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We have investigated the phenomenon of kinetic ion-induced electron emission from high-
temperature copper oxide superconductors. The total yield ¥  of electrons induced by H* and Ar™* (0.8
MeV) from polycrystalline YBa,Cu;0,_5; has been measured as a function of the probe temperature (70
K =T7=300 K). It shows a minimum close to the superconducting phase-transition temperature of
Tc~93 K. Electron-energy distributions (0 eV <E <40 eV, 25°<0<90°) from H*- and C™- (2-MeV)
bombardment of single crystals of YBa,Cu;0,_5 and EuBa,Cu;0;_5 high-T superconductors show the
low-energy peak of “true secondary electrons” at E,,, =5 eV and in the case of YBa,Cu;0;_; a further
weak structure at E =~ 14 eV, which can possibly be attributed to Auger electron emission from yttrium.
The electron angular distributions N(68) have been measured at sample temperatures above (7 =300 K)
and below (T =35 K) the superconducting transition temperature (7. ~90 K) as a function of the angle
of incidence (8§=55°,65°,70°,75°) of the projectiles. The ratio R=N(C*')/N(H") of electron intensities
from heavy C* ion impact to the electron intensities from proton impact shows broad peaks (A6=~25°)
at low electron energies E <20 eV. The mean emission angle 6., of the excess electrons belonging to
this peak shifts to higher angles 6 with increasing §. This can be explained by the directed emission of
so-called “shock electrons” perpendicular to the conical charge density fluctuations (“wake”) caused by
the ion. The experimental results are in agreement with calculations within the framework of a simple
model, which takes into account the refraction of low-energy electrons at surfaces, as well as the elec-
tronic structure of the copper oxide superconductors. They are characterized by two different collective
excitation frequencies, i.e., the plasma frequency w5C of the free charge carriers (O 2p holes) (fiw5c~1.5
eV) and the volume plasma frequency w}? of the collective excitation of all the electrons in one unit cell
of the crystals (fiwy’ =25 eV). Finally, the influence of magnetic and structural phase transitions and, in
particular, the superconducting phase transition at =T, on ion-induced electron emission from solids
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is discussed.

I. INTRODUCTION

Experimental studies of the phenomenon of kinetic
ion-induced electron emission from solids are important
not only for many practical applications, but also for our
basic understanding of the interaction of ionizing radia-
tion with condensed matter, compare e.g., Ref. 1. An in-
teresting fundamental experiment on electron emission is
the measurement of (observation angle and energy in-
tegrated) electron yields, ¥ and yp, from the entrance
and the exit surfaces of thin foils as a function of the pro-
jectile nuclear charge Zp, the target material Z;, and the
projectile velocity vp. Also, it is interesting to measure
electron yields y, i.e., the mean number of ejected elec-
trons per projectile, from thick samples in backward
direction only. For a detailed discussion of recent results
from such measurements, the reader is referred to Ref. 1.
Even more information can be obtained by measuring the
(angle-integrated) energy distribution N (E), the (energy-
integrated) angular distribution N (8), or even the obser-
vation angle () dependence of doubly differential elec-
tron energy spectra d’n /dE,dQ.!

The interaction of swift (MeV) ions with solids causes a
dynamical collective response of the electron plasma
(“wake”).!”% The term “wake” was introduced by Niels
Bohr in his famous paper on “the penetration of charged
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particles through matter” in 1948 (Ref. 2) probably be-
cause the spatial structure of the ion-induced polarization
somewhat resembles a ship’s wake in water. These coni-
cal electron density fluctuations show the characteristic
behavior of Mach shock waves and lead to the directed
emission of shock electrons perpendicular to the wake
shock front."3™° Shock electrons have been detected as
peaks in angular distributions of low-energy electrons
emitted from the ion beam exit side of thin foils."®~°
Within a model which takes into account the refraction
of electrons at the surface potential barrier, it has been
predicted that it should even be possible to detect shock
electrons in angular distributions of electrons emitted
from the beam entrance side of thick solid samples.?
Recently, a possible influence of the superconducting
phase transition on ion induced electron emission from
high-T, superconductors has been reported.!’ Also, the
question has been raised whether electron emission and,
in particular, the collective emission of shock electrons is
influenced by the superconducting phase transition.!~ 14
The discovery of the high-temperature superconduc-
tors'> made it possible to test these considerations: we
have performed first studies of secondary electron energy
and angular distributions (0 eV<E <40 eV, 25°<6
<90°) from H' and C* (2 MeV) bombardment of single
crystals of YBa,Cu;0,_5 and EuBa,Cu;0,_; high-T, su-
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perconductors at sample temperatures above (7" =300 K)
and below T =35 K) the superconducting transition tem-
perature (7.~=~90 K) as a function of the angle of in-
cidence (6=55°, 65°, 70°, 75°) of the projectiles. & denotes
the target tilt angle or the angle of incidence of the ions
(8=0° means perpendicular ion impact).

Furthermore, the total yield y ;- of electrons induced by
H* and Ar" (0.8 MeV) from polycrystalline
YBa,Cu;0,_5 has been measured as a function of the
probe temperature (70 K =<7 <300 K). We summarize
experimental results on the influence of magnetic and
structural phase transitions and, in particular, the super-
conducting phase transition at T=T, on ion-induced
electron emission from solids.

II. EXPERIMENT

The electron energy and angular distributions present-
ed here were measured with a new ultrahigh vacuum sys-
tem at the 2.5-MV Van-de-Graaff-accelerator facility of
the J. W. Goethe University in Frankfurt am Main.!! A
residual pressure of p <7X 107 !° Torr was obtained with
a cryopump.

A schematic drawing of the experimental setup is
shown in Fig. 1. A 45° electrostatic parallel plate elec-
tron energy analyzer (electron spectrometer, energy reso-
lution AE/E=3%)'"® was used to record doubly
differential electron energy spectra d’n/dEdQ (0
eV<E,<80 eV) at different observation angles 6
(25°<60<90°). 6 is measured with respect to the beam
axis, i.e., 6=0° is the beam direction. The ion beam
current was collected with a Faraday cup.

The targets were mounted on a copper sample holder
connected to the coldhead of a closed-loop helium refri-
gerator with a copper rod. This cooling device is in-
tegrated in an XYZ manipulator with additional LN,
shielding. The target could be tilted with respect to the
beam axis (tilt angle 8, 0° <8 <90°). =0° means perpen-
dicular ion impact, and the case where & approaches 90°
is usually called “grazing incidence.” With this novel
equipment the target could be cooled to temperatures
below T =30 K.

The electron yield data presented in Sec. VI have been
obtained in a very simple way by measuring the ion-
induced target current.!” A negative potential of
U =—30V was applied to the target to avoid influences
due to contact or surface potentials (compare Refs. 1 and
10). In these experiments, polycrystalline YBa,Cu;0,_5
was used.!® More details of the experimental setup are
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FIG. 1. Schematic drawing of the experimental setup.
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FIG. 2. Temperature dependence of the resistance R of a
YBa,Cu;0,_; film.

described elsewhere.!!16

It is difficult to prepare clean, well-defined surfaces of
the ceramic high-temperature superconductors for spec-
troscopic investigations.!® Standard methods for surface
cleaning are, e.g., sputter-cleaning with heavy ions or
heating of the probe (compare, e.g., Refs. 1, 8, 11, 19, and
20). Unfortunately, both methods lead to a destruction of
the superconductor properties of the copper oxides either
by radiation damage?' or degassing of oxygen.'>'® Re-
cently, the method of in situ cleaving of the crystals has
been used to obtain microscopically clean surfaces.??

Therefore, as a first approach, we used single crystal-
line thin YBa,Cu;0,_s-films (d~2000-3000 A) on
SrTiO;-substrate and EuBa,Cu;0,_s-films on ZrO,-
substrate (d =1 mm, 4=10 mm X5 mm) grown epitaxi-
ally by magnetron sputtering?® as targets, because the
surface of these films is of high quality with a disordered
layer thickness as thin as d <6 A. Even ultrathin films of
d =20 A prepared in this way showed three-dimensional
superconducting behavior.”> This approach is further
justified by the fact that shock electrons have even been
observed from uncleaned foil surfaces covered with about
two monolayers of hydrocarbon adsorbates.” The single
crystals are grown with the c¢ axis perpendicular to the
film plane, i.e., the CuO planes are parallel to the surface.

The resistance of the high-T, superconductor single-
crystal film could be measured in situ by a standard four-
point probe. A typical example of the temperature (7))
dependence of the resistance R of a YBa,Cu;0,_; film is
shown in Fig. 2. The linear dependence of R on T above
T. and the phase transition to superconductivity with
R =0at T=T,~=89 K can be observed. The ion fluence
F was kept below F < 10" jons/cm? to avoid a reduction
of the superconducting transition temperature 7, by radi-
ation damage.?!

III. ENERGY DISTRIBUTIONS

In Fig. 3 we present angle-integrated energy distribu-
tions N (E) from proton (H") and heavy ion (C*) bom-
bardment of YBa,Cu;0,_g5 and EuBa,Cu;0,_g (projec-
tile energy Ep =2 MeV). They have been obtained by in-
tegrating doubly differential electron energy spectra
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FIG. 3. Angle-integrated energy distributions N(E) from
proton (H*) and heavy ion (C*") bombardment of
YBa,Cu30;-5 and EuBa,Cu;0,_s (projectile energy E,=2
MeV).

d’n /dE,dQ taken at different observation angles 6 over
the angular interval indicated in the figure.

In all the cases, the electron energy distributions from
the high-7, superconductors show the characteristic
low-energy “true secondary” electron maximum at E =35
eV.1%11.20 No significant difference for proton and heavy
ion impact can be observed. This may be a hint that the
low-energy “true secondary” electron peak mainly con-
sists of secondary electrons created by high-energy elec-
trons in collision cascades (compare Refs. 1 and 24).

In the case of YBa,Cu;0,_;, a further weak structure
can be seen at E=14+2 eV. It is probably caused by
Auger electron emission from yttrium. Both the intensity
and the mean energy of this peak show a strong depen-
dence on the observation angle 0, but not on the type of
projectile or the temperature. This can possibly be ex-
plained by directional effects?® as discussed in the next
section.

IV. ANGULAR DISTRIBUTIONS

It is well known that the (electronic) energy loss of ions
in single crystals S(8) depends on the angle of incidence &
of the projectiles, it will be reduced under channeling
conditions. Since electron transport and transmission
through the surface depend on the crystal structure, even
for a fixed-ion impact angle 8 the intensity N () of elec-
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trons from single crystals strongly depends on the emis-
sion angle 6 (or the observation angle 8’ measured with
respect to the surface plane, ' =0+8§—90°),%

N(0)=A(6)S(8) . (1)

This is in contrast to the angular dependence of electron
emission from polycrystalline samples, where the angular
distribution of low-energy electrons roughly exhibits a
cosine dependence’>?*

N(8)~cosb' . (2)

This nonmonotonic behavior [Eq. (1)] and the deviation
from the cosine law [Eq. (2)] is clearly demonstrated in
Fig. 4, which shows the angular distributions N(8), i.e.,
the electron intensities N as a function of the observation
angle 6, from H' and C% bombardment of
YBa,Cu;0,_5. All the angular distributions presented
here have been obtained by integrating the doubly
differential spectra d’n /dE dQ over a certain energy in-
terval AE as indicated in the figures.

In the case of electron emission from single crystals,
the nonmonotonic dependence of N(8) on 6 may shadow
the possible shock electron peaks in electron angular dis-
tributions which are clearly visible for polycrystalline
samples."*™° However, by comparing heavy C* ion-
(vp=2.6 vg) induced electron intensities to the fast
proton-(vpz9 vp) induced electron intensities, i.e., by
calculating the ratio

R(6)=N(C*)/N(H™), (3)

we can account for the dependence of electron emission
on the crystal orientation. The ratio R(8) should be a
constant, i.e., R(8)=R, if the internal electron energy
and angular distribution is independent of the projectile
nuclear charge Zp. Since the intensity of electron emis-
sion is roughly proportional to the electronic stopping
power S (Zp) of the swift ions,"?*2 the absolute value of
R, should be given by the ratio S(CT)/S(H™), i.e.,

R(6)=R,=S(C*)/S(H")=10 )

in the present case (Ep =2 MeV).”’
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FIG. 4. Angular distributions N (0) of the electron intensities
N as a function of the observation angle 6 from H* and C*
bombardment of YBa,Cu;0,_s.
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FIG. 5. Angular distributions of the electron intensity ratios
R(6)=N(C*)/N(H") from H" and C* (2 MeV) bombard-
ment of single crystals of EuBa,Cu;0; high-T, superconductors.
The target tilt angles § and the energy intervals AE are indicat-
ed in the figure. The width of the bars corresponds to the angu-
lar acceptance of the spectrometer, their height represents the
error bar. The solid lines are drawn to guide the eye.

Nevertheless, deviations from this simple rule [Eq. (4)]
are likely to occur because of possible deviations of heavy
ion-induced electron angular distributions from proton
induced ones, because of such phenomena as the contri-
bution of lost projectile electrons,’ screening of the pro-
jectile charge by the projectile electrons, excitation of the
heavy ion’s electrons, etc.! Enhancements due to an ad-
ditional contribution to the electron intensity caused by
the heavy ions should be visible as peaks in the angular
distributions of the ratio R (6) as defined by Eq. (3).

Four sets of angular distributions of the ratio R(8)
from high-T. superconductors single crystals taken at
different target tilt angles & are shown in Fig. 5
(YBa,Cu;0,_;) and Fig. 6 (EuBa,Cu;0,_;5). As can be
expected from Eq. (4), the absolute value of the ratios
R(0) is in an order of 5=R(6)=15. At 6=55° R(6)
slightly increases with 8, no structures can be observed
over an electron energy range of 5 eV=<FE <40 eV. This
slight increase may possibly be caused by the collisional
loss of projectile electrons from the heavy C* ions (see,
e.g., Refs. 1 and 9).

Taking this slight increase at E <20 eV into account,
surprisingly, the other three angular distributions
(6=165° 70°, and 75°) exhibit a broad peak (AO=25°) at
low-electron energies E <20 eV at 6-depending mean
emission angles 6,,,. At higher energies £ >20 eV, no
other angular distribution shows such structures. Fur-
thermore, an additional enhancement appears at
25°<0,,=55 in the energy interval 10 eV=E =20 eV
for the highest tilt angle of 6=75".

The total widths of the regions of enhanced heavy ion-
induced electron emission, 6., (black bars), at electron
energies of 0 eV=FE <15 eV for 6=65°,0eV<E <20eV
for 5=70° and 5 eV=8=10 eV for §=75° are shown in
Fig. 8 as a function of the target tilt angle 6. Clearly, it
can be seen that the mean emission angle 6, of the ex-
cess electrons belonging to the peaks at 6., shifts to
higher angles 0 with increasing tilt angle 8.
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FIG. 6. Angular distributions of the electron intensity ratios
R(8)=N(C")/N(H") from H" and C* (2 MeV) bombard-
ment of single crystals of YBa,Cu;0; high-T, superconductors.
The target tilt angles & and the energy intervals AE are indicat-
ed in the figure. The width of the bars corresponds to the angu-
lar acceptance of the spectrometer, their height represents the
error bar. The solid lines are drawn to guide the eye.

V. THE REFRACTION MODEL

The enhancement of heavy ion-induced electron emis-
sion and the dependence on the target tilt angle can be
explained within the framework of a model for the refrac-
tion of low-energy electrons at surfaces. They are caused
by the directed emission of shock electrons perpendicular
to the conical shock wave of the charge density fluctua-
tions induced by the ion wake.*”® Figure 7 explains the
simple model. Shock electrons moving through the solid
in a direction perpendicular to the wake shock front are
refracted at the surface. Their velocity component per-
pendicular to the surface is reduced corresponding to the
surface potential barrier U. It has been predicted® that
the observable mean emission angle 65° from the beam
entrance side of the solid is then given by

Qg:r?:f(egln(vl”wP)’ U,ES,B)
=180°—&—arcsin[(1+(U/E,))/?

X sin(180°—8—6™M )] . (5

A detailed discussion is given in Refs. 1 and 8.

Under the (weak) assumption that the mean shock elec-
tron energy E, and the surface potential barrier U are of
the same order of magnitude, i.e., U/E; =1, we can cal-

SOLID (wp)
6 M

VACUUM

FIG. 7. Definition of the target tilt and electron-emission an-
gle used for the calculation of the electron refraction by the sur-
face potential.
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culate the mean emission angle 65X from Eq. (2) if the
internal angle 6 (vp,wp) is known. Considering the
plasma frequency wEC of the free charge carriers (O 2p
holes) of the high-T, superconductors of the
YBa,Cu;0,_; type to be #iwbC~1.5 eV,'"® we can esti-
mate 0 (vp,0p) according to Ref. 4 and calculate 5P
under the assumption that the wake induced by a posi-
tively charged particle in a hole plasma resembles the
wake induced by a negatively charged particle (e.g., an
antiproton) in an electron plasma. In this case, the maxi-
ma and minima of the electron density fluctuations are
exchanged, but the spatial structure and the internal an-
gle 9'5‘,‘,, can be expected not to change strongly.>* 13

The result of the calculation is shown in Fig. 8 in com-
parison to the experimental results. Within the experi-
mental and theoretical uncertainties we find a reasonable
agreement between the observed emission angles 6,
(black bars) and the calculated mean emission angles 65:P.
In particular, it is important to note that shock electron
emission is not observed at §=55°, in agreement with the
calculation according to Eq. (5). In this case, the shock
electrons cannot overcome the surface potential barrier
and are totally reflected when they arrive at the surface.

The peak appearing at 25°<6,,, < 55° in the energy in-
terval 10 eV = E =20 eV for the highest tilt angle §=75°
can be attributed to shock electron emission caused by
collective excitation of all the electrons in one unit cell of
the crystals with a volume plasma frequency of #iw)f ~25
eV.!® The opening angle of the wake and thus the shock
electron emission angle 8_,, only depend on the plasma
frequency #iwp (or, in other words, the density of the
charge carriers n) of the collective mode.> ™%’

At this point, it is important to note that emission of
shock electrons by the protons of v, ~9 vy would lead to
a reduction of the ratio R as defined by Eq. (4) at observa-
tion angles 6.,(H,v, ~9vp)> 0.,(C,v, ~2.6v5). Thus, if
shock electron emission can be observed both with pro-
tons and heavy ions, the typical dependence of the angu-
lar distributions R (6) on 6 should be characterized by a

ol *(2MeV,Vp=2.6 Vg)
80F  —=YBa,Cu307—
~EuBa; Cuy 07

Oem deg)

2 02w~ 14eV)
200 5 090w Y~ 25eV)
B OenlExp.)

1

1
65 70 75
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FIG. 8. Mean shock electron emission angle 6., as a function
of the target tilt angle & (black bars). The theoretical prediction
taking into account the refraction of low energy electrons at the

surface for 65, according to Eq. (2) is shown for comparison.
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huge enhancement R >R, at 0.,(C,v,~2.6vg) followed
by a small dip at 6.,(H,v,=~9%g)> 0,,(C,v,=~2.6vp).
This is in agreement with the shape of the angular distri-
butions shown in Figs. 5 and 6. However, since the inten-
sity of shock electron emission decreases with increasing
velocity and should scale with the square of the effective
charge of the ions (compare Refs. 4-7), the effect of
proton-induced shock electron emission can be expected
to be negligible.

Although a first approach has been made, this experi-
mental result could not yet be described by theory. Re-
cent calculations on the wake in a two-component plasma
characterized by two different plasma frequencies'*
showed that the oscillating part of the wake, i.e., the
Mach shock wave, has only one component. Probably,
the fact that the two collective resonances w5C and #w )t
of the high-temperature superconductors appear at quite
different excitation energies of ~1 eV and =25 eV may
explain this discrepancy. The separation in energy causes
a weak coupling of the two modes and thus leads to the
appearance of two (nearly) independent components of
the wake.?® Each of them is characterized by a different
opening angle and each leads to directed emission of
shock electrons under a different angle.

VI. THE SUPERCONDUCTING PHASE TRANSITION

The influence of phase transitions on the emission of
secondary particles has been reviewed by Evdokimov.?’
As examples for the dependence of ion-induced electron
emission on phase transitions appearing at a critical tem-
perature T, we show in Fig. 9 the total electron yield y 1
as a function of the relative probe temperature T— T,[K]
for three different kinds of phase transitions. The ions
species, their energy, the target, the kind of phase transi-
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FIG. 9. Influence of phase transitions on the heavy-ion-
induced secondary electron yield ¥ r, which is plotted as a func-
tion of the relative probe temperature T— 7T, (K). T, denotes
the critical temperature of the occurring phase transition.
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tion, and the values of the corresponding critical temper-
atures are indicated in the figure.

The top of Fig. 9 shows y (T —T.) for polycrystalline
Fe, which undergoes a phase transition from a ferromag-
netic to a paramagnetic state (from Refs. 29 and 30). The
middle of this figure shows y (T —T,) for the structural
phase transition of Ti from the low-temperature hcp crys-
tal structure to the high-temperature bcc structure.?’
The bottom of Fig. 9 presents y (T —T,) for the high-
temperature copper oxide superconductor YBa,Cu;0,_j
(from Ref. 10).

It is interesting to note that all of the data sets shown
exhibit a minimum of the electron yield y ; close to the
critical temperature 7,. The yields seem to be slightly
different far above and below the critical temperature.
Possibly, this behavior can be explained by a modification
of the electron transport length or the surface potential
barrier.'%2%3% However, and in particular in the case of
the superconductors, these experimental findings are not
yet fully understood.

In order to investigate the possible dependence of
shock electron emission on the superconducting phase
transition,® %12 we have compared angular distributions

C(0)=N(T=35K)/N(T=110K) (6)

from C* impact measured far below (at T =35 K <7,)
and slightly above T, (at T>T,=110 K). Such angular
distributions taken at three different target tilt angles &
are shown in Fig. 10. The regions of enhanced electron
emission from Figs. 5 and 6 are indicated by arrows.
Within experimental uncertainties, no significant depen-
dence of the shock electron emission on the supercon-
ducting transition at 7, has been found. In accordance
with the results shown in Fig. 9 (Ref. 10), the values of C
are slightly enhanced, i.e., C=~1.2.

However, one could speculate that the mean emission
angle 6., should be different above and below the critical
phase transition temperature 7., in particular for the
copper oxide superconductors. Within the BCS model of
superconductivity,’! a certain fraction of the charge car-
riers (density n) leading to the metallic (linear) conduc-
tivity above T, will form Cooper pairs (density n.) which
carry the superconducting current. Their number I" can

6=65° 5=70° 5=175°

I | . I o g 200
L TmEsam g g [0 TgEgy o gu® 8
BE=0L0-80 eV AE=15-25 eV [T LN |
L AE=20-40ev ¥ 2t AE=10-1S ev L& ] AE=10-20 eV
kz I 2 s | 2
1+ m"ingn s b ] 1+
s
g a s - L 11] n Sgn 0 .
=z , 210-20 @) -5 . [ r—
S 5 8E=10-20eV b o 8E=5-10ev (T A—E:'s-mev
=
5 2 2 [ ] i 8 [ ]
2 gipgt g u 1 [gugueunnt ® g 10 .
S 3 BE=0-Sev 2 .l.... . .l .
2 gt ‘I:ll' ST PR
[ TLL] BE=0-5 eV [ ] BE=0-Sev
n

n L n L L s 1
30 60 90 30 60 90 30 60 S0
ELECTRON EMISSION ANGLE © [(deg!

FIG. 10. Angular distributions of the ratio C of the integrat-
ed electron intensities below [ N(35 K)] and above [N110 K)] the
critical phase transition temperature 7,. Four different energy
intervals AE are shown for each target tilt angle 8.
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be estimated!>*? from the ratio of the binding energy of
the Cooper pairs, i.e., the energy gap A, to the energy of
the edge of the Fermi distribution, i.e., the Fermi energy
Eg,

T=nc/n~2A/Ey . (7)

For conventional superconductors with, say, Ep~10 eV
and 2A~10 meV, T is small (I'=~107?) thus leading to a
negligible change of the charge carrier density n.

The situation may be completely different in the case of
the copper oxide superconductors:!>3? A rough estimate
with E;z=0.2 eV and 2A~=20 meV leads to a value of
I'=0.1. It is even possible that I' may be close to unity.
This could lead to a reduction of the charge carrier densi-
ty n and, consequently, to a reduction of the opening an-
gle of the wake. Taking into account that the surface po-
tential barrier U could also be reduced with decreasing
n,* both effects combined may lead to an enhancement of
the shock electron emission angle 6, below T..

Indeed, closer inspection of Fig. 10 shows a significant
enhancement C > 1 for §=65° and AE=0-5 eV and for
6=70° and AE=10-15 €V, i.e., there may be a slight
shift of the mean emission angle 6., toward higher angles
6 below T.. However, a simple estimate from Egs. (5)
and (7) shows that the enhancement should be in an order
of magnitude of AG=0.1°-1°. This is beyond the angular
resolution of our experiment, and further experimental
investigations are necessary.

VII. CONCLUSIONS

We have investigated the phenomenon of kinetic ion-
induced electron emission from high-temperature copper
oxide superconductors. We have shown examples of the
influence of magnetic and structural phase transitions
and, in particular, the superconducting phase transition
at T=T, on ion-induced electron emission from solids.
Furthermore, we have presented the studies of electron
energy and angular distributions from H*— and C* —
impact on single crystals of YBa,Cu;0,_; high-T, super-
conductors.

As a main result, the angular distributions show shock
electron emission from the excitation of the superconduc-
tors at two collective resonances #wbC~1.5 eV and
#iwp¥ =25 eV. Finally, we presented some new ideas con-
cerning the possible dependence of collective shock elec-
tron emission on the superconducting phase transition.

Only very few studies on this interesting subject have
been performed until today, and there is clearly a need
for further work. In particular, a theoretical understand-
ing of the observed phenomena would be desirable.

In conclusion, the spectroscopy of ion-induced elec-
trons, and, in particular, the spectroscopy of shock elec-
trons can be used to study the refraction of low energy
electrons at solid surfaces. Also, phase transitions as well
as the contribution of collective excitations to the elec-
tronic structure of solids can be investigated by means of
charged particle induced electron emission.
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