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The magnetic structure of dhcp Nd was deter-
mined by combining the results of neutron dif-
fraction studies with the results of Landau sym—
metry aryuments and renormalization group theory
The incipient magnetic order is a two-dimen-
sional, :l.nco-ensuubly modulated structure
("triple-g* structure). The ordering is accom-
panied by a lattice distortion that forms a
similar pattern. The modulation vector decreases
from slightly above 1/7 b, at T, to 1/8 b, at

A 10 XK. The moments at the hexagonal sites lie
in the basal plane while those at the cubic

The size of the moments on the cubic sites is
approximately 258 of that of the moments on the
hexagonal sites, with a ratio of three between
the moment components along the hexagonal axis
and those in the basal plane.
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The crystal structure of Wd is hexagonal with a stacking

sequer~e ABA'C along the c-axis (;). Moon et al.“

reported
the first neutron scattering data on Nd. They found satel-
lites in the elastic spectrum displaced from reciprocal lat-
tice points (T) by vectors *q,, k = 1,2,3 in the three equi-
valent 51 directions. They proposed a model for the incipient

magnetic ordering that persists down to ~ 7.5 ll-”

« In this
model only the spins in the B and C layers order, and the
model has several inadequacies wvhen compared to the experimen-
tal results. Most important, it predicts zero intensities of
satellites on the Sl-ucs and identical intensities of satel-
lites at ?+§k and .;.ak' Small, but finite intensities were
observed on the b)-axes, and, likewise, different intensities
were observed for satellites at ?t?}k. Our neutron diffraction
measurements, performed at 10 K on single crystals of Nd using
the steady-state reactor DR3 at Risg¢, agree with the results
described by Moon et al. In addition, we studied the tempera-
ture dependence of selected satcllites near 'l'u.

Prom the temperature dependences of {g,0,.]} satellite in-
tensities, we conclude that the transition at T, is of second
order (Fig. 1). According to one of the Landau rules, the sym-
metry-breaking order parameter should then transform as an
irreducible representation of the space group of the paramag-
netic phase. The star of 51 consists of the six equivalent
basal plane vectors :Ek where 9 yariu from v 0.144 at 'ru =
19,9 K to 9 = 1/8 at T ~ 7.5 K. The point group that leaves

q, invariant is C, . This group has four one-dimensional re-

presentations, so the order parameter has n s 6x1 components
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denoted t(:it) = W exp(tia ), vhere k = 1,2,3. The most gen-
eral structure described by the order parameters n and oy is
linear combinations of the tems

;:(;) = (ucﬁt - u:;) co-(:lk; + o)

bpe (F) = (u Gy + v %) cOB(GE + ap)

UR(E) = w3, cos(GF + 0/2 + a) "

Ue(E) = uyay cos({T - /2 + o))
vhere the parameters Bpe Voo Mg and 6 must be determined ex-
perimentally from a neutron diffraction study. In the Landau
theory, the free energy is expanded in terms of the components
of the order parameter: ‘ -

2 » 2

FP=r E"x + u{knk +2‘; kzjnk*nj . (2)
By minimizing F, we find ° that the "phase diagram™ consists
of three different regions, one region of first-order transi-
tion (I1I) and two regions (I and II) of second-order transi-
tion with different ordered states. In region 1, the ordered
state has gither M, M, or My # 0 ("single-q" structure). By
choosing e = Uy = Oand 0 = 100°, we obtain the structurs of
Moon et al. In region II the ordered state has nl = llz = "3
0, i.e., the three different equivalent g-vectors are present
simultaneously ("tr:l.plc-a' structure). In the critical region,
Landau theory is insufficient, and near the phase transition
the coefficients u and v should be replaced by the renorma~
lized values obtained by repeatsi applications of the remor-
malization group transformation. At a second-order transition,
u and v should converge to a subio fixed point. 8ince the
only stable fixed point is in region 1I, and we have found a

second-order transition experimentally, we concludoz) that the
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ordered state must have the “triple-q" structure.

The most general “triple-q" structure is a superposition

of the “single-3° components in (1), i.e. B (F) = E;:(;)'

J = A,B,A",C; which only depend om a, through a = Ec.k. The
sixth-ordec term in P fixes a to either 0° or 9¢°.

The magnetic neutron diffraction cross sections of a
pair of satellites at (11q,) are identical for the “single-q"
and the “triple-q” structures. To distinguish experimentally
between the "sindle~q” and the "triple-q” structures, it is
2) The spin-
lattice coupling introduces two additional terms in the free

necessary to consider the coupling to the lattice

energy expansion; firstly, the usual magnetostriction with
wave vector 2G,, and secondly lattice distortions that are
90° out of phase with the magnetization and with periodici-
ties given by ;k' The latter term involves coupling to two
different components #(d,) and ¥(q,) of the order parameter,
thus it is active only in the 'ttiph-i' state. To visualize
the resulting structure, we have plotted the basal plane B~
site spins on top of the distorted B-site lattice (Pig. 2).
The distortion gives rise to satellites in the diffrac-
tion spectrum which generally coincide with the magnetic sat-
ellites. Rowever, while the magnetic satellites (hiq,0,0)
vanish, the corresponding structural satellites are allowed.
The existence of {h:q,0,0) satellites is thus direct evidence

of the "triple-3" structurs. As the lattice distortion (u(g,))

couples to second order in the primary order parameter, its
temperature dependence in the critical region should be

|u('§k)| « ('r'-'r)”, in contrast to the primary order para-
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meter [#(3)| = (r,n".

. ¥e compared the mesasured temperature dependences of the
(1-q,0,0) and the (q,0,3) satellites (Fig. lA). The Wiel tem—
perature wvas estimated to be (19.9:0.1) K both from the peak
in the elastic scattering awvay from the (q,0,3) Bragg point
and from the divergence in the width of the satellites close
to 'r. (Fig. 1B). The critical scattering, which was subtracted
from the (q,0,3) intensity below T,, vas estimated from the
{9,0,3) intensity above ri using the scaling laws. After a few
iterations, 8 converged at § = (0.3620.02), in agreement with
the theoretical value of 8 ~ 0,38 calculated to second order
in ¢. The (1-q,0,0) intensity is consistent with 8° ~ 1:0.3 ~
28, thus confirmming that the peak arises from a sscond-order
coupling to the order paramster that only exists for the
*triple-g® structurs. The possibility of multiple scattering
effects involving two magnetic satellites was rules out by
experimental tests and calculatioa.

The four parameters giving the magnitude and the phase of
the spins in the different layers, and the four parameters
giving the corresponding lavtice distortions were determined
from the intensities at 10 X of ~ 40 independent satellites.
Por the common phase a = 0°, we found the maximum moments of
the "triple-q" structure to be Uy, ~ 2.36 g, i, ™ 0.4 Vg

~ 1,08 and @ ~ 180° Por a = 90°, we found Myg, v 254

"u’ U.'
bgr Mo ¥ 03 By, M ~ 0,72 uy, and @ ~ 180% The associated
lattice distortions are of the order of a few per cent. The
data suggest that the distortions are confined to ths basal

planes and restricted to distortions of either the hexagonal



or of the cubic sites.
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7ig. 1. A) Tempersture depondences of the neutrea intensi-
ties of the strectural and the sagaetic satellites. The solid

1ises are the reswlts of least sguares fits te power lawe.
The hatched ares cerrespends te a 2358 variation of §° descrid-
ing the tempuarature dupondence of (1-q,0,0). The epen circles
show the (g.0,3) istemsities bafore subtraction of the criti-
eal sesttering that persists wp to ~ 17 R in agreement with
Leakkers snd Pelier”. B) The full wideh ot half maximes of
the satellites. The iacreassd width of (g.9,)) above ~ 19.7 &
is caesed by critical scattaring. The iscressed width of

(1-4,0,0) is s resolstion effect.

gis. 3. The megnetic structure of neodynium for a » 907, The
bassl plane components of the spins in the D layers are cen~
tered at the stomic positions of the distorted lattice (thin
lines). Por illustrative purposes, the amplitwies of the
lattice distortion are 0.3 .



