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Abstract

The HozCuySny compound exhibits multiple magnetic transitions below its Néel temperature of 7.6 K. As the holmium ions occupy two
different crystallographic positions (2d and 4e) a complex magnetic phase diagram was expected. Former neutron diffraction measurements re-
vealed the existence of at least three different magnetic phases. In order to investigate the phase diagram of the HozCuySn, compound in more
detail magnetometric, specific heat, transport and high-resolution neutron diffraction measurements were carried out. The specific heat data in-
dicate the occurrence of five magnetic transitions at temperatures of 2.3 K, 3.3 K, 4.4 K, 5.5 K and 7.6 K, which turned out to be in a strict
agreement with our new neutron diffraction data. The 2d and 4e rare-earth sublattices order independently at 7.6 K and 3.3 K, respectively.

The sublattices are described by different propagation vectors which change with the temperature.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Ho3;Cu,Sn, compound belongs to a novel series of rare-
earth ternaries R3;CuyX, (R — rare-earth element, X = Si, Ge,
Sn) that show interesting physical properties [1]. These com-
pounds crystallize in the orthorhombic Gd;Cu,Ge4-type crystal
structure (Immm space group), in which the rare-earth ions oc-
cupy two different crystallographic positions 4e and 2d. Corre-
lations between the two rare-earth sublattices play the key role in
the complex magnetic behaviour of these materials. The mag-
netic, specific heat and neutron diffraction data show that the
majority of the R;CuyX, compounds are antiferromagnetic at
low temperatures, and some of them exhibit subsequent mag-
netic phase transitions in the ordered state [2—10].
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The former magnetic and neutron diffraction data collected
for Ho;CuySny indicate the occurrence of at least three phase
transitions at 2.5 K, 3.5 Kand 8 K [5,6,9], however, neutron dif-
fraction data did not cover all possible magnetic phases. It was
suggested that both 4e and 2d magnetic sublattices are ordered
up to the Néel point [6]. In order to shed more light on the com-
plex magnetic behaviour of this compound a new sample of
avery good quality was made and supplementary magnetic, spe-
cific heat, electrical transport and high-resolution neutron dif-
fraction measurements were performed. The results of these
studies are reported in the present paper.

2. Experimental

A polycrystalline sample of Ho;Cu,Sn, was obtained by arc
melting stoichiometric amounts of the constituent elements
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(Merck AG: Ho of 99.9% purity, Cu and Sn of 99.99% purity)
under high-purity argon atmosphere on a water-cooled copper
hearth using titanium—zirconium alloy as a getter. In order to en-
sure good homogeneity the button was remelted three times.
Subsequently the sample was annealed in an evacuated quartz
tube at 800 °C for one week. Quality of the product was checked
by X-ray powder diffraction at room temperature. The analysis
of the X-ray pattern indicated that the sample has the orthorhom-
bic crystal structure of the Gd;Cu,Ge,-type with the following
lattice parameters: a = 14.5796(1) A, b =6.90736(5) A and
c=4.41981(3) A. The analysis of the data revealed that the
sample is a single phase without impurities.

The magnetic properties were studied in the temperature
range 1.7—400 K and in external magnetic fields up to 5 T em-
ploying a Quantum Design MPMS-5 SQUID magnetometer.
Specific heat measurements were carried out by quasiadiabatic
method using a Quantum Design PPMS platform. The bulk
sample was prepared in the form of a plate of dimensions
25 mm x 25 mm X | mm. The mass of the sample was
57.1 mg. These measurements were performed in the temper-
ature range of 1.9—300 K and in applied magnetic fields up to
7 T. The electrical resistivity was measured over the 4.2—
300 K temperature interval using a standard dc four-probe
technique. The current contacts were made using silver paste
and the voltage contacts were produced using ultrasonic weld-
ing. The Seebeck coefficient was measured from 5 to 300 K
using standard differential method with copper as a reference
material.

Neutron diffraction experiment was carried out at BERII
research reactor (BENSC-HMI) using E9 fine resolution dif-
fractometer. The incident neutron wavelength was 1.79719 A
with a small contamination (5%) of 1.80312 A, which was
taken into account during refinements. The powdered sample
of mass of about 8 g was measured in a standard cylindrical
vanadium container of diameter 8 mm. Neutron diffraction
patterns were collected in the 1.7—11 K temperature range.

3. Results and discussion
3.1. DC magnetic susceptibility

The temperature dependence of the inverse dc magnetic
susceptibility is shown in Fig. 1a. Above 10 K the magnetic
susceptibility follows the Curie—Weiss law with the paramag-
netic Curie temperature fp = —6.62(6) K and the Ho® " effec-
tive magnetic moment p.p= 10.03(4)ug. The sign of Op
indicates that antiferromagnetic interactions between the
rare-earth ions are dominant. The experimental effective mag-
netic moment is lower than the theoretical free Ho" ion value
of 10.61ug.

The low-temperature behaviour of the magnetization
(Fig. 1b) is quite complex with a broad plateau in between
3.5 and 8 K and a kink at 2.5 K. Moreover, below ca. 6 K little
irreversibility is observed in the magnetization curves, taken
upon cooling the sample without (ZFC) and in an applied
(FC) magnetic field of 0.1 T. The observed features can be
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Fig. 1. (a) Temperature dependence of the inverse dc magnetic susceptibility of
Ho3CuySny. The solid line is a Curie—Weiss fit. (b) Low-temperature variation
of the magnetization. (c) Field dependencies of the magnetization taken at dif-
ferent temperatures. The inset shows derivative do/dH at 1.7 K.

attributed to multiple magnetic phase transitions evidenced
in the recent neutron diffraction studies [6].

In Fig. 1c the magnetization isotherms measured at 1.7 K,
5 K and 10 K are presented. The former curve shows a meta-
magnetic transition near 2 T, thus proving an essentially anti-
ferromagnetic nature of the ground state (see inset of
Fig. 2¢). In strong magnetic fields the magnetization tends to
saturate, although even at the lowest temperature the saturation
is not reached. None of the isotherms exhibits any hysteresis
effect when taken with increasing and decreasing magnetic
field.

3.2. Specific heat

Fig. 2a displays the specific heat measured in the tempera-
ture range of 1.9—300 K in the absence of external magnetic
field. The inset shows the low-temperature behaviour. Two
sharp A-type peaks are clearly visible at the temperatures
7.6 K and 3.3 K, whereas additional much weaker anomalies
can be noticed at 5.5 K, 4.4 K (very weak) and 2.3 K. All
the additional features are visible during heating only (see
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Fig. 2. (a) Temperature dependence of the specific heat of HozCusSns mea-
sured in zero-field. The solid line is a fit describing the phonon and electron
contributions. The inset blows up the low-temperature region. (b) Low-temper-
ature specific heat measured in applied magnetic field.

the inset of Fig. 2a), thus indicating the first-order transitions.
They originate from the magnetic moment reorientations evi-
denced by neutron diffraction results. A relevant discussion
will be given later. The slope change in the onset of the A
peak at 7.6 K may be associated with the transition into an am-
plitude-modulated phase below that temperature [11]. The
jumps of the specific heat at 7.6 K and 3.3 K are only by
11.1 J/mol K and 14.2 J/mol K, respectively, what seem to be
a sign of transitions into sine-modulated magnetic structures.
Within the mean field model the specific heat jump for Ho-
based compound (J = 8) should be equal to 20.63 J/mol K in
the case of simple (commensurate) magnetic structure, other-
wise the jump is expected to be 2/3 of the above value
(13.75 J/mol K) [11,12]. As shown in Fig. 2b, upon applying
a magnetic field the A-shaped peaks move towards lower tem-
peratures, as expected for antiferromagnetic transitions. In
magnetic fields stronger than 6 T all of the anomalies are to-
tally suppressed.

In order to extract the magnetic part of the specific heat, the
lattice and electronic contributions were approximated using
the formula:

6p/T

9mR [T\’ xer
Coprel = —— [ — T x4+ AT 1
phiel l—aDT<HD> /O(ex_l)z +y (1)

where R — gas constant, n — number of ions per formula unit.
Fitting Eq. (1) to the experimentally high-temperature specific
heat data (note the solid line in Fig. 1a) yielded the Debye
temperature Op =230(5) K, the Sommerfeld coefficient
v = 15(2) mJ/mol K* and the anharmonic coefficient ap =
2.1(3) x 107* K~ L. So-derived reference curve is in an agree-
ment with data of Y-based analogue presented in Ref. [2]. The
anharmonic correction was considered because the specific
heat values at room temperature exceeded the Dulong—Petit
limit 3nR =274.23 J/mol K.

Assuming that the nonmagnetic contributions to the specific
heat remain unperturbed in an external magnetic field, the var-
iations of the Schottky contribution to the measured specific
heat in fields up to 7 T were estimated. Fig. 3 shows the mag-
netic specific heat derived from the data collected in zero-
field and in the field of 7 T. As holmium ions in Ho;Cu,sSny
occupy two different crystallographic positions the total
Schottky effect should be attributed to two terms with the
weights corresponding to the multiplicity of the appropriate
atomic sites:

Cschottky = 2
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where E; and W, denote the energies (in Kelvin) of crystal field
(CF) levels at the 4e and 2d positions, respectively. Due to
point symmetries of both positions (C,, and D, for 4e and
2d sites, respectively) the set of nine parameters of CF Ham-
iltonian must be taken into account: BY, B3, B}, B}, B,
Bg, Bé, B‘g, Bg. In such a case, the Ig ground multiplet of
non-Kramers Ho ion splits into (2/ + 1) singlets. As one can
realize there are more than 30 free parameters to fit formula
(2) to the experimental data, which make any refinement quite
ambiguous. However, some general remarks can be made. The
direct fit of formula (2) to the data collected in zero magnetic
field (the regions of the A peaks were excluded) is shown in
Fig. 3 as the solid line. The conclusions are as follows:

o the lowest lying CF states (£, and W) are singlets for both
atomic positions. This is reasonable as holmium is a non-
Krammers’ ion,
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Fig. 3. Temperature variation of the magnetic contribution to the specific heat
of Ho;Cu,sSny in external magnetic fields of O and 7 T. The lines denote the
calculated Schottky contributions (see text for detail).

o the first excited levels (E, and W5) are located at about 8 K
above the £; and W, levels,

e the overall splittings of the ground multiplets do not ex-
ceed 100 K.

Similarly, fit of formula (2) to the data taken in the mag-
netic field of 7 T (note the dashed line in Fig. 3) leads to fol-
lowing conclusions:

o the CF ground states £, and W, are singlets,

e the energy gap between E, and E; rises to 14 K and that
between W, and W, increases to 30 K,

o the overall splitting of the CF levels for both atomic sites
is close to 100 K.

YOI il R I R R N PRI
3RIn17 o
L)
60 - -~
..
T,=33K  T,=76K .°
50
<
S 40 1
£
e
30
U; ---------------- 3RIn3
20
----- - - - 3Rn2
10 A
0 T
10 100
Temperature [K]

Fig. 4. Temperature dependence of the magnetic entropy in Ho;CusSn, with-
out external magnetic field. Positions of the main A peaks are marked with
arrows.
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Fig. 5. Temperature variations of the magnetic entropy in Ho;Cu,Sn, in exter-
nal magnetic fields. Positions of the A peaks are marked with arrows.

3.3. Magnetic entropy and magnetocaloric effect

From the evaluated magnetic contribution to the specific
heat the magnetic entro;;y can be calculated according to the
formula Sniagn(T) = [ (Cwmagn(T')/T") dT'. Fig. 4 displays
the results obtained from the zero-field data. Apparently, at
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Fig. 6. (a) Adiabatic temperature change and (b) magnetic entropy change ver-
sus temperature for HozCuySn, in external magnetic fields up to 7 T.
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Table 1
Characteristic temperatures of the magnetocaloric effect (all data in Kelvin)
Hexil 6, 2 O3 04 Os O
T1/8, T,/S, T3/S5 TalSy Ts/Ss Te/Se
1T 2.2 2.4 2.9 6.6 7.1 9.4
—/2.2 —/2.4% 2.8%/2.9 6.4/6.4* 7.2%/1.1 13.5/9.4%
2T - - 2.6 - - 8.9
2.4%/2.6 14.1/9.0*
4T - - - - - 8.1
16.2/8.0*
6T - - - - - 8.1
15.7/8.1%
7T - - - - - 83
16.5/8.2*

Upper rows: ©; points where Cp(0,T) = Cp(H,T). Lower rows: T; and S; points derived from the AT,q(T") and ASngaen(T') curves, respectively (minima are marked

by the “*’ symbol).

100 K the entire Iy multiplets of Ho*" ions are populated,
consequently the observed magnitude of Sypgn is close to
the value of 3R In 17 expected for the Schottky contribution.
The magnetic phase transitions at 3.3 K and 7.6 K manifest
themselves as distinct kinks on the temperature variation of
the entropy. The entropy values at these temperatures corre-
spond well with the above conclusions of the analysis of the
Schottky effect. The magnetic entropy variations calculated
from the specific heat data taken in magnetic fields up to
7 T are shown in Fig. 5. Clearly, no kinks due to magnetic tran-
sitions are visible in fields stronger than 4 T.

The magnetocaloric effect (MCE) can be investigated by cal-
culating the adiabatic temperature change AT ,4 (Fig. 6a) and the
isothermal magnetic entropy change ASy,gn (Fig. 6b) using the
standard approach described in Refs. [13,14]. The change of the
sign of both MCE curves near 3 K is probably due to the first-
order phase transition observed at 2.3 K [15].
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Fig. 7. Temperature dependence of the electrical resistivity of Ho3CuySny. The
solid line represents the fit discussed in the text. The inset shows the first tem-
perature derivative of p(T').

Some characteristic points ®; of crossings of the specific
heat curves Cp(T) measured in zero and non-zero magnetic
fields can be related to minima or maxima on the MCE curves
[16]. When considering the O and 1T specific data of
Ho;CuySny, one can discriminate the following points ©;
(see Fig. 2b): ®; and O, are due to the first-order transition
at 2.3 K, ©5 and Og are associated with the A peaks at 3.3 K
and 7.6 K, respectively, as well as ®4 and ®5 which are related
to a weak structure in the onset of the A peak in the vicinity of
6 K. In the case of the 0 and 2 T data only the ®; and O
points can be identified, while for stronger fields a single @
point persists. Table 1 gives a comparison of the so-derived
O, temperatures with the positions of the extremes in the
AT.q and ASypagn curves (denoted as T; and S;, respectively).
Apparently, there is a good agreement between the character-
istic temperatures, especially with those of ®; and S, points.
The only exception is a maximum T occurring in AT 4(T)
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Fig. 8. Temperature variation of the Seebeck coefficient of HozCusSny. The
solid line is the fit discussed in the text. The inset zooms in the low-tempera-
ture region.
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Table 2

Structural parameters of Ho;Cu,Sny at low temperatures derived from neutron diffraction data

T (K) a(d) b (A) c (&) V(A% o XCu X Riragg (%)
Ycu Ysn Ry (%)

1.7 14.5387(10) 6.8842(4) 4.4074(2) 441.12(4) 0.1299(8) 0.3265(6) 0.2173(10) 6.3
0.1863(12) 0.2000(16) 3.9

3 14.5394(10) 6.8851(4) 4.4074(2) 441.21(4) 0.1301(8) 0.3265(6) 0.2162(10) 6.6
0.1862(12) 0.2001(16) 4.1

4 14.5381(10) 6.8842(4) 4.4072(2) 441.09(4) 0.1295(8) 0.3264(6) 0.2172(10) 7.1
0.1863(12) 0.1998(18) 4.7

5 14.5380(8) 6.8842(4) 4.4071(2) 441.07(4) 0.1294(8) 0.3263(6) 0.2171(8) 7.3
0.1860(12) 0.2002(18) 4.8

6 14.5383(8) 6.8837(4) 4.4068(2) 441.02(4) 0.1296(8) 0.3264(6) 0.2175(8) 7.1
0.1859(12) 0.2012(18) 4.9

7 14.5382(8) 6.8833(4) 4.4067(2) 440.99(4) 0.1295(8) 0.3264(6) 0.2175(8) 5.7
0.1860(12) 0.2011(18) 4.2

11 14.5384(10) 6.8834(4) 4.4071(2) 441.03(4) 0.1312(10) 0.3269(8) 0.2174(10) 8.9
0.1877(10) 0.1987(18) 6.2

Standard deviations are given in parentheses. The reliability factors are listed in the last column.

at about 15 K, which does not correlate with the point @4 de-
rived from the specific heat data.

3.4. Electrical resistivity

The temperature dependence of the electrical resistivity is
presented in Fig. 7. At room temperature the resistivity is
about 35 nQ cm. With decreasing temperature it diminishes
in a metallic manner reaching about 5 pQ cm just above the
onset of the long-range magnetic order setting at 7.8 K. The
magnetic phase transition manifests itself as a pronounced
kink on the p(T) curve that results in a jump in the derivative
dp/dT (see the inset in Fig. 7). Another sharp anomaly in dp/
dT(T) occurs at 5.5 K, i.e. at the characteristic temperature
identified in both the magnetization and the specific heat stud-
ies. Unfortunately no evidence for the other phase transitions
at lower temperatures could be obtained because in the per-
formed resistivity measurements the temperature was limited
to 4.2 K.

In the paramagnetic region the electrical resistivity was an-
alysed in terms of the Bloch—Griineisen—Mott formula [17]:

4, O0/T S
or=peoi i (L) | S

which describes scattering conduction electrons on static de-
fects in the crystal lattice (the residual resistivity pg), disor-
dered magnetic moments (the spin-disorder resistivity p; ),
and phonons (second term). The third term accounts for s—d
interband scattering processes. Fitting Eq. (3) to the resistivity
data above 50 K yielded the following values of the parame-
ters: po+p; = 6.7(2) uQcm, Op=234(4)K, R=0.104
(5) pQ cm/K and K =3.81(1) x 10~® pQ cm/K>. Worth noting
is that the so-derived Debye temperature ®p, is almost equal to

that determined from the specific heat, which implies rela-
tively weak electron—electron correlations [18]. The value of
K is very small, thus indicating a nearly negligible contribu-
tion from Mott-type processes, as may also be concluded
from approximately linear behaviour of p(T') at high tempera-
tures. The sum of py + p;° contains a contribution from spin-
disorder scattering that is temperature independent only in
the region where crystal field effects can be neglected. For
Ho;CuySny such an assumption seems valid for the electrical
transport phenomena roughly above 50 K. At lower tempera-
tures a more and more significant deviation of the experimen-
tal data from the calculated resistivity curve is observed
because of a gradual depopulation of excited crystal field
levels with decreasing temperature.

3.5. Thermoelectric power

The temperature variation of the Seebeck coefficient S(T")
is shown in Fig. 8. The positive sign of the thermopower in
the entire temperature range suggests that the major role in
the electrical transport is probably played by the holes [19].
At low temperatures S(T') exhibits a tiny anomaly occurring
at the Néel point (see the inset of Fig. 8). In the paramagnetic
region the thermopower shows strongly non-linear tempera-
ture dependence with a deep minimum at 14.7 K and a broad
bump near 70 K. The latter anomaly may be interpreted as be-
ing caused by the so-called phonon-drag effect [20] that results
in the formation of a maximum in S(7') at a temperature of
0.1-0.30p [21]. For Ho3Cu4Sn, the Debye temperature ©p
estimated from the specific heat and resistivity data is about
230 K, thus this mechanism seems to be quite a likely one.

Another quantitative explanation of the non-linear behav-
iour of S(T') is provided by models that consider perturbations
of nearly free electron gas via inelastic scattering on phonons
and/or impurities [22,23]. In the frame of the inelastic
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Fig. 9. Neutron diffraction patterns of Ho;Cu,Sny recorded in different magnetic phases below the Néel temperature. Bragg positions originating from crystal
structure are labelled as c, whereas positions originating from magnetically ordered phases are labelled by 2d and 4e with respect to the 2d and 4e rare-earth
sublattices, respectively.

electron—phonon scattering model developed in Refs. [19,24] S(1) = 72 kg P12(1) 5
the thermoelectric power can be expressed by the function: o(t) = 3 e Py(1) (5a)
S(T) = So(1) + (1/¢)S1(7) (4)

TC2 kB TC% P]] (f)
where t=T/Op, ¢ =¢ep/kg®p (g — Fermi energy) and the 51(0) = S {1 + 3 Pzz(t)} (5b)

functions S«(¢) are given by:
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with P(¢) being the scattering matrix elements dependent on
the parameter eS:Zmevf, where m, stands for the electron
mass and v, is the sound velocity (for detailed definitions
see Ref. [24)).

Upon modifying Egs. (4) and (5a) to the form valid for
holes and introducing a scaling factor «

S(T) = a(So() —251(0) (6)

the model was fitted to the experimental data of Ho3;CuySny
measured above 20 K. The resulting fit is marked in Fig. 8
by the solid line, and the so-derived parameters are as follows:
eg=3100(17) K, es =4.5(3) K and Op =195(9) K. The De-
bye temperature is in a rather good agreement with the other
estimates from the specific heat and the resistivity data (see
above), especially if one takes into account the simplicity of
the applied model.

Finally, it is worthwhile mentioning that a behaviour some-
what similar to that shown in Fig. 8 is frequently observed for
so-called heavy-fermion compounds and interpreted in the
framework of the Hirst model [25,26]. However, the latter ap-
proach assumes the presence of a narrow f-electron band in the
vicinity of the Fermi level. This scenario seems quite unlikely
for Ho;CuysSny that unambiguously is a stable moment system.

3.6. Neutron diffraction

3.6.1. Crystal structure

Neutron diffraction measurements confirmed that in low
temperatures (down to 1.7 K) the compound crystallizes in
the orthorhombic Immm structure. In this structure the Ho
atoms occupy two different crystallographic positions 2d
(0.5, 0, 0.5) and 4e (xgo, 0, 0), the Cu atoms are placed at
the 8n (xcy, Ycu, 0) position and the Sn atoms occupy the 4f
(Xsn, 0.5, 0) and the 4h (0, yg,, 0.5) positions. All structural pa-
rameters are listed in Table 2. According to the analysis of all
collected patterns no changes in crystal structure, accompany-
ing consequent magnetic transitions, were observed. The re-
finements of the data were made using Rietveld-type
FullProf software [27].

3.6.2. Magnetic structure

Neutron diffraction patterns were recorded at seven temper-
atures in order to describe all possible magnetic phases sug-
gested by specific heat measurements. It turned out that all
five magnetic phases suggested by specific heat measurements
were observed. In Fig. 9 five patterns collected at 1.7 K, 3 K,
4 K, 5K and 6 K in different magnetic phases are presented.
Fig. 10 shows low-angle part of neutron diffraction patterns
presented in Fig. 9. The complete refinement results including
magnetic structure as well as respective reliability factors are
tabulated in Table 3. The magnetic structures described by
incommensurate propagation vectors are considered as

4e: 2d:
E: 000
A 000; 0-10; 0-1-1 F: 100; 1-10
A': 000; 0-10; -100; -1-10 G: 200; 2-10
B: -1-10; -1-1-1; -100; -10-1 H: 000
B 0-1-1;-1-1-1; 00-1; -10-1 J: 0-10
C: 100; 1-10; 10-1; 1-1-1 K: -100
C" 100; 1-10; -200; -2-10 L: 110
D: -2-10; -2-1-1; -200: -20-1 L" 1101%
D' 10-1; -2-1-1; 1-1-1; -20-1 P -200: -2-10
R: 200; 2-10
nuclear:
X: 200
Y: 110
1.7 K
4o I 11
2d | I AB | C D
E F G
J\MM
4e | | | |
2d | | a B I oD
E F G
M
I | |
2 g F G
V/J\\—v/\j\'Qﬁ
| | I
2d g F G
M
2d || (IR I
HJ KM | | nuclear
X Y
1 v 1 v 1 T 1 T 1 v 1 v 1 v
10 12 14 16 18 20

20[deg]

Fig. 10. Low-angle part of neutron diffraction patterns taken in the magneti-
cally ordered state. Groups of reflections are labelled with respect to both mag-
netic sublattices 4e and 2d. Nuclear reflections are given only in bottom
diagram. Each reflection is denoted with capital latter, to which an appropriate
index is attributed in the upper part of the picture.
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Table 3
Magnetic ordering of Ho;Cu,Sny

T (K) Haa (uB) 2d: 6 (°) and ¢ (°) kaa Rr@q)
(%)

Mae (up) de: 0 (°)and @ (°) k4o Rre)
(%)
1.7 8.3(2) 90 and 90 0;0.5;0 9.8
9.9(2) 90 and 0 0.3712(14);0.5;0.5 7.9
3 8.6(2) 90 and 90 0;0.5;0 10.0
8.0(2) 90 and 0 0.5;0.5;0.4694(2) 9.9
4 8.6(2) 80(2) and 90 0;0.5;0 12.2
5 8.5(2) 90 and 90 0;0.5;0 12.9
6 9.1(2) 90 and 77(4) 0.0695(18);0.4821(16);0  15.3
7 9.0(2) 90 and 76(4) 0.067(2);0.480(2);0 15.9

Hag and pye — denotes Ho magnetic moments in 2d and 4e sublattices. Param-
eters 6 and ¢ denote angles that are formed between magnetic moments and
the c-axis and a-axis, respectively. k»q and k4. are propagations vectors for
2d and 4e sublattice, respectively. Standard deviations are given in parenthe-
ses. The reliability factors are listed in the last column.

amplitude modulated. Within the crystal unit cell magnetic Ho
ions occupy following positions:

M1 (05 0; 0), M2(1 — xp05 0; 0), M3(%2 + o 725 %2),
M4 (%2 — xyo; ¥2; ¥2) — for the 4e sublattice

MS5(%2; 0; %), M6(0; %; 0) — for the 2d sublattice

where xy, changes with the temperature (see Table 2 for
details).

At 1.7 K both 2d and 4e magnetic sublattices are ordered.
The magnetic moments of 2d sublattice are parallel to the b-
axis, whereas the ones of 4e sublattice are parallel to the a-
axis. The magnetic structure was found to be very close to
that reported earlier [6], with propagation vectors ks, =
(0.3712(14);0.5;0.5) and kpq = (0;0.5;0) for 4e and 2d sublatti-
ces, respectively. Within the crystal unit cell the sequences of
magnetic moments are [+ + — —] for 4e and [+ +] for the 2d
sublattice. The sequence of magnetic moments of 2d sublattice
does not change up to the Néel temperature.

The analysis of pattern recorded at 3 K reveals a change of
propagation vector in 4e sublattice. Now k4. =(0.5;0.5;
0.4694(2)), however, magnetic moments are still parallel to
the a-axis. They are ordered in [+ + + 4] sequence. This
change is reflected with splitting of reflections A and B (see
Fig. 10). The ordering of the 2d sublattice remains unchanged.

In contrast to Ref. [6] above 3.3 K the 4e sublattice is no
longer ordered. This is consistent with the specific heat mea-
surements reported in Section 3.2. At 4 K the propagation vec-
tor kyq describing the 2d sublattice is still commensurate
(0;0.5;0), however, the orientation of magnetic moment is
slightly changed. Now the magnetic moments lie in the b—c
plane and form an angle of 10(2)° with the b-axis. The

above-mentioned reorientation can be recognized as an inten-
sity increase of E magnetic reflection at about 7.5° of 20 angle
(see Fig. 10). Within 5°—20° range of 20 angle a diffusive
scattering resulting with a very broad bump in background is
visible. This effect is related to some short-range correlations
within disordered 4e sublattice.

A closer inspection of pattern collected at 5 K reveals van-
ishing of E reflection, which is a sign that 2d magnetic mo-
ments lie along the b-axis again. This reorientation is hardly
visible in specific heat data as a small irreversibility at 4.4 K
with respect to cooling and heating curves (see inset of
Fig. 2a).

At 6 K a change of propagation vector from commensurate
into incommensurate one is visible. Splitting of F and G reflec-
tions can be noticed, which is presented in Fig. 10. The new
propagation vector is kpq = (0.0695(18);0.4821(16);0). The
magnetic structure is changed a little in comparison to 5 K
structure. The magnetic moments lie in the a—b plane forming
an angle of 23(4)° with the b-axis. The pattern collected at 7 K
does not exhibit any significant changes of magnetic ordering
(see Table 3). The existence of non-collinear magnetic struc-
ture just below Ty was observed in many rare-earth intermetal-
lic compounds and was explained theoretically [28].

At 11 K magnetic moments of Ho do not exhibit long-range
order.

The above results show that magnetic moments in both sub-
lattices are parallel to each other. It may be caused by the
Dzialoshinsky—Moriya interactions as well as by the crystal
electric field effects. The latter seem to be more probable as
the different point symmetries of 2d and 4e positions may
be responsible of different preferable direction of magnetic
moments in each sublattice. The independent ordering of
both sites leads to a conclusion that coupling between 2d
and 4e magnetic moments must be relatively weak. One
may speculate that oscillatory character of RKKY interactions
may lead to diminishing of the exchange integrals between
both sublattices.

4. Summary

The results presented above show complex nature of the
magnetism in antiferomagnetically ordered HozCuySny. Spe-
cific heat and transport measurements revealed that the Debye
temperature is about 220 K. Sample exhibits metallic behav-
iour with relatively weak electron correlations, however,
a strongly non-linear dependence of thermoelectric power at
temperatures close to the Debye temperature implies some
electron—electron correlations to be present. As the shortest
distance between rare-earth ions is close to 4 A the indirect
RKKY model is believed to be responsible of magnetic
ordering.

Based on the new neutron diffraction results presented
above it was possible to find five different magnetic phases be-
low the Néel temperature, which is in a strict agreement with
specific heat studies. The two distinct A peaks visible in the
specific heat at 7.6 K and 3.3 K are unambiguously due to in-
dependent ordering of holmium magnetic moments at 2d and
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4e sites, respectively. A similar behaviour was observed in
large number of 3:4:4 compounds [29].
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