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We have studied the temperature dependence of characteristic energy losses of slow
electrons scattered from a Ni (111)surface. The volume loss energy shows an anoma-
lous variation in the region of Curie temperature superimposed on a linear decrease
from T =100 to 700 C.

In an earliex publication' we studied the tem-
perature dependence of secondary electron emis-
sion of polyerystalline ¹iin the region of the
Curie temperature Tc. In this paper we present
the results of an experimental investigation of
the spectrum of characteristic energy losses
(CEL). In particular, CEL measurements will
be discussed both as a function of temperature
T (100 «T «700 C) and primary energy E~ (150
«E, «600 eV).

In earlier studies" of the CEL spectra of elec-
trons scattered from Ni, no variation in the en-
ergy of the CEL as a function of temperature was
observed. Jox'dan, ' in particular, reports CEL
at 8.5 and 19.0 eV using a Ni (100) surface,
which he interprets in accordance with Robins
a,nd Swan' as the surface and volume plasma en-
ergy losses, respectively. An additional loss at
28.0 eV is tentatively ascribed by Jordan' to both
the combined bulk and surface plasmon exitation
and an interband transition.

In the present experiment a Ni (111)surface is
studied in a retarding-field analyzer with an en-
ergy resolution of bE/E = 0.5%. Special at. tention
was given to the cleanliness of the crystal sur-
face. The starting material was a 99.999% pure
single crystal of Ni. Cleaning was done by oxida-
tion, reduction, and thermal treatment. ' Auger
measurements and CEL, both being very sensi-
tive to small sux'face contaminations, wex'e used

to demonstrate the cleanliness of the surface.
All measurements were done in an ultrahigh vac-
uum system at pressures p &1 X10 "Torr.

A typical energy spectrum, measured at T
= 200 C and with a primary energy E~ = 150 eV is
shown in Fig. 1. Some of the CEL detected by
our experiments are clearly visible in this spec-
trum. Using various primary energies and the
second derivative of the retarding-field curves,
the following characteristic energy losses were
observed at T'=200'C: E,=1.9 eV; E,=3.4 eV.
E =8.1 eV; E =11.0 eV; 85=16.2 eV; Be=19.1
eV; E,=26.7 eV; E,=33.2 eV; E,=42.5 eV; and
E,o= 67.0 eV. The maximum experimental error
of all loss energies measured was +0.2 eV.

Following Jox'dan's interpretation, which is
supported by his own optical measurements, it
appears reasonable to attribute the energy losses
E,= 8.1 eV and E6 = 19.1 eV to the surface and
volume plasma, losses, respectively. %ith re-
gard to the posi. tions and intensities we attribute
the loss energies E,= 16.2 eV and E,= 42. 5 eV to
the twofold sux face and volume plasma losses,
respectively. In this note we do not attempt to
give an interpxetation of the loss energies E„
E„E4, E„E„and E„. The positions of these
losses showed no variation with temperature.

The temperature dependence of the loss ener-
gies E, and E, as obtained with E~= 150 eV ls
px'esented in Fi.g. 2. The following charaeteris-



VOLUME 2626, NUMBER 2$ PHYSICA L RREVIEEW LETTERS 21 Jvxz 1971

X 30

X1

E/8Y 150

FIG. 1. Total ener gy I
spectrum of hc aracteristic

o secondary 1e ec-
xs xc energy losses.

ties can be deduced from it: 1
i ti itht

loss Es, for temperat
i emperature ofo the volume

ra ures T ~280'C temperature

coefficient ~(T)/bT =2.9 x

p Th C i t c
y. (» Wlth-

nergy loss E is c tconstant.

the znterpr tat
of the

or ant for
pe em era

loss s e
A closer exa ' '

oo eo o

peak Z, =19.1 eV
ow energy side

e, the twof old surface l
1 eof

'c is clearl
oss

rly detectablee at a pri-
g em-

6

n I.', . This fact

temperature tow d r Th
intensity of peak E de on

6 with

creases stro
, xs unnoticable

ongly with I;
e above E&= 400 eV.

of E, is essentiall y constant (1.7

b'tw"n F. =15

h
loss E

e position
inc y

f
p " — py erne

peaks
e intensities of su
1

p po

l he c pretation with the o

eff'icient as
Th f th e tern

d

b tt btdt pe o atrue
rgzes

p

considerabl
gy S,. This de pendence xs

fth l tron density with te
e decrease

wz temperature.

19,0—
Tc = 358C

Ep =150 eV

18,0—

'
17, 0-

- E~= f{T)

8,0—
0

'V
b

0 V' %]I
A ~ ——

E~ - f{T)

I

100
I

200
I

100
I

500
I

600
I

roo300

FIG. 2. Tem erperature dependen ence of

TPC

surface loss E and3 and volume loss E6 ~

1574



VOLUME 26, NUMBER 2$ PHYSICAL REVIEW LETTERS 21 Jvwz 1/71

Further evidence for a true temperature shift
AE(T) of the volume loss energy is the observa-
tion of a temperature shift 2b,E(T) of the loss
energy E~ which is believed to be the twofold
volume energy loss.

The nonlinear variation of the energy position
of F, with temperature in the region of Curie
temperature Tc (280 s T:s 4OO C) shows that the
magnetization stake of a crystal influences the
CEL significantly. This influence may be under-
stood as follows: It is widely accepted' that 4s
and 3d electrons contribute to the volume plasma
loss of ¹i.The plasma energy calculated on the
basis of a collective free plasma motion of one
4s and nine 3d electrons per atom is 35.4 eV.
This value is depressed to the observed value of
19.1 eV through a strong coupling between highly
energetic single excitations of 3d electrons and
the plasmon fields. '

In the ferromagnetic state of the crystal an
exchange splitting (b,E,=0.4 eV) of the 3d band
has been predictede and observed. '8 This split-
ting vanishes above Tc' associated with changes
of the energy bands near the Fermi level such
that the density of states reaches a sharp max-
imum corresponding to 3d band states immediate-
ly at the Fermi level. " This causes an increase
of the excitation probabBities of single electron
excitations from levels near the Fermi energy.
Considering the above remarks a shift of the
volume loss towards lower energies is to be ex-
pected.

There are other explanations of the anomalous
variation of loss energy E, in the region of Tc
such as a direct influence of the state of magneti-
zation on the energy of the volume plasmon ex-
citation. The interpretation presented here, how-
ever, appears to be the most reasonable one.

As to the striking temperature independence of
surface-loss energy E, in contrast to the clear
temperature dependence of the volume-loss ener-
gy, no preferred explanation can be given at
present.

In addition to the CEL spectra we have mea-
sured the peak of true secondary electrons at
3.2+0.1 eV and its temperature variation. With-
in the experimental error the energy position of
this peak was found to be constant in the temper-
ature range 100 & 7' ~ 700'C. This demonstrates
that the presence or absence of magnetic stray
microfields near the surface of the crystal can-
not alter the energy position of the loss peaks
measured in our experiment.

We have benefitted greatly from stimulating
discussions with E. Bauer. Support by the Deut-
sche Forschungsgemeinschaft is gratefully ac-
knowledged.
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