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Exper iment s show ing th at the ion {so li d state intera ction characteristics
change at T C , the Curie temp erature, were recapitulated . I t was show n that

the experimental results for the increase in the ˜ -particles stopping power in
Fe and Gd foils can be approximatel y describ ed by the Bethe theory of stop-
ping pow er with Stoner mo del for band ferromagnetism. The experimental

result for increase in 5. 486 Me V ˜ -particles stopping pow er in 0.89 mg/cm 2

N i foil after transition from ferro- to paramagnetic phase at T C w as pre-
sented and it w as show n to b e in a good correlation w ith the pre vious data
and w ith the theoretical evaluation.

PACS numb ers: 34.50.Bw , 61.85.+ p

1. I n t rod uct io n

It is com monly agreed t hat at norm al condi ti ons som e basic characteri stics
of ion{ sol id intera cti ons l ike stoppi ng power are independent of temperat ure in
semiconducto r and meta l lic ta rgets, both amorphous and crysta ll ine [1{ 3]. W i thi n
the l inear response theo ry the tem perature dependence of the stoppi ng power
goes enti rely thro ugh the Ferm i{ Dira c m om entum distri buti on of the occupati on
pro babi l ity whi ch enters the di electri c response functi on for the m edium . It was
shown [4, 5] tha t the energy loss can be ẽ ecti vel y tem perature dependent onl y at
very hi gh tem perature of 1 0 6

À 1 0 7 K.
Other standard characteri stics of ion{ solid intera cti on like exp erim enta l en-

ergy loss stra ggl ing and theo reti cal nucl ear encounter probabi l i ty (N EP) are de-
pendent on temperature ; stra ggl ing is pro porti onal to T [6] and NEP is based on
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the D ebye{ W aller therm al factor. The angular Rutherf ord backscatteri ng (R BS)
spectra (â m in | m inimum yi eld and ê 1 = 2 | wi dth at hal f minimum ) and energy
R BS spectra ( â m i n ) and also the surf ace peak size increase wi th tem perature.

Mo reover, i t was shown tha t the structura l , electri c, and magneti c phase
tra nsiti ons can m odi fy the characteri stics of ion{ solid intera cti on.

Frenkel et al . [7] showed tha t the tra nsiti on thro ugh the melti ng tem per-
ature m odiÙes RBS spectra al lowi ng for analysis of surface mel ti ng. Lagare and
Um akantha [8] f ound an anomalous 3% increase in the energy loss f or 942 keV
electrons in BaTi O 3 (f erroelectri cs) at the Curi e tem perature of TC = 400 K. The
increase was expl ained by vanishi ng ferroelectri ci ty at the Curi e point. Recentl y
Ni ckel et al . [9, 10] showed tha t the energy loss of 5 to 6 MeV alpha parti cles
increases by 1.5% in 5.47 mg/ cm 2 Fe (T C = 1043 K) and by 0.2% in 9.53 m g/ cm 2

Gd (T C = 297 K) ta rget after phase tra nsiti on from ferromagneti c state below
T C to param agneti c state above T C . In an unpubl ished paper Ni ckel et al. [11]
reported on 3.5% increase in He-l ike charge state fracti on in charge distri buti on
of 250 MeV =am u Bi ions tra nsmi tted thro ugh 1 g/ cm 2 polycrysta l line Gd when
passing the Curi e tem perature TC . Al so, they found tha t above 2 1 £ C the energy
loss increases in equidi stant steps at temperatures corresp ondi ng to decrease in
the Gd m agneti sati on v alue by a facto r 2.

In thi s work we want to concentra te on the questi ons of how does the elec-
tro nic stoppi ng power of He ions in Ni foi ls change when the foi l tem perature
increases and passes T C = 631 K | the Curi e tem perature for tra nsiti on f rom
ferro- to param agneti c phase?

W ithi n the Bethe theo ry the r a n d o m stopping power is pro porti onal to the
num ber of electro ns in the given shell n Z f 0 ( f 0 i s the di pole osci llato r
streng th) and to the Bethe logari thm as

S Z ln
E

I
n ln

E

ñh !
; (1)

where ñh! i s the i -th shell bi ndi ng energy, E = 2 m v 2 = 4 E m= M i s the maxi mum
energy tra nsferred in a col l ision from ion of m assM and an energy E to an electron
of m ass m : v i s the ion vel ocity , Z i s the ta rget ato m atom ic numb er and I i s the
Bethe m ean excita ti on energy deÙned as

ln I = f 0 ln ñh! 0 : (2)

From Eq. (1) the di ˜erence Â between the stoppi ng power in a ferrom agneti c
S (f ) and param agneti c S ( p) phase, related to S ( p) i s given by

Û =
Â

S (p )
= ln

E

I
= ln

E

I
1 : (3)
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The decrease in 5.5 MeV ˜ -parti cle relati ve stoppi ng power Û as measured
by Ni ckel [9] (Û = À 1 : 5% for Fe and Û = À 0 : 2% for Gd) can be interpreted
wi thi n the Bethe theory as due to increase in the m ean exci ta ti on energy of the
ta rget ato ms from I p in paramagneti c pha se to I f = ˜ I p in ferromagneti c pha se.
I p

Fe = I Fe = 286 eV and I p
G d = I G d = 591 eV. W i thi n the Bethe theo ry in the

ferrom agneti c state the m ean excita ti on energy should be I f
Fe = 296 eV (increases

by 3.6%) and I f
G d = 593 eV (i ncrease by 0.3%).

Let us assume tha t the increase in the mean excita ti on energy is caused by
increase in bi ndi ng energy of the n x open shell electrons from ñh! p in param agneti c
phase to ñh ! = Ùñh! in ferrom agneti c phase. Then from Eq. (1) we Ùnd tha t

Ù = exp
Z

n
ln ˜ = exp À Û

Z

n
ln

E

I
: (4)

If Û i s m easured wi th accuracy of dÛ then dÙ = Ù ln ÙdÛ and the exp erimenta l
exchange energy can be determ ined wi th very hi gh accura cy.

For 5.5 MeV ˜ -parti cl es in Fe (3d electrons responsible for f erromagneti sm,
ñh! = 14:2 eV) Eq. (4) wi th Û = 0 : 0 1 5 gives Ù = 1 : 1 6 5 and in consequence the
addi ti onal bindi ng energy in ferrom agneti c state is U = 2:342 eV. For 5.5 MeV
˜ -parti cles in Gd (4f electrons responsible for ferromagneti sm, ñh! = 22:8 eV)
Eq. (4) wi th Û = 0 : 0 0 2 gives Ù = 1 : 0 3 and in consequence the addi ti onal bi nding
energy in f erromagneti c state is U = 0:687 eV. Thi s energy is di ˜erent for 3 d

and 4 f electronic conÙgurati ons.
W ithi n the molecular Ùeld appro ach to descripti on of ferrom agneti sm the

exchange energy exerted from z nearest neighbours characteri sed by a spi n vecto r
S on each electron (of spi n s = 1 =2 ) belonging to ato m located in the i -th latti ce
site is given by

U = À 2 J s S ¤ À 2 J sz h S i : (5)

In thi s approach the exchange integ ra l J i s determ ined by the Curi e tempera-
ture T . It is assumed tha t z = 8, z = 12, z = 8. The avera ge magneti sati on
m = h S i i s given by the appro pri ate therm al avera ge. It g ives J ¤ 2:4 m eV,
J ¤ 0:4 m eV, J ¤ 1:3 m eV, and J ¤ 3 meV. The addti onal bi nding of the
electron due to m agneti sati on at the latti ce site is of the order of U = mz J . Thi s
energy is U ¤ 58 meV, U ¤ 17 meV, U ¤ 36 m eV, and U ¤ 83 m eV. Thi s
is m uch less tha n the addi ti onal bindi ng energies U obta ined from the energy loss
m easurement as calcul ated from the Bethe theo ry of ion stoppi ng and also less
tha n the therm al energy given in Table I, su£ cient to destroy the ferro magneti sm
and cause the sam ple su˜er the phase tra nsi ti on.

From Eqs. (1), (3) Û can be wri tten also as

Û = À n ln 1 +
U

ñh!
=Z ln

E

I
; (6)
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T ABLE I

From [14]: T C | the thermal energy k b T C [ eV ] ;

! 0 | the experimental plasmon energy [eV ],
E F | the Fermi energy [eV ], £ | the density of
quasi- free electrons [eÀ = ¡A 3 ] ; £ i | density of inter-

stitial charge [eÀ

= ¡A 3
] ; n | the collective electrons

per atom.

Elem. T C ! 0 E F £ £ i n

Fe 0.058 15.82 11.69 0.182 0.229 2.141

C o 0.121 17.85 13.74 0.231 0.228 2.575

N i 0.054 20.44 16.46 0.304 0.232 3.325

Gd 0.025 10.45 6. 72 0.079 0.098 2.618

From Eq. (6) i t is obvi ous tha t the relati ve di ˜erence in the stoppi ng power
increases as 1 ln wi th decrease in the pro jecti le energy . It is worthy not-
ing tha t the Zeeman- l ike spli tti ng of the ato m ic energy levels wi th the theo ry of
Eq. (1) yi eld ln(1 ñ ) 0 indi cati ng tha t such trea tm ent fai ls in
expl anati on of the m easured e˜ect in whi ch 0 .

Ano ther possibl e expl anati on of the e˜ect is the hyp othesis due to Sto ner
[12, 13] tha t in m ateri als where the exchange intera cti on is large or the density of
sta tes is hi gh at the Ferm i level, as in case of 3 and 4 bands, we Ùnd sponta neous
m agneti c orderi ng addi t ional ly bindi ng electro ns wi th para llel spins. Parti cul arl y
im porta nt are the quasi-free conducti on electrons whi ch, due to hi gh pl asmon ex-
ci tati on probabi l i ti es and energies given in T able I [14], are dom inant in the elec-
tro nic energy loss process. Al so, the calcul ated col lective electron density g iven in
T able I reveals tha t m ore tha n two outerm ost electro ns from each ato m contri bute
to the electron gas collecti ve response. Such the addi ti onal bindi ng energies for the
conducti on electrons whi ch enabl e reproduci ng the exp erimenta l data as for of
Eq. (6) are: = 8 43 eV, = 0 86 eV.

Let us assume [15] a shift of energy of a conducti on electron wi th spin
up and down be proporti onal to the average numb er of electrons wi th spi n up
and down (wi tho ut externa l magneti c Ùeld ):

=

where is the Stoner exchange integra l . If band shift energy and the magneti -
sati on density are deÙned by

=
2

( + ) = ( ) (8)

then

=
1

2
d ( ) ( ) (9)
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where f ( E ) i s the Ferm i{ D irac functi on and D (E ) is the density of sta tes and

U
Ï

= ´

I S M V

2 ñ B

À U: (10)

From the standard pro cedure of decoupl ing m agneti sati on (Eq. (10) to Eq. (9)
and to Eq. (8)) we get the Sto ner condi ti ons for band ferrom agneti sm

I S D ( E F ) ¤ 2; (11)

whi ch links I S and the density of states at the Fermi level. W hen we appro xi -
m ate the real density of sta tes by the free electrons density of sta tes, D ( E ) =

1 : 5 N E 0 : 5 =E 1 :5
F , we can estim ate the shift energy U for conducti on electro ns due

to band ferromagneti sm as

U ¤ E =1:5: (12)

W e get U ¤ 7:8 eV, U ¤ 9:2 eV, U ¤ 11:0 eV, and U ¤ 4:5 eV.

T ABLE I I
Â

The expected decrease in the ˜ -parti cles stoppi ng power duri ng f erro-para-
m agneti c phase tra nsiti on at T , calcul ated from Eq. (6) wi th addi ti onal bi nding
energy due to the conducti on electrons given by Eq. (12) is presented in T able I I.

The experim enta l setup consi sts of a reacti on chamber of the pressure
1 0 5 Torr and thi n source of ˜ -parti cles of 5.486 MeV ini ti al energy from 2 4 1 Am
of 1 m C acti vi ty . The ˜ -parti cl es are col l imated to the aperture of 6 mm di-
am eter by f oi l holder and di rected onto com m ercial ly avai lable self-supp orti ng
foi ls of the thi ckness of 0.89 mg/ cm 2 (corresp ondi ng to about 1 ñ m ) from Ni
(T = 631 K ; £ = 8:8955 g=cm ).

The ini ti al and Ùnal foi l thi ckness is determ ined by m easuri ng massof the foi l
and subsequentl y by ˜ -parti clesenergy lossm easurements and stoppi ng and ranges
of ions in m atter (SR IM) data [14]. Both metho ds give the same results wi thi n
5% accuracy. W hen necessary , the foi ls could be m ade thi nner (up to the 0 : 5 ñ m)
by ti m e-contro l led soluti on in HF acid. The surface structure and compositi on
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checkout are done by m eans of rf -spectrom eter. Thi s m etho d can determ ine the
conta m inati on of the surf ace wi thi n accuracy of 1%.

The energy spectra of ˜ -parti cles tra nsmi tted thro ugh the sam ples are regis-
tered wi th the T ennelec semiconducto r surf ace barri er detecto r wi th 6 m m diam -
eter di aphra gm and cooled to tem perature 252 K to reach the FW HM = 12 keV
energy resoluti on. The temperature of the detecto r is contro l led wi th a therm o-
coupl e atta ched di rectl y to the detecto r. It turns out tha t the stabi lisati on of the
detecto r temperature at a low (ro om ) tem perature is cruci al in thi s exp eriment.
An uncontro l led increase in the detecto r temperature causes decrease in signal
am pl i tude and apparent increase in the ion energy loss. The ion signal from the
detecto r is processed thro ugh the spectrom etri c CAMAC system and 4196 channel
SWAN analyser.

The ta rget foi l is heated electri cal ly by a wol fram spi ral and the tem perature
is contro l led wi th a therm ocoupl e atta ched di rectl y to the foi l . The accuracy for
setti ng the tem perature is 1 K.

4. R esul t s an d d iscu ssio n

The reference energy lossof 5.5 MeV ˜ -parti cles in Ni is about 379.6 keV/ ñ m
[14] whi ch yi elds the pro jected range of 1 0 : 5 ñ m al lowi ng for analysis of quanti ti es
tha t are ta rget thi ckness dependent. The reference energy spectrum m easured for
5.486 MeV ˜ -parti cles wi tho ut foi l wa s used f or cal ibrati on of the spectro meter.

The energy spectrum m easured for 5.486 MeV ˜ -parti cles f rom 2 4 1 Am wi th
foi l was used for the foi l thi ckness determ inati on. The foi l thi ckness along the ion
beam increases wi th tem perature and thi s increase appro xi m ately pro ceeds wi th
the bul k therm al expansion coe£ cient: ˜ N i = 1:33 È 10À 5 . The f oil thi ckness in
ferrom agneti c phase at T f = 293 K was f ound to be £ x f = 0:985 Ï 0:01 ñ m wi th
the use of the reference energy loss[14]. The fo il thi ckness in paramagneti c phase
at Tp = 700 K cannot be determ ined rel iably wi th the reference energy loss since
we exp ect i ts dependence on tem perature. W e use rather £x f £ N i and £x p £ as a
m easure of f oi l thi ckens, since we can m easure the form er and calculate the latter
from therm al expansi on coe£ cient ˜ . Instea d of sim ple energy loss per uni t path
length Â E =Â x we use the stoppi ng power S = Â E =£ Â x of Eq. (1) in whi ch
surf ace density £ Â x at a given tem perature is reduced to the density at ini ti al
tem perature by m eans of therm al expansion coe£ ci ent.

The quanti t y of interest in the present experim ent is the di ˜erence Â E =

£ E À £ E . £ E i s the m ost pro babl e energy loss calcul ated from energy spectra of
˜ -parti cles tra nsmi tted thro ugh Ni foi l in ferrom agneti c phase at T . It was found
£ E = 369 Ï 12 keV. £ E i s the most probable energy loss calcul ated from energy
spectra of ˜ -parti cles tra nsmi tted thro ugh Ni foi l in param agneti c phase at T .
W e got £ E = 375 Ï 12 keV . Af ter correcti on for therm al expansion of the sampl e
i t yi elds from Eq. (3) Û = 0 : 0 1 6 Ï 0 : 0 0 5 . Thi s is the m ain experim enta l result of
the work.
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In T ableI I we compare the present exp erimenta l result as for relati ve increase
in the electroni c stoppi ng power Û of ˜ -parti cles in Ni foi l af ter f erro-param agneti c
phase tra nsiti on wi th previ ous experi menta l results for Fe and Gd and wi th the-
oreti cal results based on the Bethe theo ry of stoppi ng wi th the Sto ner i ti nerant
electrons bindi ng energy. The num erical resul ts signiÙcantl y depend on numb er n

of col lective electrons per ato m accepted for calcul ati ons.
Other models tha t were used to expl ain the e˜ect by assuming addi ti onal

bi ndi ng energy in ferromagneti c phase of outer shell electro ns and conducti on
electrons due to electron spin intera cti on wi th magneti c Ùeld of the domain fai led
in com pari son wi th experim ent. The energy turned out to o smal l to expl ain the
m easured stoppi ng power increase.

5. Co n cl usion s

W e measured the relati ve di ˜erence in the stoppi ng power of MeV ˜ -parti cl es
in Ni foi l subj ected to the ferro-paramagneti c phase tra nsiti on at T C . It wa s found
tha t for Ni foi l Â S= S e( T 0 ) = 1 : 6 % (0 : 5%). The relati ve di ˜erence of the stoppi ng
power calculated wi thi n the Bethe m odel of the ion stopping yi elds depends on
the param eters of col lective electrons per ato m and on the param eters of sponta -
neous m agneti sati on of conducti on electro ns. The resul t is in agreement wi th the
previ ous measurement showi ng tha t f or neighbouri ng Fe fo il the rel ati ve di ˜erence
of stopping power am ounts to 1.5%.
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