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Low Temperature Magnetic Ordering in NdAgAl;
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We present the detailed study of magnetic, thermodynamic, and transport properties of polycrystalline
NdAgAls. The compound crystallizes in BaNiSns-type tetragonal structure with the space group I4mm. Magnetic,
heat capacity and transport measurements indicate the possible antiferromagnetic nature of the ordering below
2 K. The compound shows the Schottky anomaly in heat capacity data. Magnetoresistance is negative at low

temperature.
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1. Introduction

Several RTX3 compounds have been reported in the
last few decades (where R = rare earth, T = 3d/4d/5d
— transition metal and X = p-block element), which ex-
hibit very interesting ground state properties. For ex-
ample, the PrRhSnj, with well-ordered crystal structure,
displays spin glass behaviour [1]. The Kondo lattice and
ferromagnetism are indicated in CeNi,Gay_,, [2]. Strong
magnetocrystalline anisotropy is observed in RCuGas [3].
CeRhSi; [4] reveals the quantum critical point as well as
heavy-fermion behaviour and it crystallizes in the tetrag-
onal BaNiSns-type structure. Based on these intriguing
physical properties, we are concentrating on RTX3-type
intermetallic compounds. Our recent reports of RCuGag
series (R = La, Pr, Nd and Gd) show prominent magne-
tocrystalline anisotropy behaviour [3], RCoSiz (R = Pr,
Nd and Sm) exhibits CEF effects as well as interesting
magnetoresistance [5] reveals the ferromagnetic order at
low temperature. In Ref. [6] the neutron scattering and
study of physical properties of NdCuAls revealed that it
crystallizes in non-centrosymmetric tetragonal BaNiSng
type structure and it has antiferromagnetic ordering at
2.35 K. Therefore, in continuation of our work, we report
herewith the systematic investigations of structure, mag-
netic properties, specific heat and electrical resistivity of
polycrystalline NdAgAls.

2. Experimental

The polycrystalline sample of NdAgAl; was synthe-
sized by arc-melting under the purified argon atmo-
sphere. The elements of high purity Nd (99.6%), Ag
(99.9999%), Al (99.9999%) were taken in the stoichio-
metric 1:1:3 ratios. The resulting alloy button was turned
over and remelted several times to ensure the homogene-
ity. The sample was closed in an evacuated quartz am-
poule and it was annealed for 20 days at 700°C. Powder
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X-ray diffraction data were taken using Cu K, to con-
firm the phase purity and energy dispersive X-ray spec-
troscopy analysis was carried out to ensure the stoichiom-
etry of annealed sample.

Magnetization was measured as a function of temper-
ature as well as the function of magnetic field using the
Quantum Design Physical Property Measurement Sys-
tem (PPMS) from 2 K to 300 K up to 5 T. Also, the
heat capacity was measured using PPMS and relaxation
technique down to 1.8 K in the applied magnetic fields
up to 9 T. Four probes resistivity measurements were
carried out using PPMS from 2-300 K up to 9 T.

3. Results and discussion

Figure 1 shows powder X-ray diffraction pattern of
NdAgAl; recorded at room temperature along with
structural Rietveld refinement profile using GSAS soft-
ware. The refinement data reveal that the NdAgAls
compound adopted tetragonal BaNiSns-type structure
with the space group IJmm, which is distorted from
BaAl, tetragonal structure. The corresponding lattice
parameters and atomic positions are given in Table I,
which are in good agreement with the reported isotypic
RCoSi3 (R = Pr, Nd and Sm), RCuGaz (R = La, Pr,
Nd and Gd) [3, 5] and NdCuAlj [6] possessing tetragonal
BaNiSns-type structure.

Refinement results for NdAgAls. TABLE I

a[A] | c[A] [ Ve [R]] 2

| Ry [%] | Rup [%]

NdAgAls
42740 [11.1219] 20315 [ 5 [ 36 [ 24
NdAgAls (BaNiSns-type structure)
atom site T Y z
Nd 2a 0.0000 | 0.0000 | 0.0000
Ag 2a 0.0000 | 0.0000 | 0.6409
All 2a 0.0000 | 0.0000 | 0.4218
Al2 4b 0.0000 | 0.5000 | 0.2415

The inverse magnetic susceptibility (x~!) of NdAgAl;
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Fig. 1. Powder X-ray diffraction pattern of NdAgAls
along with Rietveld refinement using GSAS program.
Inset shows the unit cell of NdAgAls with the atoms
represented by different colours and ball size.
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Fig. 2. Inverse magnetic susceptibility of NdAgAls.
The upper inset shows susceptibility x(7') in 0.1 and
0.5 T below 100 K. The lower inset shows magnetiza-
tion versus applied field at selected temperatures.

measured as a function of temperature in the range 2-
300 K in an applied field of 0.1 T, is shown in Fig. 2.
The complete magnetic saturation has not been attained
down to 2 K. It is obvious that measurements below 2 K
are needed to state the precise type of magnetic ordering.
The inverse magnetic susceptibility was fitted with mod-
ified Curie-Weiss law in the paramagnetic region (50—
300 K), which can be defined as x = xo + (C/(T —
Op)), where xo is the temperature-independent term, at-
tributed to the Pauli susceptibility and Van Vleck para-
magnetism. Op is the paramagnetic Curie temperature
and C is the Curie constant which can be expressed in
terms of the effective moment as C = p2;/8. The fit
yields the values of yo = 4.1 x 10~° emu/mole, Op = 6 K
and per = 3.7 ug/Nd. The value of effective magnetic
moment is close to the theoretical value of Nd3* (3.62 ug)
free ion. Lower inset of Fig. 2 shows the isothermal mag-
netization M (H) measured with respect to the field at
different temperatures such as 2.3, 4, 6, and 10 K. The
magnetic isotherm at 2 K is nonlinear at low fields and it
lacks saturation at 5 T. Observed value of 1.9 up/Nd
is much lower than the expected value for Nd*3 ions
(3.2 wp) but it is similar as for NdCuAls [6]. This
behaviour yields to the fact that the compound orders
magnetically at temperatures less than 2 K. Compar-
ing our results with that of isostructural NdCuAl; [6]

S. Nallamuthu et al.

one could see also the similarity of the observed values
and behaviours of magnetic properties. Therefore, we
could suppose the existence antiferromagnetic ordering
below 2 K.
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Fig. 3. Temperature dependent heat capacity of
NdAgAls between 2 and 250 K. Cay and Say (see text)
are also plotted. Inset shows the low-temperature range
behaviour.
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Fig. 4. The plot of C4y/T versus T for NdAgAls in
various applied magnetic fields.

The temperature dependent heat capacity of NdAgAlj
along with isostructural nonmagnetic reference system
LaAgAls (our sample [7]) is shown in Fig. 3. The zero
field heat capacity data of NdAgAls show the increasing
dependence when approaching to 2 K, which is mainly
due to the magnetic contribution to the heat capacity
near to the magnetic ordering temperature and thereby
confirms the expectation of magnetic ordering at less
than 2 K. The magnetic 4f contribution to the heat ca-
pacity of the compound was deduced by subtracting the
polycrystalline nonmagnetic analogue LaAgAls. The Cyy
data shows a broad maximum centered well above order-
ing temperature (around 20 K — Fig. 5) indicating the
significant Schottky anomaly contribution owing to CEF
effect.

The magnetic entropy (Ssi¢) of NdAgAl; is estimated
by integrating the C4;/T vs. T dependence and it is
shown in Fig. 3. The magnetic entropy (S4y) is increasing
linearly with temperature. Figure 4 shows the Cyf/T
versus 1" dependences in different applied magnetic fields
up to 9 T for NdAgAl;. For higher magnetic fields, at
6 T, the Schottky type broad maximum appears at 4.5 K
and then for 9 T it shifts to 7 K.
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Fig. 5. Low temperature detail of dependence of the
4 f-derived heat capacity (C4f). Solid line represents the
fit to the expression (1) for the Schottky heat capacity.
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Fig. 6. (a) Electrical resistivity p(T") of NdAgAls mea-
sured in zero magnetic field. Insets shows the low tem-
perature p(T) versus T also for 9 T. (b) Magnetoresis-
tance of NdAgAls at 2 K and 6 K as function of magnetic
fields up to 9 T.

This behaviour is probably due to the complex mag-
netic ordering. In Fig. 5 the low temperature detail of
the Schottky heat capacity fit by well-known formula
(e.g. [5]) is shown together with determined schematic
energy levels diagram. The free ion Nd3* (J = 9/2)
is expected to yield to the tenfold degenerated ground
state, which is split into five doublets. However, the best
fit, which is giving Iy =24 K, I';, =45 K, I's = 55 K and
I'y =76 K, is good only for low temperature part with
maximum at 15 K.

Electrical resistivity of NdAgAl; compound was mea-
sured as a function of temperature from 2 K to 300 K
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in an applied field of 0 T and 9 T, as it is shown in
Fig. 6. The compound exhibits normal metallic be-
haviour. The resistivity ratio (RR) determined from the
relation p(300 K)/p(2 K) yields to RR= 3.7, specifying
the rather fair quality of the ternary sample. The re-
sistivity of the compound is reduced below 10 K while
applying high magnetic field due to the short-range cor-
relation. Figure 6 shows the MR as a function of ap-
plied magnetic fields at two different temperatures such
as 2 K and 6 K. The magnetoresistance (MR) can be de-
fined as MR(T, H) = (p(T, H) — p(T,0))/p(T,0) x 100%.
NdAgAl; exhibits negative MR behaviour of about 7.5%
at 2 K. This negative MR corresponds with behaviour of
Cuy(T) in the vicinity of 2 K, when magnetic field more
than 4 T suppresses magnetic correlations.

4. Conclusion

Taking into account the observed magnetic, thermo-
dynamic, and transport properties of NdAgAl; we sup-
pose that below 2 K it will undergo to the magnetic or-
dering. We expect the antiferromagnetic ordering to be
favored. Therefore, the low temperature measurements
below 2 K are necessary to confirm the detailed magnetic
behaviour. CEF was calculated from the Schottky heat
capacity data.

Acknowledgments

We acknowledge the Project implementation: Uni-
versity Science Park TECHNICOM for Innovation Ap-
plications Supported by Knowledge Technology, ITMS:
26220220182, supported by the Research & Development
Operational Programme funded by the ERDF and par-
tially by SATA Slovak National Stipendium (S.N.).

References

[1] V.K. Anand, D.T. Adroja, A.D. Hillier, Phys. Rev. B
85, 014418 (2012).

[2] E.V. Sampathkumaran, K. Hirota, I. Das,
M. Ishikawa, Phys. Rev. B 47, 8349 (1993).

[3] R. Nagalakshmi, R. Kulkarni, S.K. Dhar,
A. Thamizhavel, V. Krishnakumar, M. Reiffers,
I. Curlik, H. Hagemann, D. Lovy, S. Nallamuthu,
J. Magn. Magn. Mater. 386, 37 (2015).

[4] N. Egetenmeyer, J.L. Gavilano, A. Maisuradze,
S. Gerber, D.E. MacLaughlin, G. Seyfarth,
D. Andreica, A. Desilets-Benoit, A.D. Bianchi,
Ch. Baines, R. Khasanov, Z. Fisk, M. Kenzelmann,
Phys. Rev. Lett. 108, 177204 (2012).

[5] S. Nallamuthu, S.S. Chandrasekaran, P. Murugan,
M. Reiffers, R. Nagalakshmi, J. Magn. Magn. Mater.
416, 373 (2016).

[6] D.T. Adroja, V.K. Anand, Phys. Rev. B 86, 104404
(2012).

[7] S. Nallamuthu, A. Dzubinska, M. Reiffers, J. Ro-
driguez Fernandez, R. Nagalakshmi, to be published.


http://dx.doi.org/10.1103/PhysRevB.85.014418
http://dx.doi.org/10.1103/PhysRevB.85.014418
http://dx.doi.org/10.1103/PhysRevB.47.8349
http://dx.doi.org/10.1016/j.jmmm.2015.03.017
http://dx.doi.org/10.1103/PhysRevLett.108.177204
http://dx.doi.org/10.1016/j.jmmm.2016.04.087
http://dx.doi.org/10.1016/j.jmmm.2016.04.087
http://dx.doi.org/10.1103/PhysRevB.86.104404
http://dx.doi.org/10.1103/PhysRevB.86.104404

