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Orientation dependent (momentum transfer resolved) electron energy loss spectrometry (EELS) has been utilized to probe 
the localization of free carrier plasmous in single crystals of YBa2Cu4Os (Y124). Two low energy excitations are observed in 
EELS spectra, one at about 1.4 eV which is the free carrier plasmon,and another excitation at about 3.2 eV. The oscillator strength 
of the free carrier plasmon is observed to vary considerably with momentum transfer. Maximum oscillator strength of the free 
carrier plasmon is observed when the momentum transfer (q) is confined to the ab planes, while the minimum strength is ob- 
served for q parallel to the c-axis. Dielectric function calculated using the Kramers-Kronig analysis indicates that the major 
differences in the dielectric function ofY 124 within the ab plane versus along the c-axis are confined only within the first few eVs. 
The O K core loss spectra exhibit subtle but important deviations from that of YBa2Cu307_6 (Y123). Possible EELS spectral 
signatures of the double chains in Y 124 are discussed. 

1. Introduction 

Since the discovery of YBa2Cu307_ 6 (Y 123 ), there 
has been a cont inuous interest in the synthesis of the 
homologous series of compounds  with the general 

formula YEBa4Cu6+nOl4+n. The n = 0  form is the well 
known Y123 [ 1 ]. The other member  of this family 
with n = 2 has been synthesized [ 2,3 ] as polycrystals 
at atmospheric pressure, but  can be obtained as sin- 
gle crystals under  high oxygen pressure [4,5 ]. There 
is considerable interest in YBa2Cu4Os (Y124) since 
it has several practical advantages over Y123. Un-  

like Y 123, Y 124 does not undergo displacive phase 
transformations and is stable at room temperature in 
twin-free orthorhombic form [2,3 ]. Y124 appears to 
have a tight oxygen stoichiometry with no evidence 
for oxygen loss under  normal  conditions. Although 
it has a lower To, calcium doping raises the T¢ to a 
respectable level, about 90 K [6,7]. Structurally, 
Y124 is similar to that of Y123 but  has two C u - O  
chains instead of one as in Y123. The anisotropy in 
the ab plane is not as large as in Y123 ( ( b - a ) ~  
( b + a )  = 0.00399 for Y124 and 0.00821 for Y123).  
However, because of the zigzag double C u - O  chains, 
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the c-axis is considerably elongated ( ~  2.72 nm).  
Given that Y 124 does not have twins and that sin- 

gle crystals are now available in reasonable sizes, 
there is considerable interest in exploring the an- 
isotropy of the properties of  Y124. Krol et al. [8] 
have probed the hole states in the CuO2 planes and 
Cu-O chains using soft x-ray absorption spectros- 
copy o fO  K absorption edges of  Y124 and compared 
the data with those of Y123. They found consider- 
able anisotropy within the ab planes and have esti- 
mated the hole distribution on all the oxygen sites. 
Schoenes et al. [9 ], on the other hand, utilized po- 
larized reflectivity and transport measurements to 
investigate the anisotropy within the ab planes, i.e. 
along the a and b directions and have found major 
differences compared to that o fY 123. However, there 
appears to be no report on the anisotropy compar- 
ison of Y 124 along the c direction versus within the 
ab plane. In this communication we report trans- 
mission EELS measurements of  Y124 along several 
momentum transfer directions. 

Transmission EELS has been utilized quite suc- 
cessfully in the characterization of the electronic 
structure of  a number of  superconductors [ 10-13 ]. 
Unlike surface sensitive techniques such as ellipso- 
metry and XPS, transmission EELS is sensitive to 
the bulk structure. Fink et al. [ 10,11 ] have contrib- 
uted substantially to the literature in this area and 
demonstrated that both the low loss and core loss re- 
gion of EELS spectra can be analyzed to probe the 
electronic structure of  these materials. The low loss 
portion of EELS spectra is sensitive to the dielectric 
function of the material, while the core loss spectra, 
to a first approximation, offer information on the 
unoccupied density of  states on specific sites. I f  the 
EELS analysis is done on a TEM, as in our case, there 
are added benefits which include local chemical, 
structural and defect characterization at high spatial 
resolution ( <  1-10 nm) .  This is important since 
many superconductors can be inhomogeneous in 
terms of local composition, defect structure and 
crystallography. Furthermore, by changing the EELS 
collection geometry and manipulating the electron 
diffraction pattern, it is possible to obtain momen- 
tum transfer (q) resolved EELS data. Such q-re- 
solved data are useful in identifying the symmetry of 
states and charge carrier anisotropy in the noto- 
riously anisotropic oxide superconductors. 

Recently, some of us have successfully grown sin- 
gle crystals of  Y 124 in different crucibles [ 5]. The 
best results, in terms of Tc and its transition width, 
have been obtained for crystals grown in ZrO2 cru- 
cibles. In this communication, we present the trans- 
mission EELS data on Y124 and comment on the 
anisotropy of charge carriers and the dielectric func- 
tions. We have also compared the EELS Spectra of 
Y 124 with that of Y 123 in order to identify spectral 
signatures for the Cu-O double chains. 

2. Experimental 

Single crystals of 124 compounds, typical size of  
1×0 .3×0.05  ram, were grown by a flux growth 
method under high oxygen pressure [ 5 ]. Three dif- 
ferent sections with orientations of [001 ], [ 100 ] and 
[010] were cut from the single crystals. Fully oxy- 
genated YBa2Cu307 (Y123) specimens were also 
prepared for comparison. Using the well-defined re- 
lationship between the Tc and oxygen stoichiometry, 
the oxygen stoichiometry o fY 123 was determined to 
be close to YBa2Cu306.95. TEM specimens were pre- 
pared by mechanical thinning the single crystal sec- 
tions down to less than 5 ~tm. The specimens were 
then mounted on copper grids and followed by ion 
beam thinning at low temperature using 3 kV, 0.5 
mA with a beam incident angle 10 o. 

TEM experiments were carried out using a 200 kV 
cold field emission TEM (Hitachi HF-2000) 
equipped with a Gatan 666 parallel EELS spectrom- 
eter and Link Systems ultra thin window (UTW) X- 
ray detector [ 14]. Local chemistry and crystallog- 
raphy were always confirmed by X-ray microana- 
lysis and electron diffraction, respectively, prior to 
EELS experiments. All the data presented in this pa- 
per correspond to defect free regions of appropriate 
composition and crystallography. For EELS, probe 
sizes from 10 to 100 nm were utilized and the col- 
lection semiangle at the spectrometer was set to about 
20 mrad for most studies to minimize any anisot- 
ropy effects. The energy loss spectra thus collected 
represent an average of the spectral features along 
several momentum transfer directions. Special mo- 
mentum transfer experiments were performed by 
offsetting the electron diffraction pattern with re- 
spect to the EELS entrance aperture in a controlled 
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manner. The momentum space was calibrated using 
an aluminium standard specimen and the collection 
angle was minimized to improve momentum reso- 
lution to about 0.10 A-~. 

Considerable care was taken to minimize the ra- 
diation dose by employing beam spreading and min- 
imum dose techniques. The specimen thickness was 
deliberately chosen to be less than 50 nm to mini- 
mize multiple scattering. This was achieved by ob- 
serving the low loss region of the EELS spectrum and 
limiting the area of  analysis to only those which ex- 
hibited a ratio of  about 1 : 10 of the low loss to the 
zero loss intensity. However, multiple scattering was 
removed, whenever necessary, using a recent ap- 
proach of  deconvolution. 

EELS low loss data were collected using the energy 
dispersion of 0.02 to 0.05 eV/channel, with the zero 
loss resolution (FWHM) being close to 0.4 eV, while 
the O K absorption data were collected with the dis- 
persion of 0.1- 0.3 eV/channel. The beam current 
was kept at a minimum (<0 .2  nA) during acqui- 
sition. Spectra were acquired in parallel detection 
within less than 30 s and O K pre-edges were mon- 
itored before and after acquisition to identify oxygen 
loss, if any. We did not detect any loss of  oxygen or 
decrease in pre-edge peak strength with radiation 
dose during the acquisition of EELS spectra. Energy 
calibration was performed using the zero loss and the 
known excitations in Y 123. The absolute energy cal- 
ibration is estimated to be better than 0.3 eV. EELS 
spectra were corrected for dark current and readout 
noise. The channel to channel gain variation was 
minimized by normalizing the experimental spec- 
trum with the independently obtained gain spectrum 
of the spectrometer. 

3. Results and discussion 

Figure 1 is a collection of HREM image (A), elec- 
tron diffraction patterns (B,C and D)  and X-ray 
emission spectrum (E) of  a representative region of 
Y124. These collective results indicate that we in- 
deed have stoichiometric and defect free Y 124 prior 
to EELS experiments. However, though occasion- 
ally, we have observed some unusual domain and 
defect structure in some regions. The details of  such 

domain structures are submitted as a separate pub- 
lication elsewhere. 

We first begin with the general comparison of the 
spectral features of  Y124 and Y123. Figure 2(a)  is 
one such comparison of the low loss region of EELS 
spectra from Y124 and Y123. The data were ob- 
tained by orienting the crystals along the c-direction 
with about 20 mrad collection angle. Under these 
conditions, almost all of  the momentum transfer is 
confined to the ab planes. There is a low energy free 
carder plasmon in both Y123 and Y124, with two 
volume plasmons at appropriate energy loss posi- 
tions. However, there is a clear and visible difference 
in the "valley" region in between the volume plas- 
mons for Y123 and Y124. There are pronounced ex- 
citations in this region for Y124 but the similar fea- 
tures are quite weak for Y123. Structurally Y 123 and 
Y124 are quite similar, except principally for the 
presence of double Cu-O chains in Y124. Thus, to 
a first approximation, the "valley" excitations are 
most probably associated with the double Cu-O 
chains in Y 124. 

The dielectric constants for Y123 and Y124 were 
obtained by correcting for multiple scattering and 
using Kramers-Kronig (KK)  analysis. Figure 2 (b) 
shows the dielectric functions of  both Y123 and 
Y124. There are clear differences in both ~ and e2 
of Y123 and Y124, which we believe are due to the 
presence of double Cu-O chains in Y124. The O K 
core loss data also shows subtle but important vari- 
ations. Figure 3 is a comparison of O K absorption 
edges of  Y123 and Y124. The pre-edge peak below 
the threshold of the main O K edge is an indication 
of holes on the oxygen sites. The oscillator strength 
of the pre-edge peak is a quantitative and reliable 
measure of  the overall hole density on oxygen sites. 
Both the pre-edge and the main O K edge were mod- 
eled as gaussian peaks in search for their relative 
strength. Since the relative strength of the pre-edge 
with respect to the main O K edge is directly pro- 
portional to the hole density on oxygen sites [ 10-12 ], 
our calculations indicate that the hole density of Y 124 
is about 85% of that in Y123. The principal source 
of errors in such calculations is the accuracy of the 
gaussian fit to the edges. The goodness of  fit (~2) 
indicates an error of  less than 5% in modeling of the 
edges. 

There is an additional spectral feature at the O K 
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Fig. 1. ( a ) An HRTEM image of  Y 124 along [ 1 O0 ]. ( b ), (c) and ( d ) are typical electron diffraction patterns from Y 124, and ( e ) a 
representative X-ray emission spectrum from Y 124. 



H. Zhang et aL / Anisotropy of charge carriers 235 

2 . . . .  I . . . .  I . . . .  I . . . .  I . . . .  

== 
" ~  1 .2  

r~ 0.8 

~ ' ]  0 . 4  
VBaC•O7 

0 . . . .  I . . . .  i . . . .  i . . . .  i , , , 
1 0  2 0  3 0  4 0  5 0  

6 ~ U  

'm 5 

~ 4 

~ 3 
0 2 

1 

10  2 0  3 0  4 0  5 0  

E n e r g y  Loss (eV) 

Fig. 2. (a) Comparison of Y123 and Y124 loss functions, (b) 
AC conductivity. Note that the spectral features in the 15- 20 eV 
range are more pronounced in Y124 (see arrows). 
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Fig. 3. Comparison of Y123 and Y124 O K EELS spectra. Y124 
has an additional excitation at the onset of the O K main edge 
(indicated by an arrow ). 

main  rising edge in Y124 as ind ica ted  by an arrow. 
This  t rans i t ion  is considered to be associated with 
the double C u - O  chains in Y124. Yu et al. [ 15 ] have 

ind ica ted  that  the electronic structure,  including the 
unoccupied density o f  states, for both Y 123 and Y124 
are quite similar.  This  is reflected in the s imilar i ty  
o f  the O K absorpt ion  edges o f  Y123 and Y124. 

Momen tum resolved low loss EELS for Y124 show 
interest ing variat ions.  Fo r  these experiments ,  the 
Y124 crystal was or iented  such that  ei ther  the a- or  
the b-axis was parallel  to the electron beam. The re- 
sultant diffraction pat tern in the reciprocal space thus 
contains b* (or  a*) and c* directions. The EELS data  
were ob ta ined  by varying the relat ive posi t ion o f  the 
EELS spect rometer  and  the diffract ion pat tern.  Fig- 
ure 4 shows the compar ison  o f  the EELS spectra o f  
Y 124, along the c di rect ion and within the ab planes. 
Two low energy excitations are observed in the EELS 
spectra  for m o m e n t u m  transfer  confined within the 
ab planes: one at ~ 1.4 eV which is the free carr ier  
p lasmon and another  exci tat ion at about  3.2 eV. The 
free carr ier  p lasmon almost  d isappears  when the mo- 
men tum transfer  is along the c direct ion.  This  clearly 
implies  that  the free charge carriers  in Y 124 are con- 
f ined largely to the ab planes. This  result,  though not  
surprising, conf i rm the earl ier  O K X-ray absorpt ion  
spectroscopy evidence [ 8 ] for charge carr ier  anisot-  
ropy in Y124. The aniso t ropy is well reflected in the 
dielectr ic  funct ions of  Y124, along the c direct ion 
versus within the ab planes as can be seen in fig. 5. 
The low energy por t ions  o f  the plots in fig. 5 are 
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Fig. 4. Momentum transfer (q) resolved EELS data for Y124, 
one along the ab planes while the other is along the c-direction. 
The free carder plasmon (at ~ 1.4 eV) is confined mostly to the 
ab planes. 
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Fig. 5. Loss functions and AC conductivity comparison of Y 123 
and Y 124 in the wide energy range of O-45 eV. 

magnified in fig. 6 for better visualization of the 
spectral features. The 1.4 eV excitation is completely 
damped along the c direction, while it is very pro- 
nounced within the ab planes. The relative oscillator 
strength of the free carrier plasmon at m 1.4 eV is a 
good indication of the free carrier density. The rel- 
ative strength of the free carrier plasmon with re- 
spect to the loss spectrum (see fig. 4) is a measure 
of charge carrier confinement along the momentum 
transfer direction. However, this region is very dif- 
ficult to model using conventional lorentzian or 
gaussian or Drude models. An empirical multiple 
least square (MLS) fitting procedure was reasonable 
in modeling the low loss portion of the spectra. Us- 
ing this approach, our (tentative) calculations in- 
dicate that more than N 85% of the free carriers are 
confined to the ab planes. This would definitely be 
reflected in the anisotropy of transport properties of 
Y 124. Similar investigations of anisotropy within the 
ab planes themselves, i.e. along a versus b directions, 
are underway. 
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Fig. 6. Magnified view of the low energy portion of fig. 5. The 
spectra recorded with q confined to the c-direction shows no ap- 
preciable intensity of the free carrier plasmon. 

4. Conclusions 

The first transmission low and core loss EELS data 
on single crystals of Y124 indicate significant vari- 
ations from Y 123. The spectral signatures for the 
double Cu-0 chains in Y 124 have been demon- 
strated in the low loss and 0 K core loss EELS spec- 
tra. Momentum resolved EELS clearly indicate the 
anisotropy of charge carriers in Y124. More than 
N 85% of the free carriers in Y 124, as reflected in the 
oscillator strength of the free carrier plasmons, are 
confined to the ab planes. This should result in highly 
anisotropic transport properties for Y 124. Both, the 
average and momentum resolved dielectric func- 
tions for Y 124 have been calculated for the first time. 
The experimental data can now be compared to the- 
oretical calculations. Transmission EELS in a TEM 
appears to be an excellent technique for probing the 
local electronic structure of layered cuprates at high 
spatial resolution. It has the added advantage of con- 
firming the local crystallography and chemistry prior 
to electron spectroscopy. 
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