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Structural and magnetic properties of R(FeMn;_,)1» (R=Ho0,Y)
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The crystallographic structures and magnetic propertid?(6gMn,_,)» (R=Ho,Y; x=0, 0.2, 0.5, 0.6,
0.7) have been studied using powder neutron diffraction and magnetic measurements. These compounds
crystallize in a ThMn,-type structure. The rare earths occupy tleeskes, and Fe and Mn atoms are distrib-
uted on three nonequivalent sites:, 8j, and &. The Mn and Fe atoms are found to exhibit strong site
preferences, with thei&ites favoring Mn atoms and thd 8ites favoring Fe atoms. Ho(Fe,Mp)compounds
show a noncollinear magnetic structure within the (M@ sublattice. Spin-glass-like behavior has been ob-
served in these two series. There are two characteristic temperatures for the;HoF&ly,; one correspond-
ing to the compensation of the ordered Ho @hth,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-metalT) interaction. The addition of Fe substantially modifies the magnetic interac-
tions, thus increasing the ordering temperature and changing the type of magnetic order(iiniRe
sublattice.

DOI: 10.1103/PhysRevB.65.064444 PACS nunider75.50-y, 61.12—q, 75.30—m, 75.25+z

I. INTRODUCTION plained on the basis of neutron diffraction and magnetic
measurements. Finally, the mean-field theory is applied to
Ternary RFe;,_,M, (R=rare earth intermetallic com- explain the exchange interactions in these compounds.
pounds crystallizing in the tetragonal ThMrype structure
can be stabilized whekl =Ti, V, Cr, Mo, W, Al, or Si, and Il. EXPERIMENTAL METHODS

. . 1-6 i _
pounci, Yins exhiats aniferromagnetic ordoring at low | R(FEM1s )12I1G0tS, WR=Y, Ho andx-0, 02, 05,
b ' 2 9 9 0.6, and 0.7, were prepared by arc melting of 99.9% pure

temperaturé. In compounds W'th magneti® ions, theR materials in an argon atmosphere, followed by a heat treat-
moments couple ferromagngtlcally beld\'/g.~5 K and the ment at 1000 °C for one week. The magnetization curves of
Mn moments couple antiferromagnetically beloWy e pylk samples were measured using a superconducting
~100 K. Interesting and peculiar characteristics concemn-antum interference device magnetometer with a field of up
ing the magnetic structure, such as antiferromagnetic to feky 5 T from 1.8 K to room temperature. A magnetic filed of
romagnetic phase transitions, when observed i1 T was used for the FC process. The crystal phase was
Y(FeAl; )1, and R(FeMn;_,)1, (R=Er, Th.>' Mao  identified by x-ray diffraction analysis using Goe radia-
et al. have observed unusual negative magnetization at lowion. The magnetic structure was determined using powder
temperatures under field coolingC) in Ho(Fg¢Mng 412  neutron diffraction. The neutron diffraction experiments
compounds! Spin-glass-like behavior was observed inwere performed at the University of Missouri-Columbia re-
RFe;,_ Mo, andRFe;,_,Al, compounds?*fand band cal- search reactor using neutrons of wavelength1.4875 A .
culations were used to explain this phenometoin the  First, the diffraction patterns were recorded at room tempera-
meantime, many efforts were made to study the intersublature where only nuclear scattering was observed. Then the
tice exchange interactions in rare-ea(®) transition-metal magnetic contributions to diffraction were analyzed from 10
(T) intermetallics*®*° However, no results regarding the ex- t0 300 K. The diffraction data were refined using the pro-
change interaction ifR(Fe,Mn),, were reported where an JramFULLPROF, a program for Rietveld analysfS.
antiferromagnetid sublattice exists. We thought it would be
most interesting to study the magnetic structure and ex- Ill. RESULTS AND DISCUSSIONS
change interactions in this kind of material, in the hope that
the study would lead to some understanding of the nature of
the 3d-4f interactions in these intermetallic compounds. Typical neutron diffraction patterns of Ho(ggvIng 4) 1, at

In this study, we report on the structural and magneticdifferent temperatures are presented in Fig. 1. The refined
properties ofR(FgMn;_,);» (R=Y, Ho) compounds. The data of the structures and magnetic moments are listed in
dependence of the magnetic structure on the temperature aidbles | and I, respectively. All compounds are found to
Fe content is studied in detail. A spin-glass-like behavior iscrystallize in a ThMp,-type tetragonal structuréthe so-
observed and explained for these compounds. The negativalled 1:12 phagespace group I4hmm with the rare earth
magnetization observed under FC in HogBdn, 1) 12 is ex-  occupying the 2 sites, and M(Fe) occupy 8, 8j, and &

A. Crystallographic structure
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FIG. 2. The lattice parametera and ¢ of R(FeMn;i_,)»
(R=Y and Ho as functions ofk at room temperature.

B. Magnetic properties

A model similar to the one reported by Moralesal°
was used to analyze the magnetic structure from the neutron
diffraction data of the Ho(FgMn,_,);» (x=0.0, 0.2, 0.5,

ol and 0.6. The model leads to a complex noncollinear
| n o0 e o L nnunr e wenermresernom antlferromagnetlc Structure on thd metal SIteS In thed,b)
2 e o it o plane &=<0.6), but no moments are observed in tleeh
L . L L plane for the Ho atoms; see Fig. 4. At room temperature,
20 40 60 80 only nuclear scattering is detected for all compositions.

However, the diffraction lines with the conditiom+k+1
=2n+1 were observed at low temperature $0=0.6. In

FIG. 1. ObservedYobs), and calculatedYcal) neutron diffrac- Fig. 5 we display the neutron diffraction patterns of
tion patterns of Ho(RgiMng 41, at 10, 100, and 300 K.The bot- Ho(FeMn; )12 (X:Q'O' _0'2’ 05 06 anq 0.4t 10 K,
tom curves(Yobs-Yca) are the difference between experimental where some magnetic dlffractlon_ Ilnes_wlﬂn—FkH:Zn
data and refinement data. The vertical bars indicate the magnetic 1 are marked by arrows. The intensities of the marked
(top) and Bragg(bottom peak positions. At 300 K, only the Bragg

20 ( degree )

peak positions are shown. 100
—u— 8i
sites. In some instances, a small amounBd¥in appears in — e—8i
s i 80 F ) A
the compound. The thermal variation of the magnetic reflec- A gf AT o
tions can be easily observed as the intensities of the magnetic / v

reflection peaksat low angle pajtdecrease drastically with A
increasing temperature. At 300 K, the magnetic reflection 60T /
peaks disappear, and only nuclear scattering is observed. . o
Figure 2 plots the Ilattice parameters of
R(FeMn,;_,)1» (R=Y, Ho) at room temperature. The lat-
tice parametea decreases with increasing Fe content due to

the fact that the Fe atomic radius (1.24 A) is smaller than

Fe occupation factor ( % )

of Mn (1.36 A). The lattice parametar remains almost 201 o
constant. .
Figure 3 shows the Fe occupation factor dependence on y
the Fe content. Fe prefers to occupy 8ites, but not to 00.0 o2 o4 o6  o0s
occupy 8 sites. This agrees with what is found for
Y(Fe,Mn;_,) 1, (Ref. 9 and Er(Fe,Mn),.%° The reluctance Fe content x
of the Fe atoms to occupyi &ites is consistent with the fact ~ FIG. 3. The Fe occupation factor dependence on the Fe content
that theRFe,, structure does not exist. for Ho(FgMn;,_,),, at room temperature.
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TABLE |. Refinement parameters of Ho(fn,_,).» at room temperaturea and c are the lattice
parametersyV is the unit cell volumen is the occupation factor, y, and z are the fractional position
coordinatesR,,, is the residual error of the weighted profilg,, is statistically expected residual error of
the entire measured scattering pattenfsis [Rwp/Rexpdl 2

X 0 0.2 0.5 0.6 0.7

a (A) 8.58172) 8.55434) 8.49847) 8.47151) 8.45288)
c (R) 4.75921) 4.76547) 4.75579) 4.74704) 4.74530)
V (A3 350.497) 348.722) 343.483) 340.676) 339.057)
n, Fe,8(%) 0 6.01) 34.02) 36.01) 47.20)
n, Fe,$(%) 0 20.01) 52.01) 66.01) 74.01)
n, Fe,8(%) 0 38.02) 65.63) 76.41) 82.41)
Ho, 2a,x 0 0 0 0 0

Fe/Mn, 8,x 0.36033) 0.35983) 0.35692) 0.35948) 0.35533)
Fe/Mn, § X 0.27653) 0.27955) 0.27594) 0.27488) 0.27494)
Fe/Mn, 8 x 0.25 0.25 0.25 0.25 0.25
Rup(%) 3.25 2.37 3.64 3.95 5.19
Rexp(%) 2.49 2.20 2.59 2.30 2.48
Y2(%) 1.71 1.16 1.98 2.94 4.38

lines first increase fronx=0.0 to 0.2, then decrease with coupling between the @ and Ho sublattices. The magnetic
increasingx, and finally disappear whex=0.7. This indi- interaction is different from that of the Erf¥dn,, , com-
cates that the antiferromagnetic structure of(M# sublat-  pounds, where no ferromagnetic component along-thgis
tice changes to a ferrimagnetic structure as the Fe comtentis found in the @ sublattice whery=<5.1° The substitution
increases. As can be seen from the summarized results of the Mn by Fe changes the magnetic structure of tHe 3
Table Il, a ferromagnetic component, attributed to thie 3 sublattice from antiferromagneticc€0.0 and 0.2 to ferri-
atoms lying along the axis, is evidenced for the Os2x  magnetic k=0.2-0.6) or even ferromagnetic when the Fe
=<0.6 samples. However, the Ho atoms always exhibit aontent is higher thar=0.7.

magnetic moment along theaxis below the ordering tem- As indicated in Table Il, in HoMyp,, the Mn magnetic
perature, antiparallel to the ferromagnetic components ofnoments lie in thed,b) plane below 77 K, and substitution
Mn(Fe) sublattice, indicating an antiferromagnetic exchangeof Mn by Fe leads to the fact that the magnetization of the

TABLE Il. The refined magnetic momentgcg) of atoms in Ho(FgMn, _,)1», (x=0, 0.2, 0.5, 0.6, and
0.7) at different temperaturesz (s the component of magnetic moments along zl&«is. X,y is the com-
ponent of magnetic moments in theb plane. The total is the sum of the magnetic moment per atom. For all
refinements, the magnetR factor is less than 10% angf is less than 5%.

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

(K) z XY z total X,y z total X,y z total

0.0 77 0  0.367) 0 0.367) 05670 O  0.567) 0.239) 0  0.239
10 0 0548 0 0.548) 0.848) 0  0.888) 0.399) 0  0.389

0.2 77 0.647) 0.835 —0.468) 0.947) 1.145 —0.545) 1.265) 0.105) —0.379) 0.407)
10 0.715 0.931) —0.445 1.024) 1.435 —0.687) 1.586) 0.144) —0.483) 0.504)

05 77 22190 0.026) 0.046) 0.046) 0.399) 0.579) 0.699) 0.0310) —0.353) 0.357)
10 6.8@7) 0.519) -0.402) 0.659) 0.359) 0.588) 0.679) 0.0413) —0.392) 0.397)

150 0.7%5) 0.185) —1.3210) 1.348) 0.459) —0.936) 1.039) 0.368) —1.017) 1.135)
0.6 100 4.3®) 0.259) —-0.767) 0.81(8) 0.343) —0.184) 0.386) 0.249) —0.644) 0.728)
40 7.489) 0.2715) -0.705) 0.754) 0.328) —0.093) 0.339) 0.125 -—0.665) 0.683)
10 8.215 0.285 -0.733) 0.786) 0.386) —0.082) 0.395) 0.144) —0.725) 0.739)

170 2.499) - —1.5912) 1.5912) - —0.967) 0.967) - —1.347) 1.347)
0.7 77 6.199) - -1.117) 1.1%7) - —0.454) 0.454) - —1.084) 1.084)
10 8.3410 - —1.056) 1.056) - —0.353) 0.353) - —1.037) 1.037)
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FIG. 4. The magnetic structure of the Ho(Mm,_,),, in the T,,/ ‘,7:'1 f{ %‘T %,%
(a,b) plane forx=0, 0.2, 0.5, and 0.6. The large circle is the Ho § 2r i I% | it o
atom, and the small circle is a Mn or Fe atom. The Mn and Fe +§ 5; . § +§ g g; tiﬁ % ;ﬁ % ;
atoms on the Band § sites lie in the planez= 0 (open circlegor © 8 "'} %.;
z=0.5 (gray circles. Mn(Fe) atoms on the 8 sites lie atz=0.25 Ho(Fe,Mn, )., §
and 0.75 with black circles. 6 b
]
3d sublattice presents @axis component wher=0.2, but al ﬁ % % It "
totally flips into thec direction whenx=0.7. This indicates it i 1 i it &%
that the Fe sublattice favorscaaxis anisotropy in the 1:12 2t “; % “§ g 4 % I it
compounds, in agreement with the magnetic behavior of pusn? u Of'\g M
Y(FeM;_,)1, (M=Ti,V,M0,Si...) compounds. At all Ho(Fe, Mn,,),, ¥
compositions, the Ho atoms retaircaxis anisotropy below 8F - Eg o
the Curie temperatur@.. This can only be explained by sk o {2 oT I"; 9%
introducing  higher-order terms of the crystal-field - i ] H g;
coefficients’ It can be seen in Table Il that the substitution of “ar b3 P2 o Tig #8, o
Mn atoms by Fe atoms leads to a staggered increase in the i o3 <1 I3 iie o

N

sl RS .

magnetic moments of the Ho sites due to the increased ex- -} Um %.} M
change interaction between Ho and Fe. The change of the 10 20 30 40 50
magnetic structure of the MRe) sublattice from antiferro- 20 ( degree )
magnetic to ferrimagnetiferromagnetit indicates the sub-
stantial change of the exchange interaction in that sublattice. FIG. 5.  The neutron diffraction  patterns  of

Figure 6 shows the temperature dependence of the magto(FgMn;_,)1, (x=0.0, 0.2, 0.5, 0.6, and 0.Theasured at 10 K.
netization curves after zero-field cooliigFC) and FC for  (The reflection lines oh+k+1=2n+ 1 were marked with arrows.
R(FeMn;_,)1» (R=Y, Ho). The difference between the
FC and ZFC curves indicates the appearance of irreversibitemperatures is attributed to the magnetic ordering of Ho
ity at temperatures below 100 K for the Ho-containing com-atoms which possess a very large moment and anisotropy at
pounds and 50 K for the Y-containing compounds. Especialljow temperatures. Therefore, the Kdn)Fe interactions
for Ho(FgMn;_,)1», the FC and ZFC curves exhibit totally should play a key role in the spin-glass-like behavior.
different features at low temperature, suggesting a spin- Table Il shows that there are two characteristic tempera-
glass-like behavior. A spin-glass-like behavior was observedures characterizing magnetic ordering in Ho(#a; _,)1»
in the 1:12 compoundRFe Mo, and YFgAIl,_,.}*°The  when x+#0.0. A comparison between the magnetization of
experimental results suggest that the orderin(Re,Mo),,  Ho(FgMn;_,);» and Y(FgMn;_,)» suggests that the
is established by spin freezing in a noncollinear magnetidigher characteristic temperatur.(or Ty) corresponds to
configuration. According to the neutron diffraction data,the ordering of the Fe-Mn sublattice, whereas the second
there is a negative magnetic interaction in theb( plane of  characteristic temperaturd ) is a compensation point re-
the Mn (Fe) sublattices, a positive interaction along the sulting from the magnetic ordering of the Ho atoms. The
axis between the Mire) sublattices, and a negative interac- increase of the ordering temperature with increasing Fe con-
tion between the Mfre) and Ho sublattices along the c-axis. tent, is attributed to the enhancBdFe(Mn) interactions. A
The large difference between the ZFC and FC curves ofurther interesting feature can be seen in Fig. 6 for the field-
Ho(FeMn;_,)1, and Y(FgMn;_,);, compounds at low cooling Ho(Fg¢Mng 4) 1o Sample, where a negative magneti-
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FIG. 6. The temperature dependence of the magnetization
curves under zero-field coolingZFC) and field cooling(FC) for
R(FeMn;_,)1> (R=Y and HQ. The measured field is 0.1 T.

zation value is observed below 100 K. This phenomenon is
also field dependentt,where a larger measured field leads to
non-negative values. According to the neutron diffraction
data at low temperatures, the magnetization of the Ho atom
is along thec axis below the Curie temperature, while the
magnetization of the Mire) sublattice also has a-axis
component. The Ho and M(Fe) atoms have negatively ex-
change couplings, and the Ho atoms possess a magnetic mo-
ment as large as 4uwh/atom at 100 K. However, Mire)

has a magnetic moment in the ranges40 0.8ug/atom,

and a ferrimagnetic coupling exists within the \Fe) sub-
lattice due to the substitution of Mn by Fe. The ZFC curve of
Y (FeyeMng 4) 1, indicates the ferrimagnetic character. Upon
field cooling from room temperature, the magnetic moments
are aligned with the external field direction below the Curie
temperature. The F®In) sublattice orders first at higher
temperature with magnetic moments in the same direction as
the external field, and larger than the magnetic moments of
the Ho sublattice. From measurements at low temperature
(1.8 K), the Ho sublattice is found to possess a larger mag-
netic moment in the opposite direction to that of the(M®
sublattice due to the negative exchange coupling between Ho
and F&Mn) sublattices. Accordingly, a negative value of the  F|G. 7. The field dependence of the magnetization of
total magnetization will be induced if the external field is Ho(FeMn,_,);, (x=0.2, 0.5, 0.6, and 0)7at different tempera-
lower than the anisotropy field of the Ho sublattice. The Hotures under ZFGsolid symbol$ and FC(open symbols

Magnetization ( emu/g)

Magnetization ( emu/g)

1 2 3
Applied Field uH (T)
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TABLE lIl. The characteristic temperatures of Ho(F,_,);, and Y(FgMn;_,),. (Ty is the Nel
temperatureT, is the Curie temperature, afi is the compensation temperature.

x=0.0 x=0.2 x=0.5 x=0.6 x=0.7

Y T(Thn) (K) 120(Ty) 125(Ty) 115 210 300
Ho Tr (K) 1.6 3.1 50 100 140
T (K) 5 27 102 195 300

magnetic moment decreases with increasing temperature, $emperature range, the total magnetization becomes small at
the absolute value of the total magnetization decreases, amolw temperatures due to the ordering of the Ho magnetic
reaches zero when the contribution from the Ho sublattice isnoments, whereby a ferrimagnetic structure is formed be-
equal to that of the M(re) sublattice. A further increase in tween the Ho andFe,Mn) sublattices. However, in that case,
temperature leads to a rapid decrease in the Ho magnetio the FC experiment the net magnetization of the Ho sub-
moment, and the magnetic moment of the (M@ sublattice lattice is not large enough to overcompensate for the positive
reaches a maximum at 150 K due to the ferrimagnetic cou¢Fe,Mn magnetization, i.e., the total magnetization does not
pling. At higher temperatures, only the Mre) sublattice become negative.
contributes to the total magnetization, and the magnetization Figure 7 shows the field dependence of the magnetization
decreases to zero at the Curie temperature. after ZFC and FC at different temperatures for the
In the case of ZFC measurements, the negative exchand#o(FgMn, _,)),, compounds. The magnetization curves of
coupling between the Ho and Nffe) sublattices, connected the x=0.5, 0.6, and 0.7 samples show special features. For
with the large magnetic anisotropy of the Ho sublattice, leadexample, the low-temperature magnetization increases
to a very small induced magnetization under a small measlowly in the low-field region, and a sharp increase results
sured field. As the temperature increases, the magnetizatiamhen the external field is larger than some critical value.
of the Ho sublattice decreases, and the total magnetizatiofhis is attributed to an increase of the anisotropy field and
reaches its maximum at a point where the Ho an@Vifl@  coercivity at low temperatures. At 45 K a relatively soft mag-
sublattices produce a large component along the externaletic behavior at small fields can be seen, which corresponds
field direction. The total magnetization then decreases due tw the peak between 30 and 70 K in the ZFC cures of Fig. 6.
the rapid decrease in the Ho magnetic moments and the mag- The magnetization curves measured after FC and ZFC for
netization versus temperature M-T curves measured aftet=0.6 samples show different features, again, as shown in
ZFC and FC in Fig. 6 coincide because spin freezing is overFig. 7(c). The difference between the FC and ZFC magneti-
come. At higher temperatures, the (Mm) sublattice be- zation values remains almost constant with an applied field
comes dominant in the total magnetization. The total magnedp to 5 T at 1.8 and 5 K. In Fig. 8 typical hysteresis loops of
tization reaches another maximum when the ferrimagneti¢io(Fe gMng 4)) 1, measured at 1.8 K after FC and ZFC are
(Fe-Mn) sublattice has its highest values of the magnetizapresented. For the FC sample, a shift of the hysteresis loop is
tion and the Ho magnetization is small. Then all momentobserved which is related to the negative branch to the FC
decrease to zero at the Curie temperature. curve in Fig. 6. Obviously a uniaxial magnetic anisotropy
As shown in Fig. 6, wher< 0.5, the Ho sublattice domi- has been induced during FC which, at a temperature 1.8 K,
nates the total magnetization of the compounds in the lovcannot be removed by an external field as large as 5 T.
temperature range, such that when the M-T curves change
from x=0.0 to 0.5, an increase of ordering temperature in
the Ho sublattice arises caused by an increase oRHie
interaction. Forx=0.7 where the F&n) sublattice domi- In the rare-earth R) —transition-metalT) intermetallics,
nates the total magnetization of the compound in the highthere are normally three types of interacti®R interaction

C. Exchange interactions

TABLE IV. The molecular field BeRxch) and molecular field coefficientsngr, ngg) of RMn;, and
Ho(FeMn, _,),, derived from analysis of the ordering temperatures.

Gd Th Dy Ho Er
BR ch (T) 25 2.0 0.9 0.6 0.6
nre(T f.u./ug) 0.31 0.20 0.09 0.06 0.05

Ho(FgMn; _,)1,

X 0.0 0.2 0.5 0.6 0.7
BRen (T 0.6 1.3 19.8 39.7 55.6
nrr (T fu/ug) - 0.05 3.75 5.01 5.71
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15F T T = creases the exchange interaction between the Ho ariBé/in
I 1 sublattices. The Fe atoms also change the interaction be-
~ 10L Ho(Fe,Mn_, )., - i -
o : : tween the Mn atoms, namely, from antiferromagnetic to fer-
g sl i rimagnetic.
© I . l The Curie temperature of HoMpis the ordering tem-
: 0 = ; perature of Ho due to the Ho-Ho interaction, and can be
15 written ag?
w 5} o .
2 7 e
S 10} // oo . Tr=2ZrrARRGR/3K - )
% | A oo =
=S = . . . .
= 15[ ”;f./-/' . Similarly, Tt represents the contribution of the ordering tem-
20 " . . . . T perature due to th&-T interaction:
) -4 -2 0 2 4
Applied Field pH (T) T1=2Z+1A171G1/3Kg (4

FIG. 8. Hysteresis loops of Ho(FgMno.41, measured at 1.8 K\ hare Gy, is the de Gennes factogg—1)2J(J+1) for the
after field cooling(FC) and zero field coolingZFC). rare earth.A;(i,j=R,T) is the microscopic exchange-
coupling parameteZgg=8 andZ;r= 10 are the number of
R nearest neighbors of tHeions, and the number af near-
est neighbors of th@ ions, respectivelyGy is the corre-

between theR magnetic momentsR-T interaction between
the magnetic moments & andT atoms, and -T interaction

ggtvéeffntﬁzeoﬁgzgEet'tzrwoer?aetmri?m%rgsré I;rtt))lgntg :tn(;w't'hessgonding de Gennes factor for the transition mef&;
9 Ny peratures, w udy =S1(Sy+1)]. Using Egs.(3) and (4), Agg is found to be

exchange interactions. F&Mn;, compounds, the Mn sub- 25x10°% J for HoMny,, and Ary is found to be 1.1

lattice is antiferromagnetic, and , for symmetry reasons, th o1 : .
Mn-Mn interaction cancels on the Ho sites; consequentlyg< 107 J for Ho(FgMnogsp. It is evident that thel-T

R-Mn interaction can be ignore7dThe exchange field expe- Interactions are much stronger than ReR interactions.

rienced by the Ho moments due to the Ho sublattice can bg In summary, thek-R andR-T interactions in these com-
obtained by means of the mean-field expres€igh pounds are very weak as compared with Bi&e andR-Co

compounds. The weaR-T interactions do not allow rare-

3kg Tk earth magnetism to persist up to high temperatures. Espe-
chhz I+ 1 =NrrMRg, (1) cially in RMn;, compounds, the effects of the crystal field on
9r( e the rare-earth atoms are much stronger than the exchange

whereBR ., is the molecular field experienced by the rare-interactions ofR-R interaction. The Ho atoms exhibit a
earth atomsgy, is the Landeactor of theR3* ion, Tgis the ~ C-axis anisotropy which is attrl_buted to the higher order
ordering temperature oRMn,,, Ngg is the intrasublattice crystal-field terms. The weaR-T interactions also are rela-
molecular field coefficient, an is the magnetic moment Ve to the complex magnetic structure which leads to a spin-
of the R sublattice. Using the experimental values B  9lass-like behavior in Ho(R#n, )., compounds.

=1.6 KandMg=10.5ug/f.u. for HoMn,,, we find that the

BeRXChZO.G T and nRR=O.06 T f.U./,LLB, which is of the IV. CONCLUSIONS
same order as obtained in the heavy rare-edRNis
compound$? In Table IV, for comparison, th&¥, ., and Upon the substitution of Mn by Fe, the Curie temperature

Ngg Values are given foRMny, with R=Gd, Th, Dy, and Er, (T.), saturation magnetizationVs) and anisotropy of the

using data from Ref. 7. As can be seen from the tableR(F&MN;_)):> (R=Y, Ho) compounds increase markedly.
GdMny, shows the largesR-R interaction which is consis- WO characteristic temperatures have been observed in the

tent with otherR-T compounds. Ho(FeMn,_,)1, whenx is larger than 0.2, one correspond-
When Fe is substituted for Mn, tHE sublattice shows a Ng to compensation connected with the magnetic ordering of

net magnetization due to the ferrimagnetic structure, so thEre-earth Ho atoms, and the other corresponding to the

rare earth experiences an additional molecular field due t5€Mn) sublattice ordering. ThR-T interaction are weak in

the T-R interactions, and E¢1) can be written as these compounds due to antiferromagnetic or ferrimagnetic

interactions in the transition metals sublattice. Both Ho and

R 3kgTr Y compounds show spin-glass-like behavior due to the
Bexch:m:nRRM RTNrRTM 7T, (2 weakness of th&k-T interactions which lead to a noncol-

linear magnetic structure. A negative magnetization has been
whereTyg is the compensation temperaturg, is the intra-  observed on field-cooled samples fo= 0.6 below 100 K,
sublattice molecular-field coefficient, aii; is the magnetic  which is explained by the increase of the Ho magnetic mo-
moment of theT sublattice. If the value ofirg is assumed to ments with decreasing temperature. The Ho moments are
be the same as for HoMp, the estimated values ozt can  antiferromagnetically coupled to th{&e,Mn) magnetization.
be obtained using E@2), and these values are listed in Table The negative direction of the Ho moments is stabilized by a
IV. From the table, one can see that the addition of Fe instrong anisotropy field.
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