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Abstract. The magnetic structure of NdCu; has been investipated by means of neutron
diffraction as a function of temperature between 1.4 K and 8 K in zero extemal field. The
diffraction patterns were obtained on the multidetector DN5 at the SILOE reactor of CENG.
Twe magnetic phases were observed between 1.4 K and Ty = 6.5 K. In both phases the magnetic
structure can be described by an oscillating component of the Nd moments, which are oriented
along the b-direction. In the high-temperature phase between 5.2 K and Ty a sinusoidal
oscillating component with wavevector +* = (0.62, 0.042, () is obtained. Accordingly, the
magnetic structure is incommensuerate with the lattice. Below 4 K the structure becomes
comrensurate with the lattice and the wavevector is given by + = (0.6, 0, 0). This means
that in the low-temperature phase the structure is exactly a transversely oscillating component.
Additionally a progressive squaring up from the appearance of the third harmonic 37 in the
range from 4.0 K down to 1.4 K is observed. At 1.4 K the amplitudes of the fundamental
and the third harmonic oscillation are 2.32up and 0.9up, respectively. The ratio of these two
values agrees with that expected for complete squaring up. Around 4.4 X the spectra seem to
be determined by a superposition of the high- and low-temperature phases.

1. Inétroduction

Among the RM; compounds (R = rare earth, M = transition metal) the MgCu, type structure
(space group Fd3m) exists for all 3d metals from Mn to Ni. However, the 1:2 compounds
with Cu exhibit (with the exception of LaCuy} the orthorhombic CeCua type structure with
the space group fmma. LaCu, displays the hexagonal AlB, structure {1]. In this connection
it is of interest to note that the RNi; compounds show structural instabilities around 700-
900 K. This high-temperature phase can be considered as a predecessor of the orthorhombic
CeCu;y structure in the following RCuz series [2]. Our preliminary investigations of the
temperature variation of the lattice parameters by x-ray diffraction, which were performed
for nearly all of the RCu, compounds (except EuCus), revealed that the CeCu; type structure
exists for all compounds down to 4.2 K [2]. Initial magnetic investigations on RCup have
been performed by Sherwood et al for all lanthanides [3]. They observed metamagnetic
behaviour, from which they deduced that these compounds order antiferromagnetically (AF).
This was first confirmed by neutron diffraction measurements by Brun et af , who interpreted
their results in terms of collinear antiferromagnetism at 4.2 K with spins directed along
the a-direction [4]. After considering the stability conditions Brun ¢ @/ conclude on the
grounds of molecular field calculations that the deduced structure at 4.2 K in TbCu; is not
the most stable as far as exchange interactions are concerned. Other non-collinear or spiral
AF structures have lower energy. Thus the observed collinearity must result from strong
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anisotropy effects. At higher temperatures a change of the structure might be expected since
the anisotropy weakens with increasing temperatures. Thus the spin system loses its above
mentioned ability to constrict the spin structure into a collinear one. This was considered
as the reason for the change of the magnetic structure in TbCuy at T = 25 K (the Néel
temperature is Ty = 54 K). From specific heat and thermal expansion [5] and neutron
diffraction experiments [6] it has been found that in most of the RCu; intermetailics one
or more first- or second-order transitions exist below the corresponding Néel temperatures.
It is evident that in addition to the exchange interaction the crystal field is also important
for the question of which magnetic structure is stable at a given temperature. It seems
that in a first approximation the interplay between anisotropic exchange and crystal field
and their temperature dependence are responsible for whether there is a magnetic instability
observable in the ordered state or not. Note that there is no magnetic phase transition
observable in GdCus. This supports the assumption that the crystal field is essential for
the stability of the magnetic structure. In our recent investigation of NdCu; we proposed a
magnetic phase diagram based on magnetization and specific heat measurements in magnetic
fields and on magnetoresistance experiments [7]. In zero magnetic field the magnetic
ordering temperature is 7y = 6.5 K. In addition we inferred from our experiments a
change of the magnetic structure below 4.1 K. In contrast to our findings Svoboda er af
published a magnetic phase diagram of NdCu, showing three spin reorientations in the
ordered state at zero field [8]. The aim of the present investigation was to study whether
the two additional magnetic phase transitions at 3.2 K and 5.2 K found by these authors
could be confirmed by neutron diffraction and to determine the corresponding magnetic
structures. For this a powdered sample was used.

2. Experimental details

A polyerystalline sample of approximately 10 g was obtained by induction melting in a
protective Ar atmosphere. After annealing at 700 °C for one week the phase purity was
checked by x-ray diffraction and metallographic methods. Within the accuracy of these
methods no traces of foreign phases were found.

Powder neutron diffraction experiments were carried out at the multidetector at the
SILOE reactor of the Centre d’Btudes Nucléaires de Grenoble (CENG). A graphite
monochromator was used (A = 2.494 Ay and higher harmonics were removed by a graphite
filter.

3. Experimental results

3.1. Nuclear reflections

We first present the results for the chemical structure parameters as deduced from the nuclear
reflections. Figure 1 shows the sum of two neutron diffraction patterns of NdCuz in the
paramagnetic state measured at T = 6.9 X and 7.7 K. The full curve represents the fit
obtained from the Rietveld refinement using the CeCuy type structure with space group
Imma (DX, No 74 of the International Tables for Crystallography). The four Nd atoms
occupy the equivalent 4e positions (0, 0.23, z); the eight Cu atoms are at the 8h positions
(0, ¥, z) in the elementary cell. The observed and calculated intensities of the nuclear
reflections are summarized in table 1. The lattice parameters at 8 K are found to be

a = 0.4379(2) nm b = 0.6993(3) nm ¢ =0.7381(3) nm.
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For the atomic positional parameters we obtain
¥(Cu) = 0.0506(4) z(Cu) = 0.1670(9) z(Nd) = 0.5404(5).

These parameters are in good agreement with values obtained by x-ray diffraction on NdCu,
al =10K: :

a=0.4378 nm b =0.6997 nm ¢ = 0.7389

nmy(Cu) = 0.0506 .2(Cu) = 0.1659 z(Nd) = 0.5383.
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Figure 1. The neutron diffraction pattern of NdCuy in the paramagnetic state showing the
nuclear reflections. The data points are the sum of measurements taken at T = 6.9 K and 7.7 K.
The full curve represents the result of the Rietveld refinement of the data.

Table 1. The nuclear reflections of NdCu; in the paramagnetic phase.

{hk‘!) 20 feule Tops
011) 2844 1316 1844
(ton) 38.67 12 —_—
{002) 39.50 20 -
(020) 4179 1803 1565
(112) 56.92 [2183 ' 12154

(121) 5824 34894

(022) 5885 15502 } 50385 30603
©O13) 6500 2195 2251
©031) 6825 12299 .

(00) 6944 19347 | 2711 62677

(I03) T7LOS 31076
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Figure 2. The neutron diffraction pattern of NdCuy at T = 1.4 K in the commensurate, low-
temperature magnetic phase (upper curve) and at 5.2 K in the incommensurate, high-temperature
magnetic phase (lower curve). The intensity scale is expanded by a factor of three compared to
figure [. The full curves represent the pattern matching analysis. At 5.2 K the data are described
by the wavevector 7™ = (0.612, 0,042, 0), at 1.4 K by, + = (0.6, 0, 0} and the third harmonic
3r.

3.2, Magnetic reflections

Below Tn =6.5 K additional, magnetic reflections are observed, indicating that NdCuz
orders antiferromagnetically. In agreement with the phase diagram proposed by Gratz ez
al [7]. but in contrast to the phases proposed by Svoboda et al [8), we observe in the
temperature range from 1.4 K to 6.5 K only two different magnetic phases in zero external
field. The lower part of figure 2 shows the diffraction pattern of NdCu, at T = 5.2 K, which
is characteristic of the high-temperature magnetic phase from about 4.3 K up to the ordering
temperature of 6.5 K. Compared to figure 1 the intensity scale has been enlarged by a factor
of three to make the various magnetic reflections clearly visible. No significant change in the
peak positions and intensities of the nuclear reflections is observed for all patterns between
1.4 K and 7.7 K. The magnetic reflections in the high-temperature region can be indexed
using a single wavevector, 7%, indicating a sinuscidal modulation. The full curve shows the
pattern matching analysis using the wavevector ™ = (0.612, 0.042, 0). The determination
of this wavevector will be discussed in more detail later in this section. Accordingly, in
the high-temperature phase the magnetic structure is incommensurate with the lattice. The
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Figure 3. The temperature dependence of the reflections in the 28 range () from 18° to 25°
and (b) from 40° to 50°. The full curves represent the pattern matching analysis of the data: at
1.4 K and 4.0 K the wavevector + = (0.6, 0, 0} and the third harmoric 37 are used; the data at
5.2 K and 6.0 K are described by the wavevector 7* = (0.612, 0.042, (); the full curve for T =
4.4 K represents a superposition of the wavevectors in the Jow- and high-temperature phases.

peak positions of the magnetic reflections are summarized in table 2. The upper part of
figure 2 shows the diffraction pattern of NdCuy at T = 1.4 K, which is typical of the
low-temperature phase up to at least 4.0 K. Compared with the high-temperature phase, two
different features are evident. At first a clear shift in the positions of the original reflections
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is observed: e.g. the position of the (0 0 0)* varies from 20 = 20.09° in the high-temperature
phase to 20 = 19.68° in the low-temperature phase (see figure 3). From the pattern matching
analysis it follows that the wavevector, T, in the low-temperature phase is given by 7 =
(0.6, 0, 0), so the magnetic structure becomes commensurate with the lattice. Apart from
the reflections determined by the fundamental modulation, 7, additional reflections appear,
which can be described by the third harmonic, 37. Accordingly, in the commensurate
phase a progressive squaring up of the sinusoidal modulation is observed in the range from
4.0 K down to 1.4 K (see also figure 4). The strong peak at 260 = 6.5° represents the (2
0 0)*~. On the other hand, the (0 0 0)**, which appears at 26 = 61.68°, is nearly hidden
by various reflections of the fundamental modulation in this region. However, preliminary
single-crystal measurements show unambiguously that the (0 0 0Y** is also present in the
low-temperature phase, The peak positions of the various magnetic reflections in the low-
temperature phase are given in table 3.

Table 2. The magnetic and nuclear reflections of NdCu; in the high-temperature phase at T =

52K,
thiy 20 Laale fots
(000)t 2009 1790 £ 684
(01 2331 2506 2632
OIDN 2844 1816 1956
(0i)- 3454 50 137
oI 3580 45 92
(10NN 3867 12 6
(0OMN 3950 9 . 85
(020N 41.79 1803 1729
(002)-  44.7¢ 579 694
(020)~ 4595 71 157
(112~ 46.46 130
(200~ 46.58 348 } 418 666
(112~ 4730 122
(2l 4758 157 . 341 513
020  47.63 62
(121~ 4922 138 0
21 5511 27
@I~ 5585 26
(1IN 56.92 12183 12824
(12N 5824 348 33877
(loly~  58.58 428
(02N 5885 15502 } 15930 16343
(022 6216 171
(103~ 6251 217 699 901
(202)~  62.68 31
032 6354 158
@0~ 66 110 } w8 554
OI13)N 6500 2295

= 4
(220  65.03 13 ] 2398 2547
(3DN 6825 12299
@13~ 6847 (47 12446 13276
I3~  69.13 142
(00N 69.44  [9347 19489 17897

(103N 7109 31076 31681
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Figure 4. The temperature dependence of the amplitudes of the three oscillating components in
the two magnetic phases of NdCuz: O for + = (0.6, 0, 0) and A for 37 in the low-temperature
phase; @ for v = (0.612, 0.042, 0) in the high-temperature phase. The half open circle
represenis the mixed phase region at T = 4.4 K; note the presence of the third harmoric 37 at
this temperature.

The temperature dependence of two groups of magnetic reflections is shown in figure 3.
From the clearly visible shift of the (0 0 0)* and the (1 0 1)~ reflections from their 2¢ values
in the low-temperature phase, it follows that the wavevector in the high-temperature phase
must deviate from the commensurate value of + = (0.6, 0, 0}). However, by varying only
the a-component of the wavevector we were unable to obtain a correct description of the
group of reflections in the 26 range between 40° and 50°. With the wavevector 7* = (0.612,
0.042, 0), a rather satisfactory fit of the high-temperature diffraction pattern is obtained, as
is seen in figure 3(b). The presence of a small b-component in the high-temperature phase is
confirmed by single-crystal data. On the other hand, neither in the low-temperature phase,
presented by the data at T = 14 K and T =.4.0 K; nor in the high-temperature phase,
as is seen for T = 5.2 K and T = 6.0 K, is any shift of the magnetic satellites observed.
Therefore, we believe that only two magnetic structures of NdCu; exist in zero external
field with temperature independent wavevectors, 7 and 7%, in the low- and high-temperature
phases,. respectively. The diffraction pattern at T = 4.4 K seems to show an intermediate
phase. However, the data can also be fitted assuming a mixture of the two phases. This
is demonstrated by the curves drawn for 4.4 K in figure 3, which represent a superposition
of the two wavevectors of the low- and high-temperature phases. The fact that the third
harmonic is retained up to 4.4 K also seems to support this idea (see figure 4).

3.3. Magnetic structure

In order to determine the magnetic structure in the two magnetic phases, we need to include
the observed intensities of the various reflections. The data at 5.2 K in the high-temperature
phase are summarized in table 2, those at 1.4 K in the low-temperature phase in table 3. In
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Table 3. The magnetic and nuclear reflections of NdCuz in the low-temperature phase at

T =14 K.

(hk[) 20 feale [nbs
2000- 653 4510 4065
@00+  19.68 3324 3286
(ol 2351 4384 4520
©IDN 2844 1816 1878
@l 2022 28 168
(101¥~ 3295 340 425
O 34.83 170 166
(10N 38.67 12 17
O2N  39.50 90 19
023 40.08 191 212
©20N 4179 1803 1591
(20 4235 5 142
02~ 4450 1038 1058
(30IP- 4482 183 333
©20)-  46.60 231 4
200 46.99 608,

Q12 4700 447 } 1056 1090
(20~ 4851 529 782
(12 5283 57 0
(21 5422 102 17
@I~ 55.85 92 —
Q1IN 5692 12183 11620
aoh- 5815 771

(12N 5824 34894

O2ON 5885 15502 l 51255 50997
(22~ 59.29 88

000+ 61.68 56

5312)3- 61.68 45 } 101 0
(103 6260 384

022~ 6269 586

G217 62.95 108 ] 1628 1504
202~ 63.02 543

(220 64.68 373

OIHN 6500 2295 2756 2267
(2139~ 6541 33 }

(10393~ 67.52 s1 0
(031N 68.25 12299

©O13)-  68.65 315 32161 30514
(00N 69.44 19347 ]

(103)N 7i.00 21076 30828

both phases the {2k 0 0)=- reflections are present; this implies that the Nd moments within
each b—c plane must be aligned ferromagnetically. In both phases the intensities can be
reproduced by assuming a sinusoidal oscillation of the Nd moments, which are oriented
along the &-direction. This is the direction favoured by the crystal field anisotropy at low
temperatures [7]. Accordingly, the structure factor is given by

|&u]* = G)(e?y /2mc?)*p? sin® . (1

Here the constant (2y /2mc?) = 0.2695 x 10712 ¢m, « is the angle between the scattering
vector (hkI)* and the direction of the magnetic moment and w is the amplitude of the
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oscillation in up. In the high-temperature phase the wavevector is nearly along the a-
direction; accordingly, we obtain a nearly transversely oscillating component. Table 2
contains the observed and calculated intensities at 5.2 K in the high-temperature phase. The
calculated intensities correspond to a sinusoidal oscillation of amplitude 1.74 (10)ug for the
Nd moments along the b-direction. The magnetic form factor, f, is taken as isotropic and
is approximated by f2 = exp[—(Q(A™')/6.6)*1.

In the low-temperature phase the wavevector is exactly along the e-direction, so a
completely transversely oscillating component is obtained. The observed and calculated
intensities of the various magnetic reflections at 1.4 K are given in table 3. The calculated
intensities correspond to a modulation amplitude of 232 (10)up for the fundamental
oscillation 7 and 0.90 (10)up for the third harmonic 3t at 1.4 K. In figure 4 we have
plotted these two amplitudes as a function of temperature, together with the amplitude
of the sinusoidal oscillation in the high-temperature phase. Within the accuracy of the
measurements no clear discontinuity in the amplitudes of the fundamental oscillations seems
to occur at the phase transition around 4.4 K. The contribution of the higher harmonic has
not yet completely disappeared at 4.4 K, which supports our proposal about the coexistence
of the two phases at this temperature.

Now we want to conclude our discussion on the magnetic structure at the lowest
temperature of 1.4 K. The Nd moments are arranged in ferromagnetic »-¢ sheets and the
distance between the adjacent sheets is a/2, so the magnitude of the moment in each sheet is
given by p = p. sin(2r T R; fa+ i)+, sin{6ut Ry fa+-¢3), where R; =0, a/2, a, .. ., 3a.
Accordingly, the modulation is repeated after 10 sheets. From the diffraction data at 1.4 K
the amplitudes are found to be p; = 23ug and u3, = 09up. However, no information
about the phase angles ¢b; and ¢; can be obtained from a neutron diffraction experiment.
Accordingly, the magnetic structure determined by these two phases cannot be deduced
unambiguously from a neutron diffraction experiment alone. Without any information from
other experiments, the assignment of the phases can only be based on arguments as to which
model is most reasonable. This problem has been extensively discussed in the past and an
instructive example in order to solve the commensurate magnetic structure of NpP can be
found in {91. In our case of NdCu; no conditions imposed from other experiments have to be
considered. For an arbitrary choice of ¢, and @3 the values in five successive planes would
be all different. On the other hand it is expected that the appearance of the third harmonic
arises from the squaring up of the magnetic structure. Some squaring up can be obtained
already by considering these two modulations only. For this they should be as out of phase
as possible. A rather symmetric moment configuration along the a-direction is obtained for
¢ =037 and @3 = 0.97. It is readily calculated that in this case only two values of the
magnetic moment, i.e. 1.4ug and 2.15xp are obtained and that the average moment in the
fivefold-enlarged cell is about 1.72u5. On the other hand, the easiest way of arguing is the
following. In the case of complete squaring up all higher harmonics shouid be present with
amplitudes p3. /@, = % Msc /e = %, Wre [ty = %, - - -, while their phaseg’ would be given
by ¢ = m/2, ¢3 = —/2, $5 = ¢/2, ¢ = —w/2 and so forth. Accordingly, the ratio of
the experimental values g, = 2.34tp and p3. = 0.9up at 1.4 K agrees with that expected
for complete squaring up. This means that reflections arising from the fifth harmonic should
also appear and we will now discuss whether these reflections might be seen. The (30 1)>~
would appear at 28 = 19.45°; from the theoretical value of s /p; = % its intensity is
expected to be 255. Its presence would be completely hidden by the strong (0 0 0)* peak
at 26 = 19.68°. Apart from this reflection, only the intensity of the combined (2 0 0)°~ and
(4 0 0y ~.reflection would be sufficiently strong (nearly 100) to be visible. However, due_
to its location at 26 == 33.09°, it coincides with the (1 0 1)3‘, which prevents a separation
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of the two contributions. Thus from our powder work it cannot be concluded whether the
fifth harmonic is present or not. On the other hand, its presence is confirmed from ocur
single-crystal work. Therefore we believe that the assumption of complete squaring up
is justified. In figure 5(a) we have drawn schematically the arrangement of the magnetic
moments for the squared up structure at 1.4 K. Each arrow represents a ferromagnetic b—c
plane and the distance between adjacent planes is a/2. The squared up structure represents
the superposition of the fundamental oscillation with wavevector 7 = (0.6, 0 0) and the
higher harmonics, as described before. For comparison we have drawn in figure 5(b) the
magnitudes of the magnetic moments in the case where only the fundamental is present.
The dashed lines indicate zero values of the sinusoidal modulation. Using the Fourier series
described above, the amplitude of the square wave is calculated to be (7r/4)2.31p > 1.8up.

{a)

P e = -
B —— e
o e o e e et e t
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B s e et -
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- 5a -
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Y

Figure 5. (a) A schematic diagram drawing of the squared up magnetic structure of NdCu; at
1.4 K, due to the additional appearance of the higher harmonics of the wavevector T = (0.6,
0, 0). For comparison the structure arising from the fundamental modulation alone has also
been drawn in (b); the dashed lines represent the zero values of this sinusoidal modulation.
Each arrow represents the magnitude of the moment in a ferromagnetic b plane, the distance
between adjacent planes is a/2, and the modulation is repeated after 10 planes. For the squared
up structure the value of each moment is about 1.8.¢5, while for the sinuscidal modulation the
maximum value of 2,35 is obtained.

As is seen in table 3, of the three refiections (2 0 0)~, (0 2 0)~, and (0 0 2)~, the
first is the strongest, while the (0 2 0)~ is the weakest reflection in agreement with 7 || a
and u || b (see (1)). From this it is clear that the unambiguous determination of the
transversely oscillating component is related to the low crystatiographic symmetry with
a # b # ¢ in NdCu;, which leads to different d-spacings for the three magnetic reflections
involved. On the other hand, if the system were cubic the () 2 0)~ and (0 0 2)~ reflections
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would coincide for T || @ in a powder diffraction experiment and we would not be able to
distinguish between a transversely oscillating component and a helical structure.

Finally we would like to emphasize that at first glance the strong reficction at 28 ~ 6.5°
in the low-temperature phase might be also ascribed to the (0 0 0)* of the wavevector (0.2,
0, 0). Accordingly, the wavevector (0.6, 0, 0) would then be the third harmonic. In that
case the amplitude of the fundamental oscillation would be weaker than that of the third
harmonic, which seems to be physically unrealistic. Such a behaviour was recently reported
for the low-temperature phase of TmCuy [101, though the structure seems to be similar to
that of NdCu;. By choosing the wavevector (0.6, 0, 0) as the fondamental oscillation,
as done in our present work, the correct description for the two amplitudes is obtained;
additionally, the fundamental wavevector changes only slightly from incomrnensurate into
commensurate at the second phase trangition.
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