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A b s t r a c t  

Epitaxial superconducting Y Ba2CuaOT_ ~(YBCO) films have been deposited by laser ablation 
and charged with different amounts of hydrogen. At low hydrogen contents (x<  0.5) the 
hydrogen atoms are dissolved in the orthorhombic structure of YBCO without changes 
in the oxygen content. These hydrogen-charged YBCO films have been investigated by 
Raman and IR spectroscopy. Both experiments provide evidence that the charge carriers 
are strongly reduced by compensation with hydrogen. All five prominant Raman features 
of the orthorhombic YBCO system appear with modifications. The dominant 500 cm- 
Raman line is not shifted by hydrogen doping but decreases in intensity. Additional 
Raman modes are observed and attributed to disorder-induced modes. 

1. I n t r o d u c t i o n  

S u p e r c o n d u c t i n g  p r o p e r t i e s  of  h igh Tc ox ides  are  c lo se ly  r e l a t e d  to  the i r  
s t ruc tu ra l  cha rac te r i s t i c s .  This f inding has  in i t ia ted  the  inves t iga t ion  of  nu- 
m e r o u s  c h e m i c a l  c o m b i n a t i o n s  in o r d e r  to  u n d e r s t a n d  b e t t e r  the  c h e m i c a l  
ro le  of  the  cons t i tu t ing  e l e m e n t s  a n d / o r  to  i m pr ove  the  s u p e r c o n d u c t i n g  
fea tures .  The effect  of  an add i t iona l  l ight  e l e m e n t  such  as  h y d r o g e n  has  been  
ex t ens ive ly  s tud i ed  [1 -9 ] .  A c o n s i d e r a b l e  effect  of  h y d r o g e n  a t o m s  on the  
s t ruc tu ra l  and  phys i ca l  p r o p e r t i e s  gove rn ing  s u p e r c o n d u c t i v i t y  has  been  

n o t i c e d  in the  HxYBa2Cu3OT_~ (H:YBCO) sys tem.  
It  is wel l  known tha t  n u m e r o u s  me ta l s  and  in t e rme ta l l i c  c o m p o u n d s  

a b s o r b  h y d r o g e n  at  re la t ive ly  low t e m p e r a t u r e s  [10l .  The h y d r o g e n  a t o m s  
en te r  in ters t i t ia l  s i tes  in o r d e r  to  fo rm e i the r  d i lu te  so l id  so lu t ions  or  m o r e  
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concentrated hydride phases. In most  cases, there is a significant change in 
the electronic structure due to the strong potential of the protons and the 
added electrons, resulting in a shift of the Fermi energy. This is of importance 
for the carrier concentrat ion in the YBa2Cu307_8 (YBCO) system as a sensitive 
factor for the electronic propert ies close to the metal- insulator  transition. 

A convenient way to change the carrier concentrat ion in the YBCO 
material is to remove oxygen from the system. An alternative possibility is 
to replace yttrium by an element with a different valency, e.g. by praseodymium 
[11 ]. Hydrogen doping reduces the carrier concentrat ion in YBCO as well 
[7, 8]. The normal-state resistivity increases monotonically with increasing 
hydrogen concentration. YBCO films charged with hydrogen remain super- 
conducting up to x = 0 . 4  with a slightly lower superconducting transition 
temperature  [9]. The Tc onset for undoped YBCO films on SrTi03 (100) or 
yttria-stabilized ZrO2 substrates was at 90.5 K, with zero resistance at 89.5 
K [12-15] .  Hydrogen doping decreases the Tc onset temperature  slightly to 
about 86 K but remains nearly constant with varying hydrogen concentrat ion 
up to x = 0.3. However, the transition interval to zero resistance is drastically 
enlarged with 3.5 K and 7.2 K for x=O.1 and x = 0 . 2 5  respectively [8, 9]. 

The site of the hydrogen atom in the YBCO unit cell and the character  
of the chemical bonds are not yet clear with certainty. Raman and IR 
techniques leave the basic chemical composition and the oxygen content  of 
the YBCO superconducting material unchanged (see for example refs. 2 and 
16-21) .  They are appropriate techniques for investigating H:YBCO films. 
Raman studies have provided insight into lattice dynamics and their variation 
with oxygen content  and temperature  and have given evidence for the 
superconducting gap. In the present  paper we report  on Raman and IR 
spect roscopy studies of H:YBCO films with different amounts of hydrogen. 

2. Exper imenta l  details  

Superconducting YBCO films were prepared by laser ablation from dense 
stoichiometric 1:2:3 targets with an XeC1 excimer laser of wavelength 308 
nm, pulse duration 20 ns and repetition rate 50 Hz [12-15] .  The energy 
density at the rotating target was 1 .7-4  J cm -2. Films were deposited in 
flowing oxygen at a partial pressure of  40 -80  Pa and substrate temperatures  
Ts = 750-845  °C. Deposition rates of 0.04 nm per  pulse were estimated from 
the film thickness. Different conventional substrate materials such as SrTiOa 
(100), MgO (100), yttria-stabilized Zr02 and Si(100) wafers were used for 
sample preparation. Post-annealing was not necessary, since epitaxial su- 
perconducting films were grown by a definite slow-cooling procedure  down 
to room temperature  with increasing oxygen pressure within the deposition 
chamber after laser plasma deposition of the film. YBCO films of 600 -800  
nm thickness on SrTiOs substrates have been prepared to perform Raman 
measurements,  whereas films 400 nm thick on MgO substrates have been 
used to obtain IR transmittance data. 
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The structures, morphologies and chemical compositions of the YBCO 
films prepared by the above-described i n  s i t u  growth process have been 
investigated by X-ray diffraction, scanning electron microscopy, Rutherford 
backscattering spectroscopy and Auger electron spectroscopy analysis, and 
chemical methods such as mult icomponent spectrophotometry  and coulometry 
[18-21 ]. These measurements provide evidence for homogeneous  epitaxial 
superconducting YBa2Cu3OT_~ films with 1:2:3 stoichiometry and an oxygen 
content  close to the ideal composition of seven oxygen atoms per  orthorhombic 
unit cell. Deviations from this composition in the oxygen content  are smaller 
than 3~<0.2 and depend on temperature treatment and oxygen pressure. 

Hydrogen charging was performed in a small ultrahigh vacuum chamber 
filled with pure hydrogen at a pressure slightly above 1 bar [9]. The YBCO 
films were carefully heated up to moderate temperatures of 130-150  °C in 
a hydrogen atmosphere.  The hydrogen uptake took several hours depending 
on the desired hydrogen concentrat ion in the films and was monitored by 
i n  s i t u  resistivity measurements.  Hydrogen depth profiles obtained with the 
I~N nuclear reaction method show an increased hydrogen concentrat ion near 
the film surface and a uniform hydrogen concentration after approximately 
100 nm [9]. 

Raman measurements  were carried out with an Ar + laser operating at 
wavelengths of 488 and 514.5 nm at a power density of 50 mW. The spectra 
were recorded at room temperature.  In order to reduce thermal effects on 
the sample surface, the laser beam was defocused by optical elements. The 
frequency and intensity of the Raman modes were not affected by different 
laser wavelength excitations. Films have been investigated at various lateral 
positions without any noticeable changes in the Raman spectra, reflecting 
again the homogenei ty  of the H:YBCO films. IR transmission and reflection 
measurements  of H:YBCO films were obtained with a Nicolet 320 Fourier 
transform spectrometer  at room temperature purged by nitrogen gas in the 
wavenumber range 1000-4800  cm 1. 

3. R e s u l t s  a n d  d i s c u s s i o n  

The Raman spectra of H:YBCO films charged with different amounts  of 
hydrogen are represented in Fig. 1. Five characteristic Raman features have 
been observed at 500, 435, 340, 154 and 120 cm -~ for YBCO films without 
hydrogen (curve (a)), similar to those obtained by many workers [17-21 ]. 
Reliable assignments of the Raman modes to vibrational propert ies  of the 
atoms in the YBCO unit cell were possible from polarization studies in 
combination with lattice dynamics calculations. Using the notation of Siegrist 
et al. [22] for the atoms in the YBCO unit cell, the observed Raman modes 
are assigned in the following manner [18]: axial motion of the O(1) atoms 
corresponds to the 500 cm -~ feature, Cu(2)-O(2)  and Cu(2)-O(3)  bond 
bending with 0 (2)  and 0(3)  atoms moving in phase is related to the 435 
cm-~ mode, Cu(2)-O(2)  and Cu(2)-O(3)  bond bending with the 0 (2)  and 
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Fig. 1. Raman spectra  of YBCO films charged with different hydrogen contents  (a.u., arbi trary 
units): curve (a), x = 0 ;  curve Co), x = 0 . 1 ;  curve (c), x = 0 . 2 5 ;  curve (d), x = 0 . 5 .  

0(3)  atoms moving out of phase corresponds to the 340 cm-1 feature, and 
axial stretching of the Cu(2) atoms and barium atoms are related to the 
154 c m -  1 and 120 c m -  ~ modes respectively. These modes of the orthorhombic 
YBCO structure are of A u symmetry. The Raman spectrum is dominated by 
oxygen vibrations which are of special interest. A continuous frequency and 
intensity variation for all five modes is observed, as the oxygen content  
varies. The intensity of  the 500 c m -  1 mode depends strongly on the oxygen 
concentrat ion and becomes weak as the oxygen content  decreases.  The 
frequency shift was used as a measure for the oxygen content of the samples 
[ 17, 21 ]. Moreover, the large frequency shifts of the 500 cm-  i mode correspond 
to changes in the Cu(1)-Cu(2)  distance along the c axis [18]. 

Hydrogen charging of the YBCO films does not cause a frequency shift 
of the 500 cm -~ line in the Raman spectra (Fig. 1). This seems to be 
evidence that the oxygen content  of the films is not reduced by hydrogen 
doping. Further, it seems highly unlikely that hydrogen atoms are located 
near the 0(1)  atoms along the c axis, since no frequency shift of that feature 
is observed, which corresponds to changes in the Cu(1)-Cu(2) distance along 
the c axis. With increasing hydrogen content  the intensity of this peak 
decreases drastically. For large hydrogen concentrat ions (x>~ 0.5), changes 
in the orthorhombic structure may occur, because the dominant 500 cm-  ~ 
Raman mode disappears. 

Hydrogen doping modifies the observed Raman spectra of pure YBCO 
films. New peaks appear; others are shifted in frequency and/or  changed in 
intensity. We assign the multiplicity in the Raman spectra to changes in the 
carrier concentrat ion near the Fermi energy. The dissolved hydrogen in the 
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YBCO unit  cell dona t e s  e l ec t rons  to  the  conduc t i on  band  and  t h e r e b y  
c o m p e n s a t e s  the  hole cha rge  carr ier .  This d e c r e a s e s  the  e lec t ron ic  shielding 
and the re fo re  c aus e s  an inc reased  intensi ty  of  exis t ing m o d e s  and  the 
a p p e a r a n c e  of  addi t ional  m odes .  

The re  is an in tense  e n h a n c e m e n t  of  the  340 and  154 c m  -1 R a m a n  lines 
with increas ing  h y d r o g e n  content .  The 154 c m - 1  m o d e  is sl ightly shif ted to 
lower  w a v e n u m b e r s .  These  two p e a k s  even domina t e  in the  spec t r a  for  the 
large hyd rogen  concen t r a t ion  x = 0.5. The  120 c m - 1  ba r ium v ibra t ion  m o d e  
b e c o m e s  sof t  and  dec rea se s  in in tensi ty  wi th  high hyd rogen  charging.  The 
435 c m -  1 fea ture  ha rdens  and d e c r e a s e s  in in tensi ty  with increas ing  hydrogen  
concen t r a t ion  and  d i s appea r s  for  x =  0.5. 

R a m a n  inves t iga t ions  of  YBCO s a m p l e s  wi th  different oxygen  con ten t s  
show a domina n t  shift  o f  the  500 c m -  1 R a m a n  f r e q u e n c y  to  lower  w a v e n u m b e r s  
for  oxygen  deficiency.  Bes ide  this, bo th  the  340 and  the 435 c m  - I  l ines 
have  a d e p e n d e n c e  on ~ oppos i t e  to the  500  c m  - I  f ea tu re  [17]. Our  
m e a s u r e m e n t s  devia te  f rom this behaviour .  The 500 and  340  c m  -~ p e a k s  
are not  shif ted in f requency .  The  ha rden ing  of  the  435 c m - i  m o d e  and  the 
sof ten ing  of  the  154 c m - 1  m o d e  are ve ry  s imilar  to f indings in inves t igat ions  
of  YBCO s a m p l e s  with dec reas ing  oxygen  content .  Because  the ma in  changes  
in R a m a n  spec t r a  of  oxygen-def ic ien t  YBCO samp le s  are  not  obse rved  in 
our  H:YBCO films, hyd rogen  causes  effects  o the r  than  oxygen  deficiency.  
Hac~iev et  al .  [7] even  found a ha rden ing  of  the  500 cm -~ m o d e  for  
h y d r o g e n a t e d  samples .  

Dist inct  peaks  have  been  o b s e r v e d  at  233,  249,  264, 584,  610  and 625 
c m - ~  for  H:YBCO films which  we a t t r ibute  to  the d is turbed  o r t h o r h o m b i c  
s t ruc tu re  of  YBCO. Two of  these  fea tu res  at  248  and 610 c m  -1 were  
inves t iga ted  by  Hadj iev  et  al .  [7] as well  as the  210 c m  -~ line which we 
have  not  found.  Fo r  x = 0.5 these  addi t ional  l ines d i sappear ,  indicat ing bas ic  
changes  in the  chemica l  c o m p o s i t i o n  and  s t ruc ture .  Addi t ional  R a m a n  m o d e s  
of  YBCO s a m p l e s  wi thou t  h y d r o g e n  are o b s e r v e d  at  220 and  580 c m - ~  and 
in the reg ion  5 5 0 - 6 5 0  c m  - I  [21]. They  are  ass igned  to Raman- fo rb idden  
m o d e s  which  have  b e c o m e  R a m a n  act ive owing to d i sorder  induced  by  o x y g e n  
vacanc ies ,  defec t s  or  twinning.  It is r e a sonab l e  to  a s s u m e  tha t  the  R a m a n  
sca t t e r ing  se lec t ion  rules  b r eak  down for  those  fo rb idden  m o d e s  which involve 
main ly  v ib ra t ions  of  hyd rogen  nea re s t  ne ighbours .  Inc reas ing  d i so rde r  in the 
CuO chains  c aus ed  by hyd rogen  a t o m s  close to Cu(1)  and  0 ( 4 )  s i tes  could 
be  the  origin for  the ac t iva t ion  of  the  C u ( 1 ) - O ( 4 )  s t re tch ing  m o d e  at  a round  
580 c m -  i. 

R a m a n  da ta  on YBa2Cu4Os_ ~ [23 ] show two s t rong  m o d e s  with f r equenc ies  
of  257 and  600 c m  -1 which do not  exis t  in the  1:2:3 YBCO samples .  The 
600 c m  -~ line is a s soc i a t ed  with the  O - C u  axial s t re tch ing  A u m o d e  of  
C u ( 3 ) - O ( 4 )  and  C u ( 1 ) - O ( 5 ) ,  w h e r e a s  the  257 c m  -1 line is c a u s e d  by  Cu(1)  
and Cu(3)  a t o m s  m o v i n g  out  of  phase .  It is t e m p t i n g  to ass ign  the  l ines at  
249,  269  and  610  c m  -~ in H:YBCO films to m o d e s  of  aga in  C u ( 1 ) - O ( 4 )  
and  Cu(1).  Other  p lana r  C u - O  m o d e s  at  w a v e n u m b e r s  a b o v e  600  c m  -~ 
b e c o m e  Raman  act ive  when  the s y m m e t r y  of  the s t ruc tu re  is lowered,  e.g.  
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Fig. 2. IR transmittance spectra for an MgO(100) substrate without device cleaning with flowing 
nitrogen (curve (a)), for a YBCO film without hydrogen (curve (b)) and for a H:YBCO film 
with a hydrogen content x = 0 . 2  (curve (c)); water ( $ )  and CO2 ([3) absorption bands are 
marked. 

by oxygen vacancies on 0(4)  sites [21 ]. Hydrogen atoms close to the vibrating 
atoms may result in similar effects. Since hydrogen atoms violate the Raman 
scattering selection rules, resulting in the appearance of additional modes, 
hydrogen seems to occupy preferentially the interstitial sites around Cu(1) 
and 0(4) .  

IR transmittance data are shown in Fig. 2. The region of HzO and CO2 
absorption bands is marked for comparison on the curve obtained from 
measurements  on MgO substrates without purging the device with dry flowing 
nitrogen. This shows the necessity of excluding atmospheric conditions, since 
traces of water vapour and C02 on the MgO surface are indicated in the 
spectra. The superconducting YBCO film is characterized by a very low 
transmittance in the wavenumber range 1100-4000  c m - i  without additional 
resonances. The transmittance increases with hydrogen charging, indicating 
a reduction in the number  of free charge carriers. This provides further 
evidence that hydrogen charging acts as compensat ion centre for charge 
carriers in H:YBCO. Additional absorption bands, especially O-H bonds with 
resonances in the range 3100 -3700  c m -  1, have not been found, in agreement  
with the results of Yang et al. [2]. It is, however, not  clear whether  the film 
thickness is sufficient to analyse O-H bonds. IR spectroscopy studies on a 
fine and homogeneous YBCO powder charged with hydrogen are under 
investigation and the results will be published in a forthcoming paper. In 
this case, IR studies on YBCO powder  always indicate an absorption peak 
at 1467 cm -1 which we attribute to carbon compound vibrations instead of 
to Cu-H stretching modes as discussed in ref. 2. 

4.  C o n c l u s i o n  

In conclusion, we have presented Raman and IR spectra of H:YBCO 
films with different hydrogen concentrations.  At low hydrogen charging the 
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h y d r o g e n  a t o m s  a r e  d i s s o l v e d  in t he  o r t h o r h o m b i c  s t r u c t u r e  o f  t h e  YBCO. 

T h e  o x y g e n  c o n t e n t  is n o t  c h a n g e d  by  h y d r o g e n  d o p i n g .  H y d r o g e n  c h a r g i n g  

ac t s  as  c o m p e n s a t i o n  c e n t r e s  f o r  c h a r g e  c a r r i e r s  a n d  d e c r e a s e s  t h e  h o l e  

c a r r i e r  c o n c e n t r a t i o n  in YBCO. A d d i t i o n a l  R a m a n  m o d e s  to  t h e  c o m m o n l y  

o b s e r v e d  f ive p e a k s  of  Ag s y m m e t r y  a re  a t t r i b u t e d  t o  d i s o r d e r - i n d u c e d  m o d e s  

in t h e  o r t h o r h o m b i c  s y s t e m .  H y d r o g e n  s e e m s  to  o c c u p y  p r e f e r e n t i a l l y  in- 

t e r s t i t i a l  s i t e s  a r o u n d  Cu(1 )  a n d  0 ( 4 )  a t o m s .  F o r  l a rge  h y d r o g e n  c o n c e n t r a t i o n s  

x>~ 0.5,  c h e m i c a l  a n d  s t r u c t u r a l  c h a n g e s  a re  i n d i c a t e d  in t he  R a m a n  s p e c t r a .  
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