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Abstract

ye describe measurements of the magnetic critical fluctuations of holmium by

x-ray scattering techniques. The x-ray results are compared to those obtained in

neutron scattering experiments performed on the same sample.
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A number of studies have shown that the order parameter of a phase transition can be

directly measured by x-ray magnetic scattering techniques (see for example, Goldman et al.,

1987; Thurston et al., 1988; Hill et al., 1991). Until recently, however, there have been no

x-ray scattering measurements of the short-ranged critical correlations which occur above

a magnetic ordering transition (Thurston et al., 1993). If such measurements are feasible,

then the synchrotron-based x-ray scattering techniques can extend and complement, the

more traditional techniques of neutron magnetic scattering in at least four areas:

1) High g-Resolution: Although high ^-resolution measurements are possible with

neutron diffraction, they are rarely made in studies of critical behavior because the

signals are relatively weak. Typically, the radial resolution employed in a synchrotron

x-ray scattering experiment is approximately one order of magnitude finer than that

employed in neutron scattering experiments. Thus, it is possible to probe significantly

longer length scales in an x-ray scattering experiment than are usually probed in neu-

tron scattering experiments. Indeed, with the current and planned high brightness

x-ray synchrotron sources, it has become possible to probe ordering phenomena with

correlations extending over micron length scales with high accuracy. At the same time,

this allows the characterization of magnetic critical fluctuations at temperatures much

closer to Tc.

2) Extinction-Free Scattering: While the relative weakness of the x-ray scattering

cross-section may present considerable technical difficulty in x-ray experiments, it also

constitutes an advantage of the technique. As a result of the weak cross-section, these

signal rates usually fall within the range of applicability of the Born approximation,

so there is no extinction correction. Extinction effects have seriously inhibited neutron

\ ". • • *scvs'tteririg measurements of the exponent 0 for the magnetic order parameter in all

. ' , studies of rare earths performed to date (see, e.g., B. D. Gaulin et al., 1988).

3) Quasi-Elastic Approximation: The relatively broad energy resolution typical o£

most x-ray scattering measurements (5-10 eV) may also be considered a weakness

of x-ray scattering techniques in some studies. However, in x-ray magnetic critical

scattering experiments, the poor energy resolution allows the reasonable assumption



that the energy shifts suffered by the scattered beam (due to inelastic processes in-

volving phonons, magnons, etc.) are entirely integrated over. Thus, the quasi-elastic

approximation is exact, which considerably simplifies both the experiments and their

subsequent analysis.

4) Critical Charge Scattering Associated with Lattice Modulations: In many

magnetic materials, and in particular among the rare earths, a complex of lattice

modulations originating from the magnetoelastic coupling may accompany magnetic

ordering (see, for example, Gibbs et al., 1986). The critical behavior exhibited by

these lattice modulations, gives rise to charge scattering above the transition, which

is largely uncharacterized (Bohr et al., 1990). X-ray scattering is well matched to the

study of this critical scattering, and offers a whole new arena for the characterization

of magnetic structures.

Thus, the possibility of x-ray magnetic critical scattering opens a variety of now direc-

tions for the study of magnetic structures and critical behavior, including probing fluctu-

ations over unprecedented length scales and precise characterization of the lineshapes. At

the same time, however, this increased sensitivity imposes more stringent requirements on

sample quality.

In this note, we describe recent measurements of critical magnetic scattering in the

simple spiral antiferromagnet holmium. The details of this work have been described

elsewhere (Thurston et al., 1993), and we report only a few highlights here. Below the

magnetic ordering transition temperature Tc ~ 131.2Ji", the magnetic moments of holmium

are confined to the basal, hexagonally close-packed planes and exhibit spiral magnetic order

propagating along the c-axis. The magnetic diffraction pattern consists of pairs of satellites

offset from each of the chemical Bragg reflections by &Q = (0,0, r), where r is proportional

to the turn angle per atomic plane (Koehler et al, 1967; Gibbs et al., 1985). The transition

at 131.2A' has been investigated by a number of techniques, including neutron diffraction

(Eckert et al., 1976; Brits et al., 1988; Gaulin al., 1988), specific heat (Jayasuriya et al,

1985; Wang et at., 1091), and dilatometry (TindalJ et al., 1977). Most of these experiments

have indicated that the transition is second order, however, the dilatometry experiments



suggest that it is weakly first order. Assuming a second order transition, neutron scattering

experiments (Eckert et al., 1976; Brits et al, 1988; Gaulin al, 1988) have determined

the values of the critical exponents to be v = 0.57 ± 0.04, 7 = 1.14 ± 0.1, and /? =

0.39 ± 0.04. A theoretical description of the magnetic ordering transition in hobnium

remains controversial with two different universality classes proposed for example, the

symmetric O{n) with n = 4, by Bak et al., 1976, and the chiral universality class by

Kawamura, 1988. Still other descriptions of the critical behavior have been offered by

Barak et al., 1982, and Azaria et al, 1990.

The experiments were performed at Brookhaven National Laboratory in the National

Synchrotron Light Source on beamlines X22C and X25, and in the High Flux Beam Reactor

on spectrometer H7. In the x-ray scattering experiments, the incident photon energy was

tuned to 8070 eV, which corresponds to the dipole maximum of the LJJI absorption edge.

There is a large resonant enhancement (> a factor 50) of the magnetic scattering when

the incident photon energy is tuned near an L or M absorption edge, which was essential

for the observation of the critical scattering above Tc (Gibbs et al., 1988, 1991; Hannon et

al., 1988). The resolution in the x-ray experiments obtained at the (0,0,2 — r) reflection,

had half-widths (HWHM) bf 0.00029 A"1, 0.00045 A"1, and 0.0043 A"1 in the transverse,

longitudinal, and out-of-scattering-plane directions, respectively. The neutron scattering

spectrometer was configured in an energy integrating double-axis mode with an incident

neutron energy of 14.7 meV. The resolution obtained at the (0,0,2—r) reflection was 0.0029

A"1, 0046 A"1, and 0.042 A"1 in the transverse, longitudinal, and out-of-scattering-plane

directions, respectively. As may be seen, the x-ray resolution is about a factor of ten finer

than the neutron resolution in all three directions.

The main results of this paper are presented in Fig. 1, where transverse scans through

the magnetic satellite, obtained by x-ray and neutron scattering measurements, are plotted

for several different temperatures. High resolution x-ray scattering results are shown in

the left hand column and lower resolution neutron scattering results are shown in the right

hand column. The top row shows scans which were taken below Tc, and illustrate the

resolution limits of the two experimental configurations. The qualitative difference in the

reciprocal space resolution in these scans is clear. As the temperature is increased (center



and bottom panels), the peak intensities of both the x-ray and neutron scattering data

decrease and the half-widths increase. This is indicative of critical magnetic scattering.

The most striking feature of the data is that the peak widths measured by x-ray and

neutron scattering (after deconvolution with the resolution functions) differ from each other

by a factor of ten at comparable reduced temperatures. Thus, the x-ray scattering results

reveal fluctuations wit'n a length scale that is about ten times longer than those probed

by neutron scattering. This surprising result is shown clearly in Fig. 2, where the fitted

half-widths of the x-ray and neutron magnetic scattering results plotted versus reduced

temperature \T — Tc\/Tc are shown on a logarithmic scale. The neutron scattering data

(open circles) probe length scales of order 10 —100 A, while the x-ray scattering data probe

length scales of 103 —104 A. The temperature dependence in both cases exhibits power law

behavior, but the exponent v obtained from the x-ray scattering data (y ~ 1.1) is almost

twice that obtained by neutron scattering (v ~ 0.57). It is also seen that the power law

behavior determined by neutron scattering breaks down below a reduced temperature of

~ 10~2. This is discussed in more detail in Thurston et al., 1993. The data seem to suggest

that there are two length scales, instead of one, in the critical fluctuations of holmium near

Te. This has subsequently been confirmed!

High and low resolution x-ray and neutron scattering experiments have now been

performed on this sample to investigate the role of the resolution function in determining

what is observed by the two scattering techniques. In addition, several samples with

different surface finishes have been prepared and studied in order to investigate whether

the near-surface structure plays a role in the x-ray scattering experiments. (Since the

penetration depth of x-rays in holmium at these wavelengths is only ~ l/2ytx, while neutrons

penetrate ~ l/2cm, it is possible that the magnetic critical behavior in the "skin" of the

sample probed by x-ray scattering may differ from that of the bulk.) These measurements

gave results similar to those shown in Figs. 1 and 2, and have been described in a separate

article (Thurston et a/., 1993). We do not repeat them here. It is worth noting, however,

that the critical scattering associated with the cubic-to-tetragonal structural transitions of

the perovskites also exhibits two components in reciprocal space, similar in many respects

to what is observed in holmium (see McMurrow et al., 1990). In the case of the perovskites,



the longer ranged fluctuations are believed to arise from a random distribution of structural

defects, which act as nucleation sites for the tetragonal phase. The present results may

therefore be a magnetic analog of the two length scale problem of the perovskites. Indeed,

it is possible that these effects are more common in magnetic ordering transitions than

was previously realized. For example, a two component lineshape of the magnetic critical

scattering has been observed by x-ray scattering in the transuranium compound NpAs

(Langridge et al., 1993; Stirling tt al., 1993).

«
With the advent of high brightness synchrotron sources, many new kinds of experiments

have become possible using x-ray scattering techniques. Among them, x-ray magnetic

scattering studies of critical phenomena offer unprecedented g-resoluton, which allows the

study of ordering over micron length scales, and highly precise determinations of scattering

lineshapes. This, in turn, should lead to a more detailed understanding of magnetic critical

phenomena. In this paper, we have shown that it is possible to observe x-ray magnetic

critical scattering and, indeed, that there are already surprises in even the most straight-

forward experiments. Current experiments are concerned with erbium and chromium, and

with rare earth thin films.
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Figure Captions

Figure 1. Transverse x-ray and neutron scattering scans taken at the (0,0,2 — r)

magnetic reflections. The scans in the top row were taken for temperatures just below

the magnetic ordering temperature Tc and represent the resolution of the respective

experimental configurations. The center and bottom rows show critical scattering

observed at temperatures above the transition. The solid lines represent fits to a

Lorentzian plus Lorentzian-squared lineshape discussed in Thurston et al., 1993.

Figure 2. Half-width-at-half-maxima (HWHM) of the x-ray (closed circles) and neu-

tron (open circles) scattering data taken from fits to transverse scans such as those

shown in Fig. 1. The solid lines represent fits to a simple power law of the form

HWHM - K0 [(T - %)/%]". The resolution limits of the two experimental configua-

tions are shown to the right of the data.
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