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Magnetic properties of RMgSi, (R=La, Ce, Pr, and Nd) compounds
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Magnetic properties of RMgSi, (R=La, Ce, Pr, and Nd) series of compounds are studied. The compounds
form in a tetragonal structure with space group I4,/amd (141). Nonmagnetic LaMgSi, shows a diamagnetic
behavior. CeMgSi, orders antiferromagnetically at 4.2 K with a strong Kondo-lattice behavior evident from the
thermal and resistivity measurements. NdMgSi, orders antiferromagnetically at 6 K. The nature of the mag-
netic ordering in PrMgSi, is relatively complex; the data indicate the presence of both ferromagnetic and
antiferromagnetic correlations, the latter being more dominant.
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I. INTRODUCTION

Recently, the synthesis of a new series of rare-earth com-
pounds with stoichiometry RMgSi, (R=La, Ce, Pr, and Nd)
has been reported.! These compounds form in the new tetrag-
onal CeMgSi, structure type, 14,/amd, tI32, as a linear in-
tergrowth of slabs derived from the CeMg,Si, and AlB,
structure types. The structural model obtained from a single-
crystal analysis of CeMgSi, was confirmed by means of Ri-
etveld refinement for the La, Pr, and Nd homologous. In the
intergrowth description,” the rather complicated unit cell of
CeMgSi, can be viewed as formed by overall four CeMg,Si,
(CeMg,Si,-type) and four CeSi, (AlB,-type) slabs, placed
alternately along the z direction, resulting in a large c-axis
parameter of 36.823 A and a ¢/a ratio of 8.634.

The nearly linear decrease in the unit-cell volume versus
the rare-earth R** ionic radius in RMgSi, (Ref. 1) indicates a
trivalent state for the rare-earth ions. Trivalent Ce com-
pounds can show a variety of ground states ranging from
magnetically ordered to heavy-fermion paramagnetic behav-
ior. It may be recalled that, while CeMg,Si, orders antifer-
romagnetically with Ty=4.5 K,> CeSi, shows moderate
heavy-fermion paramagnetic behavior.* Since the intergrown
slabs found in CeMgSi, are related to these two types of unit
cell, it is of interest to find the magnetic behavior of this new
compound. We accomplish that task in this communication;
for the sake of completion we have also probed the remain-
ing three members of the series for R=La, Pr, and Nd, by
using the techniques of magnetization, electrical resistivity,
and heat capacity.

II. EXPERIMENT

The samples used in the present study were prepared in
the same manner as reported in Ref. 1. The alloys were
single-phase materials as inferred from powder x-ray diffrac-
tion and microprobe analysis. Lattice parameters were mea-
sured by means of x-ray powder diffraction (Guinier-Stoe
camera, Cu K, radiation, Si as internal standard, a
=5.4308 A). The structural model was confirmed by means
of Rietveld analysis with the FULLPROF program’ on X-ray
patterns measured on PANalytical x-ray diffractometer. Mag-
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netization was measured in superconducting quantum inter-
ference device (Quantum Design) and vibrating-sample mag-
netometers; electrical resistivity, magnetoresistivity, and the
heat capacity were measured in physical property measure-
ment system (PPMS) (Quantum Design).

III. RESULTS AND DISCUSSION
A. Structural details

As an illustration of the single-phase nature of our com-
pounds, we show in Fig. 1, a powder x-ray diffraction pattern
of CeMgSi, along with a Rietveld analysis. The lattice pa-
rameters a and c of the tetragonal cell of the four compounds
are listed in Table I, they are in agreement with the reported
values.!

As already remarked above, the c¢/a ratio is large, nearly
8.65 in these compounds. The unit cell of CeMgSi, is de-
picted in Fig. 2 to emphasize the close relationship that holds
between CeSi, («-ThSi, type, tI12, and I4,/amd) and the
newly reported CeMgSi,. In the unit cell of CeSi, four
AlB,-type slabs, with composition CeSi,, are intergrown
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FIG. 1. (Color online) The x-ray powder-diffraction pattern of
CeMgSi,. The observed, calculated, and difference patterns are
shown along with the Bragg positions.
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TABLE 1. The a and c lattice parameters, unit-cell volume and
c/a ratio of the RMgSi, compounds.

Compound a (A) c (A) Vy cla

LaMgSi, 4.3141(4) 36.916(4) 687.0(2) 8.557
CeMgSi, 4.2651(4) 36.823(4) 669.9(2) 8.634
PrMgSi, 4.2498(4) 36.737(4) 663.5(2) 8.644
NdMgSi, 4.2306(3) 36.682(4) 656.5(2) 8.671

along the ¢ direction, sharing a square mesh of Ce atoms at
the interface and each slab rotated by /2 with respect to the
previous one; the complete symmetry is described by the
14,/amd space group. The CeMgSi, symmetry is ruled by
the same space group; from a symmetry-oriented perspec-
tive, the difference is that each plane of rare-earth atoms
forming a CeSi, slab in the parent @-ThSi,-type structure is
split into two different planes along the c direction, thus
leaving enough space to host a whole cell of CeMg,Si,
(CeMg,Si, type, tP5, and P4/mmm). The RMgSi, com-
pounds are part of the general series R,,,,M5,X5(usn) (for-
mally formed by m RM,X, and n RX,, with m=1, n=1). An
intriguing feature of the CeMgSi, crystal structure is its
uniqueness among all the other known CeMg,Si,/AlB, in-
tergrowth compounds because of its close relationship with
the a-ThSi,-type structure, it retains the tetragonal metric of

FIG. 2. (Color online) (a) The CeMgSi, and (b) the CeSi, struc-
tures viewed as slab intergrowth along c¢ direction. (c) The
CeMg,Si, unit cell.
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FIG. 3. (Color online) (a) Magnetic susceptibility of LaMgSis,.
The inset shows the C/T vs T? plot with a linear fit. (b) Heat-
capacity curve of LaMgSi, with a fit described in the text.

both the CeSi, and CeMg,Si, related structures while all the
other adopt orthorhombic distortions. The nearest-neighbor
and the next-nearest-neighbor Ce-Ce distances in the body-
centered tetragonal CeMgSi, are 4.114 and 4.265 A, respec-
tively.

B. LaMgSi,

The susceptibility of LaMgSi, [Fig. 3(a)] shows diamag-
netic behavior at room temperature, with a magnitude of y
~—10"* emu/mole. It remains nearly temperature indepen-
dent down to 50 K and shows an upturn at lower tempera-
tures crossing into the positive zone near 15 K [Fig. 3(a)].
The low-temperature upturn is due to the presence of para-
magnetic impurity ions in the constituents used to prepare
the alloy. This shows that the Pauli paramagnetic susceptibil-
ity xp is small in LaMgSi,, indicating a low density of elec-
tronic states at the Fermi level. The inset of Fig. 3(a) shows
the heat capacity C of LaMgSi, below 15 K in the form of
C/T vs T? curve. The expression C/T=y+ BT, where v and
B are the coefficients of electronic and lattice contributions,
respectively, fits the data well between 1.8 and 11 K furnish-
ing y=2 mJ/mole K2. The low value of y and y confirms a
low density of states at the Fermi level.®

Figure 3(b) shows the heat capacity of LaMgSi, between
1.8 and 200 K. An expression with combined Debye and
Einstein contribution
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FIG. 4. (Color online) Inverse magnetic susceptibility of

PrMgSi, and NdMgSi,. The arrows indicate their respective scale.

CTot = Celec + Cthmn = YT + (CDebye + CEinstein) ’ (1)

where Cpjpein 18 the Einstein contribution:’

2.y @
ye E
CEinstein = % 3nEn’R (ey _ 1)2’ y= ? (2)
(®p is the Einstein temperature, n’ is the summation over the
different Einstein temperatures, and ng is the number of Ein-

stein oscillators.) and Cp,py, is the Debye contribution:’

3[OYT 4 0,
Cpebye =9InpR o, J, mdx, x=— 3)

(where nj, is the number of Debye oscillators, R is the gas
constant, and @, is the Debye temperature) provides a good
fit over the entire temperature range as shown in Fig. 3(b).
We obtain np=2 with a Debye temperature of ®,=256 K
plus two Einstein characteristic modes with @z =0g,
=409 K. The total number of modes (ng+np) accounts for
the four atoms of each LaMgSi,. The description of the heat
capacity in terms of a combination of Debye and Einstein
contributions can be understood by assigning two Einstein
modes of vibration to the two Si atoms since they vibrate
with the same frequency (0 =0,,=409 K) and the Debye
mode of vibration to the La and Mg atoms in the unit cell.
The Si being a lighter atom can vibrate with higher fre-
quency.

C. PrMgSi, and NdMgSi,

The inverse magnetic susceptibility of PrMgSi, and
NdMgSi,, measured in a field of 3 kOe, is shown in Fig. 4.
Between 50 and 300 K the susceptibility was fitted to the
modified Curie-Weiss law,

N,u,z--
_ T Peff (4)

= + ,
XEXOT S4p(T- )

where the parameters have their usual meaning, which fur-
nishes w,=3.51 and 3.59u; and Xo=1.1XxX10"* and 2.8
X 10~ emu/mole for PrMgSi, and NdMgSi,, respectively.
The effective moment u, s is nearly the same as the free-ion
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FIG. 5. (Color online) (a) Low-temperature dc susceptibility of
NdMgSi,. The inset shows the ac susceptibility with real and imagi-
nary parts. (b) Magnetic isotherm of NdMgSi, at 2 K. The solid line
is drawn to represent the deviation from linear behavior. The inset
shows dM/dH curve.

value of trivalent Pr and Nd, respectively. Paramagnetic Cu-
rie temperature 6, of —4.8 and —16.5 K in PrMgSi, and
NdMgSi, indicates antiferromagnetic exchange interactions
between the rare-earth ions in these two compounds, besides
possible crystal electric field (CEF) effects.

The ac susceptibility and low-temperature dc magnetic
susceptibility of NdMgSi, is shown in Fig. 5(a). The com-
pound undergoes an antiferromagnetic phase transition at
Ty=6.7 K, followed by an upturn below 3 K. The latter
may arise either due to a complex antiferromagnetic configu-
ration of the moments or due to the presence of trace, para-
sitic paramagnetic impurity. The real (x’) and the imaginary
(x") parts of ac susceptibility show a peak at the ordering
temperature of the compound. Appearance of peak in x” in-
dicates energy loss, which is generally attributed to the
domain-wall motion appearing in ferromagnetic, ferrimag-
netic, and canted systems. The anomaly in x” is absent in
case of collinear antiferromagnetic ordering. Hence a peak in
X" indicates a presence of ferromagnetic component and the
ordering is most likely of canted antiferromagnetic or related
magnetic structure type. The straight-line behavior of the
magnetic isotherm of the compound at 2 K [Fig. 5(b)] up to
~40 kOe is in conformity with the antiferromagnetic behav-
ior of the compound. Above 40 kOe the curve deviates from
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FIG. 6. (Color online) (a) Low-temperature heat capacity of
NdMgSi, with the inset showing the 4f contribution and entropy.
(b) Resistivity of NdMgSi, with the inset showing its expanded
low-temperature part.

the straight line, the deviation is more clearly captured in the
dM/dH curve where a broad negative peak is seen around
~35 kOe followed by another positive sharp peak at 100
kOe. The first negative peak in dM/dH curve at =40 kOe is
due to the magnetization curve moving toward saturation and
the later is due to the reorientation of the moments with field
or in general a metamagnetic transition. The first negative
peak in dM/dH curve is due to the presence of ferromagnetic
component in the ordered state, in agreement with the upturn
in the susceptibility below the ordering temperature. The
magnetization at 2 K in a field of 120 kOe is 1.2 up/f.u.
which is much less than the saturation moment of free Nd**
ion (3.28 wp).

The bulk nature of the magnetic transition is further cor-
roborated by the heat-capacity data plotted in Fig. 6(a). A
large anomaly in the heat capacity near 6.7 K, corresponding
to the peak in the magnetization, with a peak height of
8 J/mole K characterizes the transition of the Nd moments
from paramagnetic to a magnetically aligned state. The 4f
contribution to the heat capacity of NdMgSi, [inset of Fig.
6(a)] was obtained by subtracting the heat capacity of
LaMgSi, after atomic-mass renormalization. The magnetic
contribution shows a sharp peak at the ordering temperature
followed by a Schottky anomaly. The entropy was calculated

from the expression Sy= 1) gc%de. The entropy obtained at
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FIG. 7. (Color online) (a) Low-temperature dc susceptibility of
PrMgSi,. The inset shows the magnetic isotherm of PrMgSi, at 2
and 6 K. (b) The ac susceptibility of PrMgSi, in absence and pres-
ence of dc fields.

the ordering temperature is 5.3 J/mole K, which is close to
the value of R In 2 indicating a doublet ground state. The
total entropy obtained at 150 K is 19.6 J/mole K, which is
close to the expected value of R In 10 for the Nd** ion. The
electrical resistivity of NdMgSi,, plotted in Fig. 6(b), shows
a typical metallic behavior decreasing linearly down to 10 K.
The resistivity curve at low temperature [inset of Fig. 6(b)]
shows a broad minimum near 8 K followed by a sharp in-
crease at T and decreases below 3.5 K. The former may be
due to the onset of antiferromagnetic correlations close to
Ty, followed by the appearance of magnetic gap at 7y due to
the additional magnetic periodicity imposed by the antiferro-
magnetic ordering. In the magnetically ordered state the
spin-disorder resistivity will gradually freeze out giving rise
to the maximum at 3.5 K.

The low-temperature susceptibility of PrMgSi, under
zero-field-cooled (ZFC) and field-cooled (FC) conditions at
50 Oe is shown in Fig. 7(a). The compound orders magneti-
cally near =11 K but the susceptibility below =11 K bifur-
cates under the ZFC and the FC modes and shows thermo-
magnetic irreversibility. Such a behavior is well known for
anisotropic ferromagnetic compounds. The isothermal mag-
netization at 2 and 6 K [inset of Fig. 7(a)] are nearly identical
and exhibit a positive curvature with applied field. The mag-
netic moment at 2 and 6 K is 1.44ug/f.u at 120 kOe. This
value is less than the expected saturation moment for a free

214412-4



MAGNETIC PROPERTIES OF RMgSi, (R=La,...

[\®]
=)
T
, S (J/mole K)

o3
f=}
H 4
1

(=]
T

0= Cy
—— Entropy

p—
W
T

Cy

(=]
&

Ju—
(=]
T

C (J/mole K)

120
100

80

60

p (u€2 cm)

40

201

O v v v v v v b e
100 150 200 250 300

T (K)

FIG. 8. (Color online) (a) Low-temperature heat capacity of
PrMgSi, with the inset showing the 4f contribution and entropy. (b)
Resistivity of PrMgSi, with the inset showing the magnetoresis-
tance at various temperatures.

Pr3* ion (3.2up). The overall behavior of magnetic isotherm
indicates the presence of both ferromagnetic and antiferro-
magnetic components. Here we rule out the possibility of
ferrimagnetic behavior because only Pr is magnetic in this
compound, occupying a unique crystallographic site. To fur-
ther investigate, the ac susceptibility of the compound [Fig.
7(b)] was measured in zero and finite, low dc fields as indi-
cated. x’ shows two peaks at approximately 11 and 12 K in
zero dc field and the corresponding peaks are also present in
X", indicating the presence of a ferromagnetic component in
the magnetization. The peak at 12 K in x’ indicates the mag-
netic ordering followed by reorientation of the magnetic mo-
ments at 11 K. The two peaks in x' and y” broadens and
merge at =300 Oe.

The heat capacity of PrMgSi, [Fig. 8(a)] shows a broad
hump between 10 and 20 K in accordance with the magnetic
ordering of the compound near 12 K. It may be noted that the
heat capacity does not exhibit a sharp anomaly as seen in
NdMgSi,. The magnetic contribution to the heat capacity
[Cyp inset of Fig. 8(a)] was isolated using the procedure
mentioned above. The peak in Cyr at =12 K due to the
magnetic ordering is relatively pronounced and sharper. The
heat capacity C,; drops at high temperatures exhibiting a
Schottky-type tail. The absence of a sharp peak in the heat
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capacity of PrMgSi, is most likely due to the presence of
Schottky contribution at low temperatures arising from rela-
tively low-lying crystal electric field levels. The calculated
4f-derived entropy S, is plotted in the inset of Fig. 8(a). The
entropy obtained at the ordering temperature is
5.5 J/mole K, indicating a possibility of a doublet ground
state or closely spaced (10-15 K) singlets. S, at 150 K is
~18.6 J/mole K, in agreement with the theoretical value of
18.26 J/mole K.

The resistivity of PrMgSi, [Fig. 8(b)] shows a metallic
behavior at high temperature (above 20 K) similar to that of
NdMgSi,. Below 20 K the resistivity decreases faster precur-
sor to the magnetic transition at 12 K. The dp/dT curve (not
shown) exhibits a discontinuity at 12 K in agreement with
the result of ac susceptibility. The magnetoresistivity (MR)
of PrMgSi, at 2, 6, and 15 K calculated using the expression
[p(H)—-p(0)]/p(0) is shown as an inset of Fig. 8(b). The
magnetoresistivity is positive at all temperatures, decreasing
with the increase in temperature. At the highest applied filed
of 120 kOe, MR is large and nearly 70% at 2 K. Typically
ferromagnets show a negative MR due to the suppression of
spin fluctuations by the field, while antiferromagnetic com-
pounds exhibit a positive MR. A positive MR together with
the character of magnetization plots described above reiter-
ates the complex nature of magnetic ordering in this com-
pound characterized by a dominant antiferromagnetic inter-
action in the ordered state. Neutron-diffraction measure-
ments are required for the exact determination of the mag-
netic structure.

D. CeMgSi2

The inverse susceptibility of CeMgSi, [Fig. 9(a)] fur-
nishes ;=253 appropriate for Ce** and x,=1.3
X 10™* emu/mole when the Eq. (4) is fitted to the data be-
tween 50 and 300 K. The paramagnetic Curie temperature
0,=-9.4 K is indicative of an antiferromagnetic exchange
interaction between the Ce ions. Low-temperature suscepti-
bility data show a peak at 4.2 K signifying an antiferromag-
netic phase transition of the trivalent Ce ions. The value of
the ratio |8p|/ Ty (2.2) is less than the corresponding value in
NdMgSi, (2.6) and does not appear to suggest any significant
4f conduction-electron hybridization in CeMgSi, (however,
the resistivity data described below indicate the presence of
Kondo interaction). The susceptibility increases below
~2.8 K, which may arise either due to the canted/complex
antiferromagnetic configuration of the moments or due to the
presence of trace parasitic magnetic impurity. The isothermal
magnetization at 2, 3.5, and 7 K is shown in Fig. 9(b). The
nearly linear behavior of the magnetic isotherm at 2 K with
field up to 30 kOe confirms the antiferromagnetic ordering of
the compound, above which the curve tends toward satura-
tion due to the development of ferromagnetic component.
Derivative of magnetic isotherm dM/dH at 2 K [inset of Fig.
9(b)] shows two peaks at =4 and 30 kOe, indicating the
presence of the metamagnetic transitions in the compound.
With increase in temperature (3.5 K) the transition at 30 kOe
broadens and shift toward lower fields and disappears alto-
gether at 7 K as expected. The magnetization of nearly 1ug
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FIG. 9. (Color online) (a) Inverse magnetic susceptibility of
CeMgSi, with the inset showing the low-temperature susceptibility.
(b) Magnetic isotherm of the compound at 2, 3.5, and 7 K. The inset
shows the dM/dH curve at same temperatures.

(less then the free-ion value of 2.14up) is obtained at 2 K in
an applied field of 120 kOe, which may be due to crystal
electric field and Kondo effects. The magnetic isotherms at 2
and 3.5 K tend to saturate at high fields and do not show any
magnetic hysteresis.

The electrical resistivity of CeMgSi, is depicted in Fig.
10(a). The resistivity below 300 K decreases marginally
down to 100 K. The rapid decrease in resistivity between 100
and 20 K cannot be attributed to scattering from phonons as
such a feature is not present in the resistivity of nonmagnetic
reference compound LaMgSi, [Fig. 10(a)]. It is most likely
due to the depopulation of the higher-lying crystal electric
field levels situated at =100 K above the ground state. The
resistivity shows an upturn below 20 K and finally decreases
rapidly below T due to the freezing of spin-disorder scatter-
ing in the magnetically ordered state. The upturn below 20 K
suggests either a residual Kondo interaction associated with
the doublet ground state of the Ce** ions (in tetragonal crys-
tal symmetry) or short-range antiferromagnetic correlations.
In order to gain more insight from the electrical resistivity
data we have also plotted the 4f contribution to the resistiv-
ity, pss, in Fig. 10(b). py, is obtained by assuming that the
phonon contribution to the resistivities of LaMgSi, and
CeMgSi, are identical such that
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FIG. 10. (Color online) (a) Temperature variation in electrical
resistivity of CeMgSi,, LaMgSi,, and the 4f contribution to
CeMgSi,. (b) Temperature variation in 4f contribution to CeMgSi,
on log scale with a fit described in text.

pas+ po(CeMgSi,) = p(CeMgSi,) — p(LaMgSiy)
+ po(LaMgSi,). (5)

It is seen that p,, increases with the decrease in temperature
below 300 K and shows two broad peaks at around 10 and
100 K. On a log T scale, there are two distinct linear portions
from 8 to 20 K and 150 to 300 K. Such a behavior is often
seen in antiferromagnetic Kondo systems with CEF effects
and suggests the presence of a Kondo exchange interaction
between the Ce4f spins and conduction electrons in
CeMgSi,. According to Cornut and Cogblin,® the high-
temperature maximum in pg, gives an estimate of the total
crystal electric field splitting in the system, which is inferred
to be =100 K from the resistivity data. The existence of an
unambiguous —In 7 behavior of p4, at high temperatures sug-
gests that the upturn below 20 K is most likely due to a
Kondo interaction between the crystal electric field split dou-
blet ground state of the Ce ions and the conduction electrons.
Both the high- and low-temperature part of the resistivity
showing the Kondo behavior could be well described by
straight-line fit to —In T as shown in Fig. 10(b). The slope
obtained for the low- and high-temperature straight-line fit
are 2.6 and 30 w() cm, respectively. According to the Cor-
nut and Cogblin model,® the ratio of low- to high-
temperature slopes of the linear portion of the —In 7' curve
should be 0.0857 for a doublet ground state in a Ce-based
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FIG. 11. (Color online) (a) Field dependence of magnetoresis-
tance of CeMgSi, measured at various temperatures. (b) The mag-
netoresistivity of CeMgSi, as a function of B/(T+7"), where T" is
the characteristic temperature.

system. CeMgSi, has a doublet ground state (as shown be-
low) and the ratio of the slopes is 0.0867, close to the ex-
pected value. The slope of the —In T curve (both high and
low temperature) is significantly lower when compared to
other heavy-fermion compounds (Celn;, Ce,Pt,In, etc.,
200-300 u€) cm). According to Kondo’s theory,’ the slope
is proportional to the density of states at the Fermi level. A
low value of slope in CeMgSi, therefore indicates a rela-
tively low density of states at the Fermi level. This is in tune
with a low value of the coefficient of the electronic heat
capacity in isostructural LaMgSi,.

The magnetoresistance as a function of field at various
temperatures is shown in Fig. 11(a). The magnetoresistance
is negative at all applied fields and temperatures. At least for
T <Ty, this behavior is in contrast to the positive magnetore-
sistance expected for an antiferromagnetically ordered com-
pound at low fields. Since we observe a negative MR at all
fields we attribute it to a more dominant negative contribu-
tion arising due to the Kondo interaction inferred above from
the variation in resistivity with temperature. Application of
the magnetic field splits the Kondo-Abrikosov-Shul reso-
nance and reduces the scattering of the conduction electrons
leading to a negative MR. The MR at 1.8 K has a relatively
more complex variation at low fields (below 50 kOe) com-
pared to a smoother variation at higher fields, due to the
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FIG. 12. (Color online) Resistivity of CeMgSi, in absence and
applied field of 120 kOe. The inset shows the temperature depen-
dence of magnetoresistance at 120 kOe.

combined effect of the applied field on the antiferromagneti-
cally ordered state (metamagnetic transitions at low fields)
and the Kondo interaction. However, the magnetoresistance
at 3.3 and 5.5 K exceeds that at 1.8 K above =50 kOe. The
behavior is also due to the relative variation in both magnetic
and Kondo interactions with field and temperature. It is to be
noted that both magnetic and Kondo contributions to the MR
decreases with temperature. Above T the MR curve has a
characteristic Kondo-type shape and could be scaled to the
Schlottmann relation'® Ap/py=fAB/(T+T")] for a single-
impurity Kondo interaction. The MR isotherms could be best
overlapped using the characteristic temperature 7°=1.5 K.
Figure 12 shows the resistivity of CeMgSi, measured in zero
and applied field of 120 kOe. The compound shows an ap-
preciable negative magnetoresistance up to 20 K; at higher
temperatures the two data sets virtually coincide with each
other. The calculated magnetoresistance is plotted as an inset
of Fig. 12. The magnetoresistance increases negatively with
temperature up to 7y and then decreases with temperature
above Ty. The negative magnetoresistivity at 1.8 K and 120
kOe is due to the dominating Kondo interaction as men-
tioned above. The behavior of the magnetoresistance is simi-
lar to that predicted theoretically by Lassailly et al.' for a Ce
compound which orders magnetically at low temperatures
with a doublet magnetic ground state. The peak in the MR
occurs at Ty due to the positive contribution from the mag-
netic sublattice. It may be mentioned that according to
Zlatic,'> the MR of a single Kondo impurity is predicted to
show a minimum at 7= T/2 and then cross over to positive
region at T<<Tg/27r. For a T of 1.5 K, such effects should
occur at very low temperatures and therefore the peak in MR
at 120 kOe is most likely due to an interplay of Kondo and
antiferromagnetic interactions.

The heat capacity of CeMgSi, is shown in Fig. 13(a). An
anomaly in the heat capacity at 4.2 K with a peak height of
~6.33 J/mole K confirms the bulk magnetic ordering of
Ce’* ions. The peak height is reduced compared to the mean-
field value of 12.5 J/mole K for spin s=1/2 levels. Because
of the magnetic contribution at low temperatures the Som-
merfield coefficient y was estimated to be ~40 mJ/mole K2
by fitting to a straight line the C/T vs T curve above the
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FIG. 13. (Color online) (a) The heat capacity of CeMgSi, com-
pared with that of LaMgSi,. The inset shows the C/T vs T? curve
with a linear fit. (b) 4f contribution to heat capacity of CeMgSi,
with a fit described in text. The inset shows the corresponding cal-
culated magnetic entropy.

ordering temperature. The magnetic contribution to the heat
capacity (Cyy) is shown in Fig. 13(b). The contribution of the
antiferromagnetic magnons to the specific heat along with
the electronic contribution is given by

T 39/T\ 51(T)\?
Coag=7Y'T C’A“\/j‘A/T{l —(—) —(—) ]
mag =YV L ¥ A¢ T20\a) T2\
(6)

where v is enhanced Sommerfield coefficient, A is the gap
in the spin-wave spectrum, and C’ is the constant inversely
proportional to the spin-wave stiffness. A fit to the heat-
capacity curve below T furnished y*=470 mJ/mole K2, A
=4 K, and C’=9.34 mJ/mole K*. The Sommerfield coeffi-
cient has a very high value compared to that obtained from
the high-temperature straight-line fit. This may result from
the strong Kondo interaction present below 4 K because the
compound is in the vicinity or below the original Kondo
temperature. The entropy [inset of Fig. 13(b)] at Ty=4.2 K
is =3.5 J/mole K, less than R In2(5.76 J/mole K) ex-
pected for a doublet ground state with effective spin s=1/2.
Also the total entropy at 150 K is 13.2 J/mole K less than
the expected value of R In(6) for the Ce** ion. Since the
resistivity data described above indicate the presence of
Kondo interaction, a reduced entropy could be ascribed to a
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FIG. 14. (Color online) 4f contribution to heat capacity of
CeMgSi, with a Schottky fit. The inset shows a curve simulated
using Eq. (7) to calculate the Kondo temperature.

partial screening of the Ce 4f moment due to the antiferro-
magnetically aligned conduction-electron spins. At the same
time, it is not unusual for some short-range order to persist
up to some temperature in the paramagnetic regime above
Tx. Assuming the reduction in entropy to be due entirely to
Kondo interaction, an estimate of the single-ion Kondo tem-
perature Ty can be inferred using the relation S,,,,(Ty)
=Sk(Ty/Tg),"? where S, is the entropy at the magnetic
transition temperature 7y and Sk is the Kondo entropy at Ty
(Ref. 14 ) due to the Kondo effect. The necessary condition
for this relation to hold good is the crystal-field split energy
levels Acgr>kgTy and Acgp>kpTx. Below, from the
Schottky fit to the heat-capacity data we show that the CEF
split levels lie above 100 K. Further, using the spin—% Kondo
model, Desgranges and Schotte calculated'* the specific heat
and magnetic entropy. The above relation provides us with
the ratio Ty/Tg in terms of the experimentally obtained
Smag(Ty). This procedure gives a Ty of 5.1 K which is
slightly higher than Ty and also higher than 7" derived from
the scaling behavior in Ty magnetoresistivity. The value de-
rived by this procedure assumes the absence of residual
short-range order above Ty and if present gives a higher
value of Tk. An another model which gives an estimation of
T is that by Bredl et al.,'> according to which a jump in the
magnetic heat capacity is related to the Kondo temperature
by the relation'®

2
A%gR%[W(%M)+M’(%+§ﬂ , (D
W”(E"‘g)

where {=(Tx/Ty)/27 and ', /', and /" are the first, sec-
ond, and the third derivative of the digamma function. The
inset of Fig. 14 shows the AC,,,, plotted as a function of
T/ Ty using the above equation. Using the jump in the heat
capacity of 5.4 J/mole K. the estimated value of Kondo
temperature is 4.6 K close to that obtained from the entropy.
The high-temperature peak in the 4f contribution was fitted
to the Schottky contribution arising from the transition
among the CEF levels. A reasonably good fit was obtained

214412-8



MAGNETIC PROPERTIES OF RMgSi, (R=La,...

with three doublet energy levels Ey=0 K, E;=120 K, and
E,=170 K.

IV. CONCLUSION

The magnetic properties of RMgSi, (R=La to Nd) have
been investigated. The compounds form in a tetragonal struc-
ture with a space group I4,/amd (141). LaMgSi, is charac-
terized by a low value of the Sommerfeld coefficient,
2 mJ/mole K2, indicating a low density of states at the
Fermi level. The magnetization correspondingly shows a dia-
magnetic behavior. CeMgSi, is found to be a dense Kondo-
lattice ordering antiferromagnetically at Ty=4.2 K, with a
comparable Tk. The 4f contribution to the heat capacity in
the paramagnetic regime is well described by two doublets

PHYSICAL REVIEW B 80, 214412 (2009)

located at 120 and 170 K above the ground level. The elec-
trical resistivity shows two regimes of —In 7' behavior and
the ratio of their slopes is in very good agreement with the
theoretical predictions. NdMgSi, orders antiferromagneti-
cally at 6 K and the resistivity at 7 increases due to the gap
induced by the periodicity of the antiferromagnetic order.
The nature of the magnetic ordering in PrMgSi, is relatively
complex; the data indicate the presence of both ferromag-
netic and antiferromagnetic correlations, the latter being
more dominant.
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