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Unusual magnetic ordering phenomena have been observed in the three title compounds in the milli-Kelvin
temperature range. The ratio of interlayer to intralayer coupling and thus the critical behavior and the nature of
the magnetic order can be tuned by chemical variation. In all three lattices the two-dimei@D@nalagnetic
order within the layers is a two sublattice 120° antiferromagnetic order with an infinite rotational degeneracy.
The ordered magnetic moments increase from 3.3 to 4.7 angs 35> for ErCl,, ErBr;, and Erb, respec-
tively. ErCl, shows a transition to 3D magnetic order at 350 mK with ka vector of
(%, 0,— %2). ErBr; and Erk are the first examples of rare-earth trihalides displaying short-range 2D magnetic
order from 400 mK up to several Kelvin, long-range 2D order between 280 mK and 400 mK, long-range 2D
and short-range 3D order with=(3,3.,0), and a correlation length of 15 A below 280 mK. The differences
are attributed to the different layer stackings in Er@hd ErBg/Erl; as well as the variation of interlayer
distances[S0163-18209)50530-4

Competing interactions in low-dimensional magnetic sys-done in a glove box (KD<0.1 ppm). All samples were sub-
tems often lead to unusual magnetic ordering and criticalimed in evacuated silica containers at 700 °C for purifica-
phenomend.The simple binary systems Eg (X=CI,Br,l)  tion. Single crystals were grown by the Bridgman technique.
constitute a particularly interesting family of insulating com- Powder neutron measurements were done at the D1A and
pounds with closely related layer structures. The competitio1B diffractometers at the Institute Laue-LangeWioL ) in
between intra- and interlayer interactions can be influenceérenoble. Single-crystal neutron diffraction was done at the
by the variation ofX. The magnetic order and critical behav- V1 diffractometer of the Hahn-Meitner Institut@iMl) in
ior derived from neutron-diffraction and heat-capacity mea-Berlin. The heat-capacity measurement of an Er8ystal
surements in the milli-Kelvin temperature range is unusualwas performed at the University of Tokyo. For all measure-
Common to all three compounds is a 2D magnetic ordefents the samples were coolec’iie/'He dilution cryostats.
within the honeycomb layers. Whereas Ey@hdergoes a The crystal structure of ErGl(AICIstype structurg is
transition to 3D magnetic order at 350 mK as a result ofmonoclinic, space groug2/m, with lattice parameters of
interlayer interactions, ErBrand Erl exhibit most unusual a=6.8040(3) A, b=11.7456(5) A, c=6.3187(3) A, and
phenomena below 400 mK. The ordering temperature of=110.8513)° at 1.5 K. The CI ions form a slightly dis-
ErCl, is in reasonable agreement wilh, =307 mK deter- torted cubic densest packing of spheres with th&"Eons
mined from a single-crystal susceptibility measure-0ccupyings of the octahedral voids of every other layer in a
ment? In this paper we present results on the magnetic ordeprdered way. This results in Er{layers parallel to tha-b
in this class of insulating antiferromagnets. The data ar®lane and stacked along the axis. In ErBg and Erk
quantitatively analyzed and the results qualitatively dis-(Bils-type structur¥® the halide ions form a hexagonal dens-
cussed. est packing of spheres. As in E3 of the octahedral voids

ErCl, and ErBg were prepared from E©; following the ~ of every other layer are occupied by°Er but the layer
NH,X synthetic rout€, whereas Eg was synthesized from stacking along the axis is different. The space groupR8
Er and L, according to Ref. 4. All three compounds are and the unit cell dimensions at 1.5 K ame=7.0051(2) A,
highly hygroscopic, therefore all storage and handling was=18.8940(7) A for ErBs, and a=7.4024(1) A, c
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: TABLE I. Magnetic structures of Ergland ErBg/Erl;. The
— caleulated Neel temperatureTy is given for the onset of the 3D ordeu
 hid | denotes the ordered magnetic moment péf Bt saturation.
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FIG. 1. Neutron powder diffraction difference diagratas60—
485 mK of ErCk and (b) 20—800 mK of Eff (D1B, A=2.52 A).
The normalized square root of the intensity of the magnetic peak at
26=15° as well as that of the-2,0,55) single-crystal reflection of
ErCl; is shown as a function of temperature as an inségjinin (b)
the strongest magnetic reflections are denoted by their hkl values.
The full lines in both figures correspond to least-squares fits ex-
plained in the text.

=20.6020(9) A for Er}. As a result of the 2D character of
the structures the crystals easily cleave parallel to the layers.
Figures 1a) and Xb) show neutron-diffraction difference
diagrams, 60—485 mK and 20-800 mK for Ey@hd Erk,
respectively. ErByexhibits very similar diffraction behavior
to Erl; in this temperature range. In these difference dia-
grams the contributions from nuclear scattering are to a good
approximation eliminated, and we are left with the pure mag-
netic neutron-diffraction pattern. The Ertliagram essen-
tially consists of six asymmetric peaks with intensity modu-
lations towards higher angle for each peak. The six features
can also be recognized as dominant peaks in the;HEré&t
tern, but here they are not asymmetric, and there are numer-
ous additional lines. The intensity of the peak #=215° as
well as that of the(—2%,0,%) single-crystal reflection are
shown as a function of temperature as an inset in Ha). 1
From a fit of Eqg.(1) to the single-crystal data a critical ex-

B
) : ()

The nonvanishing magnetic intensity in the powder data
aboveTy=350(5) mK(see inset Fig. llis the result of con-
Erl - observed siderable short-range magnetic order. The magnetic structure
8 — caloulated of ErCl; was solved using the powder data andrbieLPROF
program® The result of the best fit is included as a full line in
Fig. 1(a) and the corresponding parameter values are listed in
Table I. The magnetic order within the layers can be repre-
sented by the two sublattice structure shown in Fig).2
Each sublattice forms a triangular 120° antiferromagnetic
structure. The magnetic ordering vector(2,0,— &) was
23580 | 13730 determined from a single-crystal measurement. It is tempera-
ture independent and commensurate. The component &f the
vector along the* axis leads to a rotation of the magnetic
moments in thea-b plane of 30° from layer to layer.

"7

FIG. 2. 2D magnetic structures within the crystallographic lay-

ponent 3=0.232) is obtained, which is intermediate be- ers of (a) ErCl;, k=(%,0,— ) and (b) ErBrs/Erls, k=(%,%,0).
tween theg values of 0.125 and 0.325 for pure 2D and 3D The dashed and full lines denote the crystallographic and magnetic

Ising systems, respectively. unit cells, respectively.
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Figure 2b) shows the 2D order of the magnetic moments 16
for the rhombohedral ErBrand Er} lattices. The motif is the . 1 F o ErBrg
same as in Fig. (@), and in the rhombohedral cell the order-

ing vector isk=(3,3,0). This was derived from a fit to the

relative intensities of the six magnetic reflections in Fign)1

and directly confirmed by single-crystal investigations.
This basic 2D magnetic order of ErClas well as

ErBr;/Erl; has the remarkable property that it is infinitely 0 i

degenerate. Rotation of the spins of one sublattice by any THeesto0

angle ¢ within the a-b plane coupled to a rotation of the 1 °..%% O powder
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second sublattice by ¢ leads to an equivalent structure with
the same energy. This behavior is comparable to the infinite
degeneracy of the magnetic ground state of solid oxygen in
its rhombohedraj3-phase’. Except for this triangular lattice i .
of solid oxygen we are not aware of any experimental mani- 0 — L .L ~ l .
festation of such a phenomenon.

A comparable 2D magnetic structure has been reported
for the intermetallic compound UNB.'° However, in this
system there is a paramagnetic uranium atom in the center of
each hexagon of Fig.(B). Furthermore, the magnetic inter-
actions in this metallic system with short U-U distances and
small magnetic moments are physically very different from oo sscsd
those in the insulating &i; halides with long Er-Er separa- O =t o e ]
tions and large magnetic moments. In contrast to our struc- 0.0 0.2 0.4 0.6 0.8 1.0
ture the magnetic structure factors of URliwere found to T(K)

deﬁf\”d ona ro';a_tlonhwnhlnf E{Ee plane. i flecti ith th FIG. 3. Critical behavior of ErBr Top: heat capacity, middle:
€ asymmetric shape ot (€ magnetic refiections wi formalized square root of the intensity of the magnetic peak at

?nte.nsity mpdula_tion towards Iarggr scattering angles. of Erl 54— 14° from powdersee Fig. 1b)] and single-crystal data, and
in Fig. 1(b) is typical of a system with magnetic order in tWo po110m: finewidth of the magnetic peak ab2 14° are shown as a
dimensions and short-range order in the third direction. Simiynction of temperature. The dashed lines separate the following
lar peak shapes have been observed for graphited in the  physical regimes: above 400 mK: short-range 2D order, 280—400
magnetic peaks of rare earth containing layer-type cupratgk: long-range 2D order, and below 280 mK: 3D correlation.
superconductor. The information contained in the inten- ihin the | b 400 and 280 mK | D
sity and shape of the magnetic peaks in Figp) vas used to  Within the layers, between and 2oU mK long-range
extract the correlation length in the third dimension and thehagnetic order within the layers sets‘!\n_, and below 280 mK
value and orientation of the ordered Er moments within thetﬂe 3D corrglaglon with a length of 15 A is eSt?lbl'SlhEd' Erom
plane. We used the formalism introduced in Ref. 13 for a _fitt 0% A)moeﬁﬂg“r%a eﬁé;ﬁfgﬁ;‘gﬁg] c?s,st%?:x?ssggl;waggosfn Laine
to the experimental <_jata at 20 H1K and obtained a correlatio Le 1o 3D orde?ing The burljlz of the magnetic heat capac’itil |s
f:gtho$2?§ dthzsxéset?é 1§3c)))me;?; bg’;h_irs é?nd Iirr%d due to the short- and long-range 2D ordering. The difference
9 ; U HB in the magnetic ordering and critical behavior between ErCl
5.5(2)ug for ErBrs and Erk, respectively. The best fits were

biained for th . . ) dicul on the one hand and ErErl; on the other can be attributed
obtained for the magnetic-moment orientation perpendiculaf, e gifferent geometrical stacking of the layers in the crys-
to thec axis. The calculated profile for Erls included as a 5] structures. In ErGleach E#* has four neighbor BF ions

full line in Fig. 2(b). The correlation Iength_ of 15 A rougp_ly at distances of 6.319 A and 2 6.330 A in the two adja-
corresponds to the distance between adjacent layersgi.e.,cgnt layers. Magnetically, two of these neighbors belong to

thec _axis. . . o ) one sublattice and two to the other sublattice, and there is no
This peculiar magnetic ordering is also reflected in theambiguity in the relative orientation of the magnetic mo-

critical behavior, which is shown for ErBin Fig. 3. Firstwe  yantg from layer to layer. In ErBrand Erk, on the other

notice that the temperature dependence of the ordered magang there is only one neighbor at a distance of 6.292 A or
netic moment is distinctly different from the behavior of g 785 A& in one of the adjacent layers. Magnetically, this
ErCl; [inset Fig. 1a)]. For the single-crystal magnetization pejghbor belongs to the other sublattice, but in contrast to
(Fig. 3, middig no saturation of the ordered magnetic mo- gC|, " there is a degree of freedom in the relative orientation

ment is observed down to 60 mK, as expected for a 20yt the magnetic moments in this pair in Eg®Erls. The
magnetic structure with stacking disorder in the third dimen-gi,ations with angles of 60°, 180°, areb0° in the projec-

sion. From the linewidth of thés,3,0) magnetic reflection o ajong thec axis between the two sublattices are physi-
(Fig. 3, bottom one can very clearly distinguish three tem- .o equivalent. This is likely to lead to disorder in the mag-

perature ranges corresponding to different ordering regimesetic stacking of the layers, exactly as observed.
of the magnetic moments. This is indicated by the dashed

vertical lines in Fig. 3. The range above 400 mK up to sev- Financial support by the Swiss National Science Founda-
eral Kelvin is characterized by short-range magnetic ordetion is gratefully acknowledged.
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