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Abstract 

Th¢ magnetic ordering of the novel binary coml~mnds I)y~(Je~ and D':/Ge~ ~t~ has been studied by neutron diffraction and 
ma:gnetic measo~emerit~, DysOe~ with the Er~Ge~, structure type (space group Cmcm) displays a two step antiferromagnetic 
orCleririg I~low F~ -:-- 19 K. The two Dy siren (Dy~:~f) and Dy::4(ci) order independently with two distinct order parameters 
a~_~iated with the ~me wave vecior q ~ (0, 1,0). ~lth sublaitices have a uniaxial aniiferromagnetic momen, arrangement but 
g,i!h moW~llv pcrpcridicular orieniaiiori~. L~nd~ order~ below T~ with the moments along the a-axis, I)y: orders only below 
L ~ ¢~ g ~loilg the coasi~ AIIA K lhe moment values of I ~  and Dy: are 7.31(81 #~s arid 5.¢g3i igls, respectively. Thoir 

~) 

aerangcipciti !cad~ to a ~ymrm¢l~. rcduetlon de~ribcd !~ the mi'm~lin~c'~ ~ " magnetic, space group (1~11~1"~ "(8/lii)," ~ 'rht:, 
twoodh~ii,~kinal carried ~mlifeffOrilafOcli¢ structure i~ the fc~ull of a strong n~loe!o~rys!i)l!ine aais~lropy and Ih¢ pr¢~ilc¢ of 
valqol|~ I~l~i of magnetic illieraction~, The p h ~  of l~Oc~i~ ¢onl!~)~ili,)n wilh the AIB~ ~!ruciurc type (space group 
P6 lmmm)  ica<~ d¢t¢clcd Ill art inlpufliy in Ih~ siudicd ,~ai~lple, It ordcr~ aolif,+rl~om~lgneiically below ]'~ * I¢~ I with collinear 
IOt~¢~! aflilll~Clll¢lll ~i~Jci~ted with a 2co¢ell eillarg:~n1¢ril (q~t),t),112) dc~ribcd by the magnetic space group 
P~, 11 ~($tti~). At IA g p~  ~ 7,2(2)/~i~ and is confined to the ((X)I) plane. @ 1~7 El~vier ~i¢nc¢ S.A. 

K°~'w~, Rare-earth g ermarlides; Antifcrromagnelism; Magnetic structures: Neutron diffraction 

1, ! t l t1 'o I1~11 

Eremcnko and co-workers investigated systemati. 
tally [1~4] the R-G¢ (R ~ rare-earth) binary phase 
diagrams, ~ e y  report the formatiori of a riovel corn. 
pourid of lh~: stoichiometry R~Ge~ by ~ritectoid (Ho, 
~r, Lu) or pcritcctic (Tin) reactions, 

A ¢~y~,t~d gtrttclur¢ determination [5] has sho~n lhe 
~i:act composition of ~he~.: isomorphic p ha~s to be 
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R~Ge~ (R ~ Tb, De, Ho, Er, 'I'm). The structure of 
the orthorhombic R~Ge4 can ~ seen as a binary 
variant of the W~CoB~ structure, The structure com- 
pri:~s ~ o  R- and three Ge-sites. The R-atoms form 
trigonal prisms centred by Ge atoms and stacked 
along the a axis. Within the (0,y,z) plane adjacent 
prislris along b or c are shified by x ~ 1/2 (s¢¢ Fig, 
3), 

The magnetic ordering of the isomorphic R~Ge~ 
compounds is of interest as it gives a possibility to 
follow lhe influence of the R-comporient to the com- 
~tirig intrasite IM,, I i#i~ and inlersite l,xl~ interactions 
which may lead to complex ordering phenomena. 
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Recently we studied the magnetic ordering of the 
Er3Ge4 compound [6]. The two Er-sublattices order 
simultaneously below 7.3 K with a triangular antifer- 
romagnetic moment arrangement within the (0,y,z) 
plane. Adjacent prisms display different chiralities. 
The Ert magnetic moments make an angle of 35.5(3) 
degrees with the b-axis in the (0,y,z) plane while the 
Er 2 moments point towards the c-axis. At 4 K a 
reorientation of the Ert moments within the (O,y,z) 
plane sets in without any change in symmetry. At 1.5 
K ordered magnetic moment values are 7.32(5) 
wn/Erl and 6.37(6) ~n/Er2, respectively. 

The present paper describes the magnetic ordering 
of the Dy.~Ge 4 compound. 

2. Sample preparation 

The polycrystalline sample of composition Dy3Ge 4 
was prepared by arc melting of the elements in an 
atmosphere of purified argon gas. The purity of the 
starting materials was 99.9% for Dy and 99.99% for 
Ge. After arc melting the sample was vacuum an- 
nealed at a temperature of 800°C for 3 weeks and 
subsequently quenched in water. The purity of the 
sample was examined by X-ray powder diffraction. 
The sample contained a small amount of an additio- 
nal phase. 

3. Magnetic measurements 

ment in 2 0 was 0,2". The data analysis was perfoimed 
by the Fullprof program [7] with pseudo-Voight func- 
tion used for the peak shape fit. 

4.1. Co, stal structure of L~,~Ge 

The 20 K refined neutron pattern in the paramag- 
netic state confirms the structure and atomic parame- 
ters reported in [5] (Fig. 2 (top part) and Table 1). The 
refinement comprises the Al-powder pattern as weft 
as the coexisting DyGeL3 phase of the AIB:, type (See. 
4.5). 

4.2. The magnetic ordering of DyjGe4 in the range 

At temperatures below TN = 19 K magnetic order 
sets in. All observed magnetic lines (i.e. the strong 
(011) line in the low 20 region in Fig. 2 (bottom part)) 
do not obey the C-lattice reflection condition. The 
wave vector is q -  (0,1,0) which corresponds to the 
anticentered magnetic Cp lattice. There are eight 
magnetic space groups associated with the Cmcm 
space group and the wave vector q ~ (0,1,0) [8]. 

4 t  sT 

Magnetic measurements were made with a SOUID 
magnetometer. The temperature dependence of the 
reciprocal susceptibility is shown in Fig. la. Curie 
Weiss behaviour is followed down to about 17 K. 
From the slope and the intercept with the horizontal 
axis we derive the values /~ar" 10.3 /~,/Dy and 
#p - - II K for the effective moment and the asymp- 
totic Curie temperature, respectively. The former 
value is close to the free ion value (10,63 V,,/Dy). In 
the low-field range the magnetic isotherm at 5 K (Fig. 
Ib) is characteristic of antiferromagnetic behaviour. 
There is a small break at about 3 T, indicative of a 
field-inducecl magnetic moment rearrangement. 'fhe 
magnetization reached in the highest field applied 
corresponds to 6.1 ~ , /Dy.  

4. Neutron diffraction 

Neutron diffraction experiments were carried out 
at the facilities of the ILL reactor (Grenoble) DIB 
diffractometer (A ~ 2.52 ,~). To counterbalance the 
Ifigh absorption crossosection of Dy for neutrons the 
sample was diluted with AI powder (ratio l:l) and 
filled up into a sample holder of 5-ram diameter. The 
data were collected in the temperature range 1.4-23 
K with an increment in T of 0.5 K. The step incre- 
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Fig, 1, Temperature dependence of the reciprocal ~u~¢epllbility of 
Dy~Ge4 plotted from magnetisation data obtained under a field of 
5 T (a). Field dependence of the magnetic moment measured at 5 K 
(b). 
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Fi~. 2. O1~¢rved. cakulated and difference neutron diagram of a two.phase ~mple raeasuted (a) in the paramagneti¢ state at ~ g (top part). 
(b) in the magnet~al~ oedcred state at 1.4 K (~ttom part). Four reflection ~ls In,  lied ~ 1,. I~. 2,. 2~ in the right margi.t correspond to 
n~g~ar and magnetic contrlha|ions of ~0¢~  and Dy(}¢~ ~ ~. re~ctivch/. Main magnetic ~ntributions of Dy.~Oc~ arc indexed in bold and 

The possible magnetic modes of the 8(0 and 4(c) 
Wyckoff positions ~cupied by the Dy atoms are as 
displayed in Table 2 in Ref. [6]. The ~f) site may have 
a!~  a two~dimensional orderiog. The ~c)  site may 
have on~ a u niaxial type of ordering with either an 
A ( .  ~ ~ ÷ ) or a O + + ~ o ) mode, The refinement 
of the m tic intensities indicates that over the 
entire T~T.  inte~.~al o. ly  the ~f) size h o r d e f i ~  
with a ~llinear arrangement of the Dy~ magnetic 

nts d~ected along the a-axis. The atoms (I) 

(O,y,~) and (2) ( 0 , ~ y , l / 2  +z)  rehted by the 2~ 
operat~n ha,~ the same signs while the atoms (1) and 

(3) ( O , y , l / 2  ~ z )  related by the 2~ operation have the 
opl~site signs. Taking into consideration the Cr anti- 
t ransla t ion one obta ins  the mode C : C  
( + + + + ) in the notation of [8]. This ar- 
rangement remains it)variant under tile traasforma° 

tions of the magnelic space group ,~t, ~ ,  , ~,,,',~,~ ,. 

4.3. Mug.eric .umauw of ~,~G¢~ at i.4 K 

At temperatures |~ low T, ~ 6 K the relative inten- 
sities of the magnetic reflections are modified, As the 
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Table 1 
Refined parameters from neutron data of Dy.~Ge4 (space group Cmcm) and DyGe, m~ (space group P6/mmm~: (a~ at ~ K (pararna~t ic  

state) (b) at 1.4 K in the magnetically ordered state (magnetic space groups Cpll" "' ss a~d P:,.II ~..(Sh~), respect~)  ~ (SIqi ) 

Dy.~Ge 4 20 K 1.4 K 
Atom y = )' .= 

Dy ! at 8f: (0,y,:.) 0.335(1) 0.099( I ) 
Dy 2 at 4c: (0,y,l/4) 0.055(2) 0 .~  
Ge t 8f: (0,y,z) 0.357(5) 0.8880(6) 
Ge, at 4c: (0,y,l/4) 0.784(5) 0.25 
Ges at 4a: (0,0:0) 0.0 0.0 
btxDvt,/~ov.." [ V-B] 

a, b, c [AI 4.027(1), 10.599(3), 14.169(5) 
a:+. n=% 6.,~.- 
R,r,%, R ~ #  9.7, 6.2 

DyGeL..~t i 20 K 
Atom occup. 

Dy at la: (0,0,0) 1 
Ge at 2d: (1/3,2/3,1/2) 0.63(8) 

a, c [,A] 3.920(2) 4.119(4) 
R.%, Rm% 9 . 5 , -  

0.3336(9) 
0.055(2) 
0.353(5) 
0.789(6) 
0.0 
7.36(8) 

4.024~9), 10.602(3), 14.175(4) 
4.9, 8.4 

10.9, 5.4 

1.4 K 
v,+. [ v+.l 
7.2(2) 

0.098"~9) 
0.25 
0.888(2) 
0.25 
0.0 

-5.7(3) 

3.918(2) 4.1191(7) 
8.3. 6.2 

structure has two inequivalent R-sites we assumed 
that the observed changes are associated with the 
ordering of Dy, moments and/or with a possible 
reorientation of Dyt moments away from the x-direc- 
tion. 

Th~ i¢iincmcnt has converged (R, ~ 4.9%, R m = 
8.4%, Rw- ~ 10.9%, Re~ p ~' 5.4%, Table I and Fig. 2) 
for a coliinear arrangement of the Dy 2 magnetic 
moments along the c-axis and Dyt ~ along the a-axis. 
The Dy 2 atoms (I) (0,y,I/4) and (2) (0,-y,3/4) re- 
lated by the i operation have opposite signs. Implying 
the Cp antitranslation operation one obtains the 
A( + + + + ) mode. The ordering of the Dy~ sublat+ 
flee is described by the magnetic space group 

~9~9 J 
L p ~ l ' l  eh3'~l ~,,,,s7 ). The magnetic space group com- 
mon for the Dy t and Dd+ sublattices has only mono° 

clinic symmetry Cpll~i'(Sh~p).':' The ordered mo- 
ment values of the Dy t and Dy2 sites are 7.36(8) and 
5.7(3) t~,/Dy, respectively. These values are lower 
than the free-ion value of Dy 3* (gJ[ ~B] ~ 10[/~,]). 

As already mentioned in S¢c. 1 the structure con- 
sists of trigonai prisms formed by the Dy-atoms ten* 
tered by the Ge~-site which form infinite slabs along 
the a-period. Prisms related by the C-centering have 
the same alignment while prisms related by the center 
of symmetry are magnetically inverted (Fig. 3a). 
Within theDy t and Dy~ [100] chains (Dy-Dy distance 
equal to a ~4.0240(9) A), the interaction is ferromag- 
netic. This facilitates the description of the magnetic 
structure as it is sufficient first to describe the cou- 
pling within the isosceles triangular prism base formed 
by 2Dy t and IDy 2 atoms in the (0,y,z) plane. The 

mutual orientation of the four prisms (tfian#es) in 
the cell is then given by applying the Cp and i' 
symmetry operations. 

In each triangle the coupling between two adjacent 

~ Yt moments (next neighbours at a dista~e of 4.28(2) 
) is antiferromagnetic and the moments point per- 

pendicularly to the plane of the triangle. The third 
atom in the triangle, Dye, is located at the nearest 
neighbour distance D y , - D y  I equal to 3.65(2) A, its 
moment points towards the z=direction. This arrang¢o 
meat is ferrimagnetic and differs from that encoun- 
tered in Er~Go+ (planar antiferromagnetic triangular 
arrangement with zero net moment). 

4.4. 77temtal evolution of magnetic order in l~:+Ge+ 

Fig. 4 (top part) shows the thermal evolution of 
integrated intensities extracted by a Oaussian fit of 
selected magnetic peaks. The intensity of the weak 
(102) reflection displays a smooth increase with de+ 
creasing temperature while the intensity of the (011) 
reflection shows a di~ontinuity and a slope, change at 
T, ~ 6 K. The magnetic structure factor of the (102J 
reflection has only contributions arising from the ~D~t 
component while the structure factor of the (01i) 
reflection comprises contributions of both /~Dy, and 
/z+~v2 moments which add up: F(011)~ 4 × 
( 1.428~xDyt + 0.945~zt~y2). 

The thermal behaviour of the magnetic intensities 
suggests a two.step magnetic ordering of the two 
sublattices. Below TN the DYt moment increases 
smoothly with decreasing temperature (see Fig. 4, 
bottom part). The ordered Dy 2 moment evolves only 
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The 20 g neutron data comprise next to the nu° 
clear reflections of the Dy.~Ge+ pha~ additional re° 
flectioas of a ~ n d a r y  ph~e. The~ lines were in° 
dcxed in the AIB+ structure ~ (space group 
P6/mmm). In agreement with [9] we found that the 
AIB++ structure is rcalised at a non-stoichiometric 
com~ition. The simultaneous refinement of I~:~Ge 
and ~G¢~ ~, p~mmcters (Table I. Fig. 2) s h ~  ~hat 
the amount of the latter does not exceed ~%. The 
~cfined ~ ~ i t ~ o n  of the DyGe~:~ h ve,ty close to 
the of the major phase (DyGeL~.~). This 
f ~  it+ to th¢ ~rit¢ctoid way of formation of 
~ G c ~  exphins the difttculties in sy, thesh of a sin° 
~+e sample. 

l+n th+ 1.4 K neutron data additional lines of mag- 
netic origin were observed aM indexed with a 2c+cell 
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Fig. 4, Thermal vaPialion of the ( ( ) i l )  and (102) magflclic intcflsi° 
!i¢~ ( t .p  parql ~md of ~I~ m~gfl¢lic moments in ~( ;c4 ,  

c,largemcnt (q ~(M)112) of tile DyGe~ ~+~ chemical 
unit c¢11, From the presence of the dominating (i~)1/2) 
reflection it can be inferred that the magnetic me- 
meats are confined to the (0011 plane. The refinement 
leads to a coil,near antifer~magnetic arrangement of 
the Dp moment.,+ PCrl~ndicular to the he~gonal axis. 
This ar angement remains invariant under the trans- 
formations of the magnetic space group 

2' 
P~+II ~+(Sh~). At 1.4 K the ordered moment ~alue 
is ++ 7 ~ , #++~ .2(,) #a/atom. The thermal behaviour of 
the (~)1/2) reflection reveals the ordering tempera- 
ture of TN - 16 K (Fig. 51. Due to the small amount 
of ~ e ~ , ~  in the studied ~mple additional infer° 
+nation is needed to verify these results. 

5. Cmmclus|oas 

Th:++ magnetic structures and phase transitions of 
the novel phases I~G¢.~ and I~Ge~+~I ~ were studied 
in the 23~1A K interval by neutron diffraction and 
magnetic measurements. 

A two-step magnetic ordering was found for 
Dy:~Ge~° in a tint step Dyt orders below T N with the 
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Fig. 5. Thermal variation of the (001/2) magnetic intensity of 
D~CI.3{I |, 

moments aligned along the a-axis. The Dy: moments 
order only below T i = 6 K perpendicular to Dy~ along 
the c-axis. The two crystallographically distinct mag- 
netic Dy sites form a two-dimensional canted antifer- 
romagnetic structure. Each sublattice has a uniaxial 
antiferromagnetic moment arrangement but different 
preferred orientations and different ordering temper- 
atures reflecting the presence of two distinct order 
parameters. This behaviour is caused by the triangu- 
lar arrangement of the two sublattices within the 
(0,y,z) plane. A number of complex ordering types 
due to a geometric frustration is known for triangular 
lattices [10]. 

The great variety of magnetic slructurcs of pure 
heavy rare ea~,lhs and their compounds can be under° 
stood as the consequence of the dominant role of the 
exchange interactions with the ct~stal lt¢ld and mag+ 
netoelastie effects acting as perturba,ion~ [I I]. From 
the evolution of magnetic order in the Dy~Oe4 cam= 
pound it follows that the intrasublattice interaction 
Itt is the important one and it dominates in the Ts=T, 
region. In each 2Dyt=Dy.~ triangle (see Fig. 3) the 
coupling between Dyt=Dy~ next neighbour atoms is 
antiferromagnetic and the moment is perpendicular 
to the (0,y,z) plane. This creates a geometrical frus- 
tration for the ordering of the third moment DYe 
the latter cannot order in alignment with any of the 
Dy, moments. Only at low temperatures the interac- 

tion l a becomes important and the Dy~-sublatt~ 
orders perpendicularly to Dye. As the two s u b l a ~ s  
order at different temperatures and with different 
ordering parameters the intersite I~2 interaction k a 
rather weak one. 

The observed magnetic behaviour infers that the 
crystal-field effects are significant in Dy3Ge4: they 
hinder the magnetic moments to attain the free Dy 3+ 
ion saturation value g, lg  B (especially of Dy 2) and fix 
the moments to favored directions. 

The moment arrangement in Dy3Ge 4 is different 
from the planar magnetic triangular antiferromag- 
netic arrangement (with zero net moment)encoun- 
tered in Er3Ge 4. In the latter compound magnetic 
ordering is described by the same order parameter for 
both sublattices. 

The DyGe ~ phase crystallises in the hexagonal 
AIB: structure type. The moment arrangement leads 
to ferromagnetic hexagonal layers coupled antiferro- 
magnetically along the c-axis similar to the isomor- 
phic silicide TbSiL~7. ~ [12]. 
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