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Structural and magnetic properties of R„FexMn1Àx…12 „RÄHo,Y…
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The crystallographic structures and magnetic properties ofR(FexMn12x)12 (R5Ho,Y; x50, 0.2, 0.5, 0.6,
0.7! have been studied using powder neutron diffraction and magnetic measurements. These compounds
crystallize in a ThMn12-type structure. The rare earths occupy the 2a sites, and Fe and Mn atoms are distrib-
uted on three nonequivalent sites: 8i , 8j , and 8f . The Mn and Fe atoms are found to exhibit strong site
preferences, with the 8i sites favoring Mn atoms and the 8f sites favoring Fe atoms. Ho(Fe,Mn)12 compounds
show a noncollinear magnetic structure within the Mn~Fe! sublattice. Spin-glass-like behavior has been ob-
served in these two series. There are two characteristic temperatures for the Ho(Mn12xFex)12; one correspond-
ing to the compensation of the ordered Ho and~Mn,Fe! magnetic moments, and the other to the ordering of the
~Mn,Fe! lattice. The uncommon feature of two ordering temperatures in this compound is due to the weak
rare-earth~R! transition-metal~T! interaction. The addition of Fe substantially modifies the magnetic interac-
tions, thus increasing the ordering temperature and changing the type of magnetic order of the~Mn,Fe!
sublattice.

DOI: 10.1103/PhysRevB.65.064444 PACS number~s!: 75.50.2y, 61.12.2q, 75.30.2m, 75.25.1z
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I. INTRODUCTION

Ternary RFe122xMx (R5rare earth! intermetallic com-
pounds crystallizing in the tetragonal ThMn12-type structure
can be stabilized whenM5Ti, V, Cr, Mo, W, Al, or Si, and
x is in the range 1.0<x<4.0.1–6 Contrary to the Fe-rich com
pounds, YMn12 exhibits antiferromagnetic ordering at lo
temperature.7 In compounds with magneticR ions, theR
moments couple ferromagnetically belowTc'5 K and the
Mn moments couple antiferromagnetically belowTN

'100 K.7,8 Interesting and peculiar characteristics conce
ing the magnetic structure, such as antiferromagnetic to
romagnetic phase transitions, when observed
Y(FexAl12x)12 and R(FexMn12x)12 (R5Er, Tb!.9,10 Mao
et al. have observed unusual negative magnetization at
temperatures under field cooling~FC! in Ho(Fe0.6Mn0.4)12

compounds.11 Spin-glass-like behavior was observed
RFe122xMox andRFe122xAl x compounds,12–16and band cal-
culations were used to explain this phenomenon.17 In the
meantime, many efforts were made to study the intersub
tice exchange interactions in rare-earth~R! transition-metal
~T! intermetallics.18,19 However, no results regarding the e
change interaction inR(Fe,Mn)12 were reported where a
antiferromagneticT sublattice exists. We thought it would b
most interesting to study the magnetic structure and
change interactions in this kind of material, in the hope t
the study would lead to some understanding of the natur
the 3d-4 f interactions in these intermetallic compounds.

In this study, we report on the structural and magne
properties ofR(FexMn12x)12 (R5Y, Ho! compounds. The
dependence of the magnetic structure on the temperature
Fe content is studied in detail. A spin-glass-like behavio
observed and explained for these compounds. The neg
magnetization observed under FC in Ho(Fe0.6Mn0.4)12 is ex-
0163-1829/2002/65~6!/064444~8!/$20.00 65 0644
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plained on the basis of neutron diffraction and magne
measurements. Finally, the mean-field theory is applied
explain the exchange interactions in these compounds.

II. EXPERIMENTAL METHODS

R(FexMn12x)12 ingots, withR5Y, Ho andx50, 0.2, 0.5,
0.6, and 0.7, were prepared by arc melting of 99.9% p
materials in an argon atmosphere, followed by a heat tr
ment at 1000 °C for one week. The magnetization curves
the bulk samples were measured using a superconduc
quantum interference device magnetometer with a field of
to 5 T from 1.8 K to room temperature. A magnetic filed
0.1 T was used for the FC process. The crystal phase
identified by x-ray diffraction analysis using Co-Ka radia-
tion. The magnetic structure was determined using pow
neutron diffraction. The neutron diffraction experimen
were performed at the University of Missouri-Columbia r
search reactor using neutrons of wavelengthl51.4875 Å .
First, the diffraction patterns were recorded at room tempe
ture where only nuclear scattering was observed. Then
magnetic contributions to diffraction were analyzed from
to 300 K. The diffraction data were refined using the pr
gramFULLPROF, a program for Rietveld analysis.20

III. RESULTS AND DISCUSSIONS

A. Crystallographic structure

Typical neutron diffraction patterns of Ho(Fe0.6Mn0.4)12 at
different temperatures are presented in Fig. 1. The refi
data of the structures and magnetic moments are liste
Tables I and II, respectively. All compounds are found
crystallize in a ThMn12-type tetragonal structure~the so-
called 1:12 phase! space group I4/mmm, with the rare earth
occupying the 2a sites, and Mn~Fe! occupy 8i , 8j , and 8f
©2002 The American Physical Society44-1
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sites. In some instances, a small amount ofb-Mn appears in
the compound. The thermal variation of the magnetic refl
tions can be easily observed as the intensities of the mag
reflection peaks~at low angle part! decrease drastically with
increasing temperature. At 300 K, the magnetic reflect
peaks disappear, and only nuclear scattering is observed

Figure 2 plots the lattice parameters
R(FexMn12x)12 (R5Y, Ho! at room temperature. The la
tice parametera decreases with increasing Fe content due
the fact that the Fe atomic radius (1.24 Å ) is smaller th
of Mn (1.36 Å ). The lattice parameterc remains almost
constant.

Figure 3 shows the Fe occupation factor dependence
the Fe content. Fe prefers to occupy 8f sites, but not to
occupy 8i sites. This agrees with what is found fo
Y(FexMn12x)12 ~Ref. 9! and Er(Fe,Mn)12.10 The reluctance
of the Fe atoms to occupy 8i sites is consistent with the fac
that theRFe12 structure does not exist.

FIG. 1. Observed~Yobs!, and calculated~Ycal! neutron diffrac-
tion patterns of Ho(Fe0.6Mn0.4)12 at 10, 100, and 300 K.@The bot-
tom curves~Yobs-Ycal! are the difference between experimen
data and refinement data. The vertical bars indicate the mag
~top! and Bragg~bottom! peak positions. At 300 K, only the Brag
peak positions are shown.#
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B. Magnetic properties

A model similar to the one reported by Moraleset al.10

was used to analyze the magnetic structure from the neu
diffraction data of the Ho(FexMn12x)12 (x50.0, 0.2, 0.5,
and 0.6!. The model leads to a complex noncolline
antiferromagnetic structure on the 3d metal sites in the (a,b)
plane (x<0.6), but no moments are observed in the (a,b)
plane for the Ho atoms; see Fig. 4. At room temperatu
only nuclear scattering is detected for all compositio
However, the diffraction lines with the conditionh1k1 l
52n11 were observed at low temperature forx<0.6. In
Fig. 5, we display the neutron diffraction patterns
Ho(FexMn12x)12 (x50.0, 0.2, 0.5, 0.6, and 0.7! at 10 K,
where some magnetic diffraction lines withh1k1 l 52n
11 are marked by arrows. The intensities of the mark

l
tic

FIG. 2. The lattice parametersa and c of R(FexMn12x)12

(R5Y and Ho! as functions ofx at room temperature.

FIG. 3. The Fe occupation factor dependence on the Fe con
for Ho(FexMn12x)12 at room temperature.
4-2
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TABLE I. Refinement parameters of Ho(FexMn12x)12 at room temperature.a and c are the lattice
parameters;V is the unit cell volume;n is the occupation factor;x, y, and z are the fractional position
coordinates;Rwp is the residual error of the weighted profile;Rexpt is statistically expected residual error o
the entire measured scattering patterns.x2 is @Rwp /Rexpt#.

2

x 0 0.2 0.5 0.6 0.7

a (Å ) 8.5817~2! 8.5543~4! 8.4984~7! 8.4715~1! 8.4528~8!

c (Å ) 4.7592~1! 4.7654~7! 4.7557~9! 4.7470~4! 4.7453~0!

V (Å 3) 350.49~7! 348.72~2! 343.48~3! 340.67~6! 339.05~7!

n, Fe,8i~%! 0 6.0~1! 34.0~2! 36.0~1! 47.2~0!

n, Fe,8j~%! 0 20.0~1! 52.0~1! 66.0~1! 74.0~1!

n, Fe,8f~%! 0 38.0~2! 65.6~3! 76.4~1! 82.4~1!

Ho, 2a,x 0 0 0 0 0
Fe/Mn, 8i ,x 0.3603~3! 0.3598~3! 0.3569~2! 0.3594~8! 0.3553~3!

Fe/Mn, 8j ,x 0.2765~3! 0.2795~5! 0.2759~4! 0.2748~8! 0.2749~4!

Fe/Mn, 8f ,x 0.25 0.25 0.25 0.25 0.25

Rwp(%) 3.25 2.37 3.64 3.95 5.19
Rexpt(%) 2.49 2.20 2.59 2.30 2.48
x2(%) 1.71 1.16 1.98 2.94 4.38
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lines first increase fromx50.0 to 0.2, then decrease wit
increasingx, and finally disappear whenx50.7. This indi-
cates that the antiferromagnetic structure of Mn~Fe! sublat-
tice changes to a ferrimagnetic structure as the Fe contex
increases. As can be seen from the summarized resul
Table II, a ferromagnetic component, attributed to thed
atoms lying along thec axis, is evidenced for the 0.2<x
<0.6 samples. However, the Ho atoms always exhibi
magnetic moment along thec axis below the ordering tem
perature, antiparallel to the ferromagnetic components
Mn~Fe! sublattice, indicating an antiferromagnetic exchan
06444
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coupling between the 3d and Ho sublattices. The magnet
interaction is different from that of the ErFeyMn122y com-
pounds, where no ferromagnetic component along thec axis
is found in the 3d sublattice wheny<5.10 The substitution
of the Mn by Fe changes the magnetic structure of thed
sublattice from antiferromagnetic (x50.0 and 0.2! to ferri-
magnetic (x50.2–0.6) or even ferromagnetic when the
content is higher thanx50.7.

As indicated in Table II, in HoMn12, the Mn magnetic
moments lie in the (a,b) plane below 77 K, and substitutio
of Mn by Fe leads to the fact that the magnetization of
r all
TABLE II. The refined magnetic moments (mB) of atoms in Ho(FexMn12x)12 (x50, 0.2, 0.5, 0.6, and
0.7! at different temperatures. (z is the component of magnetic moments along thez axis. x,y is the com-
ponent of magnetic moments in thea,b plane. The total is the sum of the magnetic moment per atom. Fo
refinements, the magneticR factor is less than 10% andx2 is less than 5%.!

x T Ho (2a) ~Mn,Fe! (8 j ) ~Mn,Fe! (8i ) ~Mn,Fe! (8 f )

~K! z x,y z total x,y z total x,y z total

0.0 77 0 0.36~7! 0 0.36~7! 0.56~7! 0 0.56~7! 0.23~9! 0 0.23~9!

10 0 0.54~8! 0 0.54~8! 0.88~8! 0 0.88~8! 0.38~9! 0 0.38~9!

0.2 77 0.64~7! 0.83~5! 20.46~8! 0.94~7! 1.14~5! 20.54~5! 1.26~5! 0.10~5! 20.37~9! 0.40~7!

10 0.71~5! 0.93~1! 20.44~5! 1.02~4! 1.43~5! 20.68~7! 1.58~6! 0.14~4! 20.48~3! 0.50~4!

0.5 77 2.21~9! 0.02~6! 0.04~6! 0.04~6! 0.39~9! 0.57~9! 0.69~9! 0.03~10! 20.35~3! 0.35~7!

10 6.80~7! 0.51~9! 20.40~2! 0.65~9! 0.35~9! 0.58~8! 0.67~9! 0.04~13! 20.39~2! 0.39~7!

150 0.75~5! 0.18~5! 21.32~10! 1.34~8! 0.45~9! 20.93~6! 1.03~9! 0.36~8! 21.01~7! 1.13~5!

0.6 100 4.38~9! 0.25~9! 20.76~7! 0.81~8! 0.34~3! 20.18~4! 0.38~6! 0.24~9! 20.64~4! 0.72~8!

40 7.46~9! 0.27~5! 20.70~5! 0.75~4! 0.32~8! 20.09~3! 0.33~9! 0.12~5! 20.66~5! 0.68~3!

10 8.21~5! 0.28~5! 20.73~3! 0.78~6! 0.38~6! 20.08~2! 0.39~5! 0.14~4! 20.72~5! 0.73~9!

170 2.49~9! - 21.59~12! 1.59~12! - 20.96~7! 0.96~7! - 21.34~7! 1.34~7!

0.7 77 6.19~9! - 21.11~7! 1.11~7! - 20.45~4! 0.45~4! - 21.08~4! 1.08~4!

10 8.34~10! - 21.05~6! 1.05~6! - 20.35~3! 0.35~3! - 21.03~7! 1.03~7!
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3d sublattice presents ac-axis component whenx>0.2, but
totally flips into thec direction whenx50.7. This indicates
that the Fe sublattice favors ac-axis anisotropy in the 1:12
compounds, in agreement with the magnetic behavior
Y(FexM12x)12 (M5Ti,V,Mo,Si . . . ) compounds. At all
compositions, the Ho atoms retain ac-axis anisotropy below
the Curie temperatureTc . This can only be explained b
introducing higher-order terms of the crystal-fie
coefficients.7 It can be seen in Table II that the substitution
Mn atoms by Fe atoms leads to a staggered increase in
magnetic moments of the Ho sites due to the increased
change interaction between Ho and Fe. The change of
magnetic structure of the Mn~Fe! sublattice from antiferro-
magnetic to ferrimagnetic~ferromagnetic! indicates the sub-
stantial change of the exchange interaction in that sublat

Figure 6 shows the temperature dependence of the m
netization curves after zero-field cooling~ZFC! and FC for
R(FexMn12x)12 (R5Y, Ho!. The difference between th
FC and ZFC curves indicates the appearance of irrevers
ity at temperatures below 100 K for the Ho-containing co
pounds and 50 K for the Y-containing compounds. Especi
for Ho(FexMn12x)12, the FC and ZFC curves exhibit totall
different features at low temperature, suggesting a s
glass-like behavior. A spin-glass-like behavior was obser
in the 1:12 compoundsRFe10Mo2 and YFexAl122x .14,15 The
experimental results suggest that the ordering inR(Fe,Mo)12
is established by spin freezing in a noncollinear magn
configuration. According to the neutron diffraction da
there is a negative magnetic interaction in the (a,b) plane of
the Mn ~Fe! sublattices, a positive interaction along thec
axis between the Mn~Fe! sublattices, and a negative intera
tion between the Mn~Fe! and Ho sublattices along the c-axi
The large difference between the ZFC and FC curves
Ho(FexMn12x)12 and Y(FexMn12x)12 compounds at low

FIG. 4. The magnetic structure of the Ho(FexMn12x)12 in the
(a,b) plane forx50, 0.2, 0.5, and 0.6. The large circle is the H
atom, and the small circle is a Mn or Fe atom. The Mn and
atoms on the 8i and 8j sites lie in the planesz50 ~open circles! or
z50.5 ~gray circles!. Mn~Fe! atoms on the 8f sites lie atz50.25
and 0.75 with black circles.
06444
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temperatures is attributed to the magnetic ordering of
atoms which possess a very large moment and anisotrop
low temperatures. Therefore, the Ho-~Mn!Fe interactions
should play a key role in the spin-glass-like behavior.

Table III shows that there are two characteristic tempe
tures characterizing magnetic ordering in Ho(FexMn12x)12
when xÞ0.0. A comparison between the magnetization
Ho(FexMn12x)12 and Y(FexMn12x)12 suggests that the
higher characteristic temperature (Tc or TN) corresponds to
the ordering of the Fe-Mn sublattice, whereas the sec
characteristic temperature (TR) is a compensation point re
sulting from the magnetic ordering of the Ho atoms. T
increase of the ordering temperature with increasing Fe c
tent, is attributed to the enhancedR-Fe(Mn) interactions. A
further interesting feature can be seen in Fig. 6 for the fie
cooling Ho(Fe0.6Mn0.4)12 sample, where a negative magne

e

FIG. 5. The neutron diffraction patterns o
Ho(FexMn12x)12 (x50.0, 0.2, 0.5, 0.6, and 0.7! measured at 10 K.
~The reflection lines ofh1k1 l 52n11 were marked with arrows.!
4-4
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STRUCTURAL AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B65 064444
zation value is observed below 100 K. This phenomeno
also field dependent,11 where a larger measured field leads
non-negative values. According to the neutron diffracti
data at low temperatures, the magnetization of the Ho a
is along thec axis below the Curie temperature, while th
magnetization of the Mn~Fe! sublattice also has ac-axis
component. The Ho and Mn~Fe! atoms have negatively ex
change couplings, and the Ho atoms possess a magnetic
ment as large as 4.4mB /atom at 100 K. However, Mn~Fe!
has a magnetic moment in the range 0.4mB to 0.8mB /atom,
and a ferrimagnetic coupling exists within the Mn~Fe! sub-
lattice due to the substitution of Mn by Fe. The ZFC curve
Y(Fe0.6Mn0.4)12 indicates the ferrimagnetic character. Up
field cooling from room temperature, the magnetic mome
are aligned with the external field direction below the Cu
temperature. The Fe~Mn! sublattice orders first at highe
temperature with magnetic moments in the same directio
the external field, and larger than the magnetic moment
the Ho sublattice. From measurements at low tempera
~1.8 K!, the Ho sublattice is found to possess a larger m
netic moment in the opposite direction to that of the Mn~Fe!
sublattice due to the negative exchange coupling between
and Fe~Mn! sublattices. Accordingly, a negative value of t
total magnetization will be induced if the external field
lower than the anisotropy field of the Ho sublattice. The

FIG. 6. The temperature dependence of the magnetiza
curves under zero-field cooling~ZFC! and field cooling~FC! for
R(FexMn12x)12 (R5Y and Ho!. The measured field is 0.1 T.
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FIG. 7. The field dependence of the magnetization
Ho(FexMn12x)12 (x50.2, 0.5, 0.6, and 0.7! at different tempera-
tures under ZFC~solid symbols! and FC~open symbols!.
4-5



J. B. YANG et al. PHYSICAL REVIEW B 65 064444
TABLE III. The characteristic temperatures of Ho(FexMn12x)12 and Y(FexMn12x)12. (TN is the Néel
temperature,Tc is the Curie temperature, andTR is the compensation temperature.!

x50.0 x50.2 x50.5 x50.6 x50.7

Y Tc(TN) (K) 120(TN) 125(TN) 115 210 300

Ho TR ~K! 1.6 3.1 50 100 140
Tc ~K! 5 27 102 195 300
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K,
magnetic moment decreases with increasing temperatur
the absolute value of the total magnetization decreases,
reaches zero when the contribution from the Ho sublattic
equal to that of the Mn~Fe! sublattice. A further increase in
temperature leads to a rapid decrease in the Ho magn
moment, and the magnetic moment of the Mn~Fe! sublattice
reaches a maximum at 150 K due to the ferrimagnetic c
pling. At higher temperatures, only the Mn~Fe! sublattice
contributes to the total magnetization, and the magnetiza
decreases to zero at the Curie temperature.

In the case of ZFC measurements, the negative excha
coupling between the Ho and Mn~Fe! sublattices, connecte
with the large magnetic anisotropy of the Ho sublattice, le
to a very small induced magnetization under a small m
sured field. As the temperature increases, the magnetiza
of the Ho sublattice decreases, and the total magnetiza
reaches its maximum at a point where the Ho and Fe~Mn!
sublattices produce a large component along the exte
field direction. The total magnetization then decreases du
the rapid decrease in the Ho magnetic moments and the m
netization versus temperature M-T curves measured a
ZFC and FC in Fig. 6 coincide because spin freezing is ov
come. At higher temperatures, the Fe~Mn! sublattice be-
comes dominant in the total magnetization. The total mag
tization reaches another maximum when the ferrimagn
~Fe-Mn! sublattice has its highest values of the magneti
tion and the Ho magnetization is small. Then all mome
decrease to zero at the Curie temperature.

As shown in Fig. 6, whenx,0.5, the Ho sublattice domi
nates the total magnetization of the compounds in the
temperature range, such that when the M-T curves cha
from x50.0 to 0.5, an increase of ordering temperature
the Ho sublattice arises caused by an increase of theR-Fe
interaction. Forx50.7 where the Fe~Mn! sublattice domi-
nates the total magnetization of the compound in the hi
06444
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temperature range, the total magnetization becomes sma
low temperatures due to the ordering of the Ho magne
moments, whereby a ferrimagnetic structure is formed
tween the Ho and~Fe,Mn! sublattices. However, in that cas
in the FC experiment the net magnetization of the Ho s
lattice is not large enough to overcompensate for the posi
~Fe,Mn! magnetization, i.e., the total magnetization does
become negative.

Figure 7 shows the field dependence of the magnetiza
after ZFC and FC at different temperatures for t
Ho(FexMn12x))12 compounds. The magnetization curves
the x50.5, 0.6, and 0.7 samples show special features.
example, the low-temperature magnetization increa
slowly in the low-field region, and a sharp increase resu
when the external field is larger than some critical valu
This is attributed to an increase of the anisotropy field a
coercivity at low temperatures. At 45 K a relatively soft ma
netic behavior at small fields can be seen, which correspo
to the peak between 30 and 70 K in the ZFC cures of Fig

The magnetization curves measured after FC and ZFC
x50.6 samples show different features, again, as show
Fig. 7~c!. The difference between the FC and ZFC magne
zation values remains almost constant with an applied fi
up to 5 T at 1.8 and 5 K. In Fig. 8 typical hysteresis loops
Ho(Fe0.6Mn0.4))12 measured at 1.8 K after FC and ZFC a
presented. For the FC sample, a shift of the hysteresis loo
observed which is related to the negative branch to the
curve in Fig. 6. Obviously a uniaxial magnetic anisotro
has been induced during FC which, at a temperature 1.8
cannot be removed by an external field as large as 5 T.

C. Exchange interactions

In the rare-earth (R) –transition-metal~T! intermetallics,
there are normally three types of interaction,R-R interaction
TABLE IV. The molecular field (Bexch
R ) and molecular field coefficients (nRT , nRR) of RMn12 and

Ho(FexMn12x)12 derived from analysis of the ordering temperatures.

Gd Tb Dy Ho Er

Bexch
R (T) 2.5 2.0 0.9 0.6 0.6

nRR(T f.u./mB) 0.31 0.20 0.09 0.06 0.05

Ho(FexMn12x)12

x 0.0 0.2 0.5 0.6 0.7

Bexch
R ~T! 0.6 1.3 19.8 39.7 55.6

nRT (T f.u./mB) – 0.05 3.75 5.01 5.71
4-6
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STRUCTURAL AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B65 064444
between theR magnetic moments,R-T interaction between
the magnetic moments ofR andT atoms, andT-T interaction
between the magnetic moments ofT atoms. From a knowl-
edge of the ordering temperatures, we are able to study t
exchange interactions. ForRMn12 compounds, the Mn sub
lattice is antiferromagnetic, and , for symmetry reasons,
Mn-Mn interaction cancels on the Ho sites; consequen
R-Mn interaction can be ignored.7 The exchange field expe
rienced by the Ho moments due to the Ho sublattice can
obtained by means of the mean-field expression19,21

Bexch
R 5

3kBTR

gR~J11!mB
5nRRMR , ~1!

whereBexch
R is the molecular field experienced by the rar

earth atoms,gR is the Lande´ factor of theR31 ion, TR is the
ordering temperature ofRMn12, nRR is the intrasublattice
molecular field coefficient, andMR is the magnetic momen
of the R sublattice. Using the experimental values ofTR
51.6 K andMR510.5mB /f.u. for HoMn12, we find that the
Bexch

R 50.6 T and nRR50.06 T f.u./mB , which is of the
same order as obtained in the heavy rare-earthRNi5
compounds.22 In Table IV, for comparison, theBexch

R and
nRR values are given forRMn12 with R5Gd, Tb, Dy, and Er,
using data from Ref. 7. As can be seen from the tab
GdMn12 shows the largestR-R interaction which is consis
tent with otherR-T compounds.

When Fe is substituted for Mn, theT sublattice shows a
net magnetization due to the ferrimagnetic structure, so
rare earth experiences an additional molecular field due
the T-R interactions, and Eq.~1! can be written as

Bexch
R 5

3kBTR

gR~J11!mB
5nRRMR1nRTMT , ~2!

whereTR is the compensation temperature,nRT is the intra-
sublattice molecular-field coefficient, andMT is the magnetic
moment of theT sublattice. If the value ofnRR is assumed to
be the same as for HoMn12, the estimated values ofnRT can
be obtained using Eq.~2!, and these values are listed in Tab
IV. From the table, one can see that the addition of Fe

FIG. 8. Hysteresis loops of Ho(Fe0.6Mn0.4)12 measured at 1.8 K
after field cooling~FC! and zero field cooling~ZFC!.
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creases the exchange interaction between the Ho and Mn~Fe!
sublattices. The Fe atoms also change the interaction
tween the Mn atoms, namely, from antiferromagnetic to f
rimagnetic.

The Curie temperature of HoMn12 is the ordering tem-
perature of Ho due to the Ho-Ho interaction, and can
written as21

TR52ZRRARRGR/3kB . ~3!

Similarly, TT represents the contribution of the ordering te
perature due to theT-T interaction:

TT52ZTTATTGT/3kB , ~4!

whereGR is the de Gennes factor (gR21)2J(J11) for the
rare earth. Ai j ( i , j 5R,T) is the microscopic exchange
coupling parameter.ZRR58 andZTT510 are the number o
R nearest neighbors of theR ions, and the number ofT near-
est neighbors of theT ions, respectively.GT is the corre-
sponding de Gennes factor for the transition metal.@GT
5ST(ST11)#. Using Eqs.~3! and ~4!, ARR is found to be
2.5310224 J for HoMn12, and ATT is found to be 1.1
310221 J for Ho(Fe0.7Mn0.3)12. It is evident that theT-T
interactions are much stronger than theR-R interactions.

In summary, theR-R andR-T interactions in these com
pounds are very weak as compared with theR-Fe andR-Co
compounds. The weakR-T interactions do not allow rare
earth magnetism to persist up to high temperatures. E
cially in RMn12 compounds, the effects of the crystal field o
the rare-earth atoms are much stronger than the exch
interactions ofR-R interaction. The Ho atoms exhibit
c-axis anisotropy which is attributed to the higher ord
crystal-field terms. The weakR-T interactions also are rela
tive to the complex magnetic structure which leads to a sp
glass-like behavior in Ho(FexMn12x)12 compounds.

IV. CONCLUSIONS

Upon the substitution of Mn by Fe, the Curie temperatu
(Tc), saturation magnetization (Ms) and anisotropy of the
R(FexMn12x)12 (R5Y, Ho! compounds increase markedl
Two characteristic temperatures have been observed in
Ho(FexMn12x)12 whenx is larger than 0.2, one correspon
ing to compensation connected with the magnetic ordering
rare-earth Ho atoms, and the other corresponding to
Fe~Mn! sublattice ordering. TheR-T interaction are weak in
these compounds due to antiferromagnetic or ferrimagn
interactions in the transition metals sublattice. Both Ho a
Y compounds show spin-glass-like behavior due to
weakness of theR-T interactions which lead to a nonco
linear magnetic structure. A negative magnetization has b
observed on field-cooled samples forx50.6 below 100 K,
which is explained by the increase of the Ho magnetic m
ments with decreasing temperature. The Ho moments
antiferromagnetically coupled to the~Fe,Mn! magnetization.
The negative direction of the Ho moments is stabilized b
strong anisotropy field.
4-7
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