
form infrared spectrometer Bruker 113, coupled to a 18 T
superconducting magnet. Figure 2 shows the raw transmis-
sion data for all measured samples. Transmission curves look
qualitatively similar, but we note progressive suppression of
transmission with strontium doping. The absolute values of
transmission in the mid IR are determined primarily by the
film thickness and their conductivity (i.e., doping level).’

Figure 3 shows the transmission ratios at 5 K for a series
of LSCO films T(w,187T)/T(w,0T) [along the stars in Fig.
1(a)]. Panel 3(a) displays the transmission ratio of a bare
LSAO substrate. Within the error bars the ratio is unity, in-
dicating the absence of any field-induced effects.®® This is
not unexpected and indicates that any possible field-induced
changes in LSCO/LSAO samples can be ascribed to the
LSCO films. Panels 3(b) and 3(c) display transmission ratios
for antiferromagnetically ordered films with x=0 and 0.01.
For these two samples, we did not detect any field-induced
effects within the error bars of experiment. The next two
samples (with x=0.03 and 0.045) are neither AFM nor su-
perconducting and also did not show any field-induced ef-
fects [Figs. 3(d) and 3(e)]. The error bars of the measure-
ments on the 0.045 sample were larger than for the other
samples, but we emphasize that the slope of the curve shown
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FIG. 2. (Color online) Transmission data in zero magnetic field
and at 7=5 K for LSCO films with different doping levels, from
x=0 to x=0.10.

is not reproducible and, therefore, is not real. Finally, the last
three measured samples (x=0.06, 0.08, and 0.1) are super-
conductors, and the measurements were performed at 5 K in
the superconducting state (see Table I for their 7,’s). How-
ever, in neither of the samples could we detect any field-
induced effects [Figs. 3(f)-3(h)]. In particular, we did not
observe any systematic changes as a function of doping, or
development of structures in the mid-IR transmission within
the error bars of experiment. We estimate those to be on the
order of =1%, except for the x=0.045 sample.

All of the measurements in the 18 T magnet were done at
5 K. For superconducting samples this is in the supercon-
ducting state (Table I). In order to check if any field-induced
effects could be detected when crossing to the normal state,
we performed magnetotransmission measurements on an op-
timally doped film (x=0.16) at temperatures both below and
above its critical temperature. The measurements were also
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FIG. 3. (Color online) Transmission ratios T(w, 18)/T(w,0T) at
T=5 K for LSCO films with different doping levels [along the stars
in Fig. 1(a)]. Within the error bars of the experiment, we do not
detect any field-induced changes in transmission.
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FIG. 4. (Color online) Magnetotransmission  ratios
T(w,337)/T(w,0T) for the optimally doped LSCO film with T,
=41 K at T=5, 15, 30, and 45 K [along the triangles in Fig. 1(b)].

performed at the NHMFL, with a Fourier transform infrared
spectrometer Bruker 113, coupled to a 33 T resistive magnet.
This configuration allows measurements to be performed not
only at higher magnetic fields but also at elevated tempera-
tures. Measurements at higher temperatures they are impor-
tant because the upper critical field is lower, thus allowing us
to probe the field-induced changes closer to the normal state.
Figure 1(b) represents a T-H diagram of optimally doped
LSCO determined from transport properties of bulk LSCO
samples.”” The symbols (squares, hexagons, diamonds, and
triangles) are the T-H points at which transmission data were
collected. In this paper we only show the results along the
triangles; similar results were obtained at other data points.

Figure 4 presents the magnetotransmission ratios in 33 T
T(w,337)/T(w,0T) at T=5, 15, 30, and 45 K [along the
triangles in Fig. 1(b)]. Overall, the signal-to-noise ratios of
these curves are much lower than those in Fig. 3 because of
various electrical and mechanical oscillations in the system.
To improve the signal-to-noise ratio, we utilized signal pro-
cessing procedures.

IV. DENOISING PROCEDURE

In this section we propose a combination of statistical
data analysis techniques, with the purpose of suppressing the
noise in 33 T data. First we plot the magnetotransmission
ratios on the so-called normal probability plot.>* The normal
probability plot is a graphical technique for assessing to what
extent is a data set normally distributed. The data are plotted
against a theoretical normal (Gaussian) distribution in such a
way that the points should form an approximate straight line.
Departures from this straight line indicate departures from
normality.

Figure 5 displays the normal probability plot of field ra-
tios in 33 T (from Fig. 4). As can be seen from Fig. 5 all four
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FIG. 5. (Color online) Normal probability plots for the data
from Fig. 4. Note that all four curves (for all four temperatures)
have the same shape. In all four cases, the data do approximately
follow straight lines, which indicates that they do follow a Gaussian
distribution.

ratios do approximately follow normal distribution (note the
y axis) as most of the data points fall close to straight lines
(different for different temperatures). Some points are mark-
edly off the line, and they are called the outliers. Outliers in
the data indicate the presence of factors causing nonrandom
(non-Gaussian) noise in the system. In our case they come
primarily from two sources: mechanical oscillations caused
by flowing cooling water in the resistive magnet and by 60
Hz noise from the power lines.

The next step in the procedure is to eliminate the outliers.
This was done by replacing the corresponding points in the
ratios with mean values. We emphasize that the mean value
for each ratio was calculated without the outliers: only the
points inside the interval (u—20,u+20) were taken into
account (u is the mean and o is the standard deviation). This
procedure preserves approximately 95% of the points, re-
moving about 5%.% The results are shown with green lines
in Fig. 6.

After the outliers were removed the so-called wavelet
transformation was employed to filter out Gaussian
noise.*>*2 (Removal of outliers was necessary because, in
our experience, wavelet filtering does not deal with them
successfully.) Wavelet transformation is a relatively new sig-
nal processing technique*®*?> which was developed to cir-
cumvent some problems of Fourier transformation. Instead
of sine or cosine functions, a signal is decomposed into so-
called wavelet functions (wavelets).**~#> Decomposition con-
sists of calculating a two-dimensional map of the so-called
wavelet coefficients W(a,b),

1 [~ [x=b
W¢(a,b)=\,—;f f(X)lﬂ*(T)dx, (1)

where i(x) is the wavelet function, f(x) is the analyzed func-
tion or data set, a is the scale, and b is position (shift) pa-
rameter. Similar to Fourier filtering, wavelet filtering consists
of transforming a signal to the wavelet domain, setting the
small coefficients (below the appropriately chosen threshold
value) to zero and performing an inverse transformation. The
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FIG. 6. (Color online) Magnetotransmission  ratios
T(w,33T)/T(w,0T) from Fig. 4 after the removal of outliers (green
lines) and after wavelet filtering (red lines).

results of wavelet filtering applied to magneto-optical ratios
are shown with red lines in Fig. 6. For the results presented,
we employed wavelet packet decomposition**~*? using sym-
let wavelets on the order of 3 (“sym3”) and three levels of
decomposition. However, it must be pointed out that similar
results were obtained using other wavelets. Thresholding of
wavelet coefficients was done using the so-called “soft
thresholding.”#0-42

As can be seen from Fig. 6, this filtering procedure re-
moves most of the high-frequency noise and at the same time
preserves the overall shape of the ratios. The mean values
and standard deviations of the data before and after process-
ing are shown in Table II. One can note that the filtering does
not change the mean values significantly but does reduce the
standard deviations by a factor of approximately 5. As the
final step in the analysis, we fit the filtered ratios with poly-
nomial function of the form f(w)=Cy+ C,w+ C,w’. Visually,
we expect only C, term to have significant values. Indeed,
the fits reveal that C; and C, are negligibly small; i.e., the
ratios can be approximated with straight, horizontal lines.
The values of C, are also shown in Table II.

The results of Fig. 6 indicate that there are no field-
induced changes in any of the ratios. Based on statistical

TABLE II. The mean values and standard deviations of trans-
mission ratios at 33 T before (u; and o},) and after (u, and o,)
wavelet filtering (Figs. 4 and 6, respectively).

Kelvin Mp ay Mq a, CO
5 1.0088 0.0251 1.0116 0.0047 1.0073
15 1.0162 0.0222 1.0166 0.0057 1.0238
30 1.0212 0.0348 1.0214 0.0060 1.0211
45 1.0213 0.0206 1.0238 0.0058 1.0315
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analysis we put the error bars at =1.0%, with probability of
95%.% Again, we do not detect any systematic changes as a
function of temperature or development of structures in
transmission. However, we do note that all four curves are
offset from unity (shifted vertically up). The origin of this
effect is unknown at the moment, but we emphasize that it is
present both below and above 7, and therefore cannot be
associated with superconducting transition.

V. DISCUSSION

Mid-IR physics has long been speculated to play an im-
portant role in high-T, cuprates.**** However, various tech-
nical difficulties such as small sample size, poor resolution,
or low signal-to-noise ratio have precluded more detailed
experimental studies of this energy range. Recent advances
in ARPES and INS, as well as IR, have brought the mid-IR
physics back to the focus of attention.'%-!315:16:46 Vaarious fea-
tures have been found in this frequency range, and their ori-
gin, as well as their relation to high-7,. superconductivity, is
currently being debated. The magneto-optical results pre-
sented here put constrains on their explanations. They indi-
cate that mid-IR features are not very susceptible to external
magnetic field. No changes in optical properties were found
even when driving the system from normal to superconduct-
ing states. This might also indicate that the modes are not
very strongly coupled to charge carriers. It remains to be
seen if any field-induced changes can be detected at lower
frequencies, where they are expected because of gap closing.

One of the most enigmatic mid-IR features is the so-
called “mid-IR band”?**#-% for which various proposals
have been advocated. Leggett® argued that the energy of
superconducting condensation is stored in the mid-IR
peak.*’*8 In his model, changes in mid-IR peak are expected
upon entering the superconducting state,*’ and they are also
expected to result in changes in optical properties. However,
within the error bars of our measurement system, we did not
find any field-induced changes in transmission even in 33 T
magnetic field, which is sufficient to drive optimally doped
LSCO from superconducting to normal states.

PHYSICAL REVIEW B 79, 134503 (2009)

To simulate the effect of magnetic field on optical prop-
erties, we have performed simple calculations based on a
Drude-Lorentz (DL) model. The optimally doped LSCO film
is described with a DL model, assuming a single Lorentzian
in the mid IR.** The LSAO substrate is assumed to be non-
absorbing and described by a real dielectric function e()
~4.36 The transmission of the two-layer system was calcu-
lated using standard equations.’” To simulate the effect of
magnetic field, the oscillator strength of the mid-IR mode is
then changed by a certain amount and the transmission ob-
tained. Finally the ratio of the two transmissions was calcu-
lated. Our experiments in 33 T put the upper bound on
changes in transmission to *1%, which on the other hand,
through these simple DL calculations, puts the upper bound
of about =0.5% on the changes in the mid-IR mode.

VI. SUMMARY AND CONCLUSIONS

In summary, we performed magnetotransmission study of
a series of LSCO films and did not detect any systematic
field-induced changes in the mid-IR transmission in any of
the samples in magnetic field of 18 T. In addition, no field-
induced changes were found in an optimally doped LSCO
film with 7,=41 K, even in a magnetic field as high as 33 T.
Even though the exact nature of various mid-IR modes is
currently unknown; these results, combined with previous
magnetoreflection results,>>3 put important constrains on
the nature of these modes. For example, these results rule out
coupling of mid-IR charge excitations to the so-called 41
meV resonance, which is known to be very sensitive to ex-
ternal magnetic field.>*>
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