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Abstract

A self-assembled monolayer of CF5(CF,);(CH,);;NH, atop the (001) surface of the high-temperature superconductor YBa,Cu3;07., was
imaged by atomic force microscopy (AFM). The AFM images provide direct 2D-structural evidence for the epitaxial 5.5 A square 2 x y2R45°
unit cell previously predicted for alkyl amines by molecular modeling [J.E. Ritchie, C.A. Wells, J.-P. Zhou, J. Zhao, J.T. McDevitt, C.R.
Ankrum, L. Jean, D.R. Kanis, J. Am. Chem. Soc. 120 (1998) 2733]. Additionally, the 3D structure of an analogous Langmuir monolayer of
CF5(CF;)9(CH,)11NH, on water was studied by grazing-incidence X-ray diffraction and specular X-ray reflectivity. Structural differences
and similarities between the water-supported and superconductor-localized monolayers are discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The process of forming self-assembled monolayers (SAMs)
on copper oxide-based high-temperature superconductors is
known to remove corrosion products initially and to form
densely packed protective layers subsequently [1,2]. SAMs are
formed when ceramic or thin-film samples of various copper
oxide superconductor materials are exposed to organic or metal
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organic molecules terminated with an alkylamine group [3-5].
Their structure is of key interest since formation of SAMs offers
a convenient way to produce inorganic/organic composite
structures with well-defined interfaces. This methodology has
been successfully exploited with normal conductors, semicon-
ductors, and insulators [6—8]. Here, we present the first direct
experimental structural evidence for the formation of highly
ordered SAMs of CF3(CF,);(CH,);;NH, atop a (001) surface of
the high-temperature superconductor YBa,Cu30;_,, as imaged
by deflection mode atomic force microscopy (AFM).

The adsorbates employed here differ from those previously
studied using computer modeling [1] and reflectance angle
infrared spectroscopy [1] since the alkyl chains of the amines are
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partially fluorinated to enhance crystallinity and to provide a
more robust protective overlayer for the superconductor material
[9]. We used two different partially fluorinated adsorbates because
preliminary atomic force microscopy (AFM) studies found that
only the shorter molecule (CF5(CF;);(CH,);;NH,) gave SAMs
that showed an ordered registry on the surface of the super-
conductor; conversely, Langmuir isotherm measurements found
that that only the longer molecule (CF5(CF,)o(CH,);;NH,) gave
densely packed Langmuir monolayers on water. Structural
characterization of the latter system by both grazing-incidence
X-ray diffraction (GIXD) and specular X-ray reflectivity (XR)
was needed to establish the structure and order of amine-based
partially fluorinated monolayer films, which are reported here
for the first time. In particular, we wished to determine
whether the structure and packing of the films were influenced
by epitaxial registry between the adsorbates and the surface of
the superconductor.

2. Experimental details
2.1. Synthesis

The synthesis of the fluorinated amines (CF5(CF;),-
(CH,)1NH,, n=3 or 9) has been described previously [10].

2.2. Crystal growth and mounting

The crystal growth and mounting process is similar to the
one previously described in Edwards et al. [11]. Briefly,
crystals are grown by slow cooling from 1000 °C in a barium
copper oxide flux. They are mechanically removed and
annealed at 450 °C in flowing oxygen for several weeks and
slowly cooled. The resulting thin plate-like crystals (approxi-
mately, | mmx1 mmx20 pm) of YBa,Cu;0,_, (x=0.05)
have the ¢ axis perpendicular to the largest surfaces. Crystals
were mounted with silver epoxy between two copper wire
studs. Excess epoxy was removed using a file before cleaving.

2.3. SAM formation process

YBa,Cu;07_, crystals are cleaved at room temperature in air
immediately before they are soaked in a 1 mM CF3(CF,)s-
(CH,);1NHy/hexane solution (high pressure liquid chromato-
graphy grade) for 24 h. The crystals are removed from the
solution, thoroughly rinsed with pure hexane, and blown dry
with N, before transfer to the AFM (Nanoscope III, Digital
Instruments). Images were collected in deflection mode, using a
standard SizN,4 tip (DN-type, Digital Instruments). Care was
taken in minimizing the z-axis feedback loop gain while
mapping the cantilever deflection.

2.4. Grazing-incidence X-ray diffraction (GIXD) and specular
X-ray reflectivity (XR)

A monolayer of CF3(CF,)9(CH,);{NH, was compressed to a
surface area per molecule of ~30+1 A? at a surface pressure of
IT ~35 mN/m on a pH=11 subphase at 21.3+0.1 °C. Data

were collected using the liquid surface diffractometer [12] at the
BWI1 undulator beamline [13] at the synchrotron radiation
facility HASYLAB, DESY, Hamburg, Germany, using a
wavelength of 1=1.304 A monochromated by a Be crystal
[14,15]. Two different X-ray techniques were used [12,16,17]:
GIXD and XR.

For GIXD, the monolayer was X-ray illuminated at a grazing
angle of incidence (o) slightly below the critical angle (c)
for total reflection (o;=0.85¢.), thus increasing the surface
sensitivity by minimizing the penetration depth of the incident
X-rays into the water subphase. Any lateral crystallinity in the
monolayer will then give rise to Bragg rods [12,16,17].
The scattered X-ray intensity (/) was measured vs. horizontal
scattering angle (20,,) and vertical exit angle (o) and converted
to /(0,),0.) where the vertical and horizontal scattering vec-
tor components are Q.= (2w/A)sin(cy) and QxyE(QﬁJrQﬁ)mE
Qn/A)[1 -5-cosz(ocf)—200s(ocf)cos(20xy)]”2 [12,16]. Note that the
Langmuir monolayer is a 2D powder: 2D-crystallites occur that
all have their base planes horizontal but represent all azimuthal
orientations, so that only Q. = (02 +Q§)” 2 can be resolved, not
0., 0, individually.

The XR experiments probe the laterally averaged electron
density profile (p(z)) normal to the interface by varying the
incident and exit angles (o;,00) simultaneously (af=o;=0),
recording the intensity pattern resulting from interference
between rays reflected at different depths. Here both laterally
crystalline and non-crystalline parts contribute. The mea-
sured reflectivity, R(Q.), normalized to the Fresnel reflec-
tivity, Rp(Q.), calculated for a theoretical sharp air/water
interface, is shown vs. the purely vertical scattering vector Q.=
2w/ A)[sin(o;) +sin(ag)]=(4w/A)sin(a). The XR data were
inverted to yield p(z) by a method similar to that described in
Pedersen and Hamley [18].

3. Results and discussion

One of the significant challenges associated with the direct
imaging of cuprate superconductor-localized monolayers has
been identifying appropriate sample specimens with surface
roughness sufficiently low for these measurements. In the more
commonly exploited SAM systems, such as thiols on gold, low
roughness can be attained by simply polishing and subsequently
annealing the gold surface at elevated temperatures or by
evaporating the metal onto cleaved mica [19,20]. Similar
protocols cannot be used with the YBa,Cu;0;_, system
because of its highly reactive nature and complex composition
[21]. While previous studies have shown bulk ceramic samples
and laser-ablated cuprate films to be suitable for localizing
amine monolayers, these samples have proven too rough for
structural characterization of the monolayers by AFM.

To overcome these limitations, a procedure for making
SAMs using cleaved YBa,Cuz;O,_, single crystals has been
developed. Here, crystals of YBa,Cuz0,_, (x=0.05) are
mounted and cleaved using an adaptation of a previously
reported method, whereby the crystals are fragmented at low-
temperature for use in STM imaging studies [11]. These studies
showed that the cleavage of such crystals occurs primarily
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Fig. 1. The crystal structure of YBa,Cu3;0;—,, including the atom labeling
scheme (A) for (B) and (C). The box indicates the contents of one unit cell. The
structure before (B) and after (C) cleavage. The arrow indicates the cleavage
plane between the Cu—O chain layer and the Ba—O sheet layer.
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between the Cu—O chain layer and the Ba—O sheet layer (Fig. 1)
[11].

Initial AFM scans of large areas at low resolution of the
SAM atop the cleaved crystal show that the surface roughness
is comparable to the highly ordered pyrolytic graphite (HOPG)
reference. At higher resolution, atomically resolved AFM
images were obtained (Fig. 2A), consistent with a 5.6+0.5 A
square unit cell of area ~31 A?. This unit cell does not
correlate with any known surface reconstruction of pristine
YBa,Cu30;_, [11,22,23], and the 5.6 A spacing is similar in
magnitude to lattice spacings measured for related SAMs on
gold derived from partially fluorinated alkanethiols [24]. The
unit cell was reproducibly observed in different areas on the
crystal surface using various scan areas, different scan
directions, and a variety of scan speeds [25]. Examination of
the Fourier-transformed image (Fig. 2B) reveals that the peaks
are weaker along one reciprocal axis than the other. This
phenomenon arises from the striped nature of the direct image,
the origin of which is presently unclear. However, it is certain
that the stripes are not an artifact of the AFM tip, as
demonstrated by subsequent scans of the HOPG reference
(Fig. 20).

Highly ordered SAM structures are believed to form pri-
marily due to the interplay between two driving forces [27]:
(1) the interaction of the headgroup with the substrate surface,
and (2) the lateral intermolecular tail-to-tail interactions. For
the specific case of alkylamines adsorbed onto the cuprate
superconductor, the two types of interactions are between the
amine headgroup and the YBa,Cu3;0,_, surface, and between
the partially fluorinated alkyl chains. Thus, while the square
5.6+0.5 A repeat unit (of area 31 A?) appears to be, within
error, consistent with a 2 x2R45° unit supercell (of area
29.8 A?) of the (001) surface [28] (Fig. 3A), it could simply be
caused by a maximization of the tailgroup interactions.
Therefore, to determine whether the unit cell arises from the
registry of the superconductor surface epitaxially, similar

Fig. 2. Direct deflection mode AFM images (30 % 30 nm) of CF5(CF,);(CH,);;NH,
on YBa,Cu307-, (A). A Fourier-transform of image (A) is shown in (B). Arrows
mark the peaks that reflect the square 5.6 A unit cell. (C) HOPG reference scan
(10> 10 nm) obtained using the same tip after image A was collected.

monolayers were prepared on water surfaces using the
Langmuir method. Having no preferred bonding sites, the
surface of liquid water is preferred over solids, such as Au or

Fig. 3. (A) The proposed superstructure of the amines on the copper oxide chain
layer. Dotted line: YBa,Cu30;_, unit cell. Solid line: v2xJ2R45° SAM-
superstructure. Note that only every other electrophilic copper site is occupied.
(B) Space filling model of the molecule used for the AFM study. The molecular
footprint is shown as cross-hatched circles.
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Ag. The Langmuir monolayer is therefore primarily defined by
the tail-to-tail interactions.

The structural features of the water-localized film com-
pressed to a dense monolayer (Fig. 4) were resolved by means
of grazing-incidence X-ray diffraction (GIXD) [12,16,17]. The
alkylamine used for this Langmuir film was longer by six
CF, units than the alkylamine used on YBa,Cu;0,_,. This
substitution was motivated by both experimental and theoretical
studies showing that the replacement of flexible hydrocarbons
by stiffer fluorocarbons increases the crystallinity of Langmuir
films [29,30], which, together with the higher scattering power
of fluorine over hydrogen, should enhance the X-ray signal.

GIXD data are shown in Fig. 5 as intensity (grey scale) vs.
0., and Q., the horizontal and vertical components of the
scattering vector [12,16]. For a Langmuir film consisting of 2D
crystallites all with their base planes horizontal, the Bragg peak
at 0,,=1.255+0.02 A™" would extend along Q. as a ‘Bragg
rod’ (at constant Q,,) to ca. Q. < w/(length of molecule) [16]. In
the present data, the observed intensity extends along the
Scherrer ring of constant Qf(m:Q%er Qﬁ (full line). This
observation is indicative of a mosaic distribution of the orien-
tation of the base planes of the monolayer domains, cf. Fig. 9g,h
inref. [31] and Fig. 2a,b in ref. [32]. Specular X-ray reflectivity
data (Fig. 6A) were inverted to yield the laterally averaged
electron density distribution p(z) across the water/film/air
interface (Fig. 6B). Defining z=0 (the film/air interface),
where p is half of its maximum value, a measure of the film
thickness, H, may be derived by integrating p(z)4n,, from
above the interface until, at z=—H (Fig. 6B), the N=346
electrons of the molecule are accounted for:

+ o0
NEAmol / p(Z)dZ

H

Using the area per molecule Ayn=30+1 A? yields H=
26+1 A. The total length of the molecule should be about
28.7+0.5 A. However, from space filling considerations
(vide infra), we expect the hydrocarbon moiety to be tilted
by ca. 48°+3°, giving an expected monolayer thickness of
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Fig. 4. Compression isotherm of the Langmuir CF;(CF,)9(CH,);;NH,
monolayer. The arrow indicates the compression at which the X-ray data were
gathered.
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Fig. 5. Grazing-incidence X-ray diffraction data of the CF3(CF,)o(CH;);;NH,
Langmuir monolayer. (A) Plot of the X-ray intensity (grey scale) vs. O, and 0.,
the horizontal and vertical components of the scattering vector [12,16]. (Solid
line: The peak of the observed 5.78+0.10 A hexagonal unit cell. Dashed lines:
the hypothetical reflections of a square 5.6 A unit cell as found in the monolayer
on a superconductor surface.) (B) Plotted vs. Q,, is the intensity integrated over
the Q. intervals indicated (and marked with brackets in A). The X-ray
wavelength was A =1.304 A.

23.6+0.6 A, which is similar to the 23+ 1 A value measured for
a CF3(CF,)o(CH,);1SH SAM on Au [24]. The larger value of
H=26+1 A deduced from Fig. 6B might be due to the mosaic
distribution inferred from the GIXD data. Indeed, attempts were
unsuccessful to fit the reflectivity data (Fig. 6A) with more
detailed models of a non-mosaic monolayer. However, semi-
quantitatively, the electron density curve (Fig. 6B) seems
consistent with the proposed model of a mosaic monolayer with
the amine near the water interface and the fluorinated moiety
near the air interface.

Comparison between the GIXD measurements of the
CF5(CF;)9(CH5)1;NH, Langmuir film and the predicted peaks
of the square unit cell found on the YBCO crystal clearly shows
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Fig. 6. (A) Specular X-ray reflectivity for the monolayer on water, R(Q.),
normalized by the Fresnel reflectivity, Rp(Q.), calculated for an ideal abrupt
interface between air and bulk water. (B) Electron density profile p(z) on an
absolute scale, inverted from the data in (A). As discussed in the text, z=0 is the
air—film interface, taken to be where p(z) is half is maximum value, and the
electron density above z=—H=-26+1 A accounts for all of the electrons of
the molecule CF3(CF;)o(CH;);1NH,.

no correlation (Fig. 5A). We thus conclude that the bonding
sites of the crystal surface influence the structure of the SAM.
Furthermore, when exploring the possible bonding sites for the
nucleophilic amine headgroup of a// possible (001) YBa,Cu;04
—, surfaces, the only electrophilic sites that are commensurate
with the square 5.6 A supercell are the copper sites (Fig. 3A)
[28]. So, in accordance with previous studies [1,33], it appears
that coordination of the amine lone pairs to Cu is responsible for
the epitaxy between the SAM and the superconductor.

The three-dimensional SAM structure model is based on a
close packed structure that can be accommodated within the
AFM unit cell without violating known minimal volume
molecular geometry relations. The area (29+1 A?) of the
Langmuir film 2D unit cell (¢=5.78+0.10 A) (Fig. 5A)
combined with the sharp increase in the compression/force
curve below ~36 A?/molecule (Fig. 4) shows that the 31+3 A?
unit cell found on the SAM-covered YBa,CusO-_, surface can
accommodate no more than one molecule. From previous
studies of perfluorinated alkanes, it is known that the molecular
cross sectional area is ~28 A? [34]. The perfluorinated part of

the chain must therefore be approximately perpendicular to the
superconductor surface (Fig. 3B). Similarly, previous studies
have shown that hydrocarbon chains in close-packed mono-
layers have a cross-sectional area of ~19-21 A% [35]. Thus, to
obtain a close-packed structure, the hydrogenated alkyl chain
must be tilted at an angle of approximately arccos(20 A%/
30 A%)=48°+3° from vertical as illustrated in Fig. 3B. The
kink or bend proposed here between the perfluorinated and
hydrocarbon sections is comparable to the ones found in
previous structure studies of SAMs derived from partially
fluorinated thiols [24,36].

4. Conclusions

We have presented a simple method for generating
passivated surfaces of YBa,Cu3;0-_, sufficiently stable and
smooth for atomic scale characterization by AFM. We have then
used this technique to provide the first direct evidence for an
organized monolayer atop a copper oxide superconductor. The
structural motif found is consistent with prior structural models
consisting of a V2 x y2R45° superstructure of amines atop the
(001) plane of YBa,Cu30;_,. The discovery that simple
fluorinated amines may form highly ordered and dense
monolayers might lead to their use as a molecular blocking
layer with sub-nanometer dimensions or as a vehicle for
producing more complex organic/inorganic epitaxial structures.
This scheme holds promise as it combines the design flexibility
inherent to organic/metal organic molecules with the unusual
electronic properties of the high-temperature superconductors
without compromising the reactive nature of the latter.
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