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Magnetic excitations in the longitudinally modulated spin structure of erbium metal
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The magnetic excitation spectrum for the longitudinally modulated incommensurate spin
structure of Er metal has been studied by inelastic neutron scattering. Since the Er,spins order
parallel to the c axis of the hcp crystal structure, it is possible to separate the longitudinal and
transverse spin fluctuations. We find no sharp spin waves for the transverse fluctuations owing
to the spatial variations of the exchange and anisotropy energies. The longitudinal fluctuations,
however, produce neutron scattering, at small wave vectors, which possesses rather sharp peaks
that have a linear dispersion relation.

While all the heavy rare-earth metals from Tb to
Tm possess quite unusual and complex long-range
magnetic ordering, the magnetic phases of Er are
perhaps the most unusual. ' Below about 18 K, the
magnetic structure of Er (which has the hcp crystal
structure) is the so-called ferromagnetic spiral or con-
ical structure. In this structure the directions of the
localized atomic moments are a superposition of a
ferromagnetic component parallel to the c axis and a
basal-plane component that rotates from plane to
plane, forming a spiral with a wave vector, qo, that is
incommensurate with the crystal lattice. Just above
18 K the c-axis component abruptly changes from a
ferromagnetic ordering to a complicated type of anti-
ferromagnetic ordering corresponding to an antiphase
domain configuration with four moments up followed
by four moments down. As the temperature is raised
the c-axis modulation gradually becomes rounded and
the magnitude of the ordered basal-plane moment
decreases. Above 52 K (up to the Neel temperature
of 84 K) the basal-plane component is not ordered at
all, and the c-axis component is modulated nearly
sinusoidally, giving a longitudinally modulated spin
structure.

In the conical structure the total localized moment
on each ion participates in the long-range magnetic
order. In this case a theoretical description of the
magnetic excitations in terms of spin waves is rela-
tively straightforward, although the interpretation of
a detailed comparison between previous neutron mea-
surements and theory has required that a careful
theoretical treatment of the large single-ion anisotro-
py of Er be carried out. 4 5

In the longitudinally modulated structure only a
portion (which varies from atom to atom) of the total
localized moment participates in the long-range order.
The types of magnetic excitations to be expected in
such a structure and their relationship to the intera-
tomic exchange and anisotropy interactions are not
yet clear from a theoretical point of view. As shown
by Cooper et al. ,

2 the equations of motion of the

spins are very complicated, and they do not have
solutions corresponding to the usual type of spin-
wave excitations. More recently, Liu has reexamined
this problem. 6 He has shown that the transverse
magnetic response should be broad owing to the spa-
tial variations of the anisotropy and exchange ener-
gies, and it may show dispersion if the anisotropy
field is small compared to the exchange field. Other
types of collective excitations related, perhaps, to the
time-dependent fluctuations of the phase and ampli-
tude of the moment modulations, as envisaged for
charge-density wave systems, ' have not been theoret-
ically investigated to our knowledge. Consequently,
we have carried out a neutron scattering investigation
in order to characterize experimentally the magnetic
excitation spectrum for Er which possesses one of the
few longitudinally modulated spin-density wave struc-
tures in nature. Similar work has been carried out by
Fincher et al. on the transverse spin-density wave
structure of Cr.

The major portion of the measurements was car-
ried out between 60 and 75 K. At these tempera-
tures the modulation wave vector qo = (0, 0 5o) 2~/c
with fo =0.29. Two main experimental scattering
configurations were employed: one with the neutron
scattering vector Q parallel to the c axis, and hence
parallel to the ordered moment direction, and one
with Q nearly perpendicular to c. Since the elastic
diffraction cross section depends on the static mo-
ment component that is perpendicular to Q, the
"Bragg" diffraction peaks for this longitudinally
modulated structure occur only at (h, k, l + (0) for h
and/or k ~0, where h, k, and I are the usually al-
lowed Miller indices for the hcp structure. The wave
vector q of a magnetic excitation is measured relative
to the positions of these satellites even for h = k =0.
Since the inelastic scattering cross section depends on
only the moment fluctuations perpendicular to Q,
only transverse fluctuations are measured when Q II c
while both transverse and longitudinal fluctuations
are measured when Ql. c.
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For each scattering configuration the measure-
ments can be catagorized into two groups. In one
group energy scans for constant Q with Q, in reduced
units, between (002) and (003), between (100) and
(101), and between (110) and (111),show rather
broad intensity distributions having some structure
that depends on Q but no sharp peaks. Some typical
results for such measurements are shown in Fig. 1.
For all Q significant intensity is observed from zero
energy up to energies slightly above that (-4 meV)
corresponding to the maximum spin-wave energy ob-
served in the low-temperature conical phase, ' e.g, ,
the peak at Q = (0, 0, 3) at 10 K in Fig. 1. These
measurements show that no well-defined magnons,
i.e., propagating transverse moment fluctuations,
with large q exist in the spin-density wave structure
of Er. This result was not unexpected. Theoretical
work had led to the same conclusion. Since in an
incommensurate longitudinally modulated magnetic
structure such as this, all possible values of the mag-
netic moment between zero and the maximum local-
ized moment exist, then all possible values of ex-
change and anisotropy interaction magnitudes are
sampled by the various atoms, leading to a continu-
um of possible magnetic excitation energies for the
crystal.

The second group of measurements was obtained
in Q scans with the energy transfer held constant at
various values between 0.1 and 0.5 THz. In these
measurements Q was scanned through values that in-

7'00

600

500

400

ERBIUM

~ 60K
010K

'O
~ ~400—

q~qO)

g 300
~ ~ Q

tf) O)
~ +O OOZ O ~ ~ ~& ~200

(0,0,2.4)
o~ 100 ~

1

(0,0,2.5)
R

200 —
~

100—

100

(003}
QO ~.~ O-O-O.O.O

O
OO

XO ~~ OOOO )) ~O y OOOyOOlj
(100)

'O ~ O O) O O-O&
~ O-O ~ O-O~

0
0

I

04
I

0.8 1.2
ENERGY (THz)

FIG. 1. Constant-0 measurements of the energy distribu-
tion of neutrons scattered by Er metal at 60 and 10 K.
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FIG. 2. Constant-3 E measurements of the neutron
scattering for Q II c near Q = (0,0, 2 —(p) at several tempera-
tures.

eluded the positions of magnetic satellites, 7+ qp,
where v is a reciprocal-lattice vector of the nuclear
lattice. Because of the results shown in Fig. 1, and
because of the complexity of the spin-wave disper-
sion relation at large q for the conical phase, we be-
lieved such scans would be the most likely to provide
unambiguous results concerning the possible ex-
istence of well-defined acoustic magnons at small q.
Results for Q II c near (0,0,2 —(e) are shown in Fig. 2

and those for Q L. c near (1,1, —(s) are shown in Fig.
3. In both cases results are shown for the energy
transfer of 0.3 THz. Since ~ qs~ is temperature
dependent, we have plotted q relative to the magnet-
ic satellite positions so that data for different tem-

peratures can be compared more easily. At 10 K, for
both Q II c and Q J.c, two well-defined, resolution
broadened, peaks are observed that correspond to the
acoustic spin waves at qp + q as we had measured
previously. At this temperature the conical structure
produces intense satellite diffraction peaks near both
(002) and (110) due to the spiral-type ordering of the
basal plane component of the atomic moments. The
results for Q z c appear to be more complicated than

those for Q II c because of the additional phonon
scattering which is observed and because the focus-

sing property of the spectrometer resolution strongly
influences the peak shapes for Tti. Q, producing in

this case a broad peak for q & qp and a sharp peak
for q & qp.

At higher temperatures ( T & 60 K) in the longitu-

dinally modulated phase, the scattering for Q II c and

for Q j.c are very different. For Q II c the intensity
distribution has a peak centered at 7 + qp. Even with

the best energy resolution employed in this study
(-0.05 THz), we were unable to measure any struc-

ture in this peak. Consequently, we believe it does
not represent scattering by well-defined acoustic
spin-wave modes with a very steep dispersion rela-

tion. However, as shown in Fig. 4, the q width in-

creases with increasing energy up to an energy of



3996 RAPID COMMUNICATIONS 26

300
I

250 —
Q

200

l 50

Pn 100

I-
Z
O
O
Z0

~ 200
Z

350

200

150

~ —~00

ONON

50

100

50

about 0.5 THz, above which the intensity becomes
too small to measure. Thus the scattering by
transverse magnetic fluctuations appears to be a cone
of intensity, positioned at the wave vector of the
modulated structure, in addition to the broad scatter-
ing illustrated in Fig. 1. In sharp contrast to these
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FIG. 3. Constant-bE measurements of the neutron
scattering for Qzc near Q= (1,1, —Q) at several tempera-

tures.

results those for Q z c show two rather well-defined
peaks displaced in q from the satellite position. They
are still observed even at T =75 K, as shown by the
middle scan of Fig. 3. Because I qeI is temperature
dependent, the relative positions of the magnon and
phonon scattering change with temperature. Since
these two peaks are seen only for Q J.c, we believe
they represent some type of propagating longitudinal
excitation. Of course, we should also see scattering
from the transverse fluctuations. From the measure-
ments with Q II c, we expect the transverse fluctua-
tions to give a peak at qo as seen in Fig. 2. The
results shown in Fig. 3 are not inconsistent with a su-
perposition of a broad peak centered at qo and two
sharper peaks displaced parallel to the c axis on either
side of qo. From the measurements shown in Figs. 2
and 3 and others carried out for different AE and
near different satellites we obtained the results shown
in Fig. 4. The dispersion relation for the longitudinal
excitations appears to be linear at least up to about
0.5 THz. Above 0.5 THz the intensity becomes too
small to obtain results in a reasonable length of time.
The dispersion relation is temperature independent,
at least for 60 K & T & T~, and it is essentially the
same as the dispersion relation observed for the spin
waves in the conical phase at 5 K.' Also, it seems to
coincide closely with the (q, E) boundary defined by
the full width at half maximum (FWHM) of the
scattering measured with Q II c for the transverse fluc-
tuations (see Fig. 4) above 60 K.

The close relationship between the small-q longitu-
dinal and transverse excitation energies suggests that
both types of excitations are related similarly to the
exchange and crystal-field interactions. Presumably
the broad "cone" of scattering for the transverse ex-
citations is indicative of large damping for these
modes. However, it is surprising then that the damp-
ing appears to be so unsymmetric, so as to produce,
for a given q, much more intensity on the high-

energy side of the low-temperature dispersion rela-
tion than on the low-energy side. Just the opposite
behavior (peaks having low-energy tails) seems to oc-
cur for the high q excitations, and in some ferromag-
nets. ~'0

Also shown in Fig. 3 are the results obtained for
Qscand T=88 K) TN. Similar results are obtained
for Q II c at this temperature. Slightly above T~ the
scattering, as measured in such Q scans, continues to
possess a peak at qo, but no evidence for magnetic
peaks at other wave vectors, and no differences
between measurements for Q II c and Q scare seen.
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