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MAGNETICSTRUCTURESDETERMINED BY NEUTRONDIFFRACTION IN THE EuB C SYSTEM
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Magnetic structures of pure and carbon-doped europium hexaboride
EuB

6_xCx, were determined by neutron diffraction on powders prepared from11B and 153Eu. EuB is a simple ferromagnet, whereas the x = 0.20 compound
has an incommensurate spiral structure with propagation vector T = (0.28,
0, 0). Data for a magnetically inhonogenecus intermediate composition, x =

0.05, indicate a mixture of ferromagnetic and helimagnetic domains with T =

(~, 0, 0.104). Helimagnetism in EuB
6_xC~arises from a competition between

ferromagnetic near-neighbour exchange and antiferromagnetic interactions
due to ccjnduction electrons.

The relation between the magnetic mum around x = 0.06. The ordering tempe—
properties and the electronic structure rature was defined by appearance either
of europium hexaboride EuB6 has been the of magnetic hyperfine splitting in the
subject of many experimental and theore—

151Eu Mössbauer spectrum4 or of a peak
tical studies1 10~It was difficult to in the magnetization measured in a cons—
decide whether the compound is intrinsi— tant small field3. This cusp disappears in
cally a semiconductor or a semimetal, fields of 1.2 — 3 kOe when x 0.10, but
because of the small gap (~ 0.1 eV). persists in fields greater than 10 kOe
Furthermore the role of the impurities for x = 0.21.
and possible cation vacancies could not
be neglected1. Nevertheless a recent Our Mössbauer study revealed a tein—
work suggests that EuB

6 is a narrow—gap perature—dependent broadening of magnetic
intrinsic semiconductor in the parama— hyperfine lines for x = 0.05 (absent forx = 0 and x = 0.21), which implies that
gnetic state, and becomes a semimetal or
a metal when it orders magnetically

7’ 9~ the exchange interactions ar~ inhomoge—
neous on a microscopic scale . This result

Semiconducting behaviour arises together with magnetization curves at
for M2~B

6hexaborides because the bon- 4.2 K, which show that 90 % of the satu—
ding bands of the boron network are ration is achieved in fields of less than
filled up by transfer of two electrons 5 kOe for EuB , but that 100 kOe is re-
from the cation

11’ 12~. quired to pro~uce the same degree of satu—

EuB can be doped either by subs- ration in the x 0.21 sample3 , suggest
titution o~a tn— or tetravalent cation strongly that the magnetic order evolved
or by replacing some boron atoms by from ferromagnetism (x = 0) to antiferro—
carbon2, 4, 6, 13, 14, In both cases, magnetism (x = 0.21), via an intermedia-
substitution yields n—type metallic te mictomagnetic phase.
conductors6. The conduction electrons To test these hypotheses, a series
modify the magnetic interactions and of neutron diffraction measurements has
induce a sign change of the paramagnetic been undertaken on samples with x = 0,
Curie temperature e~. 0.05 and 0.20. Powder samples of EuB

6_xCx

Data shown in Fig. 1 concern the were prepared by reduction of Eu2O3
ternary compound EuB~_~Cx.The lattice (99.999 %) with boron or boron-carbon
parameter decreases trom 4.1855 A for mixtures

2. Since natural boron and euro—
x = 0 to 4.1685 A for x = 0.21, the limit pium are both intense absorbers of ther-
of the single phase range. O~,changes mal neutrons, all three samples were made
sign at x 0.13, but the magnetic orde— from boron enriched to 99.3 % in ~1B.
ring temperature passes through a mini— Furthermore we also used a single euro—
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pium isotope,
153Eu, for the x = 0.05

4185 sample.

Neutron measurementshave been
performed on the powder goniometer DIB at
the ILL, GRENOBLE, which is equipped with

o~ 4.180 — a linear multidetectorallowing simulta-
neous recording of 400 points in the ran—
ge 2° < 0 < 42°.

The neutron wave—length was 2.52 A.
4 75 — ~ 300—500 mg powder samples were placed in

2 ...~ the 1 mmgap between the cylindrical dou—
ble wall of a vanadium sample holder tube.

4 170 - Transmission was 5 % for Eu11B
6 and

I I , Eu
11B

5,8C0,2 and 92 % for l
53Eu11BS.

9SCO.05.
0 0.05 0.10 0.15 0.20 The intensities of the nuclear and magnetic

x reflections have all been corrected for
20 sample absorption

15.

0 Neutron diffraction diagrams have
• been recorded above and below the magne—

tic ordering transition (Tç 12.5 K). At
17 K, only nuclear reflections are obser-
ved. Refinement of the crystal structure
was made on the four reflections (001),
(011), (111) and (200) in the space group,
Pm3mwith europium in (la) position 0,

10 - 0, 0 and boron in (6f) position u, 1/2,
1/2. The scattering lenghts used were
0.68 x iO—12 cm for natural europium and
0.67 x 10—12 cm for 11B.

Results of the refinement given in
- Table I are in good agreement with values

PARA determined by X—ray diffraction.
0-

Below TC, at 3 K, no supplementa-
+ __.0-~

+ ry lines appear, but the intensities of
5-

F 2 ~//AF the four nuclear reflections condidered
above increase considerably. The diffe-
rence between the scattering at 3 K

0 0.10 0.20 and 17 K, shown in Fig. 2, characterizes
x a ferromagnetic structure having the same

periodicity as the nuclear cell. The data
lead to a magnetic moment on europium of

Fig. 1 Data for carbon substituted europium hexa- 7.3 ± 0.5 ~B (the error comes mainly from
boride EuB

6_xC~(a) lattice parameter at uncertainty in the absorption). The orien—
300 K. (b) ParamagneticCurie temperature tation of the magnetic moment is undeter—
obtained by extrapolation. (c) magnetic mined.
ordering temperaturederived from Mössbauer
(black circles) and susceptibility measure-
ments (crosses).

TABLE I

Crystallographic data for EuB6 and EuB C
£-x x

ParameterCompounds a X) T(K) u boron Thermal Residual
position parameter B R %

EuB6 4.19 (1) 17 0.2043(5) 0.65(5) 3.8

‘
53EU11B C 4

5.~5 0.05 .17 (1) 10 0.2043(9) 0.50(5) 3.8

Eu11B C 4.16 (1) 7 0.2043(5) 0.50(5) 3.2
5.8 0.2
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I(a.u.) refinement of the crystal structure was
carried out from the 10 K spectrum sup—

(17K....3K) posing boron and carbon atoms to be ran-
domly distributed (Tabl~ I). This ref i-
nement also gave the 15 Eu nuclear scat-
tering—length, 0.845 ± 0.008 10—12 cm.

The diagram recorded at 1.7 K shows
that the nuclear reflections are accompa—

there is broad additional scattering un-
der each nuclear peak. Furthermore, the
difference diagram reveals the presence

nied by magnetic satellite lines and thatof magnetic lines in the same positionsas the nuclear peaks. The magnetic satel-lites have been indexed usin~ a propaga-tion vector T = [o, 0, o.104j, incom—
~_i mensi.~at.e with the crystal lattice. As

2 22 32 8 42 for EuB6 , the direction of r is unde-
termined.

Fig. 2 Difference betweenneutron scatteringiuten- The refinement of the magnetic
sities from a ~.u1‘~h sample powder at 3 and structure has been made separately on two
17 K (Tc = 12.5 K). types of reflections, magnetic satellite

peaks and magnetic peaks coinciding with
nuclear reflections. The magnetic moments

153EuB
5 95C are respectively ~1 = ~ ± 0.5 ~B and0.05 ~2 = 3.6 ± 0.2 ~ The magnetic struc-

ture can therefore be described either

This borocarbide has its magnetic as a ferromagnetic (conical) spiral with
transition at 5.2 K, so neutron diffrac- a magnetic moment of 6.2 ± 0.6 ~B making
tion diagrams have been recorded at 10 K an angle of 54° with the direction of the
and 1.7 K. They are shown in Fig. 3 toge— propagation vector or as a mixture of two
ther with their intensity difference. The magnetic domains, respectively ferromagne-

tic and helimagnetic.

EuB58C02
I ~ Eu’~8~g~C~ Neutron diffraction diagrams have

been determined at 22 K and 1.7 K above
001

and below the magnetic ordering tempe-
rature (5.6 K). The refinement carried
out from the nuclear reflections in the
paramagnetic temperature range again

confirms the cubic crystal structure

~Table I). In contrast to previousEu
11B

59~C0 05 no magnetic contri-
bution to trie i~iuclear reflections was

• 105 found at 1.7 K. The magnetic peaks can
be indexed with a propagation vector

= [o, 0, 0.28], the magnetic structure
can be described as a simple helixnagne-
tic spiral incommensurate with the lat-
tice. Supposing T to be in the ~ direc-
tion, the magnetic moment in the ~
plane is of magnitude 6 ± 0.5

11B The
value of the magnetic moment is less
than expected. Due to high absorption
it was not possible to detect any broad
peak in the diffuse background. In three
diagrams recorded at different tempera-
tures below 5.6 K there was no indica-
tion that the propagation vector depends
on temperature.

.—000

01,
The magnetic structures of EuB

6
and Eu

11B
5 8C02 are represented in

Fig. 4. Our measurements show at 3 K no
2 12 ~ B ‘ sign of anything but ferromagnetism in

Fig. 3 Neutron scattering from ‘
53Eu11B

5 95~005 pure EuB~well below the Curie point,
samplepowder (a) at 10 K (b) at i.7 K~and but in view of unusual magnetic specific
(c) the difference diagram. The magnetic heat (5) it is worth stating what devia—
ordering temperatureis 5.2 K. tions from simple ferromagnet ordering
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interactions with different shells of
neighbours. In particular, the interac—

:~ tions, with neighbours at 2a must beantiferromagnetic for a spiral ground
- state.

I The sample with an intermediate

carbon content (x = 0.05) shows a magne—
tic structure itself intermediate bet—

‘ ween the two extremes of ferromagnetism
-- at x = 0 and helimagnetism at x = 0.20.

I I The neutron data could be interpretedeither in terms of a mixture of ferro—
terms of a single phase with a conical- _:; magnetic and helimagnetic domains or in
spiral structure.

tt I Although there is no sign of any—— --I———. -~ two phase-mixture in the X-ray diffrac-
tion patterns, nevertheless we favour(~) - the former interpretation, as the avai-

lable anis~tropy is not strong enough
for Eu

2~ ( S
712) in a simple cubic lattice

Fig. 4 Schematic representation of magnetic struc- to stabilize a conical spiral structure.
tures of (a) ferromagnetic EuB6 (b) hell- There is also a substantial amount of
magneticEuB58C02. The direction of the scattering in the broad region at the
propagationvectorsare arbitrary chosento base of the peaks which could be asso—
be along [001] direction. ciated with small incoherent regions,magnetically ordered, whose size would

be about 50 A. These regions could be
associated with local fluctuations in
the carbon concentration, producing car—

could be consistent with this result. bon—richer helirnagnetic domains and
A helix with a period greater than about carbon—poorer ones where the balance of
100 a would be effectively indistingui— exchange interactions with neighbouring
shab]e from a ferromagnet. Furthermore a Eu atoms is below the threshold required
mixed structure like that of EuB595C005 by appearanceof helimagnetism. The fer-
with a helimagnetic componentof magni— romagnetic domains are not coherent in
tude 1 p or less gives rise to satel- the x = 0.05 sample, but their moments
lites wh~chwould be completely lost in are distributed at random in directions
the background noise, determined by the exchange with their

surroundings. This picture is consistent
An increase of ferromagnetic ex- with the neutron data and the observed

change interactions with rising tempera- behaviour of susceptibility and magne-
ture could account for the exceptionnaly tization

3 , as well as with the Moss-
flattened temperature dependenceof bauer data4 which led originally to the
the magnetization and hyperfine field,
and the broad specific heat anomaly. This suggestion of mictomagnetism in thisconcentration range.
may be due to the fall in conduction elec-
tron concentration in ferromagne~ic EuB

6 We may notice that the magnetic
as the temperature approaches TC ~o. satellite lines are well separated from
From the behaviour of EuB6_XCX we see the central line for the x = 0.05 sam-
that conduction electrons produce anti— plc. This can result from a weak aniso—
ferromagnetic interactions, so that the tropy which rules out any helimagnetic
net ferromagnetic interaction in EuB6 structural with a very long period.
will increase as T -+ TC. In summary, as the conduction

At the other extreme, the magnetic electron concentration is raised, Inagne—
structure of EuB5 ~C02 has been found tic ordering in EuB6 goes from ferroma—
within experiment~i. accuracy to be a gnetic through a series of incommensurate
simple spiral. Helimagnetic structures helimagnetic structures of decreasing
will then arise from competing exchange period.
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