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The magnetic properties of tetragonal YFexMn12−x compounds, which crystallize in the ThMn12-type struc-
ture, are governed by both strong competing exchange interactions between the magnetic moments on three
nonequivalent sites 8i, 8j , and 8f occupied by MnsFed atoms preferentially in 8i s8fd and Mn-planarsFe-axiald
magnetocrystalline anisotropies. Using low field ac magnetic susceptibility versus temperature, zero-field-
cooled and field-cooled magnetization versus temperature, and applied magnetic field, specific heat, x-ray-
absorption spectroscopy at FeK and MnK edges, and neutron-diffraction experiments, the magnetic phase
diagram of YFexMn12−x has been determined. Up to six different phases were found as a function of the Fe
concentrationx. Some of them have not been thoroughly investigated until now. In particular, the antiferro-
magnetic ordering of the itinerant YMn12 is different from the phase proposed before, and the spin-glass-like
phase observed at low temperatures for 2øxø6 has been characterized in more detail. Contrary to other
intermetallic Mn-based systems, the magnetism in YFexMn12−x cannot be correlated in a straightforward way
to 3d-3d distances and it seems to be more sensitive to the electronic density and the localization-
delocalization of electronic band states on the three sites 8i, 8j , and 8f.
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I. INTRODUCTION

The magnetic properties of ternary intermetallic
RFexM12−x compounds, whereR is a rare earth andM a
stabilizing elementsAl, Si, Ti, V, Mo, Sc, W, Tad, with the
ThMn12-type structure, have been studied intensively, mainly
because the compounds with higher Fe content, such as
SmFe10Si2, have permanent magnet properties.1 Less work
has been devoted to investigate these ternary compounds
with low Fe concentration and whenM is also a magnetic
atom sMn, Cr, or Cod. Competing magnetocrystalline
anisotropies and exchange interactionsfferromagneticsFd or
antiferromagneticsAFd with itinerant or localized characterg
between the three magnetic elements inRFexM12−x led to
novel and interesting magnetic properties with different
phases depending on the relative strength of the interaction
parameters.

Mn compounds have rarely been reported as potential ma-
terials for producing high magnetization, but isolated Mn
atoms exhibit magnetic moments of 5mB, which is larger
than that of Fe. In particular, for an expanded crystal struc-
ture, Mn compounds might exhibit ferromagnetic behavior
like in hexagonal GdMn6Ge6 and RMn6Sn6 sR
=Tb,Ho,Gd,Dyd compounds.2,3 Furthermore, sufficiently
strong internal or external fields can break the AF ordering of
Mn. For these materials, we cannot predict the behavior of
Mn ternary compounds from their properties in the limiting
concentration cases of binary compounds. In particular,
Y6Mn23 and Y6Fe23 order magnetically at temperatures close
to 500 K, while the ternary Y6FexMn23−x compounds show
no evidence of long-range magnetic order for 4.6,x,13.8
and a cluster glasslike state is also observed at low tempera-
tures as a result of spin fluctuations.4 In other compounds, as

in the cubic Laves-phase YMn2, the magnitude of the mag-
netic moment of Mn and its itinerant or localized character
depends strongly on the MnuMn distances: above a critical
spacings2.667 Åd, the Mn atoms are localized with a large
magnetic moment, whereas below this critical value the Mn
atoms have no intrinsic localized magnetic moment. Hence,
in YFexMn2−x the Fe- and Mn-rich compounds order mag-
netically while for 0.12,x,0.16 a spin-glass state is
found.5

Mn is the unique 3d magnetic element that stabilizes the
tetragonal ThMn12-type structuresspace groupI4/mmmd. In
this structure, there is a unique site for the Th atomssite 2ad
and three sitess8i, 8j , and 8fd allowed for the 3d element.
Below TN=120 K, YMn12 orders in a noncollinear AF ar-
rangement with the magnetic moments in the basal plane of
the tetragonal structure.6 The Mn magnetic moments were
found to be much reduced in comparison with other Mn
alloys. The substitution of Fe for Mn leads to a preferential
occupation of the sites 8f by Fe and the sites 8i by Mn, while
the sites 8j are occupied by both Mn and Fe.7 The com-
pounds with low Fe concentrationsx,7d are AF, but, in
contrast to the YsFe,Mnd2 and Y6sFe,Mnd23 systems, the
substitution of Fe for Mn leads to an increase of both the
ordering temperatureTN and the magnitude of magnetic mo-
ments, at least in the sites 8i and 8j , reaching a maximum at
around x=5.8 The YFe8Mn4 compound is FsTC=250 Kd
with the magnetic moments aligned along thec axis, while
below 150 K the AF structure found for the AF compounds
appears superimposed.9 However, recent results10 show still
some discrepancies regarding the magnetic structure and the
nature of phase transitions in these YFexMn12−x compounds.
This work proposes a ferromagnetic ordering fromxù6 and
no AF transition at low temperatures for these F materials. In
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addition, a spin-glass-like behavior has been observed in
these series for all the compositions. Recently, complemen-
tary works have also been reported on the electrical resistiv-
ity of polycrystallineRFexMn12−x compounds with 0øxø9
over the temperature range 4–400 K.11,12 It follows from
these works that the anomalous rise of the electrical resistiv-
ity for x=0, belowTN, is explained invoking electron scat-
tering by substitutional and thermal spin disorder in addition
to scattering by phonons and impurities, instead of using the
theory of Elliot and Wedgood13 for magnetic superzones.14

In this paper, we focus our attention in YFexMn12−x, as a
first step to study the compounds with a magnetic rare earth,
in the hope of getting better insight into the main interactions
that govern the physics of the system, i.e., the magnetocrys-
talline anisotropies and the exchange interactions in the 3d
sublattices. In particular, to understand the role of
localization-delocalization effects on the 3d magnetic mo-
ment, the magnetic phase transitions previously observed,
and the spin-glass behavior, we have measured magnetiza-
tion, ac susceptibility, heat capacity, neutron diffraction, and
x-ray-absorption spectroscopy in YFexMn12−x sx
=0,2,4,6,8d. Using all this information, the magnetic phase
diagram of YFexMn12−x has been established.

This paper is organized as follows. Section II is devoted
to the experimental details. The results and discussion about
the structural properties, macroscopic magnetic properties,
and the magnetic structures obtained from neutron-
diffraction experiments are given in Sec. III. The magnetic
phase diagram and the main results are presented in Sec. IV,
while a general conclusion is summarized in Sec. V.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of composition YFexMn12−x sx
=0,2,4,6,8d have been synthesized by induction melting of
the constituent elements with an excess of Mn due to the
high Mn vapor pressure. They were subsequently annealed at
1000 °C for 5 days in argon atmosphere. The samples were
then checked by x-ray powder diffraction, in a high-
resolution SEIFERT-XRD-3000 diffractometer at the Univer-
sity of Oviedo, for phase purity. For YMn12, some small
amounts of Y6Mn23 sless than 2%d and b-Mn s11%d were
detected as in the work of Moraleset al.9 For the other
YFexMn12−x compounds sx=2,4,6,8d, the Y6sFeMnd23

phase was not present and the amount ofb-Mn was getting
smaller with the rising of the Fe concentration, being 5% for
x=2 and almost zero forxù4.

The dc magnetization and ac susceptibility were measured
in a Quantum Design SQUID magnetometer at the Univer-
sity of Zaragoza and the University of País Vasco. The zero-
field-cooled sZFCd isofield magnetizationMsTd was mea-
sured at the desired magnetic field during heating. The field-
cooled sFCd MsTd behavior was measured on heating at a
fixed field, after cooling the sample from the paramagnetic
phase. In some cases, we have also measuredMsTd in a field
cooled during the cooling process from room temperature.

The heat capacityCpsTd was measured in an adiabatic
calorimeter based on the heat pulse method at the University
of Oviedo. For all the compounds studied, the sample mass
used for the measurements was around 3 g. The accuracy of
the equipment is 0.3% for temperatures higher than 100 K
and better than 1.5% for the lowest temperatures.15 The
neutron-diffraction spectra were collected using the D1B dif-
fractometer at the ILLsGrenoble, Franced. Rietveld refine-
ments were carried out using theFULLPROF program.16 Fi-
nally, x-ray-absorption spectra were recorded at the beam
line 7.1 at SRSsDaresburyd, working in the usual transmis-
sion geometry.

III. RESULTS AND DISCUSSION

A. Structural properties

All the YFexMn12−x sx=0,2,4,6,8d samples were found
to crystallize in the body-centered-tetragonal structure
sThMn12-typed having I4/mmmspace group. The Y atoms
lay at the Wyckoff position 2a and the transition metals at
positions 8i, 8j , and 8f. The site occupancies, refined from
the neutron-diffraction patterns collected at room tempera-
ture, show that Fe prefers to occupy the sites 8f whereas Mn
are found preferentially on the sites 8i, in good agreement
with the results found previously by other authors.7,9 The
main crystallographic data of the investigated YFexMn12−x
compounds are gathered in Table I. The cell parametera
decreases linearly with the Fe concentration, whilec remains
nearly constant. Within the accuracy of the experiment, the
structural parameters are temperature-independent except for
the cell parameters. Althougha andc decrease linearly from

TABLE I. Refinement parameters of YFexMn12−x found at room temperature:xref is the refined Fe composition;a andc are the lattice
parameters. Shown are the distribution of the Fe content on the three transition-metal sites 8i, 8j , and 8f; the fractional position coordinates;
the nearest-neighbor distances between the three sites 8i, 8j , and 8f; and the reliabilityRB

N factor.

xref

%Fe Coordinates Lattice parameters DistancesÅd

RB
N s%d8i 8j 8f x s8id x s8jd a sÅd c sÅd 8i-8i 8j-8f 8f-8f

YMn12 0.362s1d 0.279s1d 8.5421s5d 4.7280s3d 2.36 2.45 2.36 5.2

YFe2Mn10 2.1s1d 3.6s4d 16.4s4d 33.4s4d 0.356s1d 0.258s1d 8.5366s5d 4.7503s5d 2.38 2.44 2.37 4.1

YFe4Mn8 4.2s1d 9.2s3d 37.0s2d 59.0s3d 0.364s1d 0.272s2d 8.529s1d 4.7603s5d 2.31 2.45 2.38 5.6

YFe6Mn6 6.3s3d 18.4s3d 59.8s5d 78.2s5d 0.362s3d 0.276s1d 8.4988s9d 4.7588s3d 2.35 2.44 2.38 4.5

YFe8Mn4 8.2s1d 38.4s4d 77.2s4d 88.8s4d 0.363s3d 0.280s1d 8.473s1d 4.7650s5d 2.32 2.44 2.38 4.0
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room temperature, below 50 K they are almost constant,
with a similar trend to the one found from the thermal ex-
pansion measured on TbFe6Mn6.

17 This behavior at low tem-
peratures suggests that the volume magnetostriction is posi-
tive and of such magnitude that it fully cancels the lattice
thermal expansion.

In order to get a better insight into the discussion of the
magnetic structures in YFexMn12−x ssee belowd, a detailed
analysis of the 3d-3d interatomic distances has been made
ssee Table Id. The nearest 3d atoms correspond to positions
8i-8i, though these distances are similar to the corresponding

distances of atoms at positions 8f-8f. Neither these values
nor the mean interatomic distances between a 3d crystallo-
graphic site and its nearest neighbors vary with the Fe con-
centration through the YFexMn12−x series investigated.

B. Magnetic properties

In order to make a macroscopic magnetic characterization
of the YFexMn12−x, we have performed susceptibility and
magnetization measurements. The temperature dependences
of the dc susceptibilityM /H for YFexMn12−x under applied
fields of 0.5 kOesfor x=2,4,6d and 1 kOesfor x=8d, mea-
sured in ZFC and FC conditions, are shown in Figs. 1 and
2sad, respectively. For the higher Fe concentrationx=8, the
susceptibility is three orders of magnitude larger than that
found for the lowest Fe concentrationsx=2 and 4, and has a
stronger temperature variation whenx increases. The mea-
sured susceptibilities confirm that the compound withx=8 is
F, the one withx=6 is AF, and the compounds withx=2 and
4 are itinerant AF, as described in a previous report.9 The
small amount of the ferrimagnetic impurity Y6Mn23 sTC

=486 Kd is sufficient to disguise the magnetic measurements
for YMn12.

In Fig. 1, besides the AF ordering observed at the Néel
temperaturesTN=185±5 K, 225±5 K, and 215±5 K forx

FIG. 1. Temperature dependence of the dc susceptibility for
YFexMn12−x sx=2,4,6d in ZFC and FC conditions, under an ap-
plied field of 0.5 kOe.TN is the Néel temperature andTf the spin-
freezing temperature. The insets show the temperature dependence
of the inverse susceptibility in the paramagnetic region. The solid
line in the inset ofx=2 represents the fit to a modified Curie-Weiss
law: x=x0+C/ sT−upd. Forx=4 andx=6, a Curie-Weiss law with a
change of slope is more likely.

FIG. 2. Temperature dependence of the dc and ac susceptibility
for YFe8Mn4. The dc susceptibilitysad has been measured in ZFC
and FC conditions, under an applied field of 1 kOe.TC is the Curie
temperature. Hysteresis is observed in the FC data between the
points measured on cooling and heating. Temperature dependence
of the realsPd and imaginaryssd parts of the ac magnetic suscep-
tibility sbd, measured under an ac field of 4.5 Oe at 10 Hz. The lines
are guides for the eye.
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=2,4,6, respectivelyd, a second anomaly is found at lower
temperatures, below which the magnetic data differ in the
ZFC and FC measurements. This behavior seems to be re-
lated to the spin-glass phase previously observed for all
compositions.10 From the ZFC and FC variations, we can
estimate the freezing temperatures to be at aroundTf
=45±5 K, 75±5 K, and 20±5 K forx=2,4,6,respectively.

On the other hand, in the paramagnetic region the tem-
perature dependence of the inverse susceptibilitysM /Hd−1

does not vary linearly with the temperature forx=2 fsee the
inset in Fig. 1sadg. A modified Curie-Weiss expression18 ac-
counting for the contribution of conduction electrons to the
magnetic susceptibility,x0, needs to be used for fitting the
experimental data,x=x0+C/ sT−upd yielding to the values
x0=6.84310−3 emu/mol Oe,up=20 K, and from the Curie
constant we obtain the average magnetic moment per 3d
atom meff=0.34mB/at. In contrast, for x=4 and x=6,
sM /Hd−1 shows a change of slopefsee the insets in Figs. 1sbd
and 1scdg. The paramagnetic Curie temperature and the ef-
fective magnetic moments obtained below and above this
slope change are as follows for thex=4 compound,up
=−198 K andmeff=2.1 mB/at sbelowd, up=−360 K andmeff
=2.4 mB/at saboved; and for thex=6 compound,up=−11 K
and meff=2.6 mB/at sbelowd, up=−85 K andmeff=2.2 mB/at
saboved. This behavior in the paramagnetic phase could in-
dicate the existence of short-range interactions enhanced by
spin fluctuations, as suggest similar phenomena observed in
TbsFeMnd2 compounds.19 It is worth noting the following
two main results found on YFe8Mn4 and YFe6Mn6 com-
pounds.

1. Zero-field-cooled and field-cooled M„T… data irreversibility
and anomalous ac susceptibility inYFe8Mn4

For x=8 sFig. 2sadd together with a rapid increase inM /H
below TC=250±10 K, there are differences between the
ZFC and FC measurements below 100 K. As shown from
neutron-diffraction measurementsssee Sec. III Dd, for T
,Tt=150 K a change in the magnetic structure takes place
leading to the appearance of an AF component and resulting
in an effective canted magnetic structure. The lower value of
M in the ZFC curve for this compound could be explained as
an intrinsic pinning of the F components by the anisotropy of
this AF component, as it was proposed in
Nd1−xDyxMn2Ge2.

20

In Fig. 2sbd, the ac susceptibility for the F compoundx
=8 exhibits two anomalies inx8, while only one is detected
in x9. A broad anomalysextended through 100 Kd is ob-
served in bothx8 and x9 close to the Curie temperature.
Below Tt=150 K, where an additional AF component ap-
pears, the susceptibility falls down. It could be due to a re-
duction in the degrees of freedom of the magnetic moments
inhibiting the response to an applied ac magnetic field. Simi-
lar behaviors have been found in the 1:2 compounds
TbsMnFed2 and ZrsFeCod2.

19,21 In addition, there is a knee-
like anomaly inx8 at around 90 K, where differences be-
tween FC and ZFC magnetization measurements have been
observed. The temperature dependence of the inverse ac
magnetic susceptibility of YFe8Mn4 above the Curie tem-
perature follows a Curie-Weiss law. The calculated effective

magnetic moment and paramagnetic Curie temperature are
meff=2.97mB/at andup=253 K. On the contrary, the inverse
ac magnetic susceptibility for thex=2 compound in the para-
magnetic region presents a curvature, and the one ofx=4
shows a change of slope at about 300 K, in a way similar to
the data observed in dc susceptibility measurements.

The isothermal magnetization curves of YFe8Mn4 show a
ferromagneticlike behavior with a rapid increase at low
fields, but no saturation is seen up to the highest applied field
of 100 kOe. In this material, the anisotropy field,Ha, has
been measured in an oriented powder sample, applying the
magnetic field along and perpendicular to thec axis of the
tetragonal structure. The easy magnetization axis turned out
to be the c direction for all the temperatures measured
s10–200 Kd. Ha is higher at low temperature, as was also
observed in YFe11Ti,1 but the magnitude in our case is
smallersHa,10 kOe atT=10 K for YFe8Mn4 compared to
40 kOe for YFe11Tid.

2. Low-temperature spin-glass-like behavior inYFe6Mn6

The temperature dependence of the real and imaginary
components of the ac magnetic susceptibility for YFe6Mn6
shows two peaks in bothx8 and x9; in contrast with the
behavior of the compound withx=8, the one at higher tem-
perature corresponds to the Néel temperatureTN and the sec-
ond one is associated with the freezing temperatureTf, where
FC and ZFC differences have been observed inxdc measure-
ments. We ascribe this latter to spin-glass behavior, as was
pointed out previously.10 One of the important features in a
spin-glass material,22 which characterizes the random freez-
ing of the magnetic moments, is the appearance of a cusp in
the ac susceptibility atTf, which depends both on magnetic
field and frequency. As a trademark of this behavior found in
YFexMn12−x compounds, we present in Fig. 3 the frequency
and magnetic field dependences ofx8 for YFe6Mn6. The po-
sition of the maximum at aroundTf =20 K shifts to higher
temperatures with increasing frequencyfsee Fig. 3sadg and
the anomaly is strongly reduced by the application of 10 kOe
fsee Fig. 3sbdg. The relative variation ofTf per frequency
decade,DTf / sTfD ln vd, is about 24310−3, in agreement
with the values typically reported for metallic spin glasses.22

We have plotted in the inset of Fig. 3sad the spin-freezing
temperaturessdefined as the cusp in the ac susceptibilityd
versus 1/ lnsn0/nd. From this figure, it can be seen that the
slowing down of the dynamics follows a Vogel-Fulcher
law.22 In addition, initial magnetization curves measured in a
YFe6Mn6 compound show a linear variation of the magneti-
zation, with no metamagnetic transitions up to 70 kOe.

To summarize the data presented in Figs. 1–3, the magne-
tization and susceptibility measurements suggest the coexist-
ence and competition of F and AF components in the mag-
netic structure of YFexMn12−x compounds. In particular, for
the AF compounds 2øxø6 sTN,200 Kd, a spin-glass-like
phase is favored below,80 K, while for the F compound
x=8 sTC,250 Kd an AF component develops belowTt

=150 K. In the following, we shall concentrate on the nature
of the magnetic phases observed in these materials from a
heat capacity study.
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C. Heat-capacity measurements

The heat-capacitysCpd measurements of YFexMn12−x sx
=0,2,4,6,8d are shown in Fig. 4. For all the compounds,
except for the one with the highest Fe concentrationx=8, we
observe a second-order anomaly corresponding to the AF
ordering of the 3d sublattice. The anomalies are very reduced
and smoothed owing to the itinerancy of the 3d electrons.
Taking the Néel temperature at the maximum of theCp
anomaly, we obtainTN=110±3 K sx=0d, TN=181±3 K sx
=2d, TN=224±3 K sx=4d, andTN=215±3 K sx=6d, which
are quite close to those found in magnetic and neutron mea-
surementsssee belowd. In the ferromagnetic compound,x
=8, the anomaly appears to be very much extended in tem-
perature, and only a very small change of slope atTC
=242±3 K is observedssee the inset of Fig. 4d. This could
be due to the substitutional disorder of the Fe/Mn atoms and
broad contributions due to the appearance of an AF compo-
nent at 150 K that leads to a progressive canting of the mag-
netic moments.

In order to evaluate the magnetic contribution to the total
heat capacity, we have taken the heat capacity of LuFe11Ti as
the baseline that includes phonon and electronic contribu-
tions up to 300 K. This compound has been successfully
used as a baseline to study the spin reorientation transition of
NdFe11Ti.23 Furthermore, LuFe11Ti has a Debye temperature
uD=371 K and an electronic contribution g
=146 mJ/mol K2, calculated from the low-temperature data,

similar to the values found in our compounds, and there are
experimental and theoretical evidences that the magnetic
contribution to the heat capacity in 3d metals is very small at
temperatures below one-half the magnetic ordering
temperature.24 In Fig. 4, we present, as a continuous line, the
heat capacity of LuFe11Ti from 5 to 300 K.23 From the sub-
traction of this baseline, the resulting contribution of the
magnetic ordering in YFexMn12−x sx=0,2,4,6,8d is ob-
tained and the relevant parameters are gathered in Table II.

The entropy content of the phase transitionSmag and the
heat-capacity jumpDCmag at the ordering temperature are
very reduced compared to the values obtained in a localized
modelfSmag=nR lns2S+1d=13.2R andDCmag=24R, wheren
is the number of magnetic atoms with spinS, andR is the
ideal gas constant, and have been calculated forS=1g.

The YMn12 binary alloy has the lowest value of the jump
in the YFexMn12−x series sDCmag/3d atom=0.04Rd and is

FIG. 3. Temperature dependence of the real part of the ac mag-
netic susceptibility for YFe6Mn6 for different frequenciessad and dc
magnetic fieldssbd. The line is a polynomial fit.

FIG. 4. Heat-capacity measurements of YFexMn12−x sx
=0,2,4,6,8d with the nonmagnetic base linessolid lined. The inset
1 shows the change of slope atTC for YFe8Mn4. In inset 2, the
low-temperature heat-capacity measurements showing the linear fit
slined to the expressionC/T=g+bT2 are presented.
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also smaller than most of the intermetallic compounds, such
as Tm2Fe17 s0.12Rd,25 Y2Fe14B s1.7Rd,26 and YMn2 s2.2Rd,27

but has the same order of magnitude as in the itinerant com-
pound ZrZn2 s0.025Rd.28 From these results, we conclude
that YMn12 is an itinerant AF with reduced magnetic mo-
ments and with important spin fluctuations aboveTN that
cause a contribution to the heat capacity. This main feature
agrees with the interpretation ofmSR experiments in
YMn12.

29

One important issue of our results is the increase of
DCmag with the Fe concentration, reaching a maximum for
x=4. This compound also has the highest value of Néel tem-
perature. This feature means that there is an evolution from
an itinerantsx=0d to a more localized behavior of the 3d
electrons upon the addition of Fe in YFexMn12−x. For x=6,
bothTN andDCmag diminish because of the proximity of the
crossover point from AF to F ordering.

No additional anomalies have been observed in the low-
temperature region confirming thereby that the features seen
in magnetic measurements at low temperaturesssee Sec.
III B d do not arise from any long-range magnetic ordering. A
spin-glass-like transition, with low heat-capacity contribu-
tion, is more likely. Spin glasses can show a linear term in
the heat capacity in some temperature range below the freez-
ing temperature.22 Therefore, besides the electronic contribu-
tion, the random freezing of the magnetic moments in the
alloys with x=2,4,6 cangive an additional small contribu-
tion in the linear term of the heat capacity.

For obtaining information about the electronic specific
heat coefficientg the low-temperature heat-capacity data,
Cp/T versusT2, is shown as an inset in Fig. 4. It is worth
noting that forx=0 andx=2, the b-Mn impurity, with no
magnetic order but with a large value ofgs70 mJ/K2 mold,30

influences the results on YFexMn12−x. For this reason, we
have made a correction of the experimental values to subtract
the contribution associated withb-Mn using the amounts
obtained from diffraction data in these two samples. As we
see in the figure, all the plots are linear, so the magnetic
contribution in this temperature range is very small or has a
T3 dependence. The data were least-squares fitted to the ex-
pression,C/T=g+bT2, and the values of the electronic co-
efficient,g and Debye temperatures,uD, derived from the fit
are listed in Table II. The magnitude ofg per Mn atomsg

=12 mJ/K2 at for YMn12d is not large, compared to other
Mn metallic systems with large spin fluctuations, such as
YsScdMn2 s70 mJ/K2 atd,31 LaMn4Al8 s66 mJ/K2 atd.32 In
fact, this value for YMn12 is of the same order of magnitude
as the values found in Lu6Mn23 s12 mJ/K2 atd,33 YMn2

s7.5 mJ/K2 atd,27 and YMn4Al8 s21 mJ/K2 atd.32 This is in
agreement with NMRsRef. 34d and mSR sRef. 29d results
that found quasistatic Mn moments belowTN. The coeffi-
cient g is typically an order of magnitude larger in 3d sys-
tems than in simples-p metals due to the relatively narrower
3d band at the Fermi levelsLuZn12 with the same crystallo-
graphic structure hasg=0.8 mJ/K2 Zn atd.

To correlate the character of the magnetic order with the
Fe content,x, the variation of the main parametersfjump of
Cp at the transition temperature,DCmag, electronic coeffi-
cient, g magnetic moments at 3d sites, m3d ssee the next
sectiond, and ordering temperature,Tordg are presented in Fig.
5. The value ofg rises with the Fe concentration, as the
magnetic moment, the jump ofCp, andTord do. This agrees
with the prediction of rise inTord when the density of states
at the Fermi level gets large for the itinerant electron
model.35 The highest value of the density of states at the
Fermi level, nsEFd, corresponds to the F compound
YFe8Mn2, as expected.

Trying to obtain a deeper insight into the modification of
the density of states linked to the substitution of Mn by Fe,
we have performed an x-ray absorption spectroscopy study
at the FeK and MnK edges at room temperature. The x-ray-
absorption near-edge structuresXANESd region around the
absorption threshold at the MnK and FeK edges for the
YFexMn12−x sx=4,6,8d compounds has been measured. The
absorption edge position does not depend on the composi-
tion. As the Fe concentration increases, the peak located near
the absorption threshold of Mn reduces. This behavior re-
flects a net decrease in the density of empty states near the
Fermi level in the Mn 3d band; this band is progressively
filled up by the Fe acting as an electron donor. The same
conclusion can be drawn from the measurements at the FeK
edge. These results show that the change in the magnetic
behavior is driven by the effects in the density of states pro-
duced by the additional electrons coming from Fe, rather
than solely from the interatomic distances.

TABLE II. Transition temperatures in the YFexMn12−x series: the Néel temperaturesTNd and the Curie
temperaturesTCd have been obtained from heat-capacity measurements, the spin-freezing temperaturesTfd
from magnetic measurements. Electronic specific-heat coefficientsgd, Debye temperaturesuDd, magnetic
entropy content of the magnetic anomalysDSmagd, and the jump of the specific-heat anomalysDCmagd at the
ordering temperature in the compounds investigated.

TN sKd TC sKd Tf sKd g smJ/mol K2d uD sKd DSmag/R f.u. DCmag/R f.u.

YMn12 110s3d 148s9d 426s3d 2.3 0.48

YFe2Mn10 181s3d 45s5d 151s9d 410s4d 2.3 3.17

YFe4Mn8 224s3d 75s5d 166.4s4d 419s1d 3.3 5.01

YFe6Mn6 215s3d 20s5d 186.9s4d 424s2d 3.3 4.62

LuFe6Mn6 216s3d 176.8s4d 412s2d 3.6 4.60

YFe8Mn4 242s3d 244.9s4d 426s1d 3.5
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D. Magnetic structure

From neutron-diffraction experiments, the magnetic struc-
ture and its evolution with temperature for the YFexMn12−x
sx=0,2,4,6,8d alloys have been determined. In Fig. 6, the
neutron-diffraction spectrum at 1.5 K for the binary com-
pound YMn12 is presented. The best agreement between cal-
culated and observed intensities corresponds to a noncol-
linear AF structure of 3d moments in the basal plane. The
propagation vector isQ=s1,0,0d, which is located in the
point M of the first Brillouin zone. The magnetic arrange-
ment is described according to the representationG38 for the
three crystallographic sites 8i, 8j , and 8f fG38 : s−A1xy

+A5xyd8i +sA1xy−A5xyd8j +s−A1x+A5x+G1y−G5yd8fg, where
A1xy=S1x−S2x−S3y+S4ysA5xy=S5x−S6x−S7y+S8yd, A1x

=S1x−S2x−S3x+S4xsA5x=S5x−S6x−S7x+S8xd, and G1y

=S1y−S2y+S3y−S4ysG5y=S5y−S6y+S7y−S8yd. The projec-

tion of the AF structure in the basal plane is seen in Fig. 7sad.
This arrangement is different from the one proposed by
Deportes6 and Morales9 because of the change in the orien-
tation of the 8f moments. In addition, we observe that there
is not any straightforward relation between the effective cou-
pling F/AF and the interatomic distance between 3d atoms in
these alloys. In fact, the two nearest 8i-8i Mn atoms have AF
coupling but the nearest 8f-8f Mn ions situated at the same
distance,s2.36 Åd, have F coupling. The magnetic moment
in the 8f site is the lowestssee Table IIId. Furthermore, the
arrangement of the 8j sublattice moment can be explained by
8j-8f s2.45 Åd AF coupling. Other aspects like local envi-
ronment or local density of states at the Fermi level seem to
play a more important role than the distances between the 3d
ions.

For the compounds with Fe concentrationsx=2, 4, and 6,
we have found the same magnetic mode associated
with G38 but with different sublattice relative arrangement.
The orientation of the 8f magnetic moments in the com-

FIG. 5. Jump of the magnetic specific-heat anomalysDCmagd
ssd and electronic specific-heat coefficientsgd sPd of YFexMn12−x

sad; magnetic moment at the sites 8isPd, 8jssd, and 8fs3d, derived
from neutron-scattering experimentssbd; ordering temperaturefP
sTNd and s sTCdg from heat-capacity measurementsscd, as func-
tions of the neutron refined Fe contentsxrefd.

FIG. 6. Observedspointsd, Rietveld method fitssolid lined, and
difference sbottomd neutron-diffraction profiles for YMn12 mea-
sured at 1.5 K. The first, second, and third series of tick marks
correspond to the positions of the allowed Bragg reflections: top,
nuclear; middle, AF 3d component; bottomb-Mn impurity.

FIG. 7. Projected magnetic structure in the basalab plane of
YMn12 sad and YFexMn12−x sx=2,4,6,8d sbd. Note the different
arrangement for the magnetic moments at the site 8f.
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pounds withxù2 is inverted with respect to the one found
in YMn12 fG38 : s−A1xy+A5xyd8i +sA1xy−A5xyd8j +sA1x−A5x

−G1y+G5yd8fg. This arrangement is the same as the one de-
scribed previously for YMn12 by Deportes6 and Morales.9

The projection of this structure is presented in Fig. 7sbd.
These solutions are different because the addition of Fe in
the 8f and 8j sites changes the relative orientation between
the magnetic moments of the nearest 8j-8f atoms from ef-
fective antiparallel to parallel direction and the contrary for
the 8i-8f atoms. This means that the interaction MnuMn is
AF, the FeuFe is F, and the MnuFe is AF.

From the analysis of the neutron spectra of YFexMn12−x at
1.5 K, the main refinement parameters are presented in Table
III. As we see in Fig. 5, the magnetic moment associated
with the site 8f for x=0 is 0.55mB, for x=2 s33% Fe in site
8fd is nearly zero, and forx=4 s59.2% Fe in site 8fd rises in
the opposite direction. An AF coupling in this site between
the Fe and the Mn ions can explain this feature, as it has been
observed by x-ray magnetic circular dichroism
measurements.36 The magnitude of the magnetic moments in
sites 8i and 8j increases with the addition of Fe, giving rise
to an increase ofTN. This behavior is very different from the
one observed in the series RFexMn2−x and R6FexMn23−x.

37,38

In the latest case, the addition of Fe causes the magnetic
moment andTord to diminish with the disappearance of the
long-range magnetic order for intermediate concentrations.
This behavior is similar to the one found in the site 8f for
YFe2Mn10.

The YFe8Mn4 magnetic structure at 1.5 K is canted show-
ing a coexistence of F componentsfQ1=s0,0,0dg along c
and AF onesfQ2=s1,0,0dg in the basal plane. The AF com-
ponent, which appears belowTt=150 K, has the same ar-
rangement shown in YFexMn12−x for x=2, 4, and 6. Above
this temperature, all the moments are alongc forming a fer-
romagnetic structure up toTC. For YFe8Mn4, the Fe concen-
tration ssee Table Id is enough to favor an F coupling be-
tween the different sites and also to lead to the appearance of
an F component in all the three 3d sublattices. This compo-
nent is larger for the sites with higher Fe concentrations8f
and 8j with u=31° and 28° at 1.5 Kd, while in the site 8i,
which is occupied mostly by Mn, the component is smaller
alongc su=60° at 1.5 Kd than in the basal plane. This feature
can be explained by the magnetocrystalline anisotropy of
two types of sublattices that exist in YFe8Mn4: one is mostly
occupied by Fes8f and 8jd and the other by Mns8id. In this
way, the anisotropy of the Fe sublattices favors thec axis

sbeing larger at high temperaturesd, while the anisotropy of
the Mn sublattice favors the basal planesbeing larger at low
temperaturesd, in agreement with the magnetic behavior of
YFexM12−x sM =Ti,V,Mo,Sid compounds.

It is worth noting that the magnetic phase transition for
YFe8Mn4, that takes place atTt=150 K, does not correspond
to an order-disordersAF-parad phase transition, and therefore
it is not appropriate to name this temperature the Néel tem-
perature of the system, as it was quoted before.9 Our inter-
pretation of the neutron-diffraction data is more consistent
with a canting of the magnetic moments from thec axis
towards the basal plane belowTt=150 K. However, if a
second-order parameter perpendicular to the spontaneous
magnetization could be generated by higher-order exchange
interactionssbiquadractic, three-spin, and four-spin interac-
tionsd, evidence for independent magnetic ordering along the
c axis and in the basal plane would be observed. In order to
elucidate these two possibilities, further research is needed
investigating the third-order susceptibility.39

IV. MAGNETIC PHASE DIAGRAM

From the combined analysis of all the experimental data
performed in the present work, we have established the mag-
netic phase diagram of YFexMn12−x compoundsssee Fig. 8d.

YMn12 is an itinerant AFsAF-I, noncollinear magnetic
moments in the basal plane favored by the Mn anisotropyd

TABLE III. Magnetic parameters obtained from the neutron-diffraction profile refinements of
YFexMn12−x: Néel temperaturesTNd; Curie temperaturesTCd; transition temperaturesTtd; magnetic moment
in the sites 8i, 8j , and 8f sm8i, m8j, m8fd; and reliability factorsRB

N andRB
M.

TN sKd TC sKd Tt sKd m8i smBd m8j smBd m8f smBd RB
N s%d RB

M s%d

YMn12 115s5d 0.92s6d 0.64s5d 0.55s6d 5.8 8.5

YFe2Mn10 185s5d 1.10s8d 1.05s7d 0.12s6d 6.2 8.7

YFe4Mn8 230s5d 1.34s5d 1.24s4d 0.34s4d 5.5 4.6

YFe6Mn6 220s5d 1.34s9d 1.40s6d 0.8s1d 5.4 6.5

YFe8Mn4 250s5d 150s10d 0.8s1d 1.4s1d 1.4s1d 4.1 6.3

FIG. 8. Magnetic phase diagram of YFexMn12−x. TNsPd fthe
datum forx=7 has been taken from Moraleset al. sRef. 9dg; TCssd;
Tfs3d; andTtshd.
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with reduced magnetic moments, small jump inCp at the
transition temperature, and spin fluctuations aboveTN. The
magnetic structure of YMn12 reflects already the site-
selective dependence of the exchange interaction signsMn
atoms at equal distances have F coupling if they are in sites
8f and AF coupling if they are in sites 8id.

With the introduction of Fe, the extra electrons fill up the
3d Mn band leading to more localized states and giving rise
to the increase of the magnetic moments, of the ordering
temperatureTN, and of the jump inCp at the transition tem-
perature. In addition, the density of states at the Fermi level
increases, being sufficient atx=8 for the appearance of fer-
romagnetismsTC=250 Kd. In this compound, this ferromag-
netism coexists at low temperatures with the same type of
antiferromagnetism found for the compounds rich in Mn. It
is expected that for higherx, the ferromagnetism will estab-
lish completely. In fact, our results for TbFe8Mn4 indicate
that this AF component only remains in the site 8i, being
zero in all the other sites 8j and 8f.17

YFexMn12−x compounds with Fe concentrationxø6 are
AF with the magnetic moments in the basal plane of the
tetragonal structure, but the magnetic structuresAF-II d is dif-
ferent from the one of YMn12 sAF-Id. There is a site depen-
dence of the exchange interaction, regarding first neighbors:
8i-8i is AF, while at the same distance 8f-8f is F, and finally
8j-8f is AF in YMn12 but F for the compounds with 2øx
ø8. In addition to these phases, a spin-glass behavior is
observed at low temperatures for the compounds withx
=2,4,6.This suggests that, as long as there is disorder, they
are likely to exhibit spin-glass behavior. The disorder in
these compounds is due to the dilution Fe/Mn and frustra-
tion of the competing exchange interactions, FsFed and AF
sMnd, together with the different magnetic anisotropy of the
two sublattices.

Regarding the magnetocrystalline anisotropy, the easy
axis magnetization direction changes from the basal plane
sx,8d to the c axis sx=8d of the tetragonal structure upon

the addition of Fe, displaying the competition between the
axial and planar anisotropies of the Fe and Mn sublattices,
respectively. Below 150 K, in the F compoundx=8 the pla-
nar anisotropy of the Mn sublattice overcomes the axial an-
isotropy of Fe, leading to a reorientation of the magnetic
moments in the three crystallographic sites 8i, 8j , and 8f
from thec axis to the basal plane, resulting in a canted mag-
netic structure.

V. CONCLUSIONS

In the present investigation, combining different physical
properties of the body-centered-tetragonal YFexMn12−x com-
pounds, the magnetic phase diagram has been determined.
Each phase and boundary have well been defined and char-
acterized, and new phases have been evidenced. From these
results, it seems that the interplay between competing ex-
change interactions and magnetocrystalline anisotropies in
3d sublattices mostly occupied by MnsAF coupling and pla-
nar anisotropyd or FesF coupling and axial anisotropyd gov-
erns the physics of this system. This interplay makes the
magnetism of these materials extremely sensitive to small
changes in external parameters, such as temperature, mag-
netic field, or Fe concentration. In particular, the transfer of
3d Fe band electrons to the 3d Mn band seems to play a
major role for understanding the crossover from antiferro-
magnetism to ferromagnetism, instead of the influence
played by the distances between the 3d atoms and its neigh-
bors, as was thought before.
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