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Abstract. The orthorhombic compound CeNi2Al5 is magnetically ordered below 2.6 K. Kondo-
type interactions together with strong crystal-electric-field (CEF) effects give rise to a complex
magnetic structure: (i) its propagation vector is three dimensional and incommensurate,k =
(0.500, 0.405, 0.083); (ii) the Fourier components of the moment associated with this vector are
tilted away from the easy-magnetization axisb. Furthermore, the magnetic structure is doublek, as
the propagation vectorsk = (kx, ky, kz) andk′ = (−kx, ky, kz) associated with different magnetic
domains are not independent.

New experiments have been undertaken to achieve a more precise determination of the
magnetic structure. Magnetic peak intensity measurements with higher resolution and polarization
analysis have both led to the conclusion that the Fourier component of the magnetic moment
deviates slightly from theb-direction. Considering the coupling of the two propagation vectors,
the resulting moment describes very flat ellipses with most of the moments very close tob. Neutron
diffraction experiments down to 0.4 K have also been performed to investigate the evolution of the
magnetic structure at low temperatures.

1. Introduction

CeNi2Al5 is a dense Kondo compound [1, 2] with a magnetic transition at 2.6 K. The temp-
erature dependence of its resistivity is typical for the presence of the Kondo effect: it exhibits
a minimum at around 30 K, followed by a−ln T behaviour as temperature decreases and a
maximum at around 4 K. The abrupt drop of the resistivity, the magnetic susceptibility and the
specific heat confirm the transition to an antiferromagnetic-type ordering belowTN = 2.6 K.
Due to the Kondo effect, the entropy atTN is reduced to 75% ofR ln 2 and reaches the full value
only at 8 K. The crystal structure of CeNi2Al5 (figure 1) is body-centred orthorhombic [3, 4]
(space group:Immm), with lattice parametersa = 7.045 Å,b = 9.637 Å,c = 4.015 Å [1].
The cerium atoms are all located at (0 0 0) and (1/2 1/2 1/2) positions, which correspond to one
unique crystallographic site in the primitive unit cell. The orthorhombic local symmetry leads
to strong crystal-electric-field (CEF) effects and a very large anisotropy has been observed.
In fact, magnetization curves, measured along the three principal symmetry directions [5],
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Figure 1. Crystal structure of CeNi2Al5.

0.0

0.5

1.0

1.5

2.0

0 5 1 0 1 5

M
ag

ne
tic

 m
om

en
t 

( µ
B
/C

e
)

CeNi2A l5

H (T)

T =1.4 K

b

c

a

Figure 2. Magnetization curves of CeNi2Al5 single crystal at 1.4 K up to 14 T.

show a very large anisotropy withb as the easy-magnetization axis (figure 2). In a magnetic
field of 14 T, the magnetization alongb reaches a maximum value of 1.7µB/formula unit
and those alongc anda are about 10 and 20 times smaller, respectively. Inelastic neutron
spectroscopy [6], together with the magnetization and susceptibility results, has allowed the
determination of the CEF parameters. These values were confirmed by the analysis of the
magnetic form factor [7].

The CeNi2Al5 magnetic structure at 1.5 K has been determined from neutron diffraction
experiments [5, 8]. Because of the Kondo interactions, this structure is rather complex: (i)
the propagation vector is three dimensional and incommensurate,k = (0.500, 0.405, 0.083),
(ii) the Fourier componentmk of the moment is not oriented along the easy-magnetization
directionb but is slightly tilted (8◦) towardsa in the (a, b) plane. This result is in contradiction
with the huge anisotropy found between these two axes in the magnetization measurements.
However, some low-temperature nuclear orientation experiments had already led to similar
conclusions [9]: at 10 mK, the moment had been deduced to be in the (a, b) plane, at 27◦ from
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theb-axis. Furthermore, from neutron diffraction under an applied magnetic field [6, 10], it
has been shown that the propagation vectorsk = (kx, ky, kz) andk′ = (−kx, ky, kz) assoc-
iated with different magnetic domains are not independent and that the magnetic structure is
doublek.

As it had been noticed that some of the magnetic reflections measured in the previous
magnetic structure determination [5,8] were overlapping each other, and to clarify the direction
of the Fourier componentmk, it was decided to perform new experiments on the same crystal as
had been previously studied. On the one hand, a new classical neutron diffraction experiment
was undertaken on a four-circle diffractometer, in order to measure more satellites in the two
magnetic domains. A large wavelength was used to obtain a better resolution. The evolution
of the magnetic structure as temperature decreased to very low values was also looked at,
especially searching for 3k-type satellites. On the other hand, the three-dimensional neutron
polarization technique was also used to check whethermk is aligned along theb-direction
or not.

2. Magnetic structure at 1.6 K

The classical neutron diffraction experiment was performed on the four-circle diffractometer
D10 at ILL (Grenoble) atT = 1.6 K. Because of the very large value of the lattice parameter
b, reflections belonging to different magnetic domains such as(h, k, l) + (kx, ky, kz) and
(h + 1, k + 1, l) + (−kx,−ky, kz) are very close to each other and can overlap. We therefore
used a large incident wavelength of 2.36 Å and it has been checked that the magnetic peaks
were well separated from each other.

If the structure were singlek, with a propagation vector of type(kx, ky, kz), four magnetic
domains would exist in the sample, corresponding to the four equivalent vectors obtained
by the orthorhombic symmetry operations of the crystal. As the structure is doublek, with
vectorsk = (0.500, 0.405, 0.083) andk′ = (−0.500, 0.405, 0.083) coupled together, there
are only two magnetic domains associated withk1, k′1 andk2, k′2. 184 magnetic reflections
corresponding to the two domains have been measured—that is, in each domain, 46 reflections
associated with the propagation vectork and 46 others associated with the propagation
vectork′.

2.1. Real Fourier components

As the magnetization is strongly anisotropic, the magnetic structure was first assumed to
be collinear—that is, the Fourier componentmk was assumed to be real. The values of
the refined [11] Fourier components associated with each propagation vector are gathered in
table 1. One can notice that for a givenk-vector, the signs of themk-components are well
defined. In particular, for the two associated vectorsk andk′, where thekx-components are
opposed, the correspondingmkx-components are also opposed. The tilt angle ofmk away
from the easy-magnetization axisb in the (a, b) plane isβ = arctan(mkx/m

k
y). The reliability

factors associated with the four propagation vectors are very close to each other. They are
around 7%, whereas they increase to about 12% when themkx-component is fixed to zero.
The two domains are found to be equivalent in size. The mean values corresponding to
k = (0.500, 0.405, 0.083), are the following:

mkx = −mk
′
x = −0.040(3) µB

mky = +mk
′
y = +0.591(3) µB

mkz = +mk
′
z = 0.
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Table 1. Fourier componentsmk and tilt angle β = arctan(mkx/m
k
y) refined for

each propagation vectork in each domain. The reliability factor is defined asR =√
[
∑
i pi (I

obs
i − I calci )2/

∑
i pi (I

obs
i )2] with pi = 1/σ 2

i .

Domain 1 2

Propagation vector k1 k′1 k2 k′2
kx 0.500 −0.500 0.500 −0.500

ky 0.405 0.405 −0.405 −0.405

kz 0.083 0.083 0.083 0.083

mkx (µB) −0.042(4) 0.038(4) 0.039(4)−0.040(4)

mky (µB) 0.598(3) 0.582(3) 0.591(3) 0.593(4)

mkz (µB) 0 0 0 0

β (deg) −4.0(0.4) +3.7(0.4) +3.8(0.4)−3.9(0.4)

R 6.4% 6.5% 7.1% 8.1%

They lead toβ = −3.9(0.3)◦.
The magnetic momentm(r) of the double-k structure is the sum of the Fourier components

m±k andm±k
′
. It reads

m(r) = 2|mk| cos(2πk · r)u + 2|mk′ | cos(2πk′ · r −1φ)u′ (1)

where1φ, the phase difference between the two Fourier componentsmk andmk′ , cannot
be determined experimentally.u andu′ are the unit vectors in the directions ofmk andmk′

respectively. Because of the relation betweenmk andmk′ , the moment components are

mx(r) = 2mkx [cos(2πk · r)− cos(2πk′ · r −1φ)] (2)

my(r) = 2mky [cos(2πk · r) + cos(2πk′ · r −1φ)]. (3)

Becausek − k′ = (1 0 0), they can also be written as

mx(r) = −4mkx sin(πrx +1φ/2) sin(2πk · r − (πrx +1φ/2)) (4)

my(r) = +4mky cos(πrx +1φ/2) cos(2πk · r − (πrx +1φ/2)). (5)

The magnetic moment will be alongb if mx(r) = 0, i.e. sin(πrx + 1φ/2) = 0, or
1φ = −2πrx(2π ). Because of the body-centred structure of CeNi2Al5, this condition cannot
be fulfilled simultaneously by atoms at the corners of the cells (integer values ofrx) and by
atoms at the centres of the cells (half-integer values ofrx). Thus no value of1φ can lead to
moments alongb on all the cerium atoms.

If we admit thatmx 6= 0, the expressions formx , equation (4), andmy , equation (5), show
that in the (a, b) plane of the body-centred structure of CeNi2Al5, the Ce moment describes
an ellipse, with axesx andy and with maximum amplitudes

mx0 = |4mkx sin(πrx +1φ/2)| my0 = |4mky cos(πrx +1φ/2)|.
This can be written as follows:

for corner atoms(rx = n):
mx0 = |4mkx sin(1φ/2)| my0 = |4mky cos(1φ/2)|

for centre atoms(rx = n + 1/2):

mx ′0 = |4mkx cos(1φ/2)| my ′0 = |4mky sin(1φ/2)|.
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If 1φ = 0 (orπ ), the two ellipses transform themselves into two sinusoids:

• for corner atoms: one sinusoid alongb (or a) with maximum amplitude|4mky | (or
|4mkx |) = 2.39µB (or 0.16µB);
• for centre atoms: one sinusoid alonga (or b) with maximum amplitude|4mkx | (or
|4mky |) = 0.16µB (or 2.39µB).

Such configurations are very unlikely, because 50% of the moments would be oriented
along thea-direction. However, the moment value along that direction would remain very
small, because of the strong anisotropy due to the CEF effects. Besides, the maximum moment
alongb (2.39µB) would be higher than that reached in the highest applied magnetic fields
(1.7µB) and even higher than the moment of the Ce3+ free ion (2.14µB). Furthermore, the
two Ce in the cell would not behave in the same way, although they belong to the same Bravais
lattice.

In contrast, if1φ = ±π/2, the moments of the two types of atom describe identical
ellipses, with axes

mx0 = mx ′0 = 2
√

2|mkx | = 0.11(1) µB

my0 = my ′0 = 2
√

2|mky | = 1.69(1) µB.

For1φ = +π/2, the moment components are

for corner atoms: mx(r) = +0.11 sint my(r) = +1.69 cost

for centre atoms: mx(r) = −0.11 cost my(r) = −1.69 sint

with

t = 2πk · r − π/4.
The maximum value of the moment is very close to that obtained from the magnetization

measurements (1.7µB). With this solution the moments are not along the easy-magnetization
directionb, but describe a very flat ellipse (x0/y0 = mkx/m

k
y ≈ 1/15). However, most of

the moments are very close tob. The percentage of moments within an angleα0 with theb-
direction is drawn versusα0 in figure 3. For instance, 77% of the moments lie withinα0 = 10◦.
Furthermore, as the moment deviates from theb-direction, its amplitude decreases rapidly as
shown by its variation (figure 4) versus its angleα with b. Its value is divided by a factor of
two for α = 6.5◦ only.
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Figure 3. The percentage of moments within an angleα0 with theb-direction, versusα0.
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Figure 4. The amplitudem of the moment as a function of its angleα with theb-direction.

The magnetic structure and the ellipsoidal variation of the moment in the (a, b) plane are
shown in figures 5(a) and 5(b), respectively. The compound is purely antiferromagnetic in the
a-direction (kx = 1/2). Figure 6 shows the propagation along thec-direction. The moment
describes elliptic helices with a periodicity of 12 cells (kz = 0.083= 1/12) and one can notice
that the overall structure is a non-chiral spiral, as the moments for corner and centre atoms
rotate in opposite senses.

a
b

c

0(5a)
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1

0
b54321

(5b)

Figure 5. The magnetic structure of CeNi2Al5. (a) The crystallographic unit cell. (b) Propagation
in the (a, b) plane.

2.2. Complex Fourier components

As the magnetic structure finally obtained is not collinear, one can imagine that the Fourier
componentmk that we have refined could be not real. In fact,mk being a complex vector
represents the most general solution. For the single-k case, it corresponds to a helical structure
based on ellipses instead of a collinear sine-wave-modulated structure. We tried refinements
in whichmkx = Mk

x (cosψx + i sinψx) andmky = Mk
y (cosψy + i sinψy) are complex. The
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Figure 6. Propagation along thec-direction. The moment describes ellipses which are located in
the (a, b) plane, perpendicular to the propagation directionc.

reliability factor of a first refinement withmkx purely real andmky purely imaginary (an ellipse
with axes alongx andy) is R = 11.7% for the propagation vectork1, which is less good
than the one found previously (6.4%; see table 1). However, a second refinement with both
components complex (Mk

x = −0.110(7), Mk
y = 0.588(3) andψy − ψx = 66(2)◦) gives a

better reliability factor,R = 4.5%. In the single-k-case, the moment is located on ellipses
with their larger axesy0 at−4.4◦ from b and with an axis ratiox0/y0 = 0.17. The coupling
of the two propagation vectorsk = (0.500, 0.405, 0.083) andk′ = (−0.500, 0.405, 0.083)
leads to a moment located on ellipses with their larger axesY0 at + or−9.8◦ from b for corner
and centre atoms, respectively. The axis ratio isX0/Y0 = 0.07, withY0 = 1.68(1) µB. In this
final structure, the moment describes the same ellipses as for the previous structure obtained
with mk real, the only difference being in the orientation of these ellipses. Formk real the
axis of the ellipses are alongx andy, whereas formk complex the ellipses are tilted +10◦

away fromb for one half of the atoms and tilted−10◦ for the second half. In this case, the
maximum moment along theb-direction would be 1.68 cos 10◦ = 1.66(1) µB.

The two solutions, the real one and the complex one, are very close, but the first
one corresponds to a macroscopic moment in slightly better agreement with the saturation
magnetization (1.7 µB). For the sake of simplicity, we shall choose in the following sections
the first solution, assuming thatmk is a real vector.
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3. Evolution of the magnetic structure at 0.4 K

For Kramers ions such as Ce(J = 5/2), modulated structures are not stable at very low
temperatures and are generally expected to evolve towards a constant-moment-type structure
[12]. One interesting point is then to look at the evolution of the magnetic structure of
CeNi2Al5 as temperature decreases—in particular to check whether the Fourier component
mk tends to align alongb (β −→ 0), and whether any satellites corresponding to higher-
order harmonics can be observed. In the simple case of a sine-wave-modulated function
which transforms itself into a square-type function, reflections corresponding to propagation
vectors 3k, 5k, . . . will appear with intensities 1/9, 1/25, . . . of those of the first-order magnetic
reflections, respectively.

A dilution cryostat [13] was mounted on D10. At the lowest temperature that could
be reached (0.4 K), the intensities of the first-order magnetic satellites were measured. The
refinement then leads to slightly increased values (≈15%) of the Fourier componentsmk and
especially to an unchanged value ofβ within the experimental accuracy (β = −3.9(0.5)◦).

We have also found third-order satellites and we have been able to measure 20 of them at
T = 0.4 K (see, for instance, reflection (1 0 1) − 3k in figure 7). Their intensities are very
small and the refinement of the corresponding Fourier componentsm3k is quite inaccurate.
In particular, the componentm3k

x is smaller than its error bar and one cannot tell whetherm3k

is parallel tomk or aligned alongb. In the case of our double-k structure, the combination
of higher-order terms in the Fourier development with appropriate phase differences can give
rise to a magnetic structure with most of the moments alongb, with their maximum value, and
fewer moments close toa. As above, these phase differences cannot be determined from the
experimental data.
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Figure 7. The intensity of the (1 0 1)− 3k reflection atT = 0.5 K.

Figure 8(a) represents the thermal variation of the intensities of the two reflections
(1 0 1)− k and (1 0 1) − 3k. They seem to appear a little belowTN = 2.6 K and increase
together as temperature is lowered. But the 3k-satellite is very small compared to thek-
satellite. The ratio of their intensities is shown in figure 8(b).I (3k)/I (k) is only 0.005 at
1.6 K and reaches 0.008 at 0.4 K, which is very far from the value of 1/9 (=0.111) expected
for square-type structures. Because of the very small intensity of the 3k-satellites, the actual
magnetic structure at 1.6 K is almost identical to that described above.
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Figure 8. (a) Thermal variation of the intensities of the (1 0 1) − k and (1 0 1) − 3k reflections.
Note the two different scales. (b) Thermal variation of the ratio of their intensitiesI (3k)/I (k).

4. Polarization analysis

In order to check the direction of the Fourier componentmk, polarization analysis exp-
eriments were performed at ILL using CRYOPAD [14] on IN20. The three components of the
polarization of the diffracted beamP ′ were measured for different orientations of the incoming
polarizationP . Three directions of the latter were explored: parallel to the scattering vector
q (Pfront), perpendicular toq in the scattering plane (P left) and orthogonal to the scattering
plane (i.e. vertical) (Pup). For the measurement, the crystal was oriented with its [1 06̄] axis
vertical and with the scattering vector of reflection (−0.5,−0.405,−0.083) (=(0 0 0)− k) in
the horizontal plane. The sample was cooled down to 1.3 K in a cryostat.

According to Blume’s formula [15], in a magnetic structure whereF ?
M is parallel toFM , the

polarization vectorP rotates by half a turn aroundFM⊥ (the component ofFM perpendicular
to the scattering vector) during the scattering process of a purely magnetic reflection. The
direction of the scattered polarizationP ′ depends then on the direction ofFM⊥, or mk

⊥
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here—that is on the angleβ of mk with the b-direction in the (a, b) plane. P ′ has been
calculated for this experimental arrangement and for the three different incident polarizations
described above. Its angleθ with the vertical axis is 90◦, independent ofβ for P front. For
P up andPleft, the calculatedθ -value is drawn as a function ofβ in figures 9(a) and 9(b),
respectively.
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Figure 9. Theθ -angle with the vertical axis [1 0̄6] of the polarization scattered on the reflection
(−0.5,−0.405,−0.083) for the following incident polarizations: (a)P up; (b)P left .

Measurements ofP ′ at various temperatures between 1.3 K and 2.3 K show no temperature
dependence. The experimental values found forθ are

θ(Pfront) = 90.6(2.0)◦ θ(Pup) = 179.3(2.0)◦ θ(Pleft) = 93.5(2.0)◦.

The error bars of 2◦ on θ are due to the uncertainty in determining the zeros. ThePfront-
value is in agreement with the calculation. The two others are reported on theβ-dependence
curves of figures 9(a) and 9(b). From thePleft-result, it can be deduced thatβ has a negative
value and, from the combination of the twoPup- andP left-results,β has been estimated to
be−3.4(2.4)◦.

5. Conclusions

These new measurements on CeNi2Al5 (classical diffraction with higher resolution, very-low-
temperature diffraction, polarization analysis) confirm the result previously found, that the
Fourier componentmk of the magnetic momentm is not oriented along the easy-magnetization
directionb but is tilted towardsa in the (a, b) plane. The tilt angle (≈4◦) is given by the
experiment on the four-circle diffractometer at a large wavelength. The value deduced from the
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three-dimensional polarization analysis supports the value obtained from classical diffraction.
This angle remains unchanged as the temperature is lowered down to 0.4 K.

The proposed double-k structure, with a phase difference ofπ/2 between the Fourier
componentsmk andmk′ , is a non-chiral spiral. The resulting moment describes very flat
ellipses in the (a, b) plane, with their large axis along theb-direction. The axis ratio is given
by the ratio

mkx/m
k
y = tan 4◦.

As already observed from the low-temperature nuclear orientation experiments [9], the moment
m is not alongb. It is in fact oriented in all of the directions of the (a, b) plane, but most
of the moments are very close tob and the moment amplitude decreases drastically as the
moment moves away fromb. Its maximum value is equal to that obtained by magnetization
measurements above 10 T. The two Ce atoms in the unit cell play the same role, which
is consistent with the absence of crystalline distortion. For the propagation alongc, their
moments rotate in opposite senses.

There is a strong parallel between the magnetic structure of CeNi2Al5 which has been
determined here and that of the compound CeAl2. In both structures one can identify two
equivalent positions for the Ce atoms. In CeAl2, they are the two positions of the diamond
structure ((0, 0, 0) and (1/4, 1/4, 1/4)). In CeNi2Al5, they are the origin and the centre of
the orthorhombic cell. In both cases an incommensurate propagation vector has been found
for the magnetic structure, (0.612, 0.388, 0.500) for CeAl2 [16] and (0.500, 0.405, 0.083) for
CeNi2Al5 [5]. In both cases, the investigation of the magnetic reflections with a magnetic field
applied to the sample has revealed that the magnetic structure is doublek, which means that
the Fourier componentsmk andmk′ , corresponding to two equivalent propagation vectorsk

andk′, couple together to generate the actual magnetic structure (see [17] for CeAl2 and [6]
for CeNi2Al5). As the phase difference betweenmk andmk′ is not given by the neutron
experiment, in both cases this phase difference has been guessed on physical grounds, relying
in particular on the fact that the two Ce positions must be equivalent in the magnetic structure.
Finally, in both cases, this magnetic structure corresponds to two magnetic helices, one helix
for each Ce position, rotating in opposite directions, in order to give a non-chiral magnetic
structure.

The differences which exist in the magnetic anisotropies of the two compounds induce
however differences in the magnetic helices. In CeAl2, the Ce3+ ions have a cubic symmetry
with weak magnetic anisotropy. It results in elliptic helices with a weak ellipticity. Just below
TN, the ratio between the two ellipse axes is equal to tan 35◦ which corresponds to a variation of
the moment amplitude of 30%. As temperature decreases, the helices become more and more
circular [18]. The resulting moment modulation has been extrapolated to 15% at 0 K and these
remaining variations have been attributed to the Kondo effect. In contrast, in CeNi2Al5 the
Ce3+ ions have an orthorhombic symmetry with a very high magnetic anisotropy. The resulting
helices are very flat, with a ratio of 15 between the largest and the smallest moments. These
variations are clearly due to the crystal electric field. As temperature goes down, third-order
satellites appear and increase, indicating a change in the shape of the helices with more larger
and fewer smaller moments. In both compounds, in spite of their differences, the moments
tend to reduce their variations at low temperature, but the Kondo effect is still present.
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