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Raman scattering from vibrational and magnetic modes in Dy, Er, and Y films
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Inelastic-light-scattering spectra were measured in molecular-beam-epitaxy —grown single-crystal
films of dysprosium, erbium, and yttrium. Polarized Raman scattering was used to probe vibration-
al and electronic excitations in Dy, Er, and Y, and magnetic excitations in Dy. The vibrational
light-scattering measurements have revealed an anomalous temperature dependence of the
Brillouin-zone-center transverse-optical (TO) phonon in Dy and R. Previous measurements of the
thermal expansion of bulk Dy and Er indicate that this temperature dependence cannot be ex-

plained by lattice anharmonicity and the related volume change. The hardening of this mode may
be due in part to the coupling of the TO phonon to the ordered magnetic moments. The ferromag-
netic acoustic-spin-wave gap in Dy was observed. The light-scattering measurement of the spin-
wave gap energy agrees with and corroborates earlier infrared resonance measurements in bulk Dy.
The observation of the optical spin wave in ferromagnetic Dy is forbidden by Raman selection rules.
The optical spin wave in spiral-phase Dy was not observed. A broad low-intensity peak centered at
about zero energy shift was observed in Er, Dy, and Y films and in bulk Zn. This may be due to in-

terband electronic scattering or two-phonon scattering. The LO phonon was observed in Dy, Er,
and Y due to weak disorder.

I. INTRODUCTION

The extraordinary ordered magnetic structures in the
heavy rare-earth (HRE) metals led to extensive investiga-
tions in the past two decades and the ability to grow
coherent modulated structures has stimulated more re-
cent experimental work on the HRE metals. ' We report
in this article the results of a light-scattering investigation
of molecular-beam-epitaxy (MBE) —grown single-crystal
films of Dy, Er, and Y. This work was motivated by the
recent discovery of coherent magnetic order in Dy/Y su-
perlattices and the absence of reported results of light-
scattering studies of elemental HRE metals. The under-
standing of the elemental metals obtained from this work
can be used as a foundation for Raman investigations of
modulated structures of the HRE metals.

The novel magnetic properties of the HR metals are
mainly due to the behavior of the partially filled 4f
electron shells. The 4f electrons interact with the other
ions in the crystal through the crystal-field and the ex-
change interactions. The crystal-field splits the J multi-
plet levels although the energy of this splitting is much
less than the spin-orbit splitting, Ao.

The HRE metals (except for ytterbium) crystallize in
the hexagonal close-packed (hcp) structure. The space
group of the hcp lattice is D6h (P63/mme). For phonons
propagating along the c direction the transverse-optic
and -acoustic modes are each doubly degenerate. The
only measurements of vibrational frequencies in HRE
metals are inelastic neutron scattering studies of yttrium„
terbium, and limited data on dysprosium and holmi-
um . The zone-center optical modes in Dy have not been
measured. Houmann and co-workers measured the pho-

non dispersion curve of Tb by inelastic neutron scatter-
ing. They fit their data to a Born —von Kramann force-
constant model including interactions out to the eighth
neighbor. The fitted force constants were large out to the
fourth neighbors and showed a strong dependence on
both intersublattice and intrasublattice bonds. Sinha
et al. measured phonon-dispersion relations in bulk yttri-
um using inelastic neutron scattering. They determined
force constants using a modified axially symmetric force-
constant model to the sixth-nearest neighbors. The
Brillouin-zone-center optical models are rigid transla-
tions of each sublattice which are 180' out of phase.
Thus for these modes the force constants depend only on
the intersublat tice bonds.

Bulk Dy has two low-temperature ordered magnetic
phases. It is paramagnetic from room temperature to
about 178.5 K, the Neel temperature, at which point the
localized moments order in an antiferromagnetic helix.
The moments in this phase are believed to be well de-
scribed by the following model:

p„„=cocos(Q R„+a),
p„=p sin( Q.R„+tx ),
I nz

where p is the magnitude of the local moment, R„ is the
position vector of the nth moment in the crystal, a is a
phase constant determined by anisotropy, and
Q=(2m/k)z is the wave vector of the helix, parallel to
the c axis of the crystal. Thus all the moments in a single
atomic layer in the basal plane are parallel. At a temper-
ature of about 85 K, the Curie temperature, bulk Dy un-
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dergoes a first-order phase transition from an ordered
helix to a ferromagnet in which all the moments in a sin-

gle domain of the crystal are parallel and confined to the
basal plane:

p„=p cosa,

p —p cx

p„,=0 .

In the ferromagnetic phase all the moments point along
one of six equivalent a-axis directions.

The turn angle (and wavelength) in Dy varies continu-
ously from 43.2'/atomic layer (A, =4. 17c) at the Neel
temperature to 26.5'/atomic layer ( A. =6.79c) at the Cu-
rie temperature. The helical wavelength takes on many

values which are incommensurate with the c-axis lattice
spacing. At the Curie temperature the turn angle (wave-
length) changes discontinuously from 26.5' (A, =6.79c) to
0' (A, = co ). The discontinuity is due to the fact that there
are competing terms in the free-energy expansion, each of
which dominate in different temperature regimes. The
magnetostriction energy favors ferromagnetic ordering
accompanied by an orthorhombic lattice distortion at low
temperatures while the isotropic exchange energy favors
helical ordering in the hcp structure. The contribution of
each of these terms to the free energy is temperature
dependent and the competition between them determines
the temperature of the first-order transition (the Curie
temperature) from helical order to ferromagnetic order.
The HRE metals exhibit the largest measured magnetos-
triction. The magnetically ordered moments of Dy are
schematically depicted in Fig. 1(a).

The magnetic phases of bulk Er (Ref. 8) are more com-
plex than those of Dy. In the high-temperature ordered
magnetic phase of bulk Er (52.4 K & T& 84.4 K) the mo-
ments point along the c-axis direction, and they are

sinusoidally modulated along the c axis. In the inter-
mediate temperature range (18 K & T& 52.4 K) a basal-
plane helix is superimposed on the c-axis modulation
(CAM) with the same periodicity and phase. Below the
Curie temperature, 18 K, the component of the magnetic
moments along the c axis is fixed while the basal-plane
moments form a helix whose periodicity is constant with
temperature. The latter phase is referred to as a conical
ferromagnetic ordering. The three magnetic phases of Er
are schematically depicted in Fig. 1(b).

There are conAicting experimental results on the varia-
tion of the magnetic wave vector with temperature in Er.
Cable and co-workers found that at temperatures slightly
above 20 K the CAM approaches, but never achieves, a
"squared" configuration in which four c-axis moments
pointing along the +z direction are followed by four mo-
ments pointing along the —z direction. Below 20 K they
found the helical turn angle to be constant at 44.0'.

Habenschuss et al. ' found that the turn angle de-
creases monotonically from 52.38' at 52.4 K to 45.00' at
24 K, which is commensurate with the lattice. They
found that the squared configuration remains down to the
Curie temperature of 18 K.

II. RAMAN SCATTERING

A. Phonons

The two atoms in the unit cell occupy sites of symme-
try D3& (6m 2). The six normal modes of zero wave vec-
tor belong to the irreducible representations

~2u +B)g +Elu +E2g

For phonons propagating along the c direction the Az„
and doubly degenerate E,u modes correspond to the
longitudinal- and transverse-acoustic modes, respectively.
The B, and E2 modes are the longitudinal- and
transverse-optical modes, respectively. The TO phonon
is a shear mode corresponding to the beating of the two
hcp sublattices against each other in two orthogonal
directions in the basal plane. The E2 mode is Raman ac-
tive; the B, mode is silent. The Raman tensor for the
doubly degenerate E2g mode contributes to the
scattered-light intensity when the polarization of the ex-
citing light is parallel or perpendicular to the scattered-
light polarization and these polarizations are in the crys-
tallographic x or y directions. "

T&85K 85K& T&180K T &20K -20K&T&53K 53K & T& 85K

(a) Dy

FIG. 1. Schematic of the ordered magnetic phases of (a)

dysprosium and (b) erbrium.

B. Spin waves

The scattering of light from spin waves always involves
the coupling of the electric-field vector of the radiation to
the electronic susceptibility of the magnetic system (the
electric-dipole coupling). ' Most of the magnetic materi-
als investigated to date exhibit spin waves which scatter
light by an indirect electric-dipole interaction mecha-
nism. This is a third-order process analogous to that for
vibrational scattering in which the electronic spin-orbit
coupling takes the place of the electron-phonon coupling.
Magnons being a linear superposition of the excitations
of individual ions from their ground state to their
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lowest-lying states, the mechanism of light scattering can
be understood in terms of a single-ion excitation. Many
magnetic materials (e.g. , MnF2, FeF2, Fez03) have an

ionic ground state in which the orbital angular momen-
tum is either zero or quenched" (L=O). The ground
multiplet is thus a set of (2S+ I) states whose degeneracy
is broken by the crystal-field and exchange interaction.
The magnon corresponds to the transition from the

S, =S state to the S,=S —1 state. The incident radiation
induces an electronic transition from the ground state to
a virtual intermediate state which has the same spin S but
finite orbital angular momentum L. The ion subsequently
relaxes to the lowest possible excited state in the ground
multiplet. The total angular momentum J in the inter-
mediate state is a superposition of different

~ L„S,) states
due to the spin-orbit interaction. Although neither of the
electric dipole transitions alone changes the ionic spin S„
the spin-orbit coupling allows a change in S, in the inter-
mediate state. The electric-dipole operator can alter L
but not S, and therefore spin-orbit coupling is necessary
for light scattering from magnons in this case. The spin-
wave scattering cross section for this mechanism resem-
bles that of phonons with the electron-phonon interaction
being replaced by the spin-orbit interaction' and with an
extra factor of gl(E~ Eo), whe—re g is the spin-orbit cou-

pling constant and Ez —Fo is the excitation energy. This
mechanism accounts very well for the Raman intensities
observed in transition-metal compounds" such as MnF2
and FeF2.

In the HRE metals, however, the ground-state multi-

plet has finite orbital angular momentum ( L= 5 in Dy)
and the physics is more complex. The light-scattering
process does not require spin-orbit coupling in this case
because the lowest excited state in the ground-state multi-

plet has some S, states in common with the ground state.
Another scattering mechanism becomes possible in this
case in which the incident light interacts directly with the
magnetic excitations. The electric field of the light cou-
ples to the orbital part of the magnetic excitations and in-

duces two dipole transitions in which the orbital angular
momentum is changed. Ishikawa and Moriya' calculat-
ed the electric polarizability for both of the mechanisms
of magnetic scattering in CoF2 which has unquenched or-
bital angular momentum in the ground state. They found
that the S-dependent terms of the polarizability are
smaller than the L-dependent terms by a factor of
gl(Ez Eo fico& ), whe—r—e ficoL is the laser photon energy.
For the HRE metals this factor is about 0.1.

The selection rules for spin-wave excitations are similar
to those for phonons, but one has to consider the altera-
tion of the symmetry of the crystal due to the presence of
the ordered moments. A localized magnetic moment
transforms as an axial vector which is invariant under in-
version. In order to invert the spins it is necessary to use
the time-reversal operator. The point group of a crystal
with ordered magnetic moments includes antiunitary
operations, which are products of the time-reversal
operator and a rotation, reAection, or inversion, as well as
the normal unitary operations (no time reversal). In a
magnetic point group half of the operations are unitary
and half are antiunitary. The unitary operations taken

D A: iD E 0, DBg.
0 0 I

0 0 F
iG H 0

For magnon scattering in crystals whose ionic ground
state has zero orbital angular momentum the susceptibili-
ty tensors are required to be antisymmetric. This is
analogous to the symmetric tensor requirement of vibra-
tional scattering. This rule does not apply in our case.
The above susceptibility tensors have an antisymmetric
part and a symmetric part due to the mixed orbital and
spin nature of the ionic ground state. The result is that
acoustic spin-wave scattering is allowed in two general

Acoustic Mode Optical Mode

Figenmodes:

I
I
I

\ ( 2

(iZ

Transforms as: R»

C2g (2/m):

D2h (m m m~ DB (DI 2+)

A„(r,-)

DA„(DI -)

FIG. 2. Schematic representation of the ferromagnetic spin-
wave eigenmodes and their symmetries. ,

together form an invariant subgroup of the magnetic
point group. There are a total of 58 so-called black and
white Shubnikov point groups, and they are listed in stan-
dard group-theory texts. ' ' The Raman susceptibility
tensors for the 58 magnetic point groups have been calcu-
lated and tabulated by Cracknell. '

In order to determine the symmetry of the acoustic and
optic magnons in ferromagnetic Dy we refer to Fig. 2
which shows a schematic diagram of the classical inter-
pretation of the zone-center spin-eave modes in Dy. The
two ions per unit cell lead to two spin-wave modes. The
acoustic mode is an in-phase oscillation in the basal plane
of the two moments. This angular displacement trans-
forms as a rotation about the x axis (i.e., the R, or yz
operator) which belongs to the DB representation of the

D2& (m'm'm) point group or the Bs representation of the
C2& point group. The optical mode is an oscillation in
the plane in which the two moments are 180' out of
phase, resulting in a net oscillating moment along the z
direction. This oscillation transforms as the z coordinate
which belongs to the DA„representation of the D2&
(m'm'm) point group or the A„representation of the

C2h point group. The acoustic magnon is thus Raman
active, while the optical magnon is inactive.

According to Cracknell' the symmetry restricted form
of the susceptibility tensors for Dzz (m 'm 'm ) are

iB 0 0 0 iC
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scattering geometries: one in which the incident and
scattered light polarizations are parallel and one in which
the polarizations are perpendicular. The resulting inten-
sities for these two scattering geometries are' [Eqs. (37)
and (38) of Ref. 19, respectively]

(I~~(DB ))s=,'~H~ + —,'~F~ + ,'(H—*F+HF ),
& I,(aB, ) ),= ,' iHi'-+,' iFj' ,'(H—*—F+HF*),

where the angular brackets represent an average over the
angle between the polarization vector of the incident light
and the y axis.

III. EXPERIMENT

The samples investigated in this work were grown
specifically for light-scattering experiments. A custom
built molecular-beam-epitaxy chamber with an e-beam
source was used to grow (110) Nb on (1120) sapphire
(Alz03). hcp Y crystals of very high quality can be
grown along the [0001] direction on the (110) surface of
Nb. The sample growth details have been described else-
where. A typical Dy film grown for Raman measure-
ments included 500—800 A of (110) Nb grown on a 0.5-
cm square of sapphire. About 300 A of (0001) Y was
then grown on the Nb to serve as a buffer between the
substrate and the (0001) Dy (or other HRE). The Dy film
thickness fell in the range between 5000 and 6500 A. The
Dy and Er films grown for Raman measurements includ-
ed a 40-A surface "cap layer" of (0001) Y to retard the
contamination of the surface by atmospheric oxygen.
The Y films had a Nb substrate layer similar to that of
the Dy films and an outer Y layer of about 5000 A.
When samples were not being used for optical measure-
ments they were stored under vacuum in a dessicator as
an additional measure to retard oxidation.

All films were characterized by in situ reflection high-
energy electron diffraction during the growth process.
All films were found to have atomically smooth surfaces.
Several of the films grown for light scattering were
characterized by x-ray diffraction using a Rigaku D-max
diffractometer. The c axis lattice parameters obtained
from 20 scans were found to be close to those of bulk
crystals. The (0002) peaks had typical rocking curve
widths of 0.20. The best rocking curve widths belonged
to the Y films which were as low as 0.15'.

Dy films previously grown with thicknesses greater
than 5000 A exhibited the spiral and ferromagnetic
phases in zero field with Neel and Curie temperatures
within -8 K of those of bulk single crystals. More-
over, Hong et al. ' carried out a systematic study of the
dependence of Dy magnetic properties on film thickness.
They found that films of thickness 5000 A or greater had
the same Curie temperature as bulk Dy, whereas reduc-
ing the film thickness depressed the Curie temperature.
200-A-thick films had a transition temperature of 25 K
and 76-A-thick films had the ferromagnetic phase corn-
pletely suppressed. The suppression of the ferromagnetic
phase in thin filn. s is due to the fact that the atomic lay-
ers of Dy in the vicinity of the Y substrate cannot under-
go the magnetostrictive orthorhombic distortion which

makes the transition energetically more favorable. Thick
films, however, have enough strain relief to allow the lay-
ers near the surface to behave like the bulk materia1.

By contrast, we found Er films to have no ferromagnet-
ic ordering even with thicknesses as large as 9000 A.
The Er films do have the c-axis modulation and the
basal-plane spiral phases This behavior is not yet under-
stood.

0 0
Raman spectra were excited by 5145-A or 4880-A light

from an argon-ion laser. The experiments on metals were
always conducted in the "pseudo-backscattering"
geometry in which the exciting light is incident on a
reflecting surface at an acute angle with respect to the
surface normal and the scattered light which is propaga-
ting in a direction parallel to the normal is detected. The
index of refraction of opaque materials is generally large
enough to refract the incident light so that it is propaga-
ting in a direction nearly parallel to the surface normal in
the crystal.

The linearly polarized laser light was focused on the
sample at an angle of incidence of about 70', close to the
pseudo-Brewster's angle, in order to maximize the
transmission efficiency. The laser light power was typi-
cally 500 mW. Two crossed cylindrical lenses were used
to focus the light on the sample surface. The scattered
light was collected along a direction normal to the film
surface and was analyzed by a low-reflectivity polarizing
cube. A half-wave plate was used to rotate the polariza-
tion parallel to the grating grooves for maximum
efficiency.

To provide adequate stray light rejection a homemade
"third" single-grating monochromator (500-mm focal
length) was added to an existing Spex double-grating
monochromator (850-mm focal length). The three grat-
ings were oriented and scanned for additive dispersion.
In many spectra weak, but sharp, lines appeared which
were fluorescences of the argon-ion plasma reflected by
the sample surface into the monochromator. The fre-

0
quencies of these plasma lines (relative to the 5145-A las-
ing line) are 66, 77, 117, and 267 cm

The sample was mounted on the bottom of the inset of
a Janis model 8-DT Varitemp liquid-helium cryostat.
The sample was cooled to as low as -20 K with flowing
cold Helium gas. When temperatures as low as 2 K were
necessary, the sample was either immersed or in "cold-
finger" contact with superfluid liquid helium. Tempera-
ture stability was maintained using a Lake Shore Cryot-
ronics model DRC 80C temperature controller with a sil-
icon diode thermometer and a 120-0 coil heater both lo-
cated within 2 cm of the sample. The sample tempera-
ture was determined from the measured inelastic-phonon
peak intensities and the temperature-dependent relation
between the Stokes and anti-Stokes intensities.

IV. RESULTS AND DISCUSSION

A. Vibrational modes

In the backscattering geometry the polarizations of the
exciting and scattered light were always in the hcp basal
plane since all films in this investigation were grown



38 RAMAN SCATTERING FROM VVIBRATIONAL ANDD MAGNETIC. . . 11 527

300 Ytt

100 xx)z

R
0
20

175

150-

125-

100-

75

50
C/0

25

0
20 40

500

100 12040 60 80

Dysprosium

z(xx)z

z(xy)z
T

80 100 12060

along the c axis. The TO
and z(! ) o t h

s. e TO phonon is all

in Fi . 3
es wit equal intensitie

these
ob d th TO p o ye phonon

e resu t was observ
n ine

y, and

tofth YTO
with th

ge TO frequency is in n

m etermined b
cattering meassurement of

y the inelastic ne-

measurements f h'

neu-

so t ismodein D
Sinha et al. N o earlier

ported. The mu h 1uc arger fre uen
in y and Er have been re-

td' i f ho t e much sm
e is ex-

th t'o of th TO q
e inverse ratio of the sq

nd o 1 141 o h
dff b een the frequencie
transparent. The 3%%u

to
e o larger ionic m

ris e

3
d h do e requenc r

en

i -ce volume of Er would t den to increas

70

68
E

u 66

Lt 64

20
I

loo
I

200
Temperature (K)

I

500 400

FIG. 4.. 4. Temperature de enp 0 t TO-
y. e solid line is a 'd

-phonon frequen-
a gu& e to the eye.

the frequency. The two extra elec

he temperature dTh
c o an effect on th

Er
epen ence of the

e force constant

r, and Y was m deasured and the re
e TO phonon in D

f 'his 'd

low
b o) po a out 10%

h"d'n' fro 66 5 1

13%% f „„hif).Th p
f '

bo th D
ecause o h

o y and Er '

temperature regimes. Th'
D

'
h D

Ahih th TO

iscontinu
a ure. The sl

u Ktoal1 t bo t 200

slo
h 1o

h
' '

1

ns ant until abo

've

y agai o a stn ll

e temperature re
'

a er nega-

corresponds rou hl
Ke region 125 K(T&200

h }1h
p t ere

with
the ordering i fis erroma netic

e uric temperatu ure

'}1 t t Th
hono

e temperature
vary

us ints at a coup ing of the phonon

400 rbium

300

200

100

0
20

z(xy)z

z(xx)z
I I

40 60 80 100

Energy Shift (c
120

—74
E
C3

72
C3

OP 70—

U

I

IOO 200
Temperature (K)

FIG. 3. Raman s e
Er.

spectrum of the TO hp ononin Y Dy dy, and FIG. 5. T~ . Temperature de endP
e so id line is a guid

-p onon frequen-
ui e to the eye.



11 528 DEMERS, KONG, KLEIN, DU, AND FLYNN 38

93

8
CP

=7

1 92

91

U

0
ILJ

4'
IOO

I I I

200
Temperature (K)

90- FIG. 8. Temperature-dependent TO-phonon linewidth in Er.
The solid line is a guide to the eye.

89

88
0 200

I

300

Temperature (K)
FIG. 6. Temperature dependence of the TO-phonon frequen-

cy in Y. The solid line is a guide o the eye.

OI—

Cl

40
I

IOO
I I I I

200 300
Tempera ture ( K )

FIG. 7. Temperature-dependent TO-phonon linewidth in Dy.
The solid line is a guide to the eye.

to the magnetization.
One might try to explain this behavior in terms of

anharmonicity of the ionic interaction energy. In a crys-
tal with significant anharmonic terms in the lattice poten-
tial, the normal mode frequencies depend on the equilib-
rium positions of the ions. Thus anharmonicity results in

a coupling of the strain terms to the force constants.
Schulz and Hufner measured a smooth temperature
dependence of the TO mode in Zn, another hcp metal,
and ascribed the hardening to anharmonicity. They suc-
cessfully fitted their data to a theory which explicitly in-

cluded the anharmonicity of the lattice potential. The
anharmonicity contributes to the phonon linewidth by
activating a two-phonon decay process which vanishes at
low temperatures.

In Dy and Er the changes in the lattice constants are
caused not only by the thermal expansion due to anhar-

monicity but also by the unusually large magnetostric-
tion. The change in the Dy lattice constants with tem-
perature in zero magnetic field were measured by Clark
et al. and by Rhyne using a strain-gauge method.
Above 180 K when Dy is paramagnetic, the lattice con-
traction resembles the normal anharmonic thermal be-
havior. Below 180 K the a- and b-axis lattice constants
continue to decrease as the temperature is lowered. The
identical behavior in both lattice directions is an indica-
tion of basal plane isotropy. The c axis, however, shows
the opposite behavior below 180 K, namely increasing as
temperature is lowered. All three lattice constants show
anomalies at the Neel and Curie temperatures. The
slopes change discontinuously at the Neel temperature
and in zero field the lattice constants are discontinuous at
the Curie temperature due to the first-order transition to
an orthorhombic structure with ferromagnetic order.

From the results of Clark et al. we have calculated the
total fractional change in the unit cell volume for the
paramagnetic and helical phases and from the Raman
data we determined the corresponding shifts in the TO-
mode frequency. The results appear in Table I. As the
table shows, the fractional volume change in the helical
phase is an order of magnitude smaller than that of the
paramagnetic phase. This is due to the fact that the c-
axis expansion compensates to some extent for the a- and
b-axis contraction in the helical phase. The TO phonon
energy, however, shifts twice as much in the helical phase
as the paramagnetic phase. The simplest phenomenologi-
cal theories of anharmonic mode hardening predict an in-
crease of the mode frequency as the unit-cell volume de-
creases. In this case such a description would be inade-
quate since the phonon hardens most in the temperature
regime where the unit-cell volume changes least. More-
over the phonon-frequency hardening is monotonic with
temperature. It follows the basal-plane contraction rath-
er than the c-axis expansion since the c-axis temperature
dependence is not monotonic. The q=O TO-phonon en-
ergy depends only on the intersublattice force constants.
If the mode hardening were due only to anharmonicity it
follows that the TO-mode frequency would have to de-
pend primarily on those intersublattice force constants
between ions whose bonding direction is very nearly
parallel to the basal plane. This is highly unlikely given
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TABLE I. Net changes in unit-cell volume and TO-mode frequency in the paramagnetic and helical

phases of dysprosium.

Temperature range

180 K&T&300 K
85 K & T& 180 K

—0.0014
+0.0030

—0.0007
—0.0017

AV
V

—2.8X 10
—4.0X 10

hen (cm ')
(Raman measurement)

+ 1.25
+3.0

the force constant models of other HRE metals. ' The
largest intersublattice force constants are those between
nearest-neighbor ions. The bonding direction of nearest
neighbors is at an angle of 54' relative to the basal plane.
Thus the anomalous behavior of the TO mode cannot be
attributed to anharmonicity.

It is likely that there is another mechanism which is re-
sponsible for the phonon hardening. There may be a
more direct coupling between the force constants and the
localized moments which leads to the anomalous phonon
hardening. This could occur by a mechanism involving
the conduction electrons as intermediary. The force con-
stants depend on the conduction band which is perturbed
by the localized moments through the s fexchan-ge in-
teraction between the 4f electrons and the conduction
electrons. The continuous and monotonic variation of
the helix periodicity with temperature would explain the
similar variation of the phonon frequency in the helical
phase. As the helical periodicity changes so does the per-
turbation of the conduction-electron levels.

Another possible mechanism is the addition of the
magnetoelastic terms to the nonmagnetic elastic energy
terms. This additional strain-dependent energy is respon-
sible for the anomalous thermal expansion and would
also change the energy of small ionic oscillations about
their equilibrium positions. A theory of magnetoelastic
effects has been applied by Thalmeier and Fulde to ex-
plain the splitting in a magnetic field of doubly degen-
erate optical phonons in paramagnetic CeC13 observed by
Schaack. 27

We observed a broadening of the TO-phonon linewidth
in Dy below -70 Il (Fig. 4). This could be an unresolved
splitting of the TO mode due to the orthorhombic distor-
tion in the ferromagnetic phase and would be analogous
to a splitting observed by Schaack of a 109 cm ' Ez
mode in CeC13 in a magnetic field in the basal plane. As
a result of the lattice transition from hcp to an ortho-
rhombic structure the E2g mode splits into an A mode
and a 8 mode. Our splitting would be less than 1 cm
the limit of our instrumental resolution.

We have observed evidence for magnetoelastic effects
by measuring the shift of the TO phonon in Dy caused by
a magnetic field applied in the a-b plane. Magnetic-field
experiments were conducted using the high-field magnet
optical setup of the Francis Bitter National Magnet Lab-
oratory at the Massachusetts Institute of Technology.
The sample was cooled with helium gas, but the exact
temperature of the sample was unknown because this ap-
paratus lacked a thermometer. The TO phonon was ob-
served to harden by 2.5 cm ' as the field was raised to 8
T.

The zero-field hardening of the TO phonon in Er also

appears anomalous. It is likely that this effect is also due
to magnetic mechanisms; however, it is difficult to strictly
apply the above arguments to Er films since the tempera-
ture dependence of the lattice constants is not known.
Bulk strain-gauge measurements of Er are available but
the MBE-grown Er films did not exhibit the ferromagnet-
ic phase, and thus the bulk measurements do not
represent the behavior of the films.

B. Spin waves
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FIG. 9. Spin-wave Raman spectra of Dy in two geometries.

The Raman spectra of Dy in the two scattering
geometries at low temperature appears in Fig. 9. The
acoustic magnon was observed in the depolarized spec-
trum but not in the polarized spectrum. Since the stray
light was much greater in the polarized spectrum the
magnon may very well be hidden in the intense back-
ground. Figure 10 shows the depolarized Raman spec-
trurn in Dy taken at five temperatures in zero magnetic
field. These spectra show the expected softening of the
magnon energy with temperature. We have measured the
magnon energy to be 22 cm ' at 25 K with a full width
at half maximum of 6 cm '. This is in agreement with
earlier measurements by infrared resonance and com-
plements the measurements of inelastic neutron scatter-
ing. This is the first reported detection of spin waves by
Raman scattering in a metal. The difficulty of the mea-
surement is clear from the proximity of the magnon peak
to the laser tail and from the peak intensity of about
seven counts per second. Sandercock and Wettling
have observed magnons in polycrystalline Fe and Ni by
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Brillouin scattering in an applied field.

There are three mechanisms by which magnons can de-

cay. They can scatter off of impurities, conduction elec-

trons, and other magnons. At low temperatures the

magnon-magnon interactions are expected to be small,
whereas at higher temperatures magnon-magnon decay
channels are usually significant. Zero wave vector
conduction-electron decay channels are unavailable due
to the exchange splitting of different sheets of the Fermi
surface corresponding to different spin states. A conduc-
tion electron can only absorb a magnon whose wave vec-
tor is equal to or greater than the wave vector spanning
the splitting between the sheets. Thus the width of the
zero-wave-vector magnon is a measure of the lifetime
limited by impurities and magnon-magnon interactions.
At 30 K we measured a relative broadening I /co of about
0.3. Nicklow measured a relative width of the Dy zone-
center magnon of about 0.1 at 78 K. ' This indicates that
magnon-magnon interactions have little effect below -80
K in Dy. The fact that we measure a slightly larger
width at a lower temperature may be due to impurities.
Similar results have been obtained by Mdller et al. ' in
Tb. They found the magnon width to increase rapidly
above 100 K (presumably due to two magnon scattering)
and the relative width of the zone-center magnon was on
the order of 0.1 at 4.2 K.
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FIG. 11. Raman spectra of Dy and Er at room temperature.
The intensity of the Dy spectrum is offset by +30 units.

C. Low-intensity scattering
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Figure 11 shows both the Stokes and anti-Stokes Ra-
man spectra of Er and Dy in the parallel-polarization
geometry taken at room temperature. A broad peak cen-
tered at about zero-energy shift with a full width of -300

cm ' is visible on an intensity scale much smaller than
the peak intensity of the TO phonon. Similar broad
peaks were observed by us in Y films and bulk samples of
Zn. The spectra taken in the perpendicular-polarization
geometry exhibit similar, but much weaker peaks. In ad-
dition to the broad peak in Y there are weak Stokes and
anti-Stokes peaks at 150 cm ' and an asymmetric peak
with a cutoff at about 280 cm '. Similar but somewhat
weaker peaks appear in the spectrum of Er at about 120
and 200 cm '. Figure 12 shows the evolution of the
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FIG. 12. Raman spectra of Er at various temperatures.
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broad peak in Er with temperature. The anti-Stokes tail
of the peak is diminished as the temperature is lowered,
whereas the Stokes tail shows no change. Below 70 K the
anti-Stokes half width is less than 50 cm . The linear
background in the Stokes scattering has a constant inten-
sity of about 20 counts per second from 300 to 2 K; it ex-
tends beyond 1500 crn ' with a gradual rise in intensity.
The linear background appears unchanged when an excit-
ing laser wavelength of 4880 A is used. It exhibits an ap-
parent turn on at zero-energy shift which is independent
of the exciting frequency. This behavior is similar to
luminescence and has been observed and investigated in
the light-scattering spectra of other metals.

It is difficult to determine whether the broad central
peak is quasielastic or inelastic. (The term central peak is
used here to indicate the close proximity of the peak fre-
quency to the exciting line. ) The peak frequency is clear-
ly below 100 crn '. Phenornenological models used to
determine the peak frequency of such a broad peak are
usually inconclusive. In order to determine whether
there is an intrinsic temperature dependence of the broad
peak, the extrinsic temperature-dependent Bose term was
factored out of the Er spectra taken at 340 and 70 K.
The plotted result is shown in Fig. 13. The linear Stokes
background is unaffected but the broad central peak has a
much narrower width at low temperature whereas the
peak intensity is nearly the same at both temperatures.

Three possible sources for the central peak —intraband
electronic scattering, interband electronic scattering, and
two-phonon scattering —will now be discussed.

Two-phonon Raman scattering is usually strongest for
phonons which show anomalies in their dispersion, such
as the phonons of transition-metal compounds. In this
case the Raman amplitude is proportional to the modulus
of that part of the phonon self-energy which determines
the anomalous phonon dispersion. There are, however,
no known phonon anomalies in the HRE metals. '

Two-phonon spectra usually exhibit structure in the form
of peaks at energies equal to overtones (2') of zone-edge
acoustic phonons and zone-center optical phonons. The
only structure corresponding to overtones is the cutoff at
215 cm ' in Er and Dy (280 cm ' in Y) corresponding to
twice the zone-center LO-mode frequency. Furthermore,
the greatest intensity of the central peak is at or near zero
frequency which corresponds to two-phonon difference
scattering. We do not know of any previous case where
two-phonon difference scattering is intense while sum
scattering is almost unobservable. In any case the peaks
at 2'„o must be ascribed to overtone scattering.

Intraband electronic processes are an unlikely source
of the central peak since the intraband scattering intensi-
ty in a normal metal is proportional to the frequency
shift co up to a cutoff energy equal to vf /6. The scatter-
ing intensity in the present case falls off rather than in-
creases from zero shift. Also, vf/6 in this case has a
value of —700 cm ' (assuming a value of 0.5 Ry for the
Fermi energy ). The Stokes intensity of the central peak
in Er at room temperature for example tails off at about
350 crn ', much lower than vf/6. Lastly, if d-electron
intraband processes are the dominant mechanism for
zero-wave-vector phonon decay, then anomalous disper-

60
N

Erbium

T = 340K

u 4o
'pl

fw

C
20

0
-300 -200 -100

I

200

Energy Shift (cm )

FIG. 13. Raman spectra of Er with intrinsic Bose factor re-
moved.

sion of these phonons occurs and this leads to asym-
metric Raman line shapes for optical phonons which we
do not observe.

Interband scattering processes are a possible source of
the central peak. The interband scattering mechanism
responsible for a broad peak centered at or near zero
would have to involve transitions between two bands
which cross at an energy close to the Fermi level. The
transitions would be vertical since the wave-vector
transfer is close to zero. Such a crossing exists in Dy at
the L point at an energy less than 0.2 eV above the Fermi
energy, according to the band-structure calculation of
Keeton and Loucks. According to their calculations
near crossings of bands also occur at the K and H points
at about 0.5 eV below the Fermi energy. If the interband
scattering mechanism involves transitions between the
two bands crossing at the L point, then the scattering
rate would vanish at low temperatures at which most of
these states are unoccupied and thus unavailable for
scattering. This would explain the observed intrinsic
temperature dependence of the central peak.

The peaks at 120 cm ' in Er and Dy, and 150 cm ' in
Y correspond to the LO phonon. The LO mode has not
been observed in Er previously but it has been measured
by inelastic neutron scattering in Tb (Ref. 4) at 109 cm
and in Y (Ref. 3) at 155 cm '. The mechanism for
scattering from this silent mode can only be disorder.
Lattice disorder breaks the translational symmetry, thus
relaxing the requirement of crystal momentum conserva-
tion. In order to characterize the disorder, x-ray
diffraction measurements were made in samples of Er and
Y. The width of the (0002) Er and Y peaks were 0.154'
and 0.116', respectively, a strong indication of order
along the c-axis direction. Nonetheless the 20 scans of
both materials have a very weak asymmetric broadening
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of the base of the main (0002) peaks. This is an indica-
tion of a slight broadening of the distribution of c-axis
lattice spacings. This could be caused by some staking
faults or by the strain at the interface between the rare
earth film and its underlayer. The strain disorder at the
interface, however, cannot be responsible for the disorder
induced Raman spectra since Raman scattering probes
the modulation of the susceptibility by bulk excitations
only within the optical penetration depth.

V. CONCLUSIONS

We have used inelastic light scattering to investigate
MBE-grown single-crystal films of Dy, Er, and Y. Pho-
non, magnon, and possibly electronic excitations were ob-
served.

The zone-center TO phonon frequencies Y, Dy, and Er
were measured. The temperature dependences of the
TO-mode frequencies in Dy and Er were found to be
anomalous. Most of the hardening in Dy occurs in the
helical magnetic phase. This temperature dependence
cannot be explained by common theories of anharmonic
ionic interactions. In Dy the slope of the TO-mode fre-
quency versus temperature curve changes precipitously
near the Neel and Curie temperatures. This is a strong
indication of some sort of direct coupling between the
force constants and the ordered magnetic moments. This
might occur through (I) a perturbation of the conduction
band due to the exchange interaction with the localized
4f electrons, or (2) the addition of magnetoelastic terms
to the usual strain-dependent elastic energy terms.

The spin-wave energy gap in ferromagnetic Dy was ob-
served for the first time by light scattering. We observe
the spin-wave gap in Dy only in the crossed polarization
geometry. If it exists in the parallel polarization
geometry it is too weak to be observed. Our measure-
ment of the magnon width at low temperatures is close to
the widths measured previously by infrared resonance '

and indicates that magnon-magnon interactions do not

have much effect below -80 K. The mechanism of light
scattering from the ferromagnetic magnon is in question.
Both the spin-orbit coupling and the direct electronic
coupling mechanisms are likely to contribute, but one
may very well dominate the scattering. Theoretical work
and further experimental investigation is required to
determine which may be the dominant mechanism. We
have shown that light scattering is a significant tool in the
measurement of low-frequency metallic spin waves.
Light scattering probes true dynamic excitations since
the wavelength of the excitation is small compared to the
sample dimensions (and large compared to the unit-cell
dimensions). Infrared resonance, by contrast, would
probe static mode excitations which depend on the sam-
ple dimensions since the wavelengths would be larger
than the film thickness.

Lastly, we have observed a broad, low-intensity peak
centered at about zero energy in Y, Dy and Er. This is
probably due to interband electronic scattering or two-
phonon scattering. Weak shoulders on this peak are
probably caused by overtones of the zone-center LO pho-
non.
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