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Abstract. ErCls crystallizes in the AlCls-type layer structure. The crystal structure was refined in the
paramagnetic state by powder neutron diffraction. The monoclinic lattice parameters at 1.5 K are a =
6.8040(3) A, b = 11.7456(5) A, ¢ = 6.3187(3) A and B = 110.851(3)°. The space group is C2/m. Short-
range, predominantly in-plane, magnetic ordering occurs above 350 mK up to several Kelvin. Below Tn =
350(5) mK a three-dimensional antiferromagnetic order with a propagation vector of k = (2/3,0,—1/12)
sets in. The magnetic structure of ErCls was determined by powder and single-crystal neutron diffraction
at temperatures down to 45 mK. The Er®" ions are located on two-dimensional honeycomb layers in the
a-b plane. There are two antiferromagnetically coupled 120° triangular sublattices which form right- and
left-handed helices along the c-axis. The magnetic moments are oriented in the a-b plane and amount to
3.3(1) us/Er®t at saturation. From the temperature dependence of the integrated neutron magnetic peak
intensity a critical exponent 8 = 0.23(2) was derived for the magnetic phase transition.

PACS. 75.25.4z Spin arrangements in magnetically ordered materials (including neutron and spin-
polarized electron studies, synchrotron-source x-ray scattering, etc.) — 75.40.-s Critical-point effects, specific

heats, short-range order — 61.12.L.d Single-crystal and powder diffraction

1 Introduction

The rare-earth trihalides MX3 are an interesting family of
compounds to study the magnetic interactions of the rare-
earth ions in an insulating lattice. They offer the possibil-
ity to exchange the magnetic cations M3+ (Ce — Yb) as
well as the anions X~ (F — I) in systematic ways in order
to investigate correlations between chemical composition,
structure and magnetic behavior. Due to the shielding of
the 4f electrons the exchange interactions are weak and
comparable in magnitude to the magnetic dipole interac-
tions. The trihalides of the heavier lanthanides crystallize
in layer-type structures which are isostructural to AICl3
for MCl3 with M = Dy — Lu and to Bils for MBr3 with
M = Gd - Lu and also MI3 with M = Sm — Lu. The
materials are very hygroscopic, which complicates their
preparation and handling. In addition, the low magnetic
ordering temperatures, usually below 1 K, are only ac-
cessible in dilution cryostats. Magnetic susceptibility data
down to the ordering temperatures have been published
for ErCls [1], HoCls [2] and GdBrs [3]. From these data
a ferromagnetic or canted-antiferromagnetic order with a
net moment and T, = 307 mK was deduced for ErCls [1].
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In contrast to this we determined a purely antiferromag-
netic order. Clearly, neutron diffraction is the method of
choice for a reliable magnetic structure determination.
This work is part of a systematic study of the mag-
netic ordering phenomena within the series ErXs (X = F,
Cl, Br, I) by magnetic neutron diffraction. In this series
the heavier halides from X = Cl to I have closely related
layer structures, and they have common features in their
magnetic ordering. A comparison of their properties has
very recently been reported in a short communication [4].
Here we provide a detailed account of the magnetic order
in ErCls. The properties of ErFs were reported earlier [5].

2 Experiment

ErCl; was prepared from EryO3z (Alfa, 99.9%), NH,Cl
(Merck, 99.8%) and HCl (Merck, p.a.) according to the
NH,4Cl-route [6] and sublimed in a silica apparatus under
vacuum for purification. The insulating, ionic compound
forms transparent, pink, plate-like crystals. Single crystals
were grown in silica ampoules by the vertical Bridgman
technique with a moving furnace. Due to the hygroscopic-
ity of ErCls all handling was done in nitrogen-filled glove
boxes (H20 < 0.1 ppm).
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Table 1. Crystallographic data of ErCls at 1.5 K in the
paramagnetic state determined by powder neutron diffrac-
tion. Space group: C2/m (No. 12). Lattice parameters: a =
6.8040(3) A, b = 11.7456(5) A, ¢ = 6.3187(3) A, 3 =
110.851(3)°. Number of fitted parameters: 21. Number of re-
flections: 289 for A = 1.9079 A and 26 = 10°—159°. Ry, : 4.5%,
Rexp : 3.2%, x* = 2.0, Rinue = 4.6%.

atom  site z/a y/b z/c B/ A?
Er 49 0 0.1662(3) 0 0.12(4)
Cl1 4i  0.2199(5) 0 0.2475(6) 0.60(2)
Cl2 8 02411(4) 0.1776(1) 0.7537(4)

The crystal structure of ErCls was refined from a
powder neutron-diffraction measurement at 1.5 K in the
paramagnetic state. The measurement was done at the
D1A diffractometer of the Institute Laue-Langevin (ILL),
Grenoble, France. The sample was sealed in a vanadium
container (¢ 8 x 50 mm?) under helium atmosphere and
cooled in a helium cryostat. The neutron wavelength was
A =1.9079 A.

The magnetic structure of ErCls was determined from
a powder neutron measurement at the D1B diffractome-
ter of the ILL at a wavelength of A = 2.5169 A. The
sample was filled in a copper container and cooled by a
bottom-loading ILL dilution cryostat down to 60 mK. To
ensure a good thermalization of the sample, the powder
was mechanically compressed and *He gas condensed into
the sample container via a capillary.

The k-vector and the temperature dependence of the
ordered magnetic moment per Er®t were determined from
a single-crystal neutron experiment at the V1 diffrac-
tometer of the Hahn-Meitner Institute (HMI), Berlin,
Germany, at a neutron wavelength of A = 4.623 A us-
ing a 20 x 20 cm? area detector. A single crystal of
15 x 13 x 3 mm?® size was selected under an optical mi-
croscope in a dry box and its orientation determined be-
tween crossed polarizers. The crystal was glued onto a
copper block and sealed under helium atmosphere into a
copper container filled with copper powder. The crystal
was cooled down to 45 mK with a dilution stick inserted
in an ILL-type helium cryostat.

3 Results
3.1 Crystal structure

ErCls crystallizes in the AlCls-type structure with the
monoclinic space group C2/m and 4 formulas per unit
cell [7]. The crystallographic data were refined from a pow-
der neutron-diffraction measurement at 1.5 K in the para-
magnetic state by the Rietveld method using the program
FULLPROF [8]. The relevant model parameters obtained
from the best fit to the data between 20 = 10° — 159° for
A =1.9079 A are summarized in Table 1. For space group
C2/m 289 possible reflections fall into this 26 range. Re-
fining a total of 21 parameters, the fit yields agreement
factors of Ryp = 4.5%, Rexp = 3.2%, and x? = 2.0 for

Fig. 1. Perspective view of the ErCls structure along the
b-axis. Black spheres denote Er®* ions, gray spheres Cl~ ions,
and empty spheres octahedral voids in the Er layer. The layer
stacking sequence is indicated at the right hand side according
to a cubic closest packing of Cl~ ions with Er®* ions occu-
pying 2/3 of the octahedral voids of every other layer in an
ordered way.

the profile and Rjn,. = 4.6% for the integrated intensities.
The definitions of the statistical parameters are given in
the equations (1-4). A Thompson-Cox-Hastings pseudo-
Voigt peak shape was used and data were corrected for
absorption based on a measured value of yu xr = 0.4215 at
A = 1.9079 A. The powder showed a preferred orientation
along [001]. A perspective view of the crystal structure
along the b-axis and a projection onto the a-b plane are
shown in Figures 1 and 2, respectively. Important inter-
atomic distances and angles are given in Table 2.

1/2
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3.2 Magpnetic structure

The magnetic structure of ErCls was determined by neu-
tron diffraction. A powder sample was measured on the
D1B diffractometer at the ILL and a single crystal on
the V1 diffractometer at the HMI. Upon cooling addi-
tional magnetic Bragg peaks were observed which could
not be indexed in terms of the crystallographic cell. In or-
der to extract the magnetic contributions from the mea-
sured neutron-diffraction patterns a difference diagram for
60-485 mK was calculated, see Figure 3. In the single-
crystal measurement significant intensity variations were
observed for equivalent magnetic Bragg peaks, because
of the strong absorption at A = 4.6 A and effects due
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Fig. 2. View onto an ErCls honeycomb layer. Black spheres
denote Er®" ions and gray spheres Cl~ ions. The numbering
of the Cl™ ions refers to Table 2.

Table 2. Interatomic distances and angles in ErCls at 1.5 K.
Coordination numbers: Er = 6 (Cl), Cl = 2 (Er) + 12 (Cl).

atoms distances / A atoms distances / A
Er-Er 3.904 (intralayer) Er-Cl1 2 x2.613
2 x 3.931 (intralayer) Er-Cl2 2 x 2.634
2 x 2.636
2 x 6.319 (interlayer)
2 X 6.330 (interlayer)  CI-Cl 3.475-4.221

Cl-Er-Cl angles of the ErClg octahedra. The numbers of the
chlorine atoms refer to Figure 2: 1-2 = Cl1, 3-6 = CI2. In-
tralayer Er-Er-Er angles: 119.89°, 2 x 120.06°.

atoms angle / °
1-Er-2 83.34
1-Er-3  2-Er-4 92.68
1-Er-4 2-Er-3 173.62
1-Er-5 2-Er-6 92.71
1-Er-6  2-Er-5 91.64
3-Er-4 91.71
3-Er-5 4-Er-6 83.55
3-Er-6  4-Er-5 92.39
5-Er-6 174.18

to the crystal shape. It was impossible to correct the in-
tensity data for these effects to a sufficient accuracy. Thus
the powder data were used for the determination of the
magnetic structure and the magnitude of the ordered mag-
netic moment per Er3t.

From a pattern matching of the powder data and es-
pecially from the single crystal measurement the propaga-
tion vector of k = (2/3, 0, —1/12) was determined. The
propagation vector is given with respect to the C-centered
crystallographic unit cell to avoid the transformation to a
primitive, triclinic cell. The small component of the k-
vector along the c-axis is evident from the positions of
the single crystal reflections, see Figure 4. The positions
of the magnetic reflections do not shift with temperature,
and we thus have no evidence that the magnetic structure
is not commensurate.

observed
—— calculated

I magn. Bragg positions

—— difference

neutron counts

<

10 30 50 70 26 (deg)

Fig. 3. Powder neutron diffraction difference diagram of ErCls
for 60-485 mK and A\ = 2.5 A. The pattern shows the contri-
butions due to magnetic diffraction. The full lines correspond
to the best Rietveld fit.

T T \ T T
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Fig. 4. Bragg peak positions in the hOl plane detected by
neutron diffraction from a single crystal of ErCls at 45 mK.
The positions of the magnetic peaks (full circles) are defined by
the k-vector (2/3,0,-1/12). Some nuclear peaks (open circles)
are shown for reference. The position error is smaller than the
size of the symbols.

The temperature dependence of the ordered mag-
netic moment per Er3T is shown in Figure 5. It cor-
responds to the square root of the normalized mag-
netic peak intensity, which was determined from the two
strongest magnetic Bragg peaks of the powder pattern,
i.e. (2/3,0,-1/12) and (1/3,1,1/12) near 260 = 15°, see
Figure 3, as well as the (-2/3,0,1/12) reflection in the
single crystal measurement, see Figure 6. The Néel tem-
perature is Ty = 350(5) mK and saturation of the mag-
netic moment is achieved below 200 mK. The best fit of
equation (5) to the single crystal data is shown as a line
in Figure 5 and yields a critical exponent of 8 = 0.23(2).

M/My = (1—-T/Tn)". (5)
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Fig. 5. Temperature dependence of the ordered magnetic mo-
ment of ErCls determined from integrated magnetic peak in-
tensities by neutron diffraction. Open symbols were determined
from the intensity of the strongest powder peak at 20 = 15°
and full symbols from the (—2/3,0,1/12) single crystal reflec-
tion. The line shows the best fit of equation (5) to the single
crystal data which yields the critical exponent 3 = 0.23(2).

The crystallographic unit cell contains 4 Er3* ions on
the site (4g) of space group C2/m. Their coordinates
are 0,,0,0,—y,0, 1/2,1/24+y,0 and 1/2,1/2—y,0. From
0,y,0 the second position 0, —y, 0 is generated by a mir-
ror plane perpendicular to the b-axis as well as by a cen-
ter of inversion at the origin. The remaining 2 positions
are generated by the translation (1/2,1/2,0)+, i.e. the C-
centering. The magnetic Bragg peaks are satellites of the
nuclear ones and can be indexed as hkl + / — k. The posi-
tions of the magnetic peaks are marked in Figure 3. They
obey the C-centering extinction rule: hkl with h+ k = 2n
only, with n being an integer number. No further peaks
occur. Thus the C-centering of the nuclear lattice per-
sists in the magnetically ordered state, and only two mag-
netic sublattices, related to 0,y,0 and 0, —y,0, have to
be considered for the description of the magnetic struc-
ture. The orientations of the magnetic moments at the
1/2,1/24y,0 and 1/2,1/2—y,0 positions are correlated
to those at 0,y,0 and 0,—y,0, respectively, by the k-
vector [9]. The (4¢) site symmetry is .2., i.e. the atoms are
situated on 2-fold axes parallel to the b-axis. This restricts
the orientation of the magnetic moments to be parallel
or perpendicular to the b-axis. Magnetic moments trans-
form as axial vectors [10]. According to group theory, four
possible configurations result [11] which are summarized
in Table 3. Calculations for all four configurations were
performed with the program FULLPROF, and the best
results were obtained for A, and B,. However, no single
mode model could reproduce the observed pattern satis-
fyingly, because they yield intensity for only one of the
strong, close-lying (2/3,0,-1/12) and (1/3,1,1/12) mag-
netic peaks near 20 = 15°. Accordingly, dual mode models
were tested and the A, 4+ B, one was found to reproduce
the observed intensities. Its coupling scheme is (g, fby, f12)
for the position 0,y,0 and (—p, fy, —p-) for the position
Oafya 0.

In Figure 3 the result of the best fit of 5 parameters,
i.e. magnetic moment, zero-point, half-width, asymmetry,

Table 3. Possible coupling schemes of the magnetic moments
for site (4g) in space group C2/m, point symmetry Cs.

position Ag By A, B
07y70 (07 /"”!/70) (/"’17 07 /‘LZ) (07/"”!/70) (/"’17 07 /"’Z)
07 -v, 0 (07 Moy 0) (ny 07 /'LZ) (07 —HMy, 0) (_Mﬂh 07 _Nz)

Table 4. Magnetic structure of ErCls. po = 3.3(1)us per

Er®t at saturation; k = (2/3,0,-1/12); ¢ = (2/3 X tz —
1/12 x t,)360°.
magnetic  coupling magnetic
sublattice scheme moment
Lo cos
0,y,0 thy W/ po = | sing
M 0
— cos(180° — ¢)
0,-y,0 Iy w/po = | sin(180° — ¢)
—He 0

and preferred orientation along [001], is shown. It yields
a magnetic moment for Er3* of yg = 3.3(1)up at satura-
tion and agreement factors of Ryp = 11.5%, Rexp = 4.3%,
x? =7.3 and Rimag = 9.9%. Rimag is defined analogous to
Rinue in equation (4). The structural parameters for this
fit were taken from the refinement at 1.5 K and kept fixed
in order to reduce the number of variables. The rather gen-
eral k-vector (2/3,0,-1/12) suggests a sine modulated or
a helical magnetic structure [12]. For ErCls the best agree-
ment between observed and calculated magnetic neutron
intensities was obtained for a helical configuration with
magnetic moments in the a-b plane and an equal ampli-
tude po for p, and py, i.€. fty = poCOS, [ty = posingp,
and pu, = 0, see Table 4. ¢ is the phase factor, which is
defined as the scalar product of the k-vector and the po-
sition vector of the respective Er®*t ion. The position vec-
tor (tz, ty, t.) is the sum of the position vector (z, y, 2)
within the unit cell and the translation vector 7. Accord-
ing to the A, + B, coupling scheme given above, the ori-
entation for those Er®* ions which belong to the 0, y, 0
magnetic sublattice is correlated to ¢, whereas the orien-
tation for the 0, —y, 0 sublattice corresponds to (180° — ),
see Table 4. It was found that the absolute value of the
phase factor ¢ cannot be determined. Because the two
sublattices behave as interlocked right- and left-handed
helices, their magnetic diffraction contributions cancel for
1tz and add up for . For any angle the same powder and
single crystal diffraction pattern is obtained.

4 Discussion
4.1 Crystal structure

The most characteristic structural feature of ErCls is its
layer structure. According to the Niggli formula ErClg,,
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Fig. 6. Rocking curves (w-26 plots) of the (-2/3, 0, 1/12) single-crystal magnetic reflection for A = 4.6 A measured by neutron
diffraction at 45 mK and close to the 3D magnetic ordering temperature T = 350(5) mK.

each Er3T ion is surrounded by 6 C1~ ions in the geometry
of a distorted octahedron. Each octahedron is linked wvia
three common edges to neighboring ones, leading to layers
parallel to the a-b plane as shown in Figure 2. The layers
are stacked along the c-axis, as shown in Figure 1, and
hold together by van-der-Waals forces. This pronounced
anisotropy governs the physical properties of ErCls. The
crystals cleave easily parallel to the a-b plane and are
rather soft. On bending they do not break and behave like
a stack of paper in which the single sheets can move rela-
tive to each other. The layer structure also determines the
magnetic properties, as will be discussed below. For the
understanding of the properties of ErCls as well as a com-
parison with the heavier erbium halides, ErBrz and Erlg,
a description of the structure in terms of a closest packing
of spheres is useful. The ErCls structure can be derived
from a cubic closest packing of C1~ ions. The Er3™ ions oc-
cupy 2/3 of the octahedral voids of every other layer in an
ordered way. This results in the motif ...A,2/3 ¢, B, C,2/3
b, A, B,2/3 a, C... for the layer stacking along the c-axis,
where the capital letters A, B, C' denote the Cl~ layers
and a, b, c the Er37 layers. For clarity, the unoccupied po-
sitions in the Er layers are marked by open spheres in
Figure 1. Due to these unoccupied positions located at
1/2,0,0 and 0,1/2,0, see Figure 2, the Er3T ions form two-
dimensional (2D) honeycomb layers in which each erbium
has three neighbors at distances of 3.904 A and 2x3.931 A,

see Table 2. The in-plane angles between the Er®t ions are
119.89° and 2 x 120.06°. Thus the Er®* ions exhibit an
almost undistorted honeycomb net with respect to their
distances and especially to their angles. For the chloride
ions on the other hand, there are obvious deviations from
an undistorted packing of spheres for which their positions
would be 0.2452,0,0.25 for CI1 and 0.2548,0.1667,0.75 for
Cl12, cf. Table 1. Each C1~ ion coordinates two Er3* ions
and one octahedral void, see Figure 2. As the result the
Coulomb attraction shifts them towards the Er®* ions,
which in turn elongates the Er-Er distances and leads to
a widening of the structure in the a-b plane. This effect is
also visible in the Cl-Er-Cl angles of the ErClg octahedra
which are close to 83.5° and 92° for the bridging and non-
bridging edges, respectively, see Table 2. Along the c-axis
the deviations from an undistorted packing are small. The
Cl1-Cl interlayer distances perpendicular to the a-b plane
are 2.913 A and 2.991 A for layer pairs with and without
Er®t ions in between, respectively. The lattice parame-
ters at 1.5 K (Tab. 1) are in good agreement with those
determined by X-ray diffraction at room temperature in
reference [7] and in the more recent reference [13]. The
thermal contraction between 295 K and 1.5 K amounts to
0.1%, 0.4% and 1.1% for the a-, b- and c-axis, respectively,
and reflects the anisotropy of the lattice. The weak van-
der-Waals bonds between the layers show the strongest
compression upon cooling.
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4.2 Magpnetic structure

The magnetic properties of ErCls are governed by the hon-
eycomb layer structure of the Er3t ions and their single-
ion anisotropy which is determined by the crystal field. A
honeycomb layer can be derived from a triangular layer,
i.e. a two-dimensional closest packing, by splitting it up
into three triangular sublattices and leaving one sublat-
tice unoccupied. The lattice constants of these sublattices
are elongated by /3 and their axes rotated by 30° with
respect to the original lattice. ErCls shows a novel type of
magnetic structure for a honeycomb lattice. The magnetic
moments are oriented within the a-b plane and form two
sublattices which both are 120° antiferromagnetic trian-
gular nets. The orientation of the magnetic moments de-
pends on the angles ¢ and (180° — ¢) for the two sublat-
tices, respectively, where ¢ is the phase factor, see Table 4.
Those moments related to ¢ show a right-handed rotation
along the k-vector. The rotation axis is perpendicular to
the a-b plane, i.e. parallel to the reciprocal c*-axis. The
ions which belong to this first sublattice are denoted by
the open symbols in Figure 7. The second sublattice is re-
lated to (180° —¢) and denoted by full symbols. It shows a
left-handed rotation along the k-vector. The absolute ori-
entation of the magnetic moments in the a-b plane cannot
be fixed. There is an infinite rotational degree of freedom
and regardless of the in-plane rotation angle the diffrac-
tion patterns are identical. But the two sublattices are
interlocked like a system of gear wheels with their axes
placed on the honeycomb-lattice points and oriented per-
pendicular to the layer. Each wheel is in touch with its
three neighbors belonging to the other sublattice. Turn-
ing the first gear wheel clockwise forces its three neighbors
to turn counter-clockwise about the same angle. The six
next-nearest neighbors which belong to the same sublat-
tice as the first one turn clockwise, and so on: The whole
plane is strictly coupled and the only degree of freedom
is the action on first wheel. Thus the magnetic structure
of a plane can be described by a single in-plane angle and
in the following we use the phase factor ¢ of the Er3* ion
at the position 0,y,0 for this purpose. Figures 7 and 8
show three situations for different in-plane angles which
correspond to the structures of highest symmetry.

In Figure 7 the magnetic unit cell in the a-b plane
is shown. The k-vector (2/3,0,-1/12) determines the spa-
tial modulation of the phase factor ¢ to have a periodicity
of 1.5a and 12c¢. Due to the C-centering of the magnetic
structure the a-axis has to be tripled to obtain a rect-
angular translation cell in the a-b plane. Alternatively, a
pseudo hexagonal, primitive unit cell can be chosen with
a length of 1.5a. Accordingly, in Figure 8 only this smaller
part of the magnetic structure is shown.

The three-dimensional (3D) magnetic structure of
ErCls is determined by the stacking of the honeycomb lay-
ers. Within a single layer, the Er3* ions are situated on
pseudo threefold axes. They have 3n (n being an integer
number) nearly equidistant, intralayer neighbors which
belong to the same magnetic sublattice for each distance.
The layer stacking breaks this pseudo threefold symme-
try, and in the adjacent planes one out of three nearly

b
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Fig. 7. Orientation of the magnetic moments of ErCls in the
a-b plane. The open symbols belong to the 0, y, 0 magnetic
sublattice, i.e. that with a clockwise rotation along the c-axis,
the full symbols belong to the 0, —y, 0 sublattice with the
counter-clockwise rotation. The magnetic unit cell in the a-b
plane is marked by the full line, the crystallographic unit cell
by the dashed one, cf. Figure 2.
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Fig. 8. Orientation of the magnetic moments of ErCls on the
honeycomb net for different in-plane rotation angles. The open
and full symbols refer to the two magnetic sublattices. The se-
quence ¢ = 0° (Fig. 7), —30° (Fig. 8a), and —60° (Fig. 8b) also
demonstrates the layer stacking along the c-axis. The crystallo-
graphic unit cell in the a-b plane is marked by the dashed line.

equidistant positions belongs to sublattice 1, one to
sublattice 2, and the third one is unoccupied, i.e. the cen-
ter of a honeycomb hexagon, see Figure 9. According to
the k-vector the magnetic moments are rotated by 30°
from layer to layer, i.e. the sublattice related to ¢ by —30°
and that of (180° — ¢) by 30° along the c-axis. The three
situations shown in Figures 7 and 8 thus not only display
the magnetic structures of one layer for different in-plane
angles of 0°, —30°, and —60° but also the stacking se-
quence of three adjacent layers along the c-axis. The 3D
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Fig. 9. View perpendicular to the a-b plane of the coordi-
nation geometry of Er3t by in-plane and adjacent-plane Er®*
neighbors. The full and open symbols refer to the two magnetic
sublattices.

magnetic structure of ErCls can be described in terms
of left- and right-handed helices along the c-axis for the ¢
and (180° —¢) sublattices, respectively. The magnetic mo-
ments are oriented in the a-b plane and their angles with
the c-axis vary from (3 to 180° — 8 according to the mono-
clinic crystal symmetry. The shortest interlayer Er-Er dis-
tance corresponds to the lattice constant ¢ = 6.3 A. The
interlayer magnetic interactions determine the 3D mag-
netic structure. Based on the crystal structure we expect
them to be much weaker than the intralayer neighbor in-
teraction. This view is supported by the fact that in ErBrg
and Erls the intralayer spin arrangement is the same as
in ErCls, but the correlation along the c-axis is differ-
ent. The description of the magnetic structure of ErCls
as quasi 2D is thus appropriate. We are presently in the
process of determining the relevant intralayer and inter-
layer interaction parameters in ErBrs by inelastic neutron
scattering.

The Er site symmetry .2. in ErCls, i.e. a twofold axis
parallel to the b-axis, is lower than that of ..3 in ErBrs
and Erls where the threefold symmetry of the honeycomb
layers is preserved in the 3D lattice. This has the remark-
able consequence that only ErCls shows a long-range 3D
magnetic order due to its low symmetry, whereas in ErBrg
and Erls the correlation length along the c-axis is only
15 A [4].

The magnetic structure of ErCls is described by a
model with the amplitude of the ordered moment pg as
the only parameter, see Table 3. The components p, and
ity are not a priori coupled by symmetry. Individual re-
finement results in p, = 3.2(6)us, 1y = 3.1(2)up and
pz = —0.7(9)up. Within error limits p, and p, are equal
and g, is zero. Accordingly we set p; = pyy and p, = 0
to reduce the number of variables. In ErBrs and Erls the
structures are rhombohedral, and u, = py and p, = 0
are given by symmetry. In the title compound ErCls the
data are compatible with these restrictions, but very small
deviations cannot be ruled out.

The orientation of the magnetic moments in the a-b
plane is in agreement with magnetic susceptibility mea-
surements [1]. At the ordering temperature the suscepti-
bility parallel to the layer was measured to be six times
that perpendicular to it. The ordering temperature of
307 mK determined from the magnetic susceptibility is

lower than that of 350(5) mK determined from neutron
diffraction. We ascribe this to the inherent difficulty of
calibration in this temperature range. The claim of a fer-
romagnetic or canted antiferromagnetic structure with a
net moment could not be confirmed. We find a purely an-
tiferromagnetic structure.

For the Kondo system UNiyB [14] a magnetic struc-
ture with features similar to those of ErCls was reported.
UNiyB has no layer structure and the uranium atoms form
a triangular lattice with three sublattices in the magnet-
ically ordered state. The magnetic moments of two sub-
lattices are ordered, as shown for ¢ = 0° in Figure 7, but
the third sublattice remains paramagnetic. The position of
this third sublattice corresponds to the unoccupied centers
of the honeycomb hexagons in ErCls. In contrast to ErCls,
the diffraction pattern of UNiyB was reported to depend
on a rotation of the magnetic moments within the layer.
Furthermore, the magnetic interactions in this metallic
compound with small magnetic moments and short U-U
distances have a completely different physical origin to the
insulating ErCls with large magnetic moments and long
Er-Er distances.

Several transition-metal compounds exhibit honey-
comb structures comparable to that of ErCls, e.g. MPXg
with M = Mn and Fe, and X = S [15,16] and Se [17],
BaNiy(POy)2 [18,19], and BaCoz(AsO4)2 [20]. Due to the
larger radial extension of 3d electrons with respect to
4f electrons the magnetic interactions in the transition
metal compounds are much stronger than in the erbium
compounds. However, all the mentioned compounds show
collinear spin arrangements except BaCog(AsOy4)2 which
has complicate, magnetic-field dependent, helical struc-
tures. MnPS3 and FePSs crystallize in the same space
group C2/m with the magnetic ions at the same site (4¢g)
as ErCls, but the spins are oriented perpendicular to the
honeycomb layers. The Néel temperatures are Ty = 78 K
and 120 K for the Mn and Fe compound, respectively.
This distinctly different behavior of the transition-metal
compounds is due to the different electronic properties of
3d and 4f ions in a crystal environment.

A honeycomb net can be decomposed in two triangular
nets, as mentioned above. On single triangular nets a 120°
antiferromagnetic coupling with in-plane spin orientation
was observed in several compounds, e.g. CsCuCls [21,22],
AVXs3 (A = Rb, Cs, N(CD3)y; X = Cl, Br, I) [23],
CsMnBr3 [24], LiCrSs [25] and TbGag [26]. As in ErCls
the absolute in-plane spin orientation is not fixed for these
compounds. Magnetic phase diagrams for various 2D layer
lattices were theoretically predicted [27,28]. It was shown
that helical spin arrangements can occur on triangular
and honeycomb nets due to third-nearest neighbor inter-
actions. The 120° antiferromagnetic structure is one pos-
sible ground state on a triangular lattice, but it was not
predicted for a honeycomb lattice. It was further shown
that the 120° antiferromagnetic coupling on a triangu-
lar net leads to two ground state patterns with different
helicities [29,30]. Their characteristic feature is a tri-
angle with all three spins pointing towards the center
or away from the center, respectively. The honeycomb
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lattice in ErCls is composed of triangular nets of both
these helicities depicted by open and filled symbols, re-
spectively, in Figure 8a. In contrast to a single triangular
lattice, the in-plane orientation of the spins of each sub-
lattice is no longer arbitrary for ErCls, but coupled for
the two sublattices: in-plane angles ¢ and 180° — ¢, re-
spectively.

In insulating rare-earth compounds like ErCls
magnetic interactions can be either exchange and/or
magnetic dipole interactions. Few magnetic structures of
rare-earth compounds comparable to ErCls have been de-
termined, e.g. GACls [31], MCl3 x 6 HyO with M = Er and
Dy [32], M(OH)3 with M = Ho, Dy [33] and Tb [34]. In all
these examples the magnetic ordering has been ascribed to
dominant magnetic dipole interactions. At very low tem-
peratures, hyperfine interactions between the electronic
magnetic moments and the nuclear spins may become
important, too. For Ho(OH)3 and Th(OH)s there are rel-
evant hyperfine contributions to the specific heat below
1 K. For MCl3 x 6 HyO with M = Dy and Er as well as
for ErBrs small hyperfine contributions were observed be-
low 0.1 K. Based on the neutron diffraction data presented
here we are not able to determine which of the above men-
tioned interactions are responsible for the order in ErCl;.
Information about the intralayer and interlayer coupling
parameters either from caloric measurements or inelastic
neutron scattering together with the saturation moment
o = 3.3up per Er3t determined here is required to settle
this question.

The temperature dependence of the ordered magnetic
moment per Er3t is shown in Figures 5 and 6. Below the
Néel temperature Ty = 350(5) mK ErCls is in a 3D or-
dered state, as described above. In the single crystal mea-
surement, as shown in Figure 6, the 3D magnetic neu-
tron intensity occurs as Bragg peaks which exhibit the
same peak shape as the nuclear Bragg peaks. On warming
up they lose intensity but do not broaden out, e.g. along
the c-axis, as would happen if the correlation between the
layers gets lost. The single-crystal peak shape proves the
magnetic order to be 3D, at least up to 325 mK. At tem-
peratures higher than Ty short-range order persists up
to about 2 K. This short-range order is expected predom-
inantly in-plane according to the XY type anisotropy. The
short-range order contributions are visible in the powder
data: at 0.5 K about 40% of the sublattice magnetization
is still present. It is also visible in the difference diagram
60-485 mK shown in Figure 3. The broad, short-range or-
der intensity between 26 = 8° and 22° at 485 mK causes
the negative dip in the background. The single-crystal
data contain no hint for short-range order. The short-
range contributions disappear in the background due their
limited dimensionality and correlation length. Above 2 K
ErCls is paramagnetic and the susceptibility follows the
Curie-Weis law [1].

From the temperature dependence of the single-crystal
(-2/3,0,1/12) magnetic Bragg peak intensity a critical
exponent 5 = 0.23(2) was derived. 8 primarily reflects
the dimensionality of the interactions. It is in good agree-
ment with values of other quasi-2D systems with XY or

anisotropic Heisenberg type interactions [35] where the
weak interlayer interactions, present in real systems, give
rise to 3D order. A value of 3 = 0.25 was derived by Monte
Carlo simulations for a Heisenberg antiferromagnet on a
layered triangular lattice [36].

The ordered magnetic moment at saturation of
po = 3.3up per Er3t in ErCls is strongly reduced from
the free ion value of gJ = 9up for the 4115/2 ground
state. The crystal field splits the ground state into eight
Kramers doublets with an overall splitting of 292 cm~!
as has been determined for Er®* in YCl3 [37]. The lowest
doublet is separated by 22 cm~! from the next higher one.
Thus only the lowest doublet is populated at the ordering
temperature. Inelastic neutron measurements are planned
in order to obtain wavefunctions for the energy levels from
which the magnetic moments can be calculated. Proceed-
ing down the halide series the crystal field interactions and
thus the quenching of the magnetic moment decrease. This
leads to increased ordered magnetic moments of 4.7up and
5.5up per Er®t at saturation for ErBrs and Erlz [4], re-
spectively. ErF3 on the other hand has an ordered mag-
netic moment of 6.6up/Er3* at saturation [5]. But it can-
not be compared directly to ErCls because of its different
crystal structure.

In conclusion, at very low temperatures ErCls shows
interesting magnetic effects due to its layer-type crystal
structure with dominant intralayer and weak interlayer
magnetic interactions. A new type of magnetic structure
results with an infinite degree of freedom for the orien-
tation of the moments in the a-b plane. As for ErBrg
and Erls the two Er®t sublattices can be rotated about
any arbitrary angle, one left-handed and the other one
right-handed, to yield indistinguishable diffraction pat-
terns. The weak interlayer interactions lead to a 3D mag-
netic order for ErCls, whereas the different geometrical
stacking of the layers in ErBrs and Erls gives rise to disor-
der in the magnetic stacking. As a result only short range
3D magnetic order occurs in the bromide and iodide [4].
The identical intralayer spin arrangement and the dissim-
ilar 3D magnetic order of the layer-type erbium trihalides
can thus nicely be correlated with their crystallographic
structures.
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