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The magnetic behavior of the intermetallic compound NdMn,Ge, was investigated by bulk
magnetization measurements and measurements of hyperfine interactions using perturbed y—y
angular correlation (PAC) spectroscopy. Magnetization measurements indicate the presence of four
magnetic transitions associated with the Mn and Nd magnetic sublattices. At high temperatures,
magnetic measurements show a change in the slope of the magnetization due to an antiferromagnetic
transition around Ty ~ 425K and a well defined ferromagnetic transition at T¢ ~ 320 K. Moreover, at
~210K a peak is observed in the magnetization curve, which is assigned to the reorientation of the
Mn spin, and at ~25 K an increase in the magnetic moment is also observed, which is ascribed to the
ordering of Nd ions. PAC measurements using 14OLa(MOCe) and lllIn(“lCd) probe nuclei allowed
the determination of the temperature dependence of the magnetic hyperfine field (B, at Nd and Mn
sites, respectively. PAC results with '''Cd probe nuclei at Mn sites show that the dependence of By
with temperature follows the expected behavior for the host magnetization associated with the
magnetic ordering of Mn ions. From these results, the antiferromagnetic transition followed by a
ferromagnetic ordering is clearly observed. PAC results with '*°Ce probe nuclei at Nd sites, however,
showed a strong deviation from the Brillouin function, which is attributed to the Ce 4f-electron con-

tribution to B),. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907330]

I. INTRODUCTION

The compound NdMn,Ge, crystallizes in the ThCr,Si,
prototype structure with /4/mmm space group.' The magnetic
properties of NdMn,Si, have been studied by neutron diffrac-
tion, magnetization, and resistivity measurements on polycrys-
talline samples. These studies have shown multiple magnetic
transitions, making this compound a member of a family that
exhibits a range of interesting magnetic properties. NdMn,Ge,
exhibits a transition from a paramagnetic to an antiferromag-
netic and then to a ferromagnetic phase in the Mn sublattice.
In the ferromagnetic phase, the spins are canted with respect to
the c-axis and below 218 K, they re-orient along the ab-plane
continuing to be ferromagnetically coupled.” Below 23K, an
ordering of the Nd sublattice occurs with a ferromagnetic cou-
pling in the same direction of the spins as in the Mn sublattice
(ab-plane).>? Other compounds in the REMn,Ge, family,
where RE is a rare-earth element, such as PrMn,Ge,,
SmMn,Ge,, GdMn,Ge,, DyMn,Ge,, and TbMn,Ge,, also
present multiple magnetic transitions.” Therefore, compounds
of this family have a complex magnetic behavior that makes
further local investigation necessary.

In this paper, we report a hyperfine interactions investi-
gation of NdMn,Ge, with perturbed y—y angular correlation
(PAC) spectroscopy using two probe nuclei '''Cd and "*°Ce,
which allows the measurement of the temperature depend-
ence of the magnetic hyperfine field (B, at Mn and Nd
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positions, respectively. In addition, magnetization measure-
ments where also carried out to characterize the magnetic
behavior of the compound as a function of temperature. The
Néel (Ty) and the Curie (T¢) ordering temperatures were
determined by both measurements. PAC measurements using
"1Cd probe nucleus are particularly important in NdMn,Ge,
because the major fraction of '''Cd probes are found to
occupy Mn sites in the crystal lattice and, consequently, such
measurements can help in the determination of the spin
arrangement of the Mn atoms in both, the antiferromagnetic
and ferromagnetic phases, as well as making it possible to
determine Ty. PAC measurements using '*°Ce probe nuclei
are also interesting first because they replace the Nd in the
crystal lattice and, second, due to the small electric quadru-
pole moment of this nucleus. This makes it sensitive only to
dipole magnetic interactions and, consequently, the measure-
ments are free from the electric quadrupole interaction inter-
ference. Moreover, due to the arrangement of spins of the
Mn atoms in the antiferromagnetic phase, the B vanishes at
Nd position. It is, therefore, possible to determine with good
accuracy the Curie temperature of the ferromagnetic phase
as well as to observe the changes of directions in the spins.

Il. EXPERIMENTAL PROCEDURE

Samples of NdMn,Ge, (Nd=99.9%, Mn, Ge = 99.999%
purity) were prepared by arc-melting the metallic components in
stoichiometric proportion in argon atmosphere. A small excess
of Mn, about 5wt.%, was used to compensate evaporation

© 2015 AIP Publishing LLC
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during arc melting. After melting, the samples were encapsu-
lated in a quartz tube under helium atmosphere at low pres-
sure and submitted to thermal annealing at 800 °C during 24
h. Finally, samples were characterized by X-ray diffraction
(XRD) and the data were analyzed by Rietveld method.

Hyperfine interactions were measured by PAC spectros-
copy at the intermediate level of two gamma radiations emit-
ted in a cascade arising from the decay of the excited states
of a probe nucleus. It provides information about the hyper-
fine interaction between external nuclear fields and nuclear
moments of probe nuclei, which are located at certain atomic
sites in the crystalline structure of solid materials. The tech-
nique measures the time evolution of the y-ray emission pat-
tern caused by hyperfine interactions. A description of the
method as well as details about the PAC measurements can
be found else where.*® The perturbation factor G,,(¢) of the
correlation function, measured by PAC experiments, con-
tains detailed information about the hyperfine interaction. In
general, the PAC spectra are fitted by using a model that
takes into account the fractional site populations (f) and
is given by the perturbation function R(f) = AxnGan(?)
= A»n Y. fiGb, (1), where Ay, is the unperturbed angular cor-
relation coefficient. Experimental measurement of Go(¢)
allows, in the dipole magnetic interaction, the determination
of the Larmor frequency w; = uygBjs/h, where uy is nu-
clear magneton and the calculation of the magnetic hyperfine
field By and for electric quadrupole interactions, the determi-
nation of the quadrupole frequency vp=eQV../h as well as
the asymmetry parameter n = (V,, — V,,)/V.., where V,,, V,,,
and V,, are the components of the electric field gradient
(EFG) tensor in its principal axis system. Consequently,
from the known nuclear quadrupole moment Q, one can cal-
culate the major component V., of EFG and its asymmetry
parameter 1. As a consequence PAC measurements allow
extracting information about the involved hyperfine parame-
ters, as well as the characterization of structural and mag-
netic transitions of the crystal.

PAC measurements using 111In(mCd) and 140La(140Ce)
probe nuclei were carried out using six- and four-detector
spectrometers both associated with conventional fast-slow
electronic setup to measure the delayed gamma-gamma coin-
cidences. These probe nuclei have, respectively, intermediate
levels of 245keV (I=5/2", Ty»=84.5ns, and g-factor
=0.306 = 0.001) for '''Cd and 487keV (I=4", T,
=3.4ns, and g-factor = 1.014 = 0.038) for '*°Ce. BaF, and
Lu,SiO5 detectors were used in the measurements with
("' Cd) and "*°La(**°Ce) probe nuclei, respectively.

For the measurements with 111In(mCd) nuclear probes, a
carrier-free '''In was deposited on a small part of the sample
which was then re-melted in the arc furnace. Subsequently,
the resulting ingot was sealed under helium atmosphere at low
pressure in a quartz tube and annealed at 850 °C for 20 h. In
the case of "*’La("*°Ce) probe, a small quantity of metallic La
(replacing approximately 0.1 at. % of Nd atoms), which was
previously irradiated with neutrons in the IEA-R1 reactor of
IPEN to produce radioactive 140La, was added to the samples
through arc melting followed by thermal annealing at 800 °C
for 20 h also under helium atmosphere. Measurements were
carried out in the temperature range 20480 K using a closed
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loop helium cryogenic system and a small furnace, respec-
tively. For the magnetization measurements, we used a com-
mercial Vibrating Sample Magnetometer (PPMS, QD) with
an applied field of 100 Oe.

lll. RESULTS AND DISCUSSION
A. Structure results

The X-ray diffraction results (see Figure 1) showed
the expected tetragonal structure of ThCr,Si, type, which
belongs to the /4/mmm space group, with lattice parameters
a=b=4.099(1)A and c=10.903(3)A. These values
agree quite well with those of a=b=4.1022(3) A and
¢ =10.9085(7) A previously reported7 for NdMn,Ge,. Since
the amount of radioactive '''In is extremely small (around
10'° nuclei) and metal La, which contains radioactive 1407 4
is of the same order of the impurity in Nd, the addition of the
probe nuclei to the samples is not expected to have any influ-
ence in their structure.

B. PAC with '"'Cd results

Results of PAC measurements with '''Cd were fitted
using a model where probe nuclei occupy two site fractions.
The major fraction (~90%) was modeled by a combined
magnetic dipole interaction, which varies with temperature,
plus a small electric quadrupole interaction, which is charac-
terized by vy~ 5MHz. The minor fraction presents pure
electric quadrupole interaction with a broad quadrupole fre-
quency. This quadrupole interaction is probably due to the
probe nuclei at non substitutional sites. PAC measurements
with "*°Ce were fitted using a unique site fraction with a
pure magnetic dipole interaction. Measured spectra for both
probe nuclei are shown in Figure 2.

Figure 3 displays the temperature dependence of the
magnetization (M) and B, measured with '''Cd nuclei probe
for NdMn,Ge,. The inverse of the magnetic susceptibility
(inset of Fig. 3) follows the Curie-Weiss law at high temper-
atures and the corresponding effective magnetic moment is
P.s=3.9 up per Mn. This value is in close agreement with

16 -

12 | °

I(a.u.)

FIG. 1. X-ray diffraction pattern of NdMn,Ge,, which shows a single phase
corresponding to tetragonal ThCr,Si, prototype structure.
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FIG. 2. Perturbation functions for NdMn,Ge, measured at indicated temper-
atures with (a) '"*°Ce and (b) '''Cd probe nuclei. Solid lines are the least
squares fit of the theoretical functions to the experimental data.
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FIG. 3. Magnetization (M) and B at Meg probe at Mn sites as a function
of temperature. Multimagnetic transitions observed with magnetization
measurements are indicated by the dashed arrows. As can be seen in the fig-
ure, only the paramagnetic to antiferromagnetic transition is clearly
observed by PAC measurements as well as a slight change in the B, curve
at ~212K.
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P.s=3.5 up obtained for LaMn,Ge,.® Based on previous
results,'>'* it is assumed that '''Cd probe nuclei replace the
Mn atoms in the observed major fraction. This assumption is
also supported by the small value of v as expected at the Mn
position, which is much lower than those at Nd or Ge posi-
tions.'* The temperature dependence of By is correlated to
that found in the magnetization measurements (see Figure 3).
The magnetization measured using H = 100 Oe showed multi-
ple magnetic transitions with good resolution. The first transi-
tion occurs around 450 K and corresponds to the change from
paramagnetic to antiferromagnetic phases. The second transi-
tion, from antiferromagnetic to ferromagnetic phases, is evi-
dent at 335K. A third transition is observed to occur at
T,~212K and the fourth transition, associated to the mag-
netic coupling of Nd atoms, becomes apparent at Ty, ~ 25 K.
Comparing these results with those for the temperature de-
pendence of B, from PAC measurements with "1¢d, one can
clearly and precisely observe the paramagnetic to antiferro-
magnetic transition at Ty =425K, and a slight change in the
Bjscurve at T, ~ 212 K. The transitions observed with magnet-
ization agree with the previously reported studies.”'' The T,
transition occurs due to Mn sublattice spins reorientation from
c-axis to ab-plane with conical ferromagnetic structure on the
Mn layers.>'! According to the magnetization curve around
this region, this spin reorientation occurs gradually when the
temperature decreases. The transition at 25K is due to ferro-
magnetic coupling of the Nd sublattice, which contributes to
slight increase in the magnetization as shown in Figure 3.
PAC results with '''Cd probe nuclei at the saturation region
in LaMn,Ge, presented Bj=19.6T (Ref. 12) and in
CeMn,Ge, showed Bj=19.3 T.'" These results are quite sim-
ilar to that of B;=19.8T found in the present work for
NdMn,Ge,. This similarity suggests that the contribution of
Nd sublattice under 30K is not observed by '''Cd probe or
has a quite small contribution to By which can be understood
by the fact that this probe is located at the Mn sites and is
much more sensitive to the dy,_s, distance in the intra-layer
than the d;,,_y, distance in the inter-layer.

C. PAC with '*°Ce results

The results using '*°Ce nuclei probe allowed the precise
determination of the ferromagnetic transition T¢. This is a
consequence of the fact that in the antiferromagnetic phase,
the magnetic structure of Mn spins induces zero hyperfine
field (B,s=0) at Nd positions, where 140Ce probe nuclei are
located in the crystal lattice due to affinity between rare-
earth elements.

Figure 4 shows a comparison between the temperature
dependence of B, for NdMn,Ge, and LaMn,Ge,. This de-
pendence presents an anomalous behavior of the Brillouin
function for both samples. This behavior has been assigned
to the contribution of the 4f band of the Ce impurity, which
is located very near the Fermi level."® For NdMn,Ge,, how-
ever, one can observe a yet more complex behavior in which
a decrease of the B;raround 210K is clearly found as a result
of the reorientation of the Mn spins direction from the c-axis
to the ab-plane, which is also evidenced in the magnetization
measurements.
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FIG. 4. Temperature dependence B, measured with 149Ce in NdMn,Ge,.

The PAC spectra in the range of temperatures where the
reorientation takes place, from 200 K to 100 K, show a broad
frequency distribution (6 ~40%) not observed for spectra at
other temperatures (see Figure 2). This distribution suggests
that the two orientations or a mix of orientations co-exist in
this region. At 70K, (Fig. 2) the magnetic frequency is well
defined again because the Mn spins are completely reor-
iented in ab-axis direction. LaMn,Ge, does not present mul-
tiple magnetic transitions following only the anomalous
behavior discussed earlier.

IV. SUMMARY

In conclusion, measurements of magnetization and PAC
spectroscopy using a combination of two probe nuclei each
one located at different layers of the crystal structure of
NdMn,Ge, were able to follow the magnetic behavior of this
compound. Magnetization measurements could identify four
magnetic transitions, and PAC measurements could provide
details about the influence of Mn and Nd coupling on each

J. Appl. Phys. 117, 17E304 (2015)

other. The temperature dependence of By with 140Ce probe
nuclei substituting the Nd positions in the crystalline lattice
is more sensitive to the inter-layer interactions while B
with '"'Cd probe nuclei at the Mn positions is sensitive to
the intra-layer interactions. These two probe approach is
very important when investigating the magnetic behavior of
compounds that present different types of exchange interac-
tions, such as inter-layer exchange interaction Mn-Mn and
intra-layer interactions through indirect exchange that occurs
between two Mn planes mediated by conduction electron
polarization.”'°
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