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Physical properties of TmPtIn have been investigated by means of magnetic, electrical transport,

calorimetric as well as neutron diffraction measurements. The compound crystallizes in the hexagonal

ZrNiAl-type crystal structure. It orders antiferromagnetically below TN = 3.5 K with the Tm magnetic

moments confined to the basal hexagonal plane. They form a non-collinear ‘‘triangular’’ magnetic

structure that may be described by the propagation vector ~k ¼ ½14 ;
1
4 ;

1
2�. At 1.6 K, the Tm magnetic

moment is equal to 5:59ð9ÞmB. The antiferromagnetic character of the electronic ground state is

reflected in the low temperature behaviors of the magnetic susceptibility and the specific heat, which

may be described by spin-wave theory of antiferromagnetic magnons with linear dispersion relation.

The compound exhibits metallic character of electrical conduction.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

The RPtIn (R = Sc, Y, La-Nd, Sm, Gd-Lu) intermetallic
compounds crystallize in the hexagonal ZrNiAl-type structure
[1–4], whereas EuPtIn crystallizes in the orthorhombic TiNiSi-
type [5,6] structure. Transport and magnetic studies of RPtIn
intermetallics (R = rare earth element) revealed interesting
physical properties in several members of this family of
compounds. CePtIn [7–10] and YbPtIn [4,11–15] were described
as dense Kondo systems. No magnetic ordering was found down
to 60 mK in CePtIn [7,8], while YbPtIn was reported to order
antiferromagnetically below 3.4 K [11]. In PrPtIn no magnetic
ordering was discovered down to 1.7 K, however the magnetic
and resistivity data suggested possible ferromagnetic phase
transition at lower temperatures [2]. SmPtIn was found to order
ferromagnetically below 25 K [2]. Ferromagnetic ordering was
also encountered in GdPtIn (below 89 K [16] or 67.5 K [13]),
DyPtIn (below 38 K [16], 26.5 K [13] or 37.1 K [17]), HoPtIn (below
23.5 K [13] or 23.1 K [17]) and ErPtIn (below 8.5 K [13] or 13 K
[18]). In turn, antiferromagnetic order was established in TbPtIn
(below 50 K [16], 46.0 K [13,20] or 47 K [19]).

Single-crystal studies of TmPtIn were reported in Ref. [13].
The magnetic susceptibility was found to exhibit a maximum at
about 4 K, typical of antiferromagnetic phase transitions, while
the specific heat data yielded the transition temperature of
3:070:5 K. Strong magnetic anisotropy was observed in the
ordered region, with the magnetization measured in the
ll rights reserved.

: +48 12 6337086.

an).
hexagonal plane being significantly larger than that along the
c-axis. In a field of 5.5 T, the planar component of the magnetic
moment was calculated to be 4:42mB, while the axial one was
found to be equal to 2:26mB (at T = 2 K). The angle between the
easy axis and the c-axis was estimated to be about 721. The
inverse magnetic susceptibility yielded the value of an effective
magnetic moment around 7:7mB.

In the present work the magnetic ordering in TmPtIn has been
probed by neutron powder diffraction, and the physical properties
of the compound have been investigated within wide tempera-
ture range by means of magnetization, electrical resistivity and
heat capacity measurements.
2. Experimental details

Polycrystalline sample of TmAgGe was synthesized by arc
melting high-purity elements (Tm: 3N; Ag: 4N; Ge: 5N) under
titanium-gettered argon atmosphere. In order to ensure appro-
priate homogeneity the ingot was turned over and remelted
several times. Afterwards, the sample was annealed in an
evacuated quartz ampoule at 600 1C for one week.

The product quality was examined by X-ray powder diffraction
at room temperature on a Philips PW-3710 X’PERT diffractometer
using CuKa radiation. The results confirmed the hexagonal ZrNiAl-
type crystal structure and indicated almost single-phase character
of the prepared sample.

Magnetic measurements were performed within the tempera-
ture range 1.7–400 K and in external magnetic fields up to 5 T
using a Quantum Design SQUID magnetometer. The electrical

www.elsevier.com/locate/jmmm
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resistivity was measured over the temperature interval of 3.9–290 K
employing a standard dc four-probe technique and a home-made
setup. Heat capacity studies were carried out in the temperature
range 0.34–300 K using a relaxation method implemented in a
Quantum Design PPMS platform.

The neutron powder diffraction patterns were collected within
the temperature range from 1.6 to 4.1 K on the E6 diffractometer
installed at the BERII reactor (Helmholtz-Zentrum Berlin). The
incident neutron wavelength was 2.452 Å. The neutron diffraction
data were analyzed using the Rietveld-type program FullProf [21].
3. Results and discussion

3.1. Crystal structure

The X-ray diffraction data, collected at room temperature, as
well as the neutron diffraction data, obtained at 4.1 K (para-
magnetic state), confirmed unambiguously the hexagonal ZrNiAl-
type structure (space group P62m). In this unit cell the particular
atoms occupy the following sites:
Table 1
Refined structural parameters of Tm
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The values of the lattice parameters and the free positional
parameters x, derived from the neutron diffraction pattern, are
listed in Table 1.
3.2. Magnetic behavior

The magnetic properties of TmPtIn are presented in Fig. 1.
Above about 60 K, the inverse magnetic susceptibility exhibits a
linear-in-T behavior. At lower temperatures some curvature in
w�1ðTÞ is seen, presumably due to CEF effect. Fitting the Curie–
Weiss formula to the experimental data yielded the paramagnetic
Curie temperature yp ¼ 6:5ð2ÞK and the effective magnetic
moment meff ¼ 7:65ð3ÞmB. Nearly identical meff was reported for
both characteristic crystallographic directions in single-
crystalline TmPtIn [13]. This value is close to that expected for a
free Tm3 + ion ð7:56mBÞ. As shown in the upper inset in Fig. 1, the
magnetic susceptibility has a maximum typical for antifer-
romagnetic phase transition. The critical temperature equal to
3.4 K was identified from the maximum in the derivative
dðwmTÞ=dT . The antiferromagnetic character of the magnetic
ordering is corroborated by the behavior of the isothermal
magnetization taken at 1.72 K as a function of magnetic field up
to about 5 T. A clear metamagnetic transition is visible at B = 0.5 T
(see the lower inset to Fig. 1). The saturation magnetic moment in
the field-induced ferromagnetic state at 1.72 K equals 4:5ð2ÞmB, i.e.
it is much smaller than the free Tm3 + ion value ð7:0mBÞ and should
be related to the CEF ground state of the compound. Very similar
magnetization characteristics were reported in Ref. [13] for
TmPtIn single crystal measured in magnetic field applied within
the ab plane of its hexagonal unit cell.
3.3. Electrical resistivity

The results of electrical transport measurements of TmPtIn are
presented in Fig. 2. The compound exhibits metallic behavior with
the room temperature resistivity of about 210mO cm that
decreases down to about 130mO cm at 3.9 K, the terminal
temperature in this study. Remarkably, as is apparent from
Fig. 2, very similar overall temperature dependence of the
resistivity is observed for the nonmagnetic analog LaPtIn, which
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Fig. 3. Specific heat of LaPtIn (open symbols). The solid line shows the fit to the formula given by Eq. (3) (see main text for details). The inset presents the

low-temperature part of Cp=T dependence on T2. The solid line shows the linear fit used to derive the value of an electronic specific heat coefficient g.
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Fig. 2. Electrical resistivity of LaPtIn (right axis) and TmPtIn (left axis). The solid lines represent the fits to the Bloch–Grüneisen–Mott formula (see the text for details).
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indicates that rðTÞ of TmPtIn is mainly governed by temperature
related changes in the phonon scattering of the conduction
electrons. The resistivity of a nonmagnetic metallic compound
may be described by the so-called Bloch–Grüneisen–Mott (BGM)
formula:

rðTÞ ¼ r0þ4RT
T

YD

� �4 Z YD=T

0

x5 dx

ðex�1Þð1�e�xÞ
�KT3

ð1Þ

where r0 is the residual resistivity due to scattering the
conduction electrons on static defects of the crystal lattice, the
second term accounts for electron–phonon scattering processes
and the third term represents the s-d interband scattering. Fitting
Eq. (1 to the experimental data of LaPtIn gives the following
set of parameters: r0 ¼ 20:5ð4ÞmO cm, R¼ 0:3469ð2ÞmO cm=K,
YD ¼ 131:3ð5ÞK and K ¼ 9:14ð1Þ � 10�7 mO cm=K�3. The para-
meter YD is usually treated as a rough estimation of the Debye
temperature, despite its value is influenced in some way by
electronic correlations [23]. In the case of LaPtIn the so-obtained
YD appears to be in good agreement with the value estimated
from the specific heat data (see section Specific heat for details).

To account for possible little differences in the non-magnetic
contributions to the electrical resistivity of LaPtIn and TmPtIn
(especially as regards the Mott’s interband scattering), the rðTÞ
data of the latter compound were independently analyzed in
terms of Eq. (1) with an added term r1 that represents scattering
the conduction electrons on disordered magnetic moments.
The evaluation was made above 50 K, i.e. in the temperature
range where r1 can be assumed to be temperature independent
(at high temperatures rðTÞ is dominated by the phonon
contribution and CEF effects are nearly negligible). In order to
reduce the number of fit parameters, the Debye temperature in
TmPtIn was fixed at a value of 127.2(5) K derived from YD found
for LaPtIn using a general formula:

YR0mMnXp
¼YRmMnXp

mðMRÞ
3=2
þnðMMÞ

3=2
þpðMXÞ

3=2

mðMR0 Þ
3=2
þnðMMÞ

3=2
þpðMXÞ

3=2

 !1=3

ð2Þ
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where M0R, MR, MM and MX are the molecular masses of the
respective elements, while m, n and p are natural numbers repre-
senting the stoichiometry. The least-squares fit is shown in Fig. 2,
and the so-obtained parameters are: r0þr1 ¼ 132:60ð5ÞmO cm,
R¼ 0:3239ð5ÞmO cm=K and K ¼ 6:10ð5Þ � 10�7 mO cm=K�3. Appar-
ently, the values of R and K are very close to those determined for
LaPtIn, and thus corroborate the similarity in the electron–
phonon and interband electron-electron scattering processes. In
turn, the distinct difference between r0 found for LaPtIn and the
sum r0þr1 derived for TmPtIn is due to the magnetic
contribution present in the latter compound but it may also
reflect enhanced residual scattering because of insufficient
metallurgical quality of the TmPtIn specimen studied. Indeed,
the measured sample was very brittle and contained some
microcracks, which probably influenced r0. It is also possible
that the observed difference is partially caused by polycrystalline
character of the two samples, in which some preferred orientation
T
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Below 50 K, the experimental resistivity of TmPtIn is smaller
than the calculated one due to reduction in the scattering on the
CEF levels which accompanies their gradual depopulation with
decreasing temperature. Here, it is worth to recall that also the
magnetic susceptibility of TmPtIn indicates the CEF effect in a
similar temperature region.
3.4. Specific heat

Fig. 3 presents the temperature dependence of the specific heat
of LaPtIn. At low temperatures the ratio Cp=T varies as (T2), which
provides from the formula Cp=T ¼ gþbT2 an electronic specific
heat coefficient g equal to 7.62 mJ/mol*K2 (see the inset in Fig. 3).
This value of g is typical for nonmagnetic metallic compounds. For
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example, for the isostructural phase YPtIn g was reported to be
6.7 mJ/mol*K2 [22]. In a wide temperature range the specific heat
of LaPtIn can be described by the formula that accounts for the
electronic and phonon contributions:

Cphþel ¼ 9R
1

1�aT

T

YD

� �3 Z YD
T

0

x4ex

ðex�1Þ2
dxþR

1

1�aT

X
i

YEi

T

� �2

eYEi
=T

eYEi
=T
�1

� �2
þgT

ð3Þ

where YD is the Debye temperature, YEi
are the Einstein

temperatures, a is the anharmonic coefficient and R is the gas
constant. Assuming that the Einstein temperatures can be
grouped into 2 branches, each of multiplicity 3, one obtains a
satisfactory fit of the experimental data of LaPtIn with the
parameters: YD ¼ 131ð2ÞK, YE1

¼ 131ð2ÞK, YE2
¼ 210ð2ÞK and

a¼ 6:43ð23Þ � 10�5 1=K (g was fixed at the value found from the
low-temperature analysis).

In order to analyze the specific heat of TmPtIn, first the
characteristic temperatures of the phonon contributions were
calculated using Eq. (2) with the input Debye and Einstein
parameters as found for LaPtIn. This way the following values
were derived: YD ¼ 127ð2ÞK, YE1

¼ 127ð2ÞK and YE2
¼ 203ð2ÞK.

Then, assuming that also the electronic contribution to the
specific heat of TmPtIn is similar to that determined for its
nonmagnetic counterpart, the temperature variation of Cph + el in
TmPtIn was derived from Eq. (3). Finally, subtracting the so-
estimated sum of the phonon and electronic contributions from
the experimental Cp data the magnetic specific heat Cm(T) was
obtained, as shown in Fig. 4).

At the temperature of about 3.5 K, a sharp lambda-shaped
anomaly is seen, which is related to the antiferromagnetic
ordering. The jump in the specific heat DCp at TN equals
approximately 12 J/mol*K, which is smaller that the theoretical
value of 20.54 J/mol*K, given by the mean field theory relation
DCmðTNÞ ¼ 2:5Rðð2Jþ1Þ2�1Þ=ðð2Jþ1Þ2þ1Þ (Ref. [24]) with J = 6
corresponding to the entire multiplet of the Tm3 + ion. However,
the experimental value of DCmðTNÞ is very close to the value of
12.47 J/mol*K, appropriate for a doubly degenerated (J = 1/2) CEF
ground state.

The temperature variation of the magnetic entropy Sm(T),
derived from the Cp/T dependence (see the inset to Fig. 4), exhibits
a distinct change in slope at the Neel temperature with the
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Fig. 6. The fit of the formula given by Eq. (5) to th
entropy reaching a value of R ln 2, which also hints at the ground
state being a doublet or two closely separated singlets. In the unit
cell of TmPtIn, the Tm3 + ions are located at the crystallographic
position 3g with the orthorhombic point symmetry C2v (mm2). In
the crystal field potential of this symmetry the thulium 3H6

ground multiplet splits into several energy levels, with 13 singlets
being the terminal case with total lifting of the 2J+1=13
degeneracy. Such a distribution of the crystal field levels was
found for the isostructural compound TmNiAl [25]. Inelastic
neutron diffraction experiment is necessary to conclude on the
crystal field splitting scheme in TmPtIn.

3.5. Low temperature thermodynamic properties—AF magnons

evidence

The spin-wave theory of antiferromagnetic magnons with
linear dispersion relation e2ðkÞ ¼D2

þDk2, where D denotes an
energy gap in the magnons spectrum and D is the spin-wave
stiffness, predicts the following temperature dependence of the
average magnetic susceptibility in the ordered state [26]

wðTÞ ¼ 1
3ðwJþ2w?Þ ¼ AþB

ffiffiffiffiffiffiffi
DT
p

e�D=T ðD�TÞ ð4Þ

In this equation wJ and w? stand for the axial and planar
components of the magnetic susceptibility, respectively, while
A and B are constants. It is worth to note that the parameter A is
proportional to 1=b, where b is an anisotropy constant.

Fitting Eq. (4) to the experimental data of TmPtIn below 3.5 K
(see Fig. 5) yielded the following parameters: A=0.184(7) [emu/
mol], B=0.262(4) [emu/mol*K2] and D¼ 9:62ð24ÞK.

In turn, the formula predicted by the spin-wave theory for the
temperature variation of the magnetic specific heat in the ordered
region is given by expression [26]:

CmðTÞ ¼ cT�1=2e�D=T ð5Þ

where c is a constant.
Fitting Eq. (5) to the low-temperature specific heat data of

TmPtIn gave the parameters: c¼ 167ð10Þ J � K1=2=mol and
D¼ 8:25ð14ÞK. As seen in Fig. 6, the fit represents well the data
below 2.8 K but at higher temperatures no satisfactory description
was obtained. It is worth to note that the obtained values of D are
close to one another, thus supporting the appropriateness of the
analyzes made. Similar description of the magnetic susceptibility
and the specific was previously proposed for the isostructural
 [ K ]
2.5 3 3.5 4 4.5 5

e experimental data of TmPtIn specific heat.
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compounds TbAuIn [27] and TmAgGe [28]. In the two latter
antiferromagnets the spin-wave gaps are of similar magnitude as
that found for TmPtIn.
Table 2
Basic vectors (BV) of the irreducible representations (IR).

PV ~k
0

¼ ½14 ;
1
4 ;

1
2�

IR 1st orbit 2nd orbit

Tm1 Tm3 Tm2

t1 [1,0,0] [0,1,0] [1,1,0]

t01 [0,1,0] [1,0,0]

t2 [0,0,1] [0,0,�1] –

t3 [1,0,0] [0,�1,0] [1,�1,0]

t03 [0,1,0] [�1,0,0]

t4 [0,0,1] [0,0,1] [0,0,1]

Abbreviation PV denotes propagation vector.
3.6. Magnetic structure

The neutron diffraction patterns of TmPtIn taken below the
Néel temperature clearly reveal the presence of some additional
reflections due to the magnetic ordering. The magnetic contribu-
tion can be easily extracted by making differential pattern, like
the one shown in Fig. 7. All the Bragg reflections of magnetic
origin can be indexed using the propagation vector ~k ¼ ½14 ;

1
4 ;

1
2�.

In order to reduce theoretically infinite number of possible
magnetic moment arrangements, a group theory analysis was
performed. The magnetic structures allowed by symmetry were
calculated with the use of the computer program MODY [29].
Magnetic moments of each magnetic structure allowed by
symmetry have to be parallel to basic vectors (BV) of irreducible
representations (IR). For a particular propagation vector the
magnetic moments are divided into so-called orbits. Within
one orbit the magnetic moments have to be of same magnitude,
while the magnitude of magnetic moments in a different orbit
may be different (they are mutually independent from the
symmetry point of view).

Table 2 lists all the allowed basic vectors, in case of the space
group G¼ P62m, the propagation vector ~k ¼ ½14 ;

1
4 ;

1
2� and three rare

earth magnetic moments present in the crystallographic unit cell,
i.e. Tm1 at xTm;0;

1
2, Tm2 at 1�xTm;1�xTm;

1
2 and Tm3 at 0; xTm;

1
2,

where xTm = 0.590(2) (see also Table 1). The magnetic moments of
Tm1 and Tm3 belong to the 1st orbit, while the moment of Tm2

belongs to the 2nd orbit. When examining Table 2, it should be
noted that irreducible representation t1 appears twice for the 1st
orbit (it is denoted as t1 and t01), whereas it appears only once for
the 2nd orbit. Similar behavior was found for t3. In turn, the
irreducible representation t2 appears only for the 1st orbit, while
for the 2nd one it is missing.

The best fit to the experimental diffraction data was found for
an arrangement of the magnetic moments that refers to the basic
vectors of t1. The calculated pattern is shown in Fig. 7 together
with the experimental data, while the magnetic structure itself is
presented in Fig. 8. All the magnetic moments are confined in the
basal hexagonal plane. The adjacent (0 0 1) planes are coupled
antiferrromagnetically. The magnetic structure is a typical
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amplitude of modulation of magnetic moment.
’’triangular’’ one, often found in magnetically frustrated systems.
At 1.6 K, the Tm magnetic moment equals 5:59ð9ÞmB. The
temperature variation of this moment is shown in the inset to
Fig. 7. The refined magnetic structure parameters are summarized
in Table 3.
4. Discussion

The results presented in this work proved the existence of
antiferromagnetic ordering in TmPtIn at low temperatures. The
specific heat and neutron diffraction data provided the Néel
temperature equal to 3.5 K while the magnetic susceptibility equal
to 3.4 K. The transition temperature is close to the value 3.0(5) K
reported from single-crystal studies [13]. The strong magnetic
anisotropy suggesting the planar component of magnetization to
dominate [13] was confirmed by our neutron diffraction data. The
magnetic structure model that fits best the experimental data
consists of only planar component of magnetic moment.

Authors of Ref. [13] suggest that within the basal plane
magnetic moments should be confined along [2 1 0] direction and
its equivalents (i.e. [2 1 0], ½1 1 0�, etc.). However, testing the
magnetic structure models, allowed by symmetry, performed in
this work did not confirm this hypothesis. The best structure
model has magnetic moments parallel to [1 0 0], [1 1 0] and [0 1 0]
directions.

The magnetic moment of 5:59ð9ÞmB at 1.6 K found from
neutron diffraction is smaller then the free Tm3 + ion which
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Table 3
Refined parameters of TmPtIn magnetic structure together with residuals for

profile and integrated magnetic intensities.

Atom Tm1 Tm2 Tm3

PV ~k ¼ ½14 ;
1
4 ;

1
2�

orbit 1 2 1

DMM [1 0 0] [1 1 0] [0 1 0]

m ðmBÞ 5.59(9)

w2 2.10

Rprofile (%) 2.57

Rmagnetic (%) 8.53

The parameters were derived from the differential neutron diffraction pattern

made as difference between patterns collected at 1.6 and 4.1 K. PV denotes

propagation vector while DMM direction of magnetic moment.

Fig. 8. The antiferromagnetic structure of TmPtIn derived from neutron diffraction. The adjacent (0 0 1) planes are coupled antiferrromagnetically.

S. Baran et al. / Journal of Magnetism and Magnetic Materials 322 (2010) 2177–2183 2183
equals 7:0mB, however, it is still larger than the values found from
magnetization measurements: 4:5ð2ÞmB at B¼ 5 T and T ¼ 1:72 K
for polycrystalline sample (see Magnetic behavior section) and
4:42mB at B¼ 5:5 T and T ¼ 2 K (single-crystal with magnetic field
applied along [1 2 0] direction [13]). The difference between
magnetic moment derived from neutron diffraction and magne-
tization measurements suggests that the full saturation has not
been reached under external magnetic field of 5 T and
temperature close to 2 K.
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R. Pöttgen, Z. Naturforsch. 55 b (2000) 1025–1030.

[4] D. Kaczorowski, B. Andraka, R. Pietri, T. Cichorek, V.I. Zaremba, Phys. Rev. B 61
(2000) 15255–15261.

[5] R. Pöttgen, Z. Krist. 211 (1996) 884–890.
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