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Summary

Frikkee, E.

Interaction Between Electrons, Magnons and Phonons in Nickel.

By means of inelastic neutron scattering, a localized electron 
excitation was observed in Ni and Ni (4% Fe). The excitation 
interacts with magnons and phonons, and is assumed to corres
pond with transitions between the nearly-degenerate electron
states and A + near X, which are situated just below the6 7
Fermi level. Selection rules for electron-phonon and electron- 
magnon scattering are determined by means of group theory. It 
is found that in particular the transverse (A ) phonons in the 
pOO] direction are perturbed. The observed neutron-electron 
scattering turns out to be an indirect process, which is only
possible due to the interaction between the (A A ) electronso 7
and the lattice. The basic mechanism for the observed effects 
is the electron spin-orbit coupling, which establishes the 
interaction between the electron spin system and the lattice.

Key w o r d s :

inelastic scattering - thermal neutrons - nickel - nickel-base alloy - 
dispersion relation - phonons - magnons - electrons - spin-orbit 
coupling - selection rules.
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1. INTRODUCTION

The present report contains the results of inelastic neutron scattering 
experiments, performed at room temperature on Ni (4% Fe) and Ni single 
crystals. Dispersion relations of the elementary excitations were 
partially determined by means of a time-of-flight (TOF) spectrometer 
and a triple-axis spectrometer. Scattering processes in which only one 
excitation is involved are governed by the conservation laws for 
energy and momentum:

AE = Eq - E = + hv(q) (1)

-yQ = kQ - k = + q + 2 i T T .  (2)

•The initial state (E , k ) and the final state (E,k) of the neutrono o
are defined by their energy and wave vector, hv(q) is the energy of

—̂ • »an excitation with wave vector q, and t is a reciprocal lattice 
vector. Maxima in the neutron scattering cross section occur if both

• • ■ —y(1) and (2) are fulfilled, and the dispersion relation v(q) may be 
determined from the values (E^k^) and (E,k) corresponding to these 
maxima.

The dispersion relations of phonons and magnons in nickel have been 
measured previously |1 —4 1. The present work deals with the mutual 
interactions between electrons, phonons and magnons, which are a 
result of electron spin-orbit coupling. The interaction leads to 
perturbations in the phonon and magnon dispersion relations and to 
deviations of the phonon polarization vectors from the directions ex
pected for cubic symmetry. The influence of magnetic ordering on the 
width and the energy of the phonons in Ni has been studied experimen
tally by deWit and Brockhouse j 5 |. A perturbation of the magnon dis
persion relation in Ni has been reported by Furrer et al. |6|; in 
later experiments on &0Ni single crystals this perturbation was not 
observed |3,4|.

The experiments reported in section 2 were in fact intended to establish 
the existence of magnetic impurity modes. A search for scattering by 
local excitations near the Brillouin-zone boundaries was started in
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Ni (4% Fe). Instead of an impurity mode, a localized electron excita
tion was observed both in Ni(Fe) and Ni. The measurements on magnons 
and phonons, described in section 3, yielded evidence for the inter
action of the localized electron excitation with the spin waves and 
the lattice vibrations. In section 4 the results are discussed in 
relation with electron band calculations and group-theoretical pre
dictions .

2. TQF EXPERIMENTS

2 . 1 .  Experimental set-up

Figure 1 shows the schematic construction of the TOF spectrometer, 
installed at beam hole HB3 of the H.F.R. In the present experiments 
a zinc crystal was used as monochromatot. Reflection from the ( 0 0 2 )  

planes at a scattering angle 26^ = 35° gives an incident beam of 
neutrons with energy E0 =37.6 meV. The chopper is suspended by means 
of a flexible shaft and driven by a 1 0 0  Watt, 3 phase hysteresis motor. 
Some construction details of the curved slit system are given in 
Table I.

Table I. Rotor data

number of slits 1 1
slit height 50 mm
slit width 2.5 mm
radius of curvature 1365 mm
rotor radius 55 mm

The angular positions of the specimen table and the flight path are . 
variable in steps of 2.16 by means of stepmotors. At the end of the 
flight path, at a distance of 191 cm from the specimen, four 3He 
detectors (LND 262, 2.5 x 2.5 cm2 cross section, 10 cm active length,
6 atm 3He) may be placed at 23 alternative positions. After amplifi
cation and discrimination the detector pulses are stored via a four-
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input TOF unit in the 1024-channel memory of a Laben Correlatron.
Some properties of the single crystal samples are listed in Table II.

Table II. Specimen specifications

Ni Ni (4% Fe)

result chemical analysis Cu 0.01% 
Fe 0.05% 
Si 0.01%

Cu 0.005%
Fe 4.10-3.65% 
Si 0.01 %

shape cylindrical cylindrical
orientation cylinder axis // [oil] // [ooi]
diameter 30 mm 25 mm
length 70 mm 50 mm
origin borrowed from 

SCK, Mol
purchased from 
Metaalinstituut 
TNO, Delft

lattice constant, a 3.517 X 3.525 X

2.2. Zone-boundary mode in Ni (4% Fe)

The measurements on the Ni(Fe) crystal were carried out with kQ and 
in the (001) plane. The four detectors were placed side by side to 
form a 10x 10 cm2 sensitive area. The pulses from the detectors were 
added to increase the intensity at the expense of angular resolution.

The result of a run to observe scattering near the Brillouin-zone 
boundary is shown in figure 2. The two maxima in channels 48 (hv =
24.4 meV) and 138 (hv = 25.9 meV) are due to coherent neutron-phonon 
scattering. For the identification of phonons the dispersion relations 
for pure Ni were used |1|. The influence of the iron impurities on the 
phonon energies is expected to be negligible, since the phonon ener
gies in Ni^Fe are only 1% smaller than the corresponding ones in Ni 
|7|. In the actual scattering geometry (see inset fig. 2), coherent 
phonon scattering with an energy transfer smaller than 24 meV is not 
possible. The third maximum with hv = 17.0 meV must therefore be due 
to other scattering processes.

4̂-
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To measure the scattered intensity in the extra peak as a function of
t —ythe scattering vector Q, a number of 3~day runs was performed. In 

figure 3 the spectra from four measurements near the point X = (1,1,0) 
are plotted. The intensity in the 17 meV peak centred at channel 102 
decreases as the point of observation in reciprocal space is moved 
away from X in a [ 1 1CT] direction (spectra 1 and 2). Beyond point K = 
(1.25, 0.75, 0), the intensity remains constant (spectra 3 and 4).
It seems likely that the small bump in the latter spectra is due to 
incoherent neutron-phonon scattering, which is expected to give rise 
to a maximum at 17.6 meV, corresponding with a critical point in the 
phonon frequency distribution. Spectrum 3 was therefore used as 
"background" spectrum for intensity determinations in the range be
tween channels 80 and 130. The results of another set of measurements, 
mainly along the direction j j , £ , o ] ,  are collected in figure 4.
The energy transfer turns out to be constant within the experimental 
uncertainty; the average value is 17.2 + 0.2 meV. The integrated 
intensity has been normalized by means of the intensity in the elastic 
incoherent peak (channels 64-71). In view of the fact that the magnetic 
incoherent scattering is negligible compared with the nuclear in
coherent scattering, the total intensity in the incoherent elastic 
peak will be independent of the scattering angle. The measurements 
near X = (1,0,0) confirm that the scattering is confined to the zone 
boundary. The integrated intensity seems to reach maxima in the points X.

2.3. Control experiments on Ni

Three TOF measurements were performed on the Ni crystal, the experimen
tal configurations corresponding to a neutron-energy loss of 17.5 meV 
near the symmetry points X = (1,1,0), W = (1,0.5,0) and X = (1,0,0), 
respectively. The first two runs were carried out with k^ and k in the
(001) plane, the last one with both vectors in the (011) plane.

The observed spectra were essentially the same as the corresponding 
spectra for the Ni Fe crystal. For intensity determinations, the 
spectrum of polycrystalline Ni recorded at a scattering angle of 
28.9° was used as background. The integrated intensities given in 
table III together with the energy transfer, have been normalized
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to an integrated intensity of 188.6xl03 (for Ni Fe) and 199.1xl03 
(for Ni) in the elastic incoherent peak. In this way the difference 
between the incoherent scatterin'g cross sections of both samples is 
taken into account, which makes the results directly comparable *). 
The maxima in the scattered intensity at the points X are more pro
nounced for Ni. Within the experimental uncertainty the energy 
transfer is the same in both samples.

Table III. Comparison of equivalent 
measurements on Ni and Ni Fe

Ni Ni Fe

Iint hv (meV) I.int hv (meV)

X = (1,1,0) 22101370 17.7±0 .4 1420±200 18.3+0.4
W 950±580 17.3+0.4 1360+170 17.5+0.4
X =(1,0,0) 2650+450 17.3±0.4 1620±190 17.2+0.4

3. TRIPLE-AXIS SPECTROMETRY

3.1. Perturbed magnons in Ni and Ni(Fe)

The preceding set of TOF experiments was extended with neutron-magnon 
scattering experiments in order to investigate whether an inter
action exists between the zone-boundary excitation and the magnons. 
Such an interaction would be observable as a perturbation of the 
magnon dispersion relation.

The measurements were performed without external field by means of 
the triple-axis spectrometer installed at beamhole HB1 of the H.F.R.
A detailed description of the instrument has been given by Bergsma 181

*0 .The ratio cr-ĵ p(Ni)/a-jnr(Ni Fe) - 1.056 ± 0.003 was determined by
means of TOF measurements on polycrystalline samples.
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Zinc crystals were used as monochromator and analyzer in combination 
with collimators of 40' (in front of the monochromator) and 60' (in 
front of the analyzer). In view of the small peak-to-background ratio 
for neutron-magnon scattering in Ni, special care was taken to mini
mize the disturbing effect of irregular variations in the background. 
Each measurement consisted of several subsequent constant-E scans, 
the results of which were added. A small part of the dispersion re
lation in and close to the [jOO] direction was investigated; the meas
urements were performed in the (Oil) plane for Ni and in the (001)
plane for Ni Fe.

Figure 5 shows the data for Ni^Fe in two slightly different directions. 
Broadened and distorted peaks were observed for AE = -16 meV and -20 
meV. The unusual behaviour of the neutron-magnon scattering at these 
energies may be more clearly demonstrated by plotting the integrated 
intensity in the peaks as a function of the energy transfer (figure 8).

The results obtained for Ni are plotted in figures 6 and 7. Again, 
anomalies in the peak widths and integrated intensities were found.
At AE ~ -17 meV, the integrated intensity does not reach a clear
maximum as it does in Nî Fe , but the peaks are broadened at the small-
q side. The second perturbation at AE ~ -22 meV is observable both as 
a peak broadening and as a maximum in the integrated intensity 
(figure 8) .

From the correspondence in energy one may conclude that there is in
deed an interaction between the 17 meV excitation and the magnons.
The second perturbation at 22 meV was not expected. However, addi
tional measurements at the zone boundary in Ni (see section 3.2) re
sulted in the discovery of a second excitation with an energy of 
22 meV, which may be correlated with the second perturbation of the 
magnons.

3.2. Zone-boundary modes in Ni

Additional measurements on the zone-boundary mode of 17 meV were con
sidered necessary, since the existence of this mode could not be con
firmed in a control experiment on a eoNi crystal, performed with the



- 9 -

TOF spectrometer at the PLUTO reactor in Harwell. In 60Ni nuclear in
coherent scattering is absent, while the nuclear coherent scattering 
is a factor 12 smaller than in natural Ni. On the other hand, the 
magnetic scattering is the same for both samples. A comparison between 
the TOF results suggests that the scattering from the zone-boundary 
mode is of nuclear origin. Another way to explain the different re
sults might be that the mode is observable with neutron-energy loss 
(Petten) but not with neutron-energy gain (Harwell).

The triple-axis spectrometer was used for observations in X = (3,0,0) 
and in the region near X = (1,0,0). As a consequence of the absence 
of dispersion for the zone-boundary excitation, focussing techniques 
could not be applied. To attain good resolution, collimators of 20' 
and 30' were placed in front of the monochromator and the analyzer, 
respectively.

Constant-Q experiments in (1,0,0) would have to be performed at rela
tively small scattering angles, where the background of fast neutrons 
is quite large. To reduce the disturbing influence of the background, 
only the monochromator setting (9^) was varied, while the scattering 
angle, specimen setting and analyzer setting were kept constant.
In this way the set-up becomes very similar to a TOF instrument, the 
main difference being that kQ is variable, whereas in a TOF experiment 
k is variable.

Figure 9 shows the results both for energy gain and energy loss. In 
the actual scattering configuration the energy transfer in (1,0,0) 
was ± 17.4 meV. The background, which was determined by turning the 
analyzer about 5° out of its reflection position, has been subtracted. 
Apart from the remaining, almost constant intensity, no scattering 
was observable in the energy-gain experiment, whereas the energy-loss 
experiment yielded a maximum at 22 meV.

The observations in (3,0,0) were carried out in constant-Q operation 
for four different experimental configurations. In these scans the 
scattering angle was in the range from 70° to 90°, where the fast- 
neutron background is smaller. The results, plotted in figure 10, 
confirm the measurements near (1,0,0). For both scattering directions 
a clear maximum at 22 meV was observed in neutron-energy loss. The 
scattering cross section for neutron^energy gain turns out to be very
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small: only in one of the two runs a very weak maximum at 17.5 meV 
could be observed. This is in striking disagreement with the expected 
ratio o^osg/ogain = 1.2

A comparison between the intensities observed with energy loss in 
(1,0,0) and (3,0,0) shows that the cross section does not decrease 
with increasing Q, which confirms the nuclear origin of the scat
tering (see also section 4.2). The large difference between the cross 
sections for energy gain and energy loss is not understood at present. 
One may conclude that there is no disagreement between the two TOF 
experiments mentioned in the beginning of this section. Another dis
crepancy has shown up, however: in neutron-energy loss the TOF 
experiment gives a maximum at 17 meV, whereas the constant-Q experi
ment does the same at 22 meV.

3.3. Perturbed phonons in Ni

In this section a series of neutron-phonon scattering measurements is 
described, which completes the present investigation on the collective 
excitations in nickel. In addition, the continuation of the zone- 
boundary excitation inside the zone was determined. As in the pre
ceding measurements, no external field was applied.

The triple-axis spectrometer was operated in its constant-Q mode with 
aQ/2u in the interval between (2,0,0) and (3,0,0). In this configu
ration only the longitudinal phonons in the [j00] direction should be 
observable. In figure 11 some results are plotted that were collected 
in neutron-energy loss and right-hand scattering. An.excitation with 
the same frequency (v = 5.2±0.1 THz) as the zone boundary mode was 
observed for those values of Q where overlap with phonons or magnons 
did not occur. The absence of dispersion indicates that the excitation 
must be localized. Contrary to expectation, "transverse" phonons with 
frequencies lower than the frequency of the localized excitation were

For an energy transfer AE at temperature T the ratio Closs/again 
is equal to (k/k0)losg * (kQ/k)ga£n * exp(AE/kgT), where kB is 
Boltzmann's constant.
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observed. The phonon frequencies were found to agree within the 
standard deviations with the results of Birgeneau et al.. | 1 | . .

In figure 12 the complete results from right-hand scattering runs are 
shown. The localized mode observed with neutron-energy gain has a 
slightly lower frequency: v = 4.7+ 0.1 THz. In the- interval between 
aQ/2iT = 2.6 and 2.8 the neutron scattering by the second mode (energy 
gain) is about a factor 4 smaller than that of the first mode (energy 
loss).

Similar measurements were carried out along the [l 1 1 | direction for 
aQ/2Ti = (c>C»?)» 1.23 < C < 1.5. The two localized modes and the 
longitudinal phonons were observed, whereas scattering by the trans
verse phonons could not be observed.

These results indicate that the localized modes interact with phonons. 
Obviously, only phonons with specific symmetry properties and energies 
smaller than the localized modes are perturbed. The perturbation re
sults in a change in the direction of the phonon polarization vector. 
Neutron scattering may therefore be observed in an experimental confi
guration where scattering by the unperturbed phonons is'forbidden.

4. DISCUSSION

4.1. Electron-hole excitations

In view of the reported results, it seems probable that the observed 
localized inodes are electron-hole excitations. Such excitations in
volve the transition of an electron from an occupied to an empty 
state, and may interact both with phonons and magnons. From the ex
perimental results one may deduce a number of criteria for the initial 
and final electron states.

(1) the energy difference between the states should be 20 meV.
(2) both states should be situated close to the Fermi level, 

within the range Ep - 100 meV Ep + 100 meV.
(3) the electron wave functions should be predominantly 3d-like 

to explain the localized character of the excitation.
(4) the symmetry properties of the wave functions should favour 

interaction with the transverse phonons along QOO], i.e. 
they should be compatible with A symmetry.
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By means of existing electron band calculations for Ni |9| it is pos
sible to determine which electron transitions satisfy (1)~(4).
Energy differences of = 20 meV between electron states near the Fermi 
level exist near the symmetry points X and L (cf. figure 13), where 
the doubly-degenerate bands A5 and are separated by spin-orbit 
coupling (Ac being split into A, and A_) . The electron states (A,.,A_)° O / 6 /
near X, which are at the top of the 3d band, also satisfy (3) and (4).
In the paramagnetic phase the A wave functions may be constructed
from the atomic 3d wave functions cb = xy f (r) , <b = yz f (r) andxy yz
$ = zx f (r). Although the orbitals are changed to some extent when
exchange interaction and spin-orbit coupling are taken into account, 
they are supposed to remain predominantly 3d-like. The approximate 
positions of the nearly-degenerate bands near X are shown in figure
13. The estimated exchange splitting between the bands (A +,A i) and6 '
(A I,A +) is about 400 meV; therefore, only one pair of bands can6 7
satisfy (2). It seems most likely that the observed local excitations 
correspond to transitions between the + bands, since these are lying 
closer to the Fermi level than the i bands. The fact that two differ
ent excitation energies were found will be discussed in section 4.2.
In N^Fe the position of the Fermi level will be lower. The TOF experi
ments show (cf. Table III) that the (A +,A t) splitting is the same as6 /
in Ni.

Unfortunately, a direct comparison between the mean excitation energy 
and the calculated band splitting is not possible. The experiment was 

" • • • • » performed on a polydomain specimen, for which the magnetization M is 
assumed to be along one of the four [ 1 1 lj directions within each domain, 
whereas the calculations were carried out for M along [OOl] |9 |. The
splitting between the states X+ + and X*+, computed for different para-6 '
meter sets in inequiva.lent points X, are collected in Table IV.
For M // [ill], the points X are equivalent. One may estimate the split
ting for this case by taking a weighted average over the results in 
Table IV j101 , which gives the values 43, 38 and 29 meV for the three 
parameter sets. The mean of the observed excitation energies (20.5 
meV) is still smaller, but of the correct order of magnitude.
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Table IV. Computed spin-orbit splitting in meV between
X+t and X%. (c. is the spin-orbit parameter) 196 /

" 1 ~ 
P.s. C (meV) (010)

(100) (001) average

IV 129 21.8 85.7 43.1
V 1 14 17.7 80.2 38.5
VI 87 15.0 57. 1 29.0

The conclusion from the present, experiments is in agreement with 
calculations on the magnetic anisotropy energy |lll. By computing the 
electron bands for different magnetization directions, Furey has shown 
that the upper part of the nearly-degenerate bands (Ag, A?) near X 
gives the main contribution to the magnetic anisotropy constants. 
Consequently, the electrons in this relatively small part of the 
band structure form an important link between the electron spin sys
tem and the crystal lattice, and are expected to interact both with 
phonons and magnons..A group-theoretical treatment of this inter
action is given in section 4.3.

4.2. Indirect neutron-electron scattering

In the preceding section a number of arguments has been given, on the 
basis of which the localized excitations were identified as electron
transitions between the bands A t  and At. Other experimental results,6 7 '
however, seem to contradict this conclusion:
(1). The intensities observed with neutron-energy loss in the points 

X = (1,0,0) and X = (3,0,0) are approximately equal, whereas 
the values of the 3d formfactor in these points differ by a 
factor 2.2. The magnetic scattering cross section in (1,0,0) 
should therefore be 5 times larger than in (3,0,0).

(2). The cross section for neutron-electron scattering is very small, 
because the number of electrons in the considered part of the 
band structure is of the order (1-4)x10-3/atom. The estimated 
cross section for neutron-energy loss in (1,0,0) due to spin- 
spin interaction |12| is of the order of (0.5-2)xl0-5 barn/ 
ster.atom. In contrast to this estimate, the observed intensity 
corresponds to a cross section of approximately 5*10~3 barn/ster. atom.
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These conflicting results may be understood, if one assumes that the
electron transitions Ar «-> A are induced by the interaction betweenb 7
the neutron and the lattice. This effect is supposed to be a direct 
consequence of the strong interaction between the (Ag, A ) electrons 
and the lattice. The energy transfer between neutron and electron is 
established indirectly via the lattice and the scattering is almost 
completely due to the interaction between the neutron and the nuclei. 
Hence, the cross section does not depend on the form-factor and is of 
the same order of magnitude as the neutron-phonon cross section.

The difference in energy transfer between energy-gain and energy-loss 
processes is another consequence of the interaction between the elec
trons and the lattice, and may be compared with the energy difference 
between the emission and absorption processes in luminescent crystals 
|18|. Due to the electron-lattice interaction the lattice structure 
will be locally perturbed in the vicinity of a Ag or A? electron.
Since electronic band calculations are usually carried out for a 
purely cubic lattice, one may expect discrepancies between calculation 
and experiment for those electrons which are coupled strongly to the 
lattice. Further experiments will be performed to investigate the 
splitting between the (Ag, A ) bands for different magnetization 
directions.

4.3. Group theory

The influence of spin-orbit coupling on the symmetry properties of 
electrons, phonons and magnons may be treated by means of group 
theory. In this section the theory of magnetic groups will be used 
to determine the polarization vectors of the phonons and to establish 
the selection rules for scattering processes between electrons, 
phonons and magnons |13 — 16|.

Due to the existence of a net magnetization in a ferromagnetic domain, 
the symmetry is lower than in the paramagnetic state. Time reversal,
6, is no longer a symmetry operation on its own, but may be com
bined with other operations to form .anti-unitary symmetry opera
tions. The symmetry properties of wave functions characterized



- 15 -

by a wave vector q are determined by the magnetic point group. M-̂ , 
which consists of ;
1. G^: those unitary elements of the magnetic space group that

 ̂ # ->■ ■ t —ytransform q into q+ 2ttt ;
2. 0G->: those anti-unitary elements of the magnetic space group

that transform q into -q + 2TTi.

t is a reciprocal lattice vector. The wave functions will transform 
according to the irreducible representations of the unitary sub-

• • » group Ĝ >. In particular, the eigenvector iJk of a phonon which trans
forms according to representation I\ is given by

i. ‘ ~  l X1 ( R ) *  f t * .  ( 3 )

1 b R

Here, ip is an arbitrary vector, f^ is the dimension of h is the
* . order of G^. The characters X (R) may be found from existing 

character tables j13,16| and the summation runs over all elements R 
of G^.

q

In addition to the essential degeneracies imposed by the dimension 
of the I\ 's, extra essential degeneracies may occur due to the anti- 
unitary elements, in M̂ -. The properties of the co-representations of 

which may be derived from the representations of G->-, determine
q _ q

whether such extra degeneracies are present.

In connection with the experiment it is of interest to know which 
selection rules are imposed by the magnetic symmetry on the differ
ent scattering processes between electrons, phonons and magnons.
For simplicity, we shall only consider processes between (quasi)
particles with wave vectors along the same direction. In that case, 
a process i + j ->■ k is only possible if

nk . = i Z XL(R) Xj(R) Xk (R)*  ̂0, (4)
LJ R

where R is an element of Ĝ > | 161 . The scattering process has been 
written in symbolic form: i, j and k denote (quasi) particles that 
transform according to representations I\ , I\ and The extension
to cases with more (quasi) particles is straightforward.
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The cross sections for electron-phonon (magnon) scattering depend on 
the wave functions of the involved particles. Spin-orbit coupling may 
be considered as a small perturbation and the symmetry of the wave 
functions will be nearly cubic. Therefore, electron-phonon (magnon) 
scattering in the low-symmetric ferromagnetic phase will be most 
probable if the considered scattering process is also allowed by cubic 
symmetry. In the paramagnetic phase the point group of q = (0,0,C) is 
C^v , for which the characters are given in Table V.

Table V. Character table for point group C^v

E E C2z’C2z 2C4z ^4z
a ,o x _x
O ,CTy y

°a’*a
V ° b

Al 1 1 1 1 1 1 1

4 1 1 1 1 1 -1 -1
a2 1 1 1 -1 -1 1 -1

t
A2 1 1 1 -1 -1 -1 1

\ 2 2 -2 0 0 0 0
2 -2 0 /2 -/2 0 0

A 7 2 -2 0 -/2 /2 0 0

The electron wave functions transform according to the double-valued 
representations A and A^. The phonons are bosons and 
transform according to the single-valued representations: the trans
verse phonons according to A , the longitudinal phonons 
according to A . Application of eq. (4) shows that transitions between 
the states A^ and Ay can only be realised by means of emission or 
absorption of A^ phonons.

As second approximation we consider the actual situation: q= (5,0,0) 
in a nickel domain with the spontaneous magnetization along Q 1 f] |15| . 
The magnetic point group is C^(Cj), in Schoenflies notation; it 
consists of one unitary element (E) and one anti-unitary element 
(0C2 , 180° rotation about Qo 1 f] ,. followed by time reversal).
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The character table for the unitary subgroup C] is given in table VI. 
The electron wave functions transform according to r , the phonons 
and magnons according to 1^. The anti-unitary element in does not 
give rise to extra degeneracies.

Table VI. Character table for point group Cj

E E

1 1

r 1 -12

The eigenvectors of the phonons are of the form ip̂ = (iPx > ŷ> 
which implies that there are no purely transverse or longitudinal 
phonons in the [lOO] direction. The degeneracy of the original A 
phonons is lifted. All scattering processes between electron, phonons 
and magnons are allowed by symmetry, provided that the number of 
electrons is conserved (i.e. in eq. (4) X2 should only occur in 
combination with X2 ). In view of the selection rules for cubic 
symmetry, the electrons are expected to interact strongly with the 
nearly-transverse phonons, and weakly with the nearly-longitudinal 
phonons.

4.4. Perturbed phonons and magnons

The perturbation of the magnons and phonons may be explained in terms 
of electron-phonon and electron-magnon scattering. The change in the 
direction of the phonon polarization vectors and the selection rules 
for scattering are predicted by group theory. The fact that only 
phonons with energies smaller than the electron excitation are per
turbed, is probably a consequence of energy conservation in the decay 
of the electron excitation into one or more phonons. Group theory 
also predicts the splitting of the original A^ phonon branch in a 
single domain. Since the phonon measurements were performed in a multi
domain specimen, this effect could not be observed.
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Due to spin-orbit coupling, electron transitions between nearly- 
degenerate states may occur as a result of electron-magnon scattering. 
The two perturbations in the magnon dispersion relation are correlated 
with one-magnon emission and absorption processes. The observed in
crease in neutron scattering by the perturbed magnons is probably a 
result of the interaction between these magnons and the lattice via 
the (Ag, A ) electrons. In that case extra scattering from nuclear 
origin may be expected, which is more easily detected in natural Ni 
than in 60Ni.

4.5. Conclusion

Inelastic thermal neutron scattering may be used to investigate two 
complementary effects of the electron spin-orbit coupling:
(1) the influence of the crystal lattice on the magnons and
(2) the influence of the electron spin system on the phonons.
In this way it is possible to collect information on magnetic proper
ties in which spin-orbit interaction plays a role, like magnetic an
isotropy, magnetostriction and spin-lattice relaxation. The present 
results indicate that energy transfer between the spin system and 
the lattice is established by Ag A^ electron transitions and per
turbed A^ phonons.

For the observation of electron transitions near the Fermi level by 
means of neutrons, the existence of a strong electron-lattice inter
action is a necessary condition. This condition is obviously fulfilled 
for the (Ag, A?) electrons. In comparison with optical methods |17 j, 
the use of neutrons for the determination of the spin-orbit splitting 
between nearly-degenerate states offers the advantage of a better 
energy resolution.
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Fig. 1 

Fig. 2

Fig- 3

FIGURE

Fig. 4 

Fig. 5

Fig. 6 

Fig. 7 

Fig. 8

Fig. 9 

Fig. li 

Fig. 1 

Fig. 1

Fig. 1

CAPTIONS

Construction scheme of the time-of-flight spectrometer.

Part of a TOF spectrum, measured along the Brillouin-zone 
boundary in Ni(Fe). Filled circles denote the peaks due to 
phonon scattering.

Example of the intensity variation in the extra peak at 
channel 102. This peak is probably absent in spectra 3 
and 4. Filled circles denote phonon peaks. In the lower 
inset the incoherent elastic peak is shown.

Integrated intensity and energy transfer along [l,C,o].

Anomalous magnon peaks in Ni(Fe). The angle between q 
and jjOO] in the right-hand set is 14°.

Perturbed magnons in Ni between 16 and 18 meV.

Perturbed magnons in Ni between 21 and 23 meV.

Integrated neutron-magnon scattering as a function of 
the energy transfer.

Observation of the zone-boundary excitation in Ni by means 
of the triple-axis spectrometer. In the upper part the 
experimental configurations are shown.

Measurements on the zone-boundary excitation in Ni in 
four different configurations. No background correction 
has been made.

Observation of the localized excitation and forbidden 
scattering by "transverse" phonons in Ni.
Arrows indicate the ordinate axis for each curve.

Summary of the data collected for Ni. The hatched parts 
of the magnon dispersion curve indicate the frequency 
intervals where the magnons are perturbed (cf. figs. 6 
and 7) .

a) Electron band structure for paramagnetic Ni |9|.
b) Schematic position of the nearly-degenerate states 

near X in ferromagnetic Ni.
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Single crystal Ni(Fe) ; 3 -a x is  spectrometer ; E0 = 44.1 meV
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Single crystal Ni
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