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Abstract. The magnetic ordering of the novel binary compoundsG®, (ErsGey structure
type, space groug@'mcm) has been studied by neutron diffraction, specific heat and magnetic
measurements. Antiferromagnetic ordering of 3Be; sets in below7y = 2.6 K and is
associated with two wave vectogs = (0, 1/2,0) andgz = (0, 1, 0).

The major magnetic phase wiihy = (0,1/2,0) has a planar canted antiferromagnetic
structure. Group theory was used to determine the possible magnetic structures. The two Tm
sites (Tm : 8(f) and Tm : 4(c)) order simultaneously with mutually perpendicular orientations.
Both sites split into two independent sets under the action of the wave vgctdihe Tm sites
have a uniaxial arrangement along #iexis with the same moment values. The jTsites have
a uniaxial moment arrangement along th@xis but two different moment values. At 1.7 K the
ordered magnetic moment values are 4.38(3YTmy, 3.1(2) up/Tmy and 0.7(2)up/Tmy.

The minor magnetic phase with, = (0,1,0) has a planar canted antiferromagnetic
structure. The Tmand Ty sites order with a uniaxial antiferromagnetic moment arrangement
and with mutually perpendicular orientations: along theand c-axis, respectively. At 1.7 K
the ordered magnetic moment values are 1.%(3)Tm; and 0.9(2)p/Tmy.

1. Introduction

The magnetic ordering in severak®e, compounds (R= Tb, Dy, Ho, Er) was recently
studied [1-4] by powder neutron diffraction and magnetic measurements. The studied
compounds crystallize with the gse, orthorhombic structure [5] (space grodprncm)

which comprises two rare-earth siteg, &f) and R 4(c). The underlying triangular R atom
arrangement results in nearest neighbour R—R interactions that lead to magnetic frustration
and complex ordering types [4].

The majority of examined e, compounds (R= Tb, Dy, Ho) displays a two-step
magnetic ordering of the two R moments. The moments of the two R sublattices order
independently with two distinct order parameters associated with the same wave vector
g = (010. The 8(f) site moments order blo@y; the 4(c) site moments order at lower
temperatures.
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The preferred direction of the magnetic moments changes within j8e&Rseries. The
easy axis of antiferromagnetism of the Rite moments is defined by the crystal field
interaction and lies along the-axis for Ho, along theaz-axis for Dy and Tb (in the HT
region) and in the (§z) plane for Er. The easy direction of the Rite moment tend to be
perpendicular to those of the, Rite and is along the-axis of Ho and along the-axis for
Er, Dy and Th.

We report in this paper on the magnetic structure oG which differs significantly
from that of the previously studieds@e; compounds.

2. Sample preparation

Several polycrystalline samples of composition;Bw, were prepared by arc melting of the
elements in an atmosphere of purified argon gas. The purity of the starting materials was
99.9% for Tm and 99.99% for Ge. After arc melting the samples were vacuum annealed at
800°C for three weeks and subsequently quenched in water. The purity of the samples was
examined by x-ray powder diffraction. All samples contained several unidentified impurity
phases. The single phase condition in this case is encumbered by the high vapour pressure
of Tm and by the complexity of the phase diagram around this composition. The best
available sample was used for neutron diffraction.

3. Specific heat and magnetic measurements

Magnetic measurements of Ef@e, were made with a SQUID magnetometer. The
temperature dependence of the reciprocal susceptibility is shown in figure 1. Curie—Weiss
behaviour is virtually followed down to the lowest temperature. From the slope and the
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Figure 1. Temperature dependence of magnetization og®m measured in a field of 0.2 T
(left scale) and temperature dependence of the reciprocal susceptibility (right scale).
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intercept with the horizontal axis we derive the valuggs = 7.63 up/Tm anddp = —3.8 K
for the effective moment and the asymptotic Curie temperature, respectively. The former
value is close to the free ion value.%7 wg/Tm). The temperature dependence of
the magnetization, also shown in figure 1, is characterized by an antiferromagnetic type
transition at about 2.8 K.

Results of specific heat measurements made ogGRpare shown in the top left part
of figure 2. The low-temperature behaviour is shown in more detail in the top right part of
the same figure. There is a broad peak centred around 2.2 K and a shoulder at the high-
temperature side of the peak at 2.9 K. The small contribution represented by the shoulder is
attributed to the small amounts of an impurity phase, as also found by neutron diffraction
described below. The large peak is attributed to magnetic ordering of the main phase.

In order to determine the magnetic contribution to the specific heat ofGEnwe
have also performed measurements on the isotypic compous@e,.uResults are shown
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Figure 2. Temperature dependence of the specific @atT of TmzGey (top left). Low-
temperature data in an expanded temperature scale (top right). Temperature dependence of the
specific heaiC,,/T of LuzGey (bottom left). Magnetic contribution to the specific hegg/ T

of Tm3Gey (bottom right). The corresponding temperature dependence of the magnetic entropy
is shown in the inset. All units are expressed per mgGR;.
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in the bottom left part of figure 2. Because Lu is nonmagnetic these data can be taken
as representative for the lattice contribution of ;B®;. These data have been used to
determine the lattice contribution and the electronic contribution to the specific heat in
LusGey. Subsequently the lattice contribution of JGe, was corrected for the slightly
different atomic mass to obtain the lattice contribution representative fgyGEmn The

latter contribution together with the electronic contribution was subtracted from th&&m
data. The corresponding result is representative of the magnetic contributions@eIm
which is shown in the bottom right part of figure 2. The temperature dependence of the
magnetic entropy derived from the magnetic contribution is displayed in the inset. At 75 K
the magnetic entropy is seen to be still below the vaSye' (3R) = In(2J + 1) = 2.56
expected when all 2+ 1 levels of the ground state manifold were occupied. These results
and the comparatively low value of the entropyZat are indicative of appreciable crystal
field effects. The presence of two crystallographic Tm sites inGe@ hampers further
analysis of the crystal field splitting.

4. Neutron diffraction

Neutron diffraction experiments were carried out at the facilities of the ILL reactor
(Grenoble) D1B diffractometer(= 2.52 A). The data were collected in the temperature
range 1.4-50 K, the step increment ia @as 02°. The data analysis was performed by
the Fullprof program [6].

4.1. Crystal structure of Tete,

The neutron patterns in the paramagnetic state confirm the crystal structure;GeJ as

found in [5]. In addition to the main contributions of the IGg; phase two foreign lines
were detected (marked biin figure 3(a)). These lines do not correspond to phases of
the Tm—Ge system reported in [7] therefore they were excluded from the refinement. The
results of tle 5 K refinement are displayed in figure 3(a) and in table 1.

Table 1. Refined parameters from neutron data of 3B® (space grougCmcm) (a) at 5 K
(paramagnetic state), (b) at 1.7 K (magnetically ordered state) of the major magnetic phase

(g1 = (0, 1/2, 0)), magnetic space group,121) and the minor magnetic phasg (= (0, 1, 0),
magnetic space groug, ,2562,;1"(8@31)).

17K
5K q1 q
y z Tmy  Tm¥ TTm® Tmy Tmp
Tmy 8F (0.y.z)  0.332(1) 0.101(2)
Tms 4c: (O y,1/4) 0.055(2) 0.25 ey [l 0.7(2) 3.1(2)
Ge 8F: (0, y,2) 0.367(2)  0.892(1) 1y (1) 4.38(5) 1.5(2)
Ge 4c: (O y,1/4) 0.773(2)  0.25 e [es] 0.9(2)
Ge;4a: (00.0) 0.0 0.0
a,b,c [A] 3.9629(9), 10.437(3), 13.988(4)  3.968(1), 10.543(3), 14.005(7)
an Rl)lla RmZ (%) 52, -, — -, 136, 13.5

Rup» Rewp (%) 109, 4.1 17.6, 8.9
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Figure 3. (a) Observed, calculated and difference neutron diagram ofGemat 5 K.
Unidentified impurity lines 4) are supressed in refinement by excluded regions. (b) Observed,
calculated and difference neutron diagram (1.7-2.9 K) comprising two sets of magnetic
reflections associated with the wave vectgrs= (0, 1/2, 0) (indexed in bold) and, = (0, 1, 0)
(indexing is underlined). The labels in the margin represent 1—contributions associated with
q1, 2—contributions associated witp.

4.2. Magnetic ordering of TeGey

The 1.7 K neutron pattern comprises next to the nuclear lines magnetic peaks that are not
situated at the positions of the nuclear reciprocal lattice 0§Gep. The magnetic lines can
be classified into three distinct sets.

The dominatingfirst setcan be indexed using the wave vectgr= (0, 1/2, 0) of the
orthorhombic nuclea€-lattice and leads to thg-anticentred magnetic latticg,.
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The second setomprises only a few weak lines indexed with the wave vegtoe=
(0, 1, 0) associated with an anticentred magneficlattice. The topology and the relative
intensities of these magnetic reflections are very similar to those observedGeyEL].

The third set appears at positions not related to the;Gw®, lattice and was attributed
to the magnetic ordering of the impurity phase which appears below 2.9 K. The intensity
of these lines remains constant in the 1.7-2.9 K interval.

The first and the second sets associated with the magnetic orderings@&el mmavolve
in the 1.7-2.4 K temperature interval. In order to overcome the difficulty of calculating
coexisting unknown phases we studied the difference diagram obtained by subtracting the
2.9 K data from the 1.7 K data.

The remaining two sets of reflections are exclusively associated with the magnetic order-
ing of TmyGey. In our analysis we considered two cases: (i) two coexisting magnetic struc-
tures, (ii) a uniqgue magnetic structure with two propagation vectors. As the magnetic contri-
butions correspond to different Fourier coefficients these two cases cannot be distinguished.
The refinement was performed within the assumption of two coexisting magnetic structures.

4.2.1. Magnetic structuregf = (0,1/2,0). From the systematic extinction&i/ with
k = 2n absent) observed for the first set of reflections with wave vegtets (01/20) we
derived theb-anticentred magnetic latticB, with the antitranslationt’ = (010).

The star of the wave vector has two armisgq; = £(0, 1/2, 0). The point group of the
wave vector g comprises four elementg1, m,, 2,, m;} = C»y; the corresponding space
group G is Cm2m. The action of the group Gon the 4(c) and 8(f) positions splits each of

Table 2. Basis vectors of the irreducible representatian of the Cmcm group with
{q1 = (0,1/2,0), —q1} describing ordering of the Tm8(f) site. The coordinates of atoms
are: 1—(Qy,z), 2—(0,y,1/2 — z), 3—(1/2,1/2 + y,z), 4—(1/2,1/2 + y,1/2 — z), 5—
0,1-y,1-2),6—01—-y,1-7z), 7—(1/2,1/2—y,1/2+ 7), 8—(1/2,1/2 — y,1—2)

(y =0.333 z = 0.101).

Atoms 1 2 3 4 5 6 7 8

g orbitl (010)  (0-10) (0i0) (0—i0)
(001)  (001)  (00i) (00i)

orbit 2 (0-10) (010)  (0i0)  (0-i0)
(001)  (001)  (00-) (00—i)
—q1 orbit1 (010)  (0-10) (0i0)  (0-i0)

(00-1) (00-1) (00—i) (00—i)

obit2  (0-10) (010)  (0i0)  (0-i0)
(00-1) (00-1) (00i) (00i)

Table 3. Basis vectors of the irreducible representation of the Cmcm group with
{q1 = (0,1/2, 0), —q1} describing ordering of the Ts¥(c) site. The coordinates of atoms are:
1—(0, y,1/4), 2—(1/2,1/2+ y, 1/4), 3—(Q 1 — y, 3/4), 4—(1/2,1/2 — y, 3/4), (y = 0.055).

Atoms 1 2 3 4
q1 orbit1 (100) (i00)
orbit 2 (100) ¢i00)
—q1 orbitl (100) (i00)

orbit2  (100) (i00)
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them into two inequivalent sets (orbits) (see tables 2 and 3), i.eyftire orbit 1 comprises
the atoms 1 and 2 and orbit 2 atoms 3 and 4. The moments of independent orbits may have
different values and directions.

The four irreducible representations (IRs) of tliencm space group for the star
{gq1 = (0,1/2,0), —q1} are listed in table 4. They are two dimensional and appear in
the magnetic representation in the form:

oY = gl (4¢) @ o \7 (8F) (1)
where

0,7{1‘11} A =1,0130 14 (2)

ol (8f) = 71 @ 21, ® 13 ® 214 ©)

(a) Tmy 8(f) site. The refinement of the magnetic intensities has shown that the main
antiferromagnetic contributions arise due to the ordering of the Mimments according to
the t4 representation. The calculated magnetic modes (the components of the basis vectors
associated with the IRs) for the two arntg; for the 74 representation are given in table 2.

The refinement indicated that the Trmoments order along thg-direction, therefore the
z-component was not considered in the symmetry analysis given below.

Group theory analysis [8] allows us to find all models of magnetic structures compatible
with the paramagnetic phase symmetry. These models may be given as the linear
combination of the basis vectors of the IRs of group, @ith coefficientsV € and
—V’e V. The magnetic moment of any atom at distartce= niai + nras + nzas
obtained for ther, representation of the sine wave modulated structure is given in the
equations:

S14¢ = —8314 =2V cosp + q1 - t)e, 4)
Soyt = —Sat = —2V' Oy +q1 - te, 5)
S5yt = —S714 = -2V sin(p + q1 - t)e, (6)
Sert = —Sgit = —2V'sin(y + q1 - t)e, (7)

where & and 2’ are the amplitudes of the wave and and i the phase factors
in fractions of Zr. According to Landau’s theory of continuous phase transitions
[9,10] the valuesp; and p, composed from the mixing coefficients in the way:
p1 = (VEs;—v’e) for the first orbit andp, = (V'€¥;—-Ve¥) for the
second orbit of the Tm site have the meaning of order parameters of the phase
transition.

As follows from the refinement, the coefficienté and V' have the same value

but opposite signs:V' = —V = 4.38(5) ug, when choosingy = + = n/4. The
resulting uniaxial arrangement of the Trmoments is then described by the sequence
A—A, (+ — — + + — —+) for atoms 1-8 listed in table 2 in the notation of [11]

and remains invariant under the transformations of the magnetic space goupm.

The possible magnetic space group related to a given representation can be found by
action of the elements of th€mcem space group on the order parameters (see table 4,
last column).

This model, however, could not fully explain all observations. The major discrepancy is
the existence of a weak (§20) magnetic line at = 6.85° in the difference 1.7 K-2.9 K
neutron diagram. This reflection can only arise from contributions alongz. The best
agreement between observed and calculated data was obtained forgiheonments aligned
along thex-axis.
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(b) Tm, 4(c) site. The arrangement of the Tryrmagnetic moments is described by
the 3 representation. As mentioned above for {Tra linear combination of the IR basis
functions (see table 3), with mixing coefficients given as components of the order parameters
p1= U U e ) andp, = (U &¥; Ue ) for the first and second orbit, respectively,
gives the ordering of the magnetic moments:

S14t=2Ucodp +q1-t)e, 8
Soyt = —2U sin(p + q1 - t)e, 9)
S3y¢ = 2U'cogyr + q1 - Ve, (10)
Sure = 2U'SiN(Y + q1 - t)ey. (11)

As follows from the refinement, the coefficientg and U’ have different values
2U = 3.1(2) ug and V' = 0.7(2) u g, even when choosing the phase factprs = n/4.
The resulting uniaxial arrangement of the Imoments can be described by the sequence
A, (+-) for atoms 1, 2 and F(+ +) for atoms 3,4 listed in table 3 and remains invariant
under the transformations of the magnetic space g2 m’.

The ordering of the two Tm sites is described by different magnetic space groups:
Pym’'2m for Tmy and P,m2'm’ for Tm,. The resulting magnetic space group, being the
intersection of the two individual groups has only monoclinic symme&y321.

The total planar canted antiferromagnetic structure (figure 4) splits into four orbits: two
Tm;y orbits and two Trp orbits. The Tm orbits have the same moment value and the same

]
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[} ",0“‘ LY @
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Figure 4. The projection of the magnetic structure of 3@®; (g1 = (0, 1/2,0)) along the
x-axis. + and — denote the Tm u, moment component along. The atom numbers refer to
those of tables 2 (Tq) and 3 (Tm).
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direction. The moments of two Tonorbits have the same direction but different moment
values. Both sites have a uniaxial antiferromagnetic moment arrangement but with mutually
perpendicular orientations. The 1.7 K ordered moment valuesuare= 4.38(5) up

for the Tmy site, uy, = 3.1(2) up and uy, = 0.7(2) up for the Tmy site. These
values are considerably lower than the free-ion value ofTrxJ [uz] = 7 [usz])
presumably due to crystal field effects and the magnetic frustration due to the triangular
arrangement.

4.2.2. Magnetic structuregt = (0,1,0). The main magneti¢011, 012 lines arising at
positions of the anticentred magnetg-lattice with g, = (0, 1, 0) have the same relative
intensities as observed inf&3e, [1]. Therefore the model of the EBe; magnetic structure
was implemented. The two Tm sites order with a uniaxial collinear antiferromagnetic
arrangement in two mutually perpendicular directions. The Timagnetic moments order
alongy, the Tmy moments along the-axis. Thez-component of the Rmoments observed
for ErsGey is negligible for TmGey. The 1.7 K ordered moment values arg = 1.5(1) up
for the Tm, site andu,, = 0.9(2) up for the Tmp site. These values are considerably lower
than the free-ion value of T# and indicate that the amount of this magnetic phase in the
studied sample is small.

The rather high values of the reliability facto®,; = 13.6%, R,, = 135%,
Ryp = 17.6% between experimental and calculated patterns result from the low counting
statistics of the difference diagram. Furthermore the difference diagram (1.7-2.9 K) assumes
no changes of the magnetic structure of the impurity phase at 1.7 K which cannot be excluded
from the present data.

4.3. Thermal evolution of magnetic intensities inzGw®,

The thermal variation of some selected magnetic integrated intensities £83&,ris shown
in figure 5. The (012 1) and (0 ¥20) lines correspond to the wave vectgr= (0, 1/2, 0);
the (011) line is associated with the wave vecigr= (0, 1, 0). It can be seen that the
ordering temperature is the same for all magnetic contributions afGenand is equal to

T T T 20
0 172 15 Tm,Ge,
- 8 | < 5
= 4 E
— 0 -
2 T g
3 F ° N 2,
g i 10q
© 172 0 5 H105
201§ £
3 011) § o
= 01 #4 $ % o 1 =
8,
P
0 I ! 1 © 0
1 2 3
T [K]

Figure 5. Temperature dependence of the magnetic intensity of th¢@)l (01/20) lines
associated with the wave vectgr = (0, 1/2, 0) and of the (011) line associated with the wave
vectorgz = (0, 1, 0) of Tm3Gey.
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Ty = 2.6 K. The magnetic (042 1) line at 2 = 12.5° is dominant in the whole 1.7-2.7 K
temperature interval, this can be explained by the domipaptcontribution of the T
moment into the magnetic structure factor of the (01/21) line:

F(01/21) ~ 2 x 1.40u;, + 0.6p37 — 1.28u3? (12)

(the superscriptsdland 2 stand for the first and second orbit, respectively).
The magnetic (0420) line at & = 6.9° has only a magnetigo, contribution of the
Tm, first orbit:

F(01/20) ~ 1.28u%. (13)

The monotonic thermal evolution of the (p211) and (012 0) lines implies that the
Tm; and Tny magnetic moments order at the same temperature.

5. Conclusions

The magnetic ordering of the novel phase ;Br, was studied by neutron diffraction,
magnetic measurements and specific heat measurements. H@locompound exhibits
a type of magnetic ordering different from that observed in otheGdR compounds
(R =Tb, Dy, Ho, Er).

A characteristic feature of the TyBe, magnetic structure is the presence of the
antitranslation alongh, which leads to the sign inversion of the magnetic moments in
adjacent crystallographic unit cells along this direction.

The triangular arrangement of the Tm sites within thezfQplane with AF interaction
causes a geometrical frustration of the magnetic moments. Although the two Tm sublattices
order simultaneously, the moments of the two Tm sites have mutually perpendicular
directions. The common trend of the easy moment direction for thesie to be
perpendicular to those of the Rite as described extensively in [4] is preserved in;Ge.

In the resulting planar canted antiferromagnetic arrangement thenfaments are aligned
along they-axis, similarly to E§Gey, with the dominanty-component. The Tmmoments
lie along thex-axis similarly to HaGey.

The coexistence of two magnetic structures with two different wave vectors
q1=(0,1/2,0) and g» = (0, 1, 0) indicates that the free energy space has two minima,
which are close in value in a very narrow temperature range. Here it should be noted that
there is ambiguity in the derived moment values of the two magnetic phases as they refer
to one and the same crystallographic phase and their relative amounts cannot be extracted
by powder diffraction. The magnetic ordering with two different wave vectors and the
concomitant different temperature dependences is also reflected in the relative broadness of
the specific heat peak associated with the overall antiferromagnetic ordering.
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