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We present a synchrotron x-ray scattering study of the magnetic phases of erbium. In addition
to the magnetic scattering located at the fundamental wave vector z, we also observe scattering
from magnetoelastically induced charge modulations at the fundamental wave vector, at twice the
fundamental, and at positions split symmetrically about the fundamental. As the temperature is
lowered below 52 K the charge and magnetic scattering display a sequence of lock-in transitions
to rational wave vectors. A spin-slip description of the magnetic structure is presented which ex-
plains the wave vectors of the additional charge scattering.

The competition among indirect-exchange, crystal-field,
and magnetoelastic energies in the rare-earth metals is re-
flected in the variety of spiral, conical, c-axis-modulated,
and ferromagnetic phases they display. Qualitatively, iso-
tropic long-range, and competing exchange interactions
among localized f electrons give rise to long-period mag-
netic modulation, while anisotropic crystal-field and mag-
netoelastic interactions distort these structures and may
induce lock-in transitions to commensurate phases.! Re-
cently, the results of synchrotron-based magnetic x-ray
scattering experiments on holmium have led to a model of
its magnetic structure containing spin defects originating
in the competition between exchange and lattice interac-
tions.>®> An important feature of the x-ray results was the
observation of an additional peak in the diffraction pattern
arising from lattice modulations. It was shown that the
additional scattering is due to correlation among the spin
defects (which we call spin slips) present in holmium’s
magnetic spiral. The sensitivity of x rays to lattice modu-
lations and the high resolution available from synchrotron
radiation have thereby provided a powerful probe of the
detailed structure of magnetic materials.

In this paper we present a high-resolution x-ray scatter-
ing study of the magnetic structure of erbium. From ear-
lier neutron scattering®~$ studies it is known that over a
wide temperature range erbium possesses a c-axis-
modulated moment in addition to its basal plane or spiral
component. The phase diagram is structurally complex
and displays a variety of phases of which at least two are
commensurate. Analysis’ of neutron scattering and mag-
netization data including effective crystal-field and inter-
planar exchange parameters has provided a semiquantita-
tive description of the temperature and field dependence of
the magnetic structure. Based on a mean-field calculation
of the 3D Ising model with competing exchange interac-
tions, a soliton description (similar to our spin-slip descrip-
tion) of pure c-axis magnetic structures has been suggest-
ed with a sequence of commensurate, incommensurate,
and chaotic states.® Here we will emphasize the additional
role of magnetoelastic interactions. It is well known that
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these terms give rise to macroscopic strains. More gen-
erally, they give rise to finite-wave-vector distortions of the
charge density as have been observed at 27, in holmium’
and chromium.!® In the present research, a complex of
lattice modulations is observed and their analysis leads to a
natural description of the magnetic structure using the
spin-slip model.

Erbium has an hcp crystal structure with two layers per
chemical unit cell and a magnetic moment of about
9upg/atom. Neutron scattering studies have identified
three distinct regions of magnetic order.*® Below the
Néel temperature Ty =84 K and above 52 K the mo-
ments are ordered parallel to the ¢ axis and modulated
with a slowly varying wavelength of approximately seven
atomic layers. Near Tu only the fundamental magnetic
reflections are observed, consistent with a simple sinusoi-
dal modulation of the c-axis moment. Below 70 K weak
third- and fifth-order harmonics appear, in addition to the
primary satellite, indicating distortions of the purely
sinusoidal order. For temperatures between 52 and 18 K
an additional component of the spin develops in the basal
plane forming a spiral modulation of identical period. As
the temperature is lowered to = 22 K additional odd har-
monics of order up to 17 have been observed, suggesting a
“squared-up” alternating cone structure.®* The tempera-
ture dependence of the modulation wave vector shows an
inflection point near t,, = 15 at 33 K and a lock-in transi-
tion to 7, = at 24 K.>¢ Below 18 K 1, locks to a value
0.238 = 37 and erbium is believed to have a conical mag-
netic structure in which the c-axis component is ferro-
magnetic.’

For the synchrotron experiments an erbium single crys-
tal (9x4x3 mm?>) grown at Ames Laboratory was mount-
ed in a variable-temperature cryostat and studied in the
reflection geometry. Initial experiments, including polar-
ization analysis, were carried out on the eight-pole wiggler
beam line (VII-2) at the Stanford Synchrotron Radiation
Laboratory (SSRL) using a Ge(111) double-crystal
monochromator (A =1.58 A) and Ge(111) analyzer. Sub-
sequent experiments were performed at Brookhaven’s Na-
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tional Synchrotron Light Source (NSLS) using a
bending-magnet beam line (22B) with a horizontal
single-reflection Ge(111) monochromator (A =1.7 A) and
Ge(111) analyzer. At both beam lines the resolution full
width at half maximum (FWHM) of the Er(002) reflec-
tion was about 0.0015 A~!. Distinguishing magnetic and
charge scattering in the x-ray experiments was accom-
plished by means of a polarization analyzer which has
been described in detail elsewhere.!! Neutron scattering
experiments were performed on the cold-source triple-axis
spectrometer at Brookhaven’s High Flux Beam Reactor.
Resolution of about 0.008 A ™! was achieved with a graph-
ite (002) double-crystal monochromator (A =4.05 A), a
graphite (002) analyzer, and typical collimation.

Figure 1 summarizes the temperature dependence of the
fundamental modulation wave vector 7, and of the addi-
tional scattering observed at 2t,,, 75, and 27, —17;. The
figure combines synchrotron x-ray scattering results with
neutron scattering results obtained on the same sample.
Figure 2 displays the x-ray results for scattering at 27,, on
an expanded scale. All of the data presented here were
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FIG. 1. Combined x-ray (@) and neutron scattering (O) re-

sults for the fundamental wave vector 7 and for the additional
scattering from lattice modulations at 27, 7,, and 27, — 7;. The
peak observed at 7, in the c-axis modulated phase above 52 K is
the principle magnetic satellite of the (110) reflection, obtained
by neutron scattering. All remaining data are satellites of the
Bragg (002) and (004) reflections. The x-ray results at 27,
— 1, =% were partially obscured by higher-order contamina-
tion.
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taken for decreasing temperatures so that the data are free
of hysteresis effects.

In the c-axis-modulated phase between 85 and 52 K
scattering at 7,, (neutron) and 27, (x ray) is observed
(Fig. 1). As the temperature is reduced the wave vector
increases from 27, =0.567 at 85 K to a maximum near
21, =0.587 at 52 K (Fig. 2). Within this range the peak
widths are resolution limited. At 52 K the basal-plane mo-
ments order and regions of the crystal are locked to
21, =+ =0.571. Figure 3 shows the temperature depen-
dence of the scattering near 21, for the 7, =1 transition.
The peak at + has a resolution- Iimited width while the
coexisting peaks above and below 5 are broader than reso-
lution. Between 52 and 23 K x-ray scattering peaks ap-
pear at 7, 7, and at 21, — 7, (Fig. 1). As the tempera-
ture is reduced from 52 K the scattering at t,, 2Tpy, s,
and 21,, — 7, exhibits a sequence of first-order transitions
to rational wave vectors. In Fig 2, for example, 21, suc-
cessively locks to +, &, %, 3, and 37; near 27,, = {7 and
2tm =1 the peak widths are observed to narrow. Fur-
ther, when 7,, locks to 15, 3, and & then 7, locks to &,
%, and %, respectively. These results are collected in
Table I. Above 26.5 K the commensurate phases are
separated by incommensurate phases whose peak w1dths
are broader than the commensurate peak widths,'? while
below 26.5 K only commensurate phases occur. Between
26.5 and 23 K the peak intensities at 7, =75 and at
=% increase by nearly a factor of 5, and harmonics
develop at 35, =, and at 35 (Fig. 1). Below 18 K large
signals are observed at the fundamental Tm =3 and weak
additional scattering is observed at 27, = 2? and at 7. =%
(Figs. 1 and 2).

Using a polarization analyzer for distinguishing charge
and magnetic scattering!! we have verified that the peaks
at 27,, and at 7, at 26 K result from charge scattering, due
to lattice modulations, while the scattering at 7, has both
a charge and a magnetic component. We note that weak
scattering at 27, and t; (in addition to the magnetic
scattering at t,) has also been obtained by neutron dif-
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FIG. 2. Temperature dependence of twice the modulation
wave vector 27, obtained by synchrotron x-ray scattering. @’s
were obtained at the NSLS while X’s were obtained at the
SSRL. The discrepancies in temperature above-50 K are the re-
sult of different thermometry used in the two experiments.
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fraction at temperatures where the modulation is particu-
larly strong (see open circles Fig. 1).

The magnetic and charge scattering observed in erbium
may be understood using the concept of localized spin de-
fects (spin slips) developed in earlier studies of holmium.?>
Consider first the c-axis component of the modulation.
The basic structural unit consists of four adjacent basal
plane layers (a quartet) with identically aligned spins ei-
ther parallel or antiparallel to the ¢ axis. A single spin slip
is created by associating one less spin to any quartet to
form a triplet. For example, a structure with 7,, =% has
an alternating sequence of quartets parallel and triplets
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FIG. 3. Temperature dependence of the scattering at 2tm
near the 7, =% transition. The peak at 27, =+ is resolution
limited. The solid lines are drawn to guide the eye.
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antiparallel. Generally, the modulation wave vector for a
commensurate magnetic structure is the ratio of the num-
ber of full 2z rotations of the moments to the number of
layers in the magnetic unit cell. Thus, the c-axis modula-
tion has 7, =2n/(8n —s) in units of ¢*, where n is the
number of 2z rotations and s is the number of triplets.
(The factor 2 enters because an hcp structure has two
layers per chemical unit cell.)

The spin-slip structures generated in this way for the ra-
tional wave vectors observed in the data are shown in
Table I in order of decreasing temperature. We adopt the
notation - p in which a triplet is represented by - and the
integer p gives the number of quartets. In this notation - 1
represents the slip structure with z,, =5

The scattering at 27, may be understood by noting that
the average number of layers between spins parallel or
antiparallel to the ¢ axis corresponds to one-half the mag-
netic period. Therefore, 21, defines the frequency of the
accompanying magnetoelastic distortions.!> The lattice
modulations measured by the scattering at 7, and at
2tm — s arise from correlations among the triplet and
quartet distributions, respectively. For commensurate
spin-slip structures we may calculate the wave vectors ex-
pected for charge scattering from the triplet, and quartet
distributions as the ratio of the number of triplets and
quartets, respectively, to the number of layers in the mag-
netic unit cell. Explicitly, 7, =2s/(8n —s) and 27, — 1,
=2(2n —s)/(8n —s). Using the expression for 7, given
above we have 7, =81, —2 and 27, —1,=2—61,, gen-
erally. It is seen that 7, corresponds to the lower sideband
of 7, in Fig. 1 and that 27,, — 7; corresponds to the upper
sideband.

The spin-slip structures with an odd ratio of quartets to
triplets (- 1,-3,-5) each possess a small net magnetic mo-
ment parallel to the ¢ axis. These ferromagnetic states ex-
ist over the temperature ranges 51.6-48.5 K, 34.5-31.5 K,
and 26.5-23 K which closely agree with the temperatures
for which Taylor, Gerstein, and Spedding'* have observed
peaks in the magnetic susceptibility of polycrystalline
erbium.

Summarizing the discussion so far, the temperature
dependence of erbium’s modulation wave vector between

TABLE I. Commensurate c-axis spin-slip structures. The
represents a triplet and the integer gives the number of quartets.
Also shown are the observed wave vectors of the fundamental
magnetic reflection and of the associated lattice modulations.

Commensurate c-axis spin-slip structures

Tm Structure Ts 2Tm — 1Ty 2Tm
2 . 2 2 4
7 l 7 7 7
3 2 4 6
i ©2-2 i T Ty
4 2 6 8
i -3 i i '
5 2 8 10
i ‘4-4 15 i 1
6 2 10 12
5 5 5 Fr) 3
1 1 1
y 2 2 2
s 1o
21 21
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52 and 18 K exhibits a sequence of commensurate states
separated by incommensurate states with characteristical-
ly broader diffraction peaks. The description of the com-
mensurate states involves integer ratios of quartets to trip-
lets. Lock-in transitions to higher-order commensurate
states, defined as those in which this ratio is a noninteger
rational number, were not observed. Instead, the incom-
mensurate diffraction peaks were broadened and indica-
tive of disordered or chaotic states. We note that the
lock-in transitions occur in the temperature range where
scattering at 7, and at 27, — 7, is observed, suggesting
that these lattice modulations help stabilize the commen-
surate phases. In contrast, the incommensurate states ob-
served above 52 K have resolution limited line widths and
no lock-in transitions occur.

To account for the wave vectors observed in the data
above 18 K it has not been necessary to consider a spin-slip
description of the basal in-plane order.*7!> We note,
however, that the additional charge scattering at 7; and at
27, — 75 is not observed before the basal plane component
first appears at 52 K.% It is possible that the local charge
distortion arising from the tilt of the electronic quadrupole
distribution may enhance the c-axis lattice modulation.
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At lower temperatures the observed lattice modulation is
further enhanced, and for the ferromagnetic phases - 3 and
-5 additional allowed scattering appears at the fundamen-
tal 7,,, as well as at other odd harmonics. Below 18 K neu-
tron scattering studies® have established the existence of a
ferromagnetic component along the ¢ axis in addition to a
spiral modulation in the basal plane with 7,, = 35 . A basal
plane spin-slip description of the 3t modulation has a sub-
period of seven atomic layers suggesting additional scatter-
ing at 4 as observed in the x-ray experiments.
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