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Abstract. A set of eight tetragonal La1−xYxMn2Si2 compounds doped with57Fe and covering
the entire range 06 x 6 1 have been investigated by Mössbauer effect spectroscopy over the
temperature range 4.2–520 K. Distinct changes in the quadrupole splitting (QS) and magnetic
hyperfine field (µ0Hhf ) values were observed around critical concentrations ofxc ∼ 0.15 (4.2 K)
andxc ∼ 0.2 (room temperature; RT) as the antiferromagnetism of the Y-rich compounds gives
way to the predominant ferromagnetism of the La-rich compounds. The temperature dependences
of QS andµ0Hhf for the La-rich compounds (x 6 0.25) also show distinct changes in the
range∼285–470 K which we relate to the reported magnetic phase transitions occurring in these
critical regions. The magnetic phase diagram which we have derived for the La1−xYxMn2Si2
series from our M̈ossbauer measurements is in excellent agreement with the recent findings of
neutron diffraction investigations. We show that analyses of both the Mössbauer and neutron
data on LaMn2Si2 give a fully consistent account of the temperature dependent canting of the
magnetic structure. Finally, consistent with earlier magnetization measurements, we suggest that a
magnetically frustrated state, possibly a spin glass, may exist within the boundary regions of these
magnetic phase transitions.

1. Introduction

The ternary rare-earth (R) manganese silicides RMn2Si2 crystallize in the tetragonal ThCr2Si2
structure with space groupI4/mmm [1]. This structure can be described as a stacking of atomic
layers (each layer containing one single type of atom) along the crystallographicc-axis with
the sequence –R–Si–Mn–Si–R. In the ideal ThCr2Si2 structure, each type of atom occupies one
single crystallographic site; the site occupancies of the R(Th), Mn(Cr) and Si are 2a(0, 0, 0),
4d (0, 0.5, 0.25 and 0.5, 0, 0.25) and 4e (0, 0, z and 0, 0, z̄) respectively. The structure can also
be described as composed of silicon tetrahedra and rare-earth tetrahedra with manganese atoms
inside. To form ideal tetrahedra the position parameterzand the ratio of lattice parameters (c/a)
should be 3/8 and 2.818 respectively, with any deviation from these ideal values producing a
distortion of the tetrahedra.

The magnetic properties of RMn2X2 (X = Si, Ge) have been studied extensively in
the past two decades or so (see e.g. [2], [3] and references therein), with earlier reports
describing relatively simple pictures for the magnetic structure of the RMn2Si2 compounds.
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Magnetic susceptibility studies indicated that all of the compounds are antiferromagnetic
except for R= La where ferromagnetic ordering is observed [2]. Neutron diffraction studies
(e.g. [4]) revealed that the Mn magnetic moments couple ferromagnetically within the Mn
layers and antiferromagnetically between adjacent Mn layers. Moreover, on the basis of
single-crystal magnetization measurements on the isostructural LaMn2Ge2 compound, it was
deduced that the magnetically easy direction of the Mn moments is along thec-axis [5]. A
ferromagnetic to antiferromagnetic transition has been reported by magnetic susceptibility
and neutron diffraction experiments in the systems La1−xCexMn2Si2 [6], La1−xYxMn2Si2
[7, 8] and La1−xYxMn2Ge2 [9], with the critical concentrations for these systems at room
temperature being aroundxc ∼ 0.4,∼0.2 and∼0.7, respectively. A magnetic-field-induced
AF to F transition has also been observed for La0.3Y0.7Mn2Ge2 below 170 K [10]. As shown
in our recent M̈ossbauer effect measurements of the La1−xYxMn2Si2(57Fe) series, distinct
changes are observed in the hyperfine interaction parameters for samples around the critical
concentrationsxc ∼ 0.15 andxc ∼ 0.20 at 4.2 K [11] and room temperature [12], respectively.

YMn2Si2 has a magnetic structure of ferromagnetic Mn layers coupled antiferromagneti-
cally with neighbouring layers, with a Ńeel temperatureTN ∼ 510 K [3, 4, 8, 13] and magnetic
space groupIp4/m′m′m′. Recent neutron diffraction [14, 15] and Mössbauer effect measure-
ments [16–17] reveal a more complicated magnetic behaviour for LaMn2Si2 than considered
previously (see e.g. [2], [3]). Nowik and co-workers (see e.g. [16]–[20]) have carried out
detailed studies of the temperature dependences of the magnetic hyperfine interaction and the
effective quadrupole interaction for a series of RMn2Si2 and RMn2Ge2 compounds (R= La,
Ce, Pr, Nd, Sm and Gd), leading to insight into new multiple magnetic transitions in these
and related materials. Below the Néel temperatureTN ∼ 470 K, LaMn2Si2 exhibits collinear
antiferromagnetism characterized by a stacking of antiferromagnetic(001) Mn planes (space
groupImm′m) [14, 15]. BelowTC ∼ 310 K, LaMn2Si2 exhibits an easy-axis ferromagnetic
behaviour with the coexistence of an antiferromagnetic component in the(001) Mn planes in
an overall canted magnetic structure (space groupI11m). In addition, satellites to the(101)
reflection are observed which are consistent with a conical magnetic arrangement coexisting
with the canted magnetic structure belowTh ∼ 45 K [14, 15].

Interest in the magnetic behaviour of RMn2X2 compounds has continued unabated in
recent years with the comprehensive neutron diffraction investigations of Venturini and co-
workers leading to novel insight into the magnetic structures and behaviour of compounds
such as Nd0.35La0.65Mn2Si2 [21] and RMn2Ge2 [22]. More recently Hofmannet al [23]
have determined the three magnetic structures exhibited by La1−xYxMn2Si2 at the critical
concentrationxc ∼ 0.2 over the temperature range 4.2–500 K, with the magnetic phase
diagram for this series having been determined by Ijjaaliet al [24]. Here we extend our
earlier Mössbauer effect studies of La1−xYxMn2Si2(57Fe) at 4.2 K and ambient temperature
to investigate the magnetic behaviour of the set of eight samples over the temperature range
4.2–520 K. The temperature dependences of the quadrupole splitting and magnetic hyperfine
field values have enabled the magnetic transitions and overall magnetic behaviour to be
determined. The resultant magnetic phase diagram is found to be in good agreement with
the results of our concurrent neutron diffraction studies of La1−xYxMn2Si2 on the same set of
samples [15, 25, 26].

2. Experiment

The La1−xYxMn2Si2(57Fe) (x = 0.00, 0.10, 0.15, 0.20, 0.25, 0.30, 0.50 and 1.00) samples
were prepared by conventional argon arc melting from elements of>3 N purity. The samples
were doped with enriched57Fe of amounts∼0.3–0.5 wt%. X-ray powder diffraction indicated
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that all the samples were single phase with the tetragonal ThCr2Si2 structure. Standard57Fe
Mössbauer effect spectroscopy measurements were carried out in transmission mode over the
temperature range 4.2–520 K. Low temperature experiments (4.2–300 K) were performed
using a helium-bath cryostat and a LakeShore DRC-93C temperature controller, while high
temperature experiments (300–520 K) were carried out using a temperature-controlled vacuum
furnace. The spectrometer was calibrated using a standardα-Fe foil.

3. Results and discussion

Mössbauer spectra were obtained for the complete set of La1−xYxMn2Si2(57Fe) samples at
various temperatures between 4.2 K and 520 K. Typical results for the La0.85Y0.15Mn2Si2
sample are shown in figure 1.

The model which we used to fit the spectra over this series has been described previously
[11, 12]. In brief, based on the results by Levinet al [27] on the CeM2−xSi2+x series (M= Fe,
Co, Ni and Cu), it is expected that the57Fe atoms will enter the Mn crystallographic 4d site
predominantly. Given the equal number of Mn and Si in the La1−xYxMn2Si2 compounds, it
is clear that even if only∼0.1% of the Si atoms are replaced by the57Fe atoms, then∼10% of
the57Fe atoms would reside on the Si 4e site. Comparison of fits to the spectra with one sextet
(representing sole occupancy of the 4d site by57Fe atoms) or two sextets (57Fe atoms in both
the 4d and 4e sites) confirms that the best fits of the spectra were obtained using two sextets,
consistent with the likelihood that57Fe atoms enter both the Mn 4d (sextet I) and Si 4e sites
(sextet II) [11]. Given the poor resolution of the spectra taken close to or above the ordering
temperatures, the fits were carried out by restricting the intensity ratios of the two subspectra
to the values obtained at low temperatures. Sextet I with a larger subspectral area,AI , and a
larger magnetic hyperfine field than sextet II is associated with the57Fe atoms in the Mn 4d
site, with sextet II being associated with the57Fe atoms in the Si 4e site (see also [17]). As
indicated in table 1, the57Fe atoms show a non-negligible occupation of the Si 4e site in all
of the La1−xYxMn2Si2 samples studied although, as expected, there is a marked preference of
57Fe atoms to occupy the Mn 4d site, with the relative subspectral area for the 4d site varying
from 87 to 94% over our set of samples. These site occupancies lead to slight distributions in
the hyperfine parameters, as manifested by the line broadening.

Table 1. Subspectral intensities (AI ) and ratios of magnetic hyperfine fields (µ0H
I
hf /µ0H

II
hf )

derived from fits to the 4.2 K La1−xYxMn2Si2(57Fe) spectra (see also [11]).

x = 0.00 x = 0.10 x = 0.15 x = 0.20 x = 0.25 x = 0.30 x = 0.50 x = 1.00

AI (%) 92(3) 87 90 89 92 88 94 88
µ0H

I
hf /µ0H

II
hf 2.3(5) 3.0 2.4 2.9 2.6 3.1 2.9 3.3

As shown in table 1, the magnetic hyperfine fields for the two subspectra I and II are found
to differ by a factor of∼3. As discussed previously [11], this ratio agrees well with the ratio
of the hyperfine fields calculated on the basis of the direct anisotropic exchange interaction
from the nearest-neighbour Mn atoms. Due to the small intensity of subspectrum II, the
corresponding hyperfine parameters deduced from the spectral fits contain relatively large
uncertainties although the presence of subspectrum II causes no significant change in the fitted
hyperfine parameters of the dominant subspectrum I. In our discussion, we concentrate on the
significance of the hyperfine parameters obtained for subspectrum I, i.e. the subspectrum of
57Fe atoms in the Mn 4d site.
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3.1. Dependence of the hyperfine parameters on yttrium concentration

The dependence of the57Fe hyperfine fieldµ0H
I
hf on the yttrium concentration is shown

in figure 2. At 4.2 K the value ofµ0H
I
hf is essentially constant in the concentration range

x = 0.0–0.15, whereas abovex ∼ 0.15, the value ofµ0H
I
hf increases linearly with a slope

of d(µ0H
I
hf )/dx = 3.4 T at.%−1. The change in the behaviour ofµ0H

I
hf aroundx = 0.15

reflects a magnetic phase transition, indicating that the magnetic structure of La1−xYxMn2Si2
compounds in this region is highly sensitive to the yttrium concentration. With increasing
temperature, a minimum in the magnetic hyperfine field becomes apparent at the critical
concentration ofx ∼ 0.2. As expected, the behaviour of the magnetic hyperfine field essentially
reflects the variation in transition temperaturesTC andTN which also exhibits a minimum value
around the yttrium concentration ofx ∼ 0.2 (see figure 7 as discussed below).

The dependence of the57Fe quadrupole splitting (QS) on the yttrium concentration at
different temperatures is shown in figure 3. A step-like dependence aroundx ∼ 0.2 is
observed at all temperatures except forT ∼ 450–520 K, where all the compounds are in the
paramagnetic state. A distinct change occurs in the QS between the two magnetic phases—
the antiferromagnetism with ferromagnetic Mn layers forx > ∼0.2 and the canted magnetic
structures forx < ∼0.2 whenT < ∼305 K (or antiferromagnetism with antiferromagnetic
Mn layers whenT > ∼305 K). The change in the QS between the F and AF regions is a
consequence of the change in the 3d configuration of the probe57Fe atoms which reflects the
corresponding change of the Mn 3d configuration. The quadrupole interaction can be described
in terms of the electric field gradient (EFG) tensor{Vij }. In the ThCr2Si2 type structure the
Mn(Cr) atoms occupy the 4d site which has a local point symmetry of4̄m2. In this case, we
can then explicitly write the totalVZZ as [28]:

VZZ = (1− γ∞)V lattZZ + (1− R)V valZZ (1)

whereγ∞ andR are the Sternheimer antishielding and shielding factors, respectively. The
two terms in equation (1) represent: (i) the lattice contributionV lattZZ which arises from the
non-cubic symmetry of the surrounding charges on neighbouring atoms and (ii) the valence
contributionV valZZ which results from the electron distribution in the partially filled valence
shell of the57Fe atom (3d and 4p shells). Thec-axis is the easy magnetization direction of the
Mn sublattice for YMn2Si2 (see e.g. [4], [13]). On the other hand, recent studies have shown
that LaMn2Si2 has a canted magnetic structure belowTC ∼ 310 K with a canting angle of
∼47◦ relative to thec-axis at low temperatures [14, 15].

Our point charge model calculations show thatVZZ is along thec-axis in the RMn2Si2
structure, while the asymmetry parameter isη = 0, indicating an axially symmetric EFG. As
discussed more fully below, a change of the hyperfine field direction from a canting angle of 47◦

to 90◦ results in a change in the magnitude and sign of the QS as is observed in the experimental
data. Furthermore, at room temperature, for La1−xYxMn2Si2 compounds withx ∼ 0.2
(canted antiferromagnetic structure as discussed below [24, 25]), the QS value is significantly
different from those compounds withx > 0.3 (Ip4/m′m′m′; collinear ferromagnetic layers
coupled antiferromagnetically). This suggests that althoughV lattZZ may vary between the two
magnetically ordered states, the major contribution to the change in QS between these two states
is due to valence effects. Hence, the change in the quadrupole splitting observed between the
ferromagnetic and antiferromagnetic regions in the La1−xYxMn2Si2 series is most likely to be
the result of differences in the 3d configurations between these two magnetically ordered states.
We note that the Mn–Si distance in these compounds is very short, ranging from 0.234 nm
(x = 1) to 0.243 nm (x = 0). Based on metallic radius data [29] the expected Mn–Si distance is
0.258 nm (rMn = 0.127 nm andrSi = 0.131 nm), which would correspond to no overlapping of
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Figure 1. Mössbauer spectra of57Fe doped La0.85Y0.15Mn2Si2 at the temperatures indicated. All
of the spectra have been fitted with two subspectra as described in the text.

the valence bands. Thus, we attribute the major contribution to the changes in the QS between
the ferromagnetic and antiferromagnetic states to a change in the 3d electronic configuration



7840 S J Campbell et al

11

12

13

14 4.2 K

7

8

9

10

11

12

13

270 K

10

11

12

13

14

150 K

6

8

10

12 293 K

9

10

11

12

13 200 K

0.0 0.2 0.4 0.6 0.8 1.0

4

6

8

10

12
320 K

x in La
1-x

Y
x
Mn

2
Si

2

0.0 0.2 0.4 0.6 0.8 1.0

8

9

10

11

12

13

x in La
1-x

Y
x
Mn

2
Si

2

250 K

µ 0H
h
f
[ T

]

Figure 2. Variation of the magnetic hyperfine field of La1−xYxMn2Si2(57Fe) with Y concentration
at the temperatures indicated (4.2–320 K) (the full lines act as a guide to the eye).

caused by increased hybridization between the Mn 3d band and Si 3p band; a reduction in
the unit cell volume and interatomic distances leads to a greater charge transfer from the Si to
the Mn (57Fe) atoms. Recent LMTO energy band calculations on the paramagnetic states of
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LaMn2Si2 and YMn2Si2 [30, 31] show that there is in fact a strong hybridization between the
Mn 3d band and Si 3p band, and the electron transfer from Si to Mn is greater in YMn2Si2 than
in LaMn2Si2. The valence component,V valZZ is tightly linked to the relative occupancies of the
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3d states (denotedt2g or eg); any change in these occupancies will cause a change inV valZZ .
Hence, the change in the quadrupole splitting observed can mainly be explained by differences
in the 3d configurations between these two magnetically ordered states.

In summary, it is clear that the two principal hyperfine parameters, i.e. magnetic hyperfine
field and quadrupole splitting at various temperatures provide useful information on the
changes in the Mn electronic structure associated with the magnetic phase transitions in the
La1−xYxMn2Si2 series. As discussed fully below, at 4.2 K La1−xYxMn2Si2 compounds with
x < ∼0.10 have a canted ferromagnetic structure whereas those compounds withx > ∼0.10
exhibit antiferromagnetic behaviour (see e.g. [23]–[25]); see also figure 7). Likewise at room
temperature, the La1−xYxMn2Si2 series forx < ∼0.15 exhibits canted ferromagnetism which
changes to antiferromagnetism for higher Y concentrations (x > ∼0.15).

3.2. Temperature dependence of the hyperfine parameters

The temperature dependences of the magnetic hyperfine field and the quadrupole splitting
of sextet I as determined from the fits to the La1−xYxMn2Si2(57Fe) spectra, are presented
in figures 4 and 5, respectively. La0.85Y0.15Mn2Si2 with a concentration close to the critical
concentration ofxc = 0.2 at RT exhibits a magnetic transition aroundTC = 290 K (figure 4,
also see [8]). The M̈ossbauer spectra andµ0Hhf data of the present sample show clearly
that the magnetic hyperfine field persists above the apparent magnetic ordering temperature of
T = 290 K, suggesting that the Mn sublattice remains ordered above this temperature. Similar
behaviour is observed for all La-rich La1−xYxMn2Si2(57Fe) compounds (x 6 0.25, figure 4)
and as noted above, similar behaviour was observed recently for LaMn2Si2(57Fe) [16, 17]. At
temperatures above∼310 K, LaMn2Si2 exhibits collinear antiferromagnetism [14, 15]. Our
findings indicate that the antiferromagnetic order in these La-rich compounds exists within the
Y concentration region 0< x < 0.3, and within the temperature region 285–470 K.

Clear insight into the high temperature magnetic behaviour of La0.85Y0.15Mn2Si2(57Fe)
can be derived from the hyperfine parameters. The kink in theµ0Hhf values for sextet I
at T = 290 K (see arrow, figure 4), combined with the distinct changes in QS at the same
temperature (figure 5), identify a magnetic transition from the low temperature canted magnetic
structure. Although the sample La0.85Y0.15Mn2Si2 lies in the critical concentration region
between the canted ferromagnetism of LaMn2Si2 and the antiferromagnetism of YMn2Si2, the
present transition atT = 290 K describes a temperature driven magnetic phase transition,
probably similar to that observed by Venturiniet al [14] in LaMn2Si2. The magnetic
hyperfine field for sextet I continues to decrease aboveTC , leading to a Ńeel temperature
TN ∼ 425 K (figure 4). The hyperfine parameters of La1−xYxMn2Si2 compounds with
x < 0.3 may be analysed in a similar manner, leading to theirTC andTN values. On the
other hand, compounds withx > 0.3 show no evidence of a change in the magnetic structure
below their Ńeel temperature. As noted above, the QS values for the dominant sextet I of
La0.85Y0.15Mn2Si2(57Fe) change significantly around the transition atTC = 290 K (figure 5).
As discussed above a lattice contribution to the observed changes in QS values may be present,
although the change in the observed quadrupole splitting is most likely to be due to a change in
QSval with differences in the 3d configurations between the two magnetically ordered states.

As discussed by Venturiniet al [21] the unusual variation with temperature of the electric
quadrupole parameter as determined by Mössbauer spectroscopy, can be accounted for in
terms of the relative orientation (angleθ ) of VZZ, the principal component of the electric field
gradient (EFG) tensor, and the Mn magnetic moment (and hence the hyperfine magnetic field
experienced by the57Fe nuclei). As mentioned above, the principalz-axis coincides with the
crystallographicc-axis and the point symmetrȳ4m2 of the Mn site axial symmetry (i.e. the



Magnetic transitions in La1−xYxMn2Si2 7843

0

2

4

6

8

10 LaMn
2
Si

2

0

2

4

6

8

10

12
La

0.75
Y

0.25
Mn

2
Si

2

0

2

4

6

8

10 La
0.9

Y
0.1

Mn
2
Si

2

µ 0
H

h
f
[T

]

0

2

4

6

8

10

12
La

0.7
Y

0.3
Mn

2
Si

2

0

2

4

6

8

10
La

0.85
Y

0.15
Mn

2
Si

2

0

2

4

6

8

10

12
La

0.5
Y

0.5
Mn

2
Si

2

0 100 200 300 400 500
0

2

4

6

8

10 La
0.8

Y
0.2

Mn
2
Si

2

T [K]
0 100 200 300 400 500

0

2

4

6

8

10

12

14
YMn

2
Si

2

T [K]

Figure 4. Temperature dependence of the magnetic hyperfine field for La1−xYxMn2Si2(57Fe).
The arrows indicate the magnetic transition temperatures (the full lines act as a guide to the eye).

asymmetry parameterη = 0). The relevant angular dependent term in the nuclear Hamiltonian
is then:(3 cos2 θ − 1)/2. Given the orientation of the EFG principal axis system, the angleθ

can be measured directly by neutron diffraction, which gives the angle between the magnetic
moment and the crystalc-axis.
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In figure 6 we show the orientation of the Mn magnetic moments (i.e.θ ) in LaMn2Si2
deduced both from our M̈ossbauer results and from our concurrent neutron diffraction work
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on this compound. The neutron results show clearly that the magnetic moments lie in the
crystallographic basal plane betweenTC ∼ 310 K andTN ∼ 470 K. We therefore took the
average value of the quadrupole splitting in this temperature range as our starting value for
the determination ofθ from the Mössbauer data. The collapse in the hyperfine splitting with
increase in temperature makes it difficult to determine the quadrupole parameter with a high
degree of accuracy in the temperature range between the two magnetic ordering temperatures.
This limited spectral resolution leads to the scatter in the deducedθ values between∼350
and 450 K (figure 6). Also it should be noted that this analysis is strictly valid only when
the magnetic hyperfine splitting is much greater than the electric quadrupole interaction. This
results in increased uncertainty in theθ values at higher temperatures as the magnetic hyperfine
field collapses. Below the Curie temperature (∼310 K) there is excellent agreement between the
two determinations ofθ showing the gradual tipping of the moments out of the crystallographic
basal plane with decreasing temperature, thus establishing that for LaMn2Si2 the observed
variation in quadrupole splitting is due to the changing magnetic moment orientations.

3.3. Phase transitions

The magnetic phase diagram deduced for the La1−xYxMn2Si2 series from our M̈ossbauer
data is shown in figure 7 with the transition temperatures, as derived from the discontinuities
in QS (TC) and the collapse of the hyperfine field (TN ), listed in table 2. TheTC values
for x < 0.3 and theTN values for x > 0.3 are in agreement with previous studies
[8, 24]. The magnetic structures of this series of compounds (denoted in figure 7 using the
notation of Venturiniet al [21]) are as follows [14, 15, 24, 25]. La-rich compounds exhibit
canted ferromagnetism (Fmc) and planar antiferromagnetism (AFl) with Y-rich compounds
exhibiting axial antiferromagnetism(AFil). Intermediate La1−xYxMn2Si2 concentrations,
aroundx ∼ 0.2, also exhibit canted antiferromagnetism (AFmc; in effect a combination of
AFl and AFil) and, as discussed recently [25], a region in which the two canted structures,
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Figure 7. The magnetic phase diagram of La1−xYxMn2Si2 as derived from our M̈ossbauer effect
results and neutron diffraction data [15, 23, 25, 26]. The magnetic structures are labelled using the
notation of Venturiniet al [21] as follows: La-rich compounds—canted ferromagnetism (Fmc)
and planar antiferromagnetism (AFil); Y-rich compounds—axial antiferromagnetism (AFil);
intermediate concentrations (x ∼ 0.2)—canted antiferromagnetism (AFmc; in effect a combination
of AFl and AFil) and, as discussed recently [25], a region in which the two canted structures, Fmc

and AFmc, coexist.Fconical refers to the conical magnetic arrangement of LaMn2Si2 which co-
exists with the canted magnetic structure belowTh ∼ 45 K [14, 15].

Table 2. Transition temperaturesTC andTN in La1−xYxMn2Si2 compounds, as estimated (to
< ∼10 K) from changes in the hyperfine parameters (figures 4 and 5).

x = 0.00 x = 0.10 x = 0.15 x = 0.20 x = 0.25 x = 0.30 x = 0.50 x = 1.00

TC (K) 310(10) 295 290 285 305 — — —
TN (K) 470(10) 445 425 370 360 355 420 515

Fmc and AFmc, coexist. The existence of these magnetic phase transitions suggests that the
magnetic structure is very sensitive to the interatomic distances in these compounds. In the
earlier literature all of the known magnetic structures of the ThCr2Si2-type manganese silicides
and germanides were described in terms of ferromagnetic(001) Mn planes, stacked ferro-or
antiferromagnetically along thec-axis [2]. Szytula and Siek [6] pointed out that intralayer
Mn–Mn distances greater than∼0.285 nm lead to ferromagnetic interplane interactions,
whereas distances less than∼0.285 nm lead to antiferromagnetic interplane interactions.

As noted above, recent investigations have resulted in a revised model of the magnetic
structure of LaMn2Si2 [14, 15]. This compound was found to possess a canted structure
at low temperatures and an antiferromagnetic structure aboveTC ∼ 310 K, with a conical
magnetic arrangement (denotedFconical in figure 7) co-existing with the canted magnetic
structure belowTh ∼ 45 K [14, 15]. Under such circumstances a revision of the relationship
between the intralayer Mn–Mn distance and the magnetic structure in the La1−xYxMn2Si2
compounds is necessary. As pointed out by Venturiniet al [14, 21], for the RMnSi(Ge) and
RMn2Si(Ge)2 series, antiferromagnetic(001) Mn planes occur when the Mn–Mn intralayer
separation is larger than∼0.285 nm, whereas a smaller Mn–Mn intralayer distance yields ferri-
or ferromagnetic Mn layers. From the experimental results for the La1−xYxMn2Si2 compounds
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(figure 7), it appears that while an Mn–Mn intralayer separationdMn−Mn < 0.285 nm is
associated with a magnetic structure characterized by ferromagnetic Mn(001) planes coupled
antiferromagnetically with their neighbouring planes, an Mn–Mn intralayer separation of
dMn−Mn > 0.285 nm is linked with antiferromagnetic Mn(001) layers, or Mn(001) layers
having a canted magnetic structure with antiferromagnetic components. This fulfils the general
correlation between the Mn–Mn intralayer distance and the magnetic structure within the Mn
layers, which has been confirmed in a large number of compounds with either the ThCr2Si2,
CeFeSi or TbFeSi2 structures [32]. The magnetic structure of LaMn2Si2 at low temperatures
may be due to the fact that the antiferromagnetic(001) planes induce additional interplanar
ferromagnetic interactions which begin to act when the thermal contraction of the lattice
smooths out the antiferromagnetic in-plane interactions.

Williams et al [33] have suggested that the d–d exchange interaction mediated by p
electrons causes antiferromagnetic ordering, based on the results of band calculations of Mn
based Heusler alloys. This critical distance is close to the critical distance of 0.285 nm for
the transition from localized to delocalized Mn states as predicted by Goodenough [34]. The
substitution of Y for La leads to a decrease in the unit cell volume (and hence the interlayer and
intralayer Mn–Mn distances) which in turn enhances the in-plane ferromagnetic interaction
and weakens the in-plane antiferromagnetic interaction. At low yttrium concentrations
(x < 0.2), where antiferromagnetic layers (or a canted structure) are present, these three types
of interaction compete with each other, resulting in a decrease in the ordering temperature
with increasing yttrium content. At larger yttrium concentrations (x > 0.25) the increase in
the ordering temperature is considered to be due to the broadening of the Mn 3d band with
increasing yttrium content.

3.4. Transition region: spin glass and frustrated magnetic system

The competition between the different interactions around the critical concentrationxc ∼ 0.2
(RT) for the transition from one magnetic state to the other is believed to lead to spin
glass [8] or cluster spin glass [7] type behaviour. The more complex magnetic behaviour
occurring around this concentration is also indicated by the large difference in values between
the magnetic transition temperatureTC ∼ 250 K and the paramagnetic Curie temperature
θp ∼ 310 K for a La1−xYxMn2Si2 compound withx = 0.2, as estimated by Sampathkumaran
et al [8] from magnetization and magnetic susceptibility measurements. Coexistence of
different magnetic interactions and spin-glass-like behaviour is also likely to account for the
increase in linewidth observed in the room temperature Mössbauer spectra of La1−xYxMn2Si2
compounds for yttrium concentrations aroundx ∼ 0.15–0.25 (figure 8). Further evidence for
a spin-glass/frustrated system is the fact that the hyperfine magnetic field of subspectrum II
(associated with the57Fe residing in the Si 4e site) does not vanish atTC for compounds with
x < 0.3, as shown in the case of the La0.85Y0.15Mn2Si2(57Fe) compound (figure 9(a)). As
outlined previously [35], with increasing temperature57Fe atoms in the Si 4e site within the
antiferromagnetic(001)Mn layers continue to experience a transferred field until the balance
between the exchange interactions of the antiparallel moments of the antiferromagnetic(001)
Mn planes is established fully. For example the magnetic hyperfine field associated with
sextet II in La0.85Y0.15Mn2Si2(57Fe) persists fromTC ∼ 290 K to a temperatureT IIC ∼ 340 K.
Hence, the gradual decrease in theµ0Hhf values for sextet II to zero over the temperature
rangeT = 290–340 K (figure 9(a)) is likely to indicate the existence of a frustrated magnetic
system in this region with competing interactions occurring both as a result of the temperature
driven transition, and the critical dependence on the La and Y concentrations of the compound
with x < 0.3. This behaviour is also found to occur for the La1−xYxMn2Si2 compounds of
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Figure 8. Dependence of the spectral linewidth (full width at half maximum) of the room
temperature spectra of La1−xYxMn2Si2(57Fe) on yttrium concentration.

Y concentrationx = 0.1, 0.2, 0.25 with theirT IIC along with theTC andTN values, shown
as a function of Y concentration in figure 9(b). As indicated by the above discussion, along
the boundary of the different magnetic phases there exists a finite region in which spin-glass,
clusters of spin-glass and/or frustrated magnetic systems are likely to occur.

4. Conclusions

The magnetic properties of La1−xYxMn2Si2 compounds withx = 0.00, 0.10, 0.15, 0.20, 0.25,
0.30, 0.50 and 1.00 have been investigated by Mössbauer effect spectroscopy. The experimental
results indicate that although most of the57Fe atoms occupy the Mn 4d site, there is a non-
negligible fraction of the57Fe atoms residing in the Si 4e site. Distinct changes in QS andµ0Hhf
are observed around the critical concentrations ofxc ∼ 0.15 (4.2 K) andxc ∼ 0.20 (RT). The
temperature dependences of the QS andµ0Hhf values in the spectra of the La-rich compounds
La1−xYxMn2Si2 (57Fe) (x 6 0.25) also show distinct changes in the range between∼285 and
470 K. These results are discussed in term of the reported magnetic phase transitions. The
dependences of the QS andµ0Hhf values on Y concentration and on temperature are explained
as mainly due to changes in the valence configuration of the Mn atoms. Good agreement is
found between the orientation of the manganese magnetic moments in LaMn2Si2 as determined
by the Mössbauer effect measurements and recent neutron diffraction measurements. The
magnetic order above the previously reported ordering temperatures for the compounds with
x 6 0.25, indicated by the persisting magnetic hyperfine field (figure 4), is associated with an
antiferromagnetic phase. Based on these Mössbauer effect results the magnetic phase diagram
of the La1−xYxMn2Si2 series was derived and found to be in good agreement with concurrent
neutron diffraction findings [15, 24–26]. A spin-glass and/or frustrated magnetic system was
found to exist within the critical region of these magnetic phase transitions.
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Figure 9. (a) Temperature dependences of the magnetic hyperfine field values of subspectra I and
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as a function of yttrium concentration. TheTC andTN values are also included for comparison.
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