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In this paper ternary compounds GdkgRe, with x ranging from 1.0 to 2.4 have been synthesized and
investigated by means of x-ray powder diffractiofRD) and magnetic measurements. The compounds crys-
tallize in the tetragonal ThMp structure with space grou/mmm Rietveld refinement of the XRD data
revealed the preferential occupation of Re over thsif, which is essentially associated with the atomic size
effect. The lattice parameterand the cell volumé/ increase with Re content whiteholds almost constant.

The Curie temperature and saturation moment exhibit linear decreases with increasing Re content. Within the
framework of the spin-fluctuation theory the reduction of the Curie temperature is determined mainly by the
reduction of the average Fe moment caused primarily by the substitutional disorder of Re for Fe located at the
8i site. It was found that the magnetocrystalline anisotropy of GdkRe, changes from uniaxial to probably

canted to planar with increasing which could be attributed to the competition between ferromagnetic and
antiferromagnetic exchange interactions caused by the variation of the nearest-neighbor distance between Fe
atoms and the disorder occupation of Re over theige.
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[. INTRODUCTION cused on the effect df on changing the magnetocrystalline
anisotropy type of the Fe sublattice in tR¢FeU),, com-
Since the discovery of the ternary Mek B intermetallic  pounds. In this contribution, we select Re as the structure-
compound with high permanent magnetic performance, &tabilizing element for the following reasons. A large scatter-
worldwide exploration of novel ternary systems of the typeing contrast between Re and Fe allows the preferential
R-G-U (R=rare earth,G=transition metal,U=transiton occupancies of Re over different crystallographic positions
metal or metalloidsfor permanent magnet purpose has beerin the Gd(Fe,Ra), structure to be accurately determined by
carried out intensivel§7.‘5 Among these systems, the Rietveld refinement of x-ray powd.e-r-_dlffracncﬁb(RD) Qata.
R(FeU),, compounds have attracted considerable attentio@" the other hand, for most stabilizing elemeblts-Ti, V,
owing to their relatively high Curie temperatures and satura-cr’ Mn, Mo, W, etc., their atomic radii are larger than that of

tion magnetization as well as large uniaxial magnetocrystallze and the enthalpy of solution f in R are positive; both

: i1n 12
line anisotropy at room temperature. effects favor a preferential occupancyldfover the 8 site:

The R(FeU),, compounds crystallize in the tetragonal In contrast, the atomic radius of Re is much larger than that
~)12 COMP Y . 9 of Fe and the enthalpy of solution of Re in Gd is negative,
ThMny, structure with space grougt/mmm In this struc-

) S which may provide an opportunity to investigate the compet-
ture theR atoms occupy the singlea2crystallographic site  jn4 effects of atomic size and enthalpy on the formation of

and the Fe atoms fully occupy thé &nd § sites, while the 1o Gd(Fe,Ra), compound and on the preferential occupa-
8i site is populated by a mixture of Fe ahdlatoms U tjon of Re. Since the Gd sublattice has no contribution to the
=Ti, V, Nb, Mo, etc).°*° An exception occurs whet)  (crystalline electric field CEF-induced anisotropy of the
=Si. In RFeySi; the Si atoms share thef &nd § positions  Gd(Fe,Re), compound, it is convenient to study the influ-
with the Fe atoms' These observations can be qualitatively ence of Re on the contribution of the Fe sublattice to the
understood by taking into account the atomic size and/oanisotropy.

enthalpy effect$? It has been established that the structure- The present paper is organized as follows. Section Il de-
stabilizing element not only plays a key role in the forma- scribes experimental details. Section 11l presents the experi-
tion of the R(Fe,U),, structure, but also has a strong influ- mental results. Section IV is concerned with discussion of
ence on the magnetic properties. Generally, irrespective dafrystallographic and magnetic properties of the Gd(FegjRe)
the rare earth involved, the Curie temperatures, Fe momemompound. A summary and a general conclusion are given in
and magnetocrystalline anisotropy of tR§FeU),, com-  Sec. V.

pounds all decrease with increasidgontent:*~*®For many

R(FeU);, compounds various spin reorientations are ex- Il. EXPERIMENTAL DETAILS

pected to occur, since the anisotropy contributions from the

Fe sublattice and thR sublattice are of comparable magni-  Samples of GdRe_,Re, with x=0.6, 0.8, 1.0, 1.2, 1.4,
tudes but opposite in sign. Although a change of the magnet.8, 2.0, 2.2, 2.4, 2.6, and 2.8 were prepared by arc melting
tocrystalline anisotropy behavior from uniaxial to planar inof stoichiometric amounts of constituting elements Gd, Fe,
the NdFe, ,Mo, and YF&, ,Mo,N, has been observed and Re with purity better than 99.9% under high-purity argon
with increasing Mo conterlt?" few investigations have fo- atmosphere. Appropriate excess amounts of Gd were added
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to compensate the weight loss during arc melting and subse- o 329 phase v 217 phase
guent heat treatment. The alloy ingots were melted several ¢ aFe o unidentified phase
times to ensure homogeneity. Alloys thus obtained were

sealed in an evacuated quartz tube and homogenized at 1373 2 x=0.8
K for 10 days. To avoid possible phase transformation during . %10

XRD experiments were performed by using a Rigaku
D/max 2500 diffractometer with C « radiation (40 kV x=1.4
X300 mA) and a graphite monochromator. A step-scan ; L Ml 18
mode was adopted with a sampling timelos and a step
width of 26=0.02°. Curves of magnetization vs temperature
(M-T) of the samples were measured by using a vibrating

sample magnetometer in a field of 0.05 T, from which the x=2.4
Curie temperatures can be derived by extrapolatiffg to

cooling, the quartz tube was quenched into water. A A 1o

x=2.0
x=2.2

Intensity

zero. Field dependencies of the magnetizatibhil) of the ) x=26
free fine-powder and magnetically aligned samples at 5 K S———— ) [}=28
were measured by using a superconducting quantum interfer- 30 40 50
ence device magnetometer. Saturation momeniskawere 2Theta (degree)

obtained from theM-H curves of the free fine-powder . )

samples according to the law of approach to saturation. The FIG.1. XRD patterns of Gdhe Re, with variousx values.
easy-magnetization directidgMD) of Gd(Fe,Re), at room

temperature was determined by XRD experiments on the

TABLE I. Rietveld refinement results for the GdpRee and GdFg Re, , compounds witH 4/mmm occupancy of Re atom, distances
and average distances of sites to neighboring Fe.

Atoms  Sites X y z Distance and average distances (Re Number of
of sites to neighboring FEA) occupancy  nearest neighbors
GdFg Re Gd -1 0.0 0.0 0.0 3.130 20Fe
Fe/Re 8 0.35791) 0.0 0.0 8x1 2.4253 2.706 11.77 13R4.Gd
8ix4 2.9336
8jx2 2.6484
8jx2 2.6399
8fx4 2.6107
Fe 8j 0.27591) 05 0.0 8x2 2.6484 2.580 10Fe2Gd
8ix2 2.6399
8jx2 2.7046
8fx4 2.4529
Fe 8f 0.25 0.25 0.25 Bx4 2.6107 2.501 10Fe2Gd
8j x4 2.4529
8fx2 2.3802
a=b=8.53341), c=4.7603(1) A ,V=346.1(1) A R,=5.54%,R,=7.27%, Rex,=4.39%
GdFgydRe; Gd 2a 0.0 0.0 0.0 3.139 20Fe
Fe/Re 8 0.35911) 0.0 0.0 8x1 2.4070 2.700 14.69 13Rd.Gd
8ix4 2.9256
8jx2 2.6256
8jx2 2.6343
8fx4 2.6160
Fe 8§ 0.27322) 05 0.0 8x2 2.6256 2.581 10Fe2Gd
8iX2 2.6343
8jx2 2.7396
8fx4 2.4525
Fe 8f 0.25 0.25 0.25 Bx 4 2.6161 2.503 10Fe2Gd
8j x4 2.4525
8fx2 2.3796

a=b=854151), c=4.7592(1) A ,v=347.2(1) A3 R,=8.19%,R,,=10.43%,R,,=6.07%
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FIG. 2. Experimental XRD patterns and calculated XRD profiles
of GdFg.Re and GdFg e, ,, and the differences between the
experimental and calculated data.

FIG. 3. Re content dependences of the lattice parameters
and the unit-cell volumé/.

. . . . lographic sites and then refined the occupancies over differ-
magnetically aligned samples. Magnetocrystalline anlsotrop%m positions as free parameters. The refinement results re-

gﬁlr(\:i/:siKg\)/(?rsadeln\;.ed f;ﬁn: tham (Ar':/l _d\|>l/| "~ l\élﬁ\/l) VSH | ealed that the Bsite is populated by a mixture of Re and Fe
by extrapolatingM to zero, whereM andM, are atoms, and the jBand & sites are fully occupied by Fe
magnetizations of the free fine-powder and magnetically dFe. R ith ina from 1.0 to 2.4. The
aligned samples with an applied field perpendicular to theato.mS for GdFgy_xRe, with x ranging ' o
aligned direction, respectively. refinement results of t_he XRD data on Gdfee and
GdFgg Re; » are shown in Table | and Fig. 2. Based on the

Rietveld refinement results regarding the occupancies of Re
ll. EXPERIMENTAL RESULTS over the 8 site in the GdFe_,Re, structure, the formulas of
GdFg oRR&y 94 and GdFe,gRe 15 Were derived, for the
samples GdRgRe and GdFg dRe, ,, respectively, which

Phase purity of the samples of GdkegRe, was exam-  agree well with the nominal compositions. Chemical analysis
ined by XRD and thermomagnetic analysis. Samples with of the sample withk=1.2 by an inductively coupled plasma
=1.0-2.4 are of almost single phase crystallizing in the teatomic emission spectroscogiCP-AES, TJA Co. gave a
tragonal ThMR, structure except for a very small amount of stoichiometry of GdFg g(1)R€; 25(3)-
a-Fe as impurity forx=1.0 and 1.4. The 3:29 phase, an  The lattice parametera and ¢ and the cell volumeé/ of
unidentified phase, and the 2:17 phase and the unidentifie@dFe, ,Re, are presented in Table Il. Figure 3 shows the
phase appeared in the samples witk 0.8, 2.6, and 2.8, dependences of the lattice parametendc as well as the
respectively, as illustrated in Fig. 1. volume V of unit cell onx in GdFg,_,Re, . In the single-

We adopted the tetragonal Thinstructure with space phase regime the lattice paramedeand the unit-cell volume
groupl4/mmmas the initial structure to refine the XRD data V increase with increasing at rates of 0.033 A and
of GdFg,_,Re, using thepwsgs-11 program??2Owing to  2.66 A3 per Re atom, respectively, while holds nearly
the large difference in scattering factor between Re and Fesonstant. As has been pointed out above, the Re atoms ex-
the preferential occupancy of Re over different positions inclusively occupy the Bsite lying in theab plane. Since the
GdFe, ,Re can be accurately determined by Rietveld re-atomic size of Re is larger than that of Fe, the replacement of
finement of the XRD data. Upon performing the Rietveld Fe by Re primarily leads to the increase afbut hardly
refinement, we purposely placed Re on all possible crystalexerts an influence on. Assuming that Re and Fe atoms

A. Crystallographic properties

TABLE Il. Structural and magnetic properties of GdkgRe, .

X aA) c (A V(A 3) T (K) Mg(ug/f.u.) Hu (T) EMD
0.6 8.522 4.760 345.69 553

0.8 8.524 4.761 345.93 538

1.0 8.534 4.760 346.67 518 16.3 5.64 ¢ axis
1.2 8.542 4.759 347.20 506 15.1 4.05 ¢ axis
1.4 8.549 4.759 347.75 487 14.2 2.89 ¢ axis
1.8 8.558 4.758 348.52 447 11.9 1.26 c axis
2.0 8.567 4.759 349.22 419 10.6 1.00 c axis
2.2 8.573 4.760 349.81 406 9.6 —-0.98 Canted
2.4 8.579 4.760 350.37 378 8.6 —1.59 Planar
2.6 8.580 4.760 350.44 378
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<>’ fects can be neglectéfl Assuming that G&#i" moment takes
2.80 3.15 3.50 3.85 4.20 4.55 its free ion value (ug) and is antiparallel to the global Fe
ssof o8 ~ " ~ * - " Tt T4 moment, one can obtain the average moment of( @),
—~ 495[ ] over all Fe atoms at different crystallographic sites. The
3 I (uee) characterizes a filling af bands? The dependence of
o 440r the Curie temperature on tiigq.)? is also plotted in Fig. 4.
385 - Figure 4 shows that botfic and Mg decrease with in-
~ 18f = he dilution model creasing Re concentration, following the usual trend of the
3 16f effect of U substitution on the magnetic properties of
T 14r R(FeU),, compounds. In addition, according to the linear
o 13: relationship betweem: and x(x=0.8-2.4), To=553 K
= 8L . was derived ak=0.694, which is equal to the Curie tem-

perature of the sample witk=0.6, as shown in Fig. 4. This,
in combination with the fact that the Curie temperature of the
sample withx=2.6 is almost identical to that fox=2.4,

FIG. 4. Dependences of the Curie temperaflgeand the satu-  indicates that the homogeneous regime of GgF&e, is
ration momeniM s on Re concentration, and dependencd gfon x=0.7-2.4, consistent with the result derived from the com-

the square of the average Fe mom@me)>. position dependence of lattice constafft. 3.
The Curie temperature decreases at a rate of 102 K per Re
gitom, according to which the Curie temperature of the hypo-

ume difference of 2.43 A&, close to 2.66 &, the cell vol-  thetical GdFe, compound is derived to be 627 K, compa-
ume increase caused by the substitution of Re for one FE2ble to 600 K extrapolated from Gd(Fe Afcompounds?
atom. Within the framework of the mean-field theory, there exist

Based on the result shown in Fig. 3, the homogeneoulre€€ kinds of exchange interactionsRG (R=rare earth
regime of GdFg, ,Re, should bex=0.7-2.4, although and G =transition metal intermetallics, i.eG-G, R-G and

most single-phase samples were synthesized onlyxfor R-R interactions. At high temperature it is reasonable to ne-
=1.0-2.4 under present experimental conditions. This statedect the much smalleR-R interaction relative to th&-G

ment will be further corroborated by subsequent determina@d R-G interactions. Thus, the Curie temperatureRl
tion of the Curie temperatures. intermetallics is determined predominantly by BeG and

R-G exchange interactions. The standard mean-field expres-
sion for the Curie temperature read$’as

0.60.81.01.21.41.61.82.02.22.42.6
x in GdFe , Re,

both behave as rigid spheres, one can derive an atomic vi

B. Magnetic properties
— 2 12
1. The Curie temperatures and saturation moments 3kTc,r=agct[aGeT 4arcAcR] (1)

The Curie temperature¥. of GdFe, ,Re, were ob- where
tained by plotting thevI-T curves and extrapolatinifl? to
zero. Saturation momentdg at 5 K are derived from the ase=ZscdecSe(Sg+1) (2
M-1/H curves of the free fine-powder samples by extrapo-
lating 1H to zero. The Curie temperatures and saturatiorfnd
magnetization are given in Table 1l. Dependence3 gfand
Ms on the Re concentration are illustrated in Fig. 4. It is  @rcAcrR=ZreZ6rSe(Se+ 1) (gr—1)?Ir(Ir+1)J3e-
worthwhile to mention that from the Rietveld refinement re- 3
sults the content od-Fe as impurity could be estimated to be

0 o :
?Zoui(fé?:na'ivgandsﬁfhwg |/g\l,\? tlzseslag?llfj V::hi%]'qo jﬁtd neighbors to th&s atom, of G neighbors to the R atom and
. P Y. PUlY  of R neighbors to th& atom, respectivelyS; is the qua-

should have no significant effect on the composition depen-. " . : = .
dence ofTc andMs. sispin of theG ions, defined byug=2Sg. Ji is the total

In the intermetallic compounds based on magnetic rargngular momentum quantum ngmber of th? ra.re earthzB.
earth(R) and transition metalsQ), it is found as a rule that ¢an be derived from the following expression:
4f-3d spin-spin coupling is antiferromagnetic, leading to a )
parallel alignment of @ and 4 moments in light rare-earth (‘kﬁ) _ 9Mcr(Ter=Tco
compounds and an antiparallel alignment in heavy rare earth k 47rcZcrSe(Se+1)(gr—1)2Jr(Jr+1) '
compound$3~?°This universal picture can be understood by
considering the role of hybridization betweenl &nd 3 whereT¢ o represents the Curie temperature of compounds
states?® Within the framework of two-sublattice mean-field containingR=Y, La, Lu. Therefore, using ¢ ;=460 K for
modé’ and an assumption of a free ion moment Rirthe  YFejodRe; » (Ref. 30 and T g=506 K for GdFgg gRe; »in
moment of theG sublattice can be deduced from the total this work, one can estimate thdgs-—= —6.5 K, close to
moment observed. Such an approach is particularly reasodggee= — 8.8 K derived from the mean-field approximation
able in the case of Gd compounds in which crystal-field effor GdFg Mo, with Tc=430 K12

The quantitieZ g, Zrg andZgg represent the number &

(4)
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2Theta (degree) sample was made in a similar way, but the container was

FIG. 5. XRD patterns of the magnetically aligned and unaligned™ounted on a rotating motor and placed in an applied mag-

samples of GdRg_,Re,. (a) rotationally aligned,(b) normally netic fie!d of 1 T perpend_ic_u_lar to its axis _at room tempera-
aligned, (c) random powder. ture until the mixture solidified. Included in Fig. 5 are the

XRD patterns of the unaligned and magnetically aligned
samplesx=1.0—2.4) at room temperature. For the normally
aligned samples withx=1.0-2.0, the (002 peaks are
§trongly intensified and other peaks are weakened or do not
appear at all, which means the EMD along thaxis. Mean-
while, that the uniaxial anisotropy is gradually weakened by
'gwreasing Re content can be inferred from the decreasing
atio of peak intensityl goo/l502, as indicated by Fig. 5.
Whenx=2.4, the(040), (330, and(420) peaks for the nor-
Qwally aligned sample become very strong while {082
peak is much intensified for the rotationally aligned sample,
the occupation of one Mo atom over the Bite leads to suggesting that th? EMD is. of easy plane. I—.|oweve.r, for the
about 0.fg reduction of the total Fe moment due to the nprmally and.r.otatlonally ahgned_ §amples W'th. the m;erme-
hybridization of the Fe 8 and Mo & bands. Therefore diate compositiorx= 2.2, no specific peaks are intensified or

' weakened. The intensity ratio dfg,/13o, for the normally

magnetic dilution and hybridization effects account for about

50% of the reduction of the saturation moment. Although theallgneOI sample is obviously greater than that for the rotation-

number of & electrons of Re is one more than that of Mo, it ally aligned sample, while the intensity ratigy,/1 s, for the

is unreasonable to attribute the remaining 50% of the refandom-powder sample witk=2.2 (Fig. 1) is much smaller

duced saturation moment to this effect. So there must exi:‘l’pan those both for the _normally and rotationally aligned_
amples. These observations reveal that the crystallographic

other causes responsible for the reduction of saturation ma2 ; . ) .
ment, which will be discussed in Sec. V. orlentat!on. of powder partlcles dlq reqund to the appllgd
magnetic field upon being magnetically aligned and was dif-
ferent from a random distribution, indicating that the magne-
tocrystalline anisotropy of the compound withk=2.2 is not
XRD experiments of the magnetically aligned samplesequal to zero but exhibits an EMD probably canted from the
were used to determine the EMD of GdkeRe, at room ¢ axis. Hence, a change from uniaxial to probably canted to
temperature. The magnetically aligned samples are categpianar with increasing occurred. The similar transition was
rized into two groups, denoted as the normally and rotationalso observed in Ndke ,Mo,, NdFe, ,Mo,N;_ s and
ally aligned samples, respectively. The normally alignedYFe,, ,Mo,N, (Refs. 19,20 and 32asx increases.
sample was prepared by mixing fine-powder particles  The field dependences of magnetization of the free fine-
(=20 um) with epoxy resin at a weight ratio of 1:1, filling powder and magnetically aligned samples of GdFEgRe, at
the mixture in a disklike container and placing it in an ap-5 K are given in Fig. 6. According to the aforementioned
plied magnetic field of 1 T parallel to its axis at room tem- method in Sec. Il, the anisotropy fieldts, of GdFeg,_,Re,
perature until the mixture solidified. The rotationally alignedfor different x values were derived and given in Table II.

Figure 4 reveals that for Gdze ,Re, the replacement of
one Fe atom by Re gives rise to a reduction ofug H.u. in
Mg. For a comparison, included in Fig. 4 is also the case o
the simple dilution model. The magnetic dilution model
gives a reduction rate of 1.pQ/f.u. per Re atom, much
smaller compared to the experimental value. This indicate
that the reduced moment arising from the magnetic dilutio
by one Re atom could account for about 29% of the experi
mental reduction of the saturation moment. Band-structur
calculations performed on Yke Mo, (Ref. 3]) reveal that

2. Magnetocrystalline anisotropy
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FIG. 7. Re content dependences of the magnetocrystalline al
isotropy fieldH , and the anisotropy constalit of GdFeg, ,Re, at
5K.

Here we denote the value of planar or canted anisotropy fiel
as negative. Presented in Fig. 7 is the variatiofl gfwith X,
which exhibits an almost-linear relationship betwé€nand
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According to the approximate linear relationship between
K, andx shown in Fig. 7 and assuming th&} , K! , andK{
do not vary with x, K{=24.1 Kfu ! and K}+K!=
—-11.4 .Kf.uil_ were derived, in good agreement with the
resultkK|>—K)—K!>0 obtained by Hiet al*

IV. DISCUSSION
A. Structure stability and occupation of Re

For R(FeU),, compounds, previous investigations of
structure were mainly concentrated on those stabilizing ele-
mentsU=Ti, V, Mo, and Nb, etc., having a positive mixing
enthalpy with rare earth and a substantially larger atomic

Jadius than Fe. Mixing enthalpy and atomic size both favor

the 8 site preference of).}? The Si element has a negative
mixing enthalpy with rare-earth elements, but it also has a
smaller atomic radius than Fe. From enthalpy and atomic
gize considerations, Si is expected to prefer theaBd &
sites'! Therefore, these elements cannot afford to discrimi-
nate the respective role of mixing enthalpy and atomic size

x. The substitution of Re for Fe leads to a tendency of weak!n Stabilizing the 1:12 structure. Re is considered as a suit-

ening the uniaxial anisotropy of the Gdke,Re, com-
pounds, which is in good accord with the analyses of th
XRD patterns shown in Fig. 5.

able choice to study this effect. According to Miedema

dnodel*” the solution enthalpies of Re in Gd and Fe in Gd are

figured out to be—14 kJmol't and—4 kJmol !, respec-

Since the Gd sublattice makes no contribution to the CEFtively. Hence, from enthalpy considerations, one would ex-

induced anisotropy of Gdke ,Re,, the Fe sublattice favors
the EMD parallel to thec axis and its magnetocrystalline
anisotropy changes with increasing Re content. Phenomen
logically, the anisotropy energii, may be expressed By

Ea(6,¢)=K,sirP0+K,sin* 0+ Kgsintd coso+ - - -,
5

whereK,, K,, andK; are the anisotropy constants afd
and ¢ are the polar angles for the magnetization relative t
the crystallographic axes. It has been established that t
magnitude of the Fe sublattice anisotropy is dominated b
the anisotropy constank,;, compared with which much
smallerK, can reasonably be neglect&dThis allows us to
evaluate thek,; values of GdFg._,Re, in terms of the for-
mulas K;=MgH /2. The K; value @ 5 K for GdFq4Re
obtained in this way is about 30.8 Kfili, larger than the
values 24.0 and 25.7 Kf.u! for YFe,;Ti (Ref. 34 and
YFey; s\bg 65,8 respectively. The variation of; with Re
concentration is shown in Fig. 7. From the Re concentratio
dependence df,, one can derivaKlD: 2.1 forK;=0.

For compounds with different crystallographic sites occu-

pied by 3 metal,K, can be expressed s

m

K1=E niKil

i=1

(6)

wheren; is the number of sitesin the unit cell ancK} is the
contribution of the sité to K, ; mis the number of unequiva-
lent crystallographic sites occupied byd 3metal. For
GdFg, ,Re the Re atoms occupy the 8ite preferentially,
K4 can be written as

Ki=4(K+Ki+KH—Kix, 7)

0 Co
Ha much larger volume than thef &nd § sites and can ac-

pect that the Re atoms preferentially occupy tHea®id §

sites that have two nearest-neighboring Gd atoms and thus
pave a larger contact area with Gd compared with thsit®

(see Table)l However, it is noteworthy that the radius of the
Re atom, 1.38 A, is substantially larger than that of the Fe
atom, 1.27 A. Of the three nonequivalent crystallographic
sites in the 1:12 structure, the average distances ofitlsée3

to nearest neighboring Fe atoms in GgiFgRe are the larg-

est, about 2.70 A, as outlined in Table I. Thus, thes#e has

ommodate the Re atoms. If the Re atoms occupy tharl

j sites, large distortions will be produced, being energeti-
cally unfavorable. Therefore, the atomic size effect domi-
nates over the enthalpy effect in stabilizing the 1:12 com-
pounds by Re, similar to the case of Re in;Ge,gRe®

Although the stabilizing effect of Re in 1:12 compounds

is essentially due to the size effect as other transition metals,
such asU=Ti, V, Mo, Nb, etc., regardless of the negative
r?,olution enthalpy of Re iR, the enthalpy effect does play a
critical role in some cases. For instance, the Al atoms in
GdFgAl , preferentially occupy the j8site?® Since the so-
lution enthalpy of Al in Gd is about- 132 kJmol ! and the
atomic radius of Al is 1.43 A, much larger than that of Fe.
The enthalpy consideration expects the Al atoms to prefer the
8) site, whereas the atomic size effect favors thies@e
preference. Therefore, to investigate the stabilizing effect and
preferential occupancy dfl in R(FeU);, compounds, one
has to take into consideration the interplay of atomic size and
enthalpy effects.

B. The Curie temperatures and saturation moments

Within the framework of the spin-fluctuation theory of
Mohn and Wohlfart#’ the Curie temperature is presented by
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T.xM3x, ', where M, is the zero-temperature magnetic ¢ axis, and the Fe moments on th¢ Site perpendicular to
moment per Fe atom. The enhanced susceptibjlisyis the ¢ axis could appear. This implies that the Fe ferromag-
given by netic coupling is weakened or the antiferromagnetic interac-
tion is enhanced with increasing Re content, namely, the
1 1 1 uniaxial anisotropy decreases, as evidenced by the experi-
Xol= 7\ Note) + N (o) =21, (80  mental observations. Whet=2.2, the global magnetization
4up (e 11 may tilt away from thec axis and nonlinear spin structures

where N;(s;) and N|(s) are the spin-up and spin-down are formed depending on the competition of ferromagnetic
states of densityDOS) at the Fermi level antlis the Stoner anq ant|ferromagn§t|c ethange interactions. As soon as t'he
parameter. Generally, upon the substitutionlbfor Fe in  antiferromagnetic interaction overwhelms the ferromagnetic
R(FeU)1,, U will make a contribution to the DOS domi- ©0oupling, the planar anisotropy occurs, corresponding to the
nated by Fe 8 states near the Fermi level and the contribu-cas€ ofx=2.4. Therefore, the occurrence of the change of
tion increases with increasirlg content, as demonstrated by the anisotropy from uniaxial to probably canted to planar
the band-structure calculations ofiF&,Mo ;,.3! The Stoner ~ arises from the.substltut}onal disorder of Re for Fe on the. 8
parametet changes little across tiR(Fe U),, series. Figure Sit€. Our experiments give a strong support for the physical
4 reveals an almost-linear relationship betweBg and p|cture given by Lorenzet a_ll. However, detailed investiga-
</-LFe>2! indicating that they, term has little effect on the tion o_f the thermo_magnetlc_ curves o_f Gd(Fe,E_ier)evealgd
Curie temperature. Hence the reduction of the Curie temf© evidence of spin-glass-like behavior, at variance with the
perature of Gd(Fe,Re) is determined primarily by the re- results on Y(Fe, Moj,.
duction of the average Fe moment. As pointed out previ-
ously, the reduction of saturation moment can be partly
attributed to the magnetic dilution effect and the hybridiza- The GdFg,_,Re, compounds withx=0.7-2.4 crystallize
tion of the Fe and Rel bands. Based on the calculation of jn the tetragonal ThMp structure. The Rietveld refinement
the noncollinear spin structure performed on Y£¢Mo, by  of the XRD data revealed that the Re atoms exclusively oc-
Lorenz et al,*° the reduction of saturation moment is in a cupy the 8 site, which is essentially due to the atomic size
large part caused by the disorder in the directions of the locaiffect, regardless of the negative solution enthalpy of Re in
Fe moments. Gd. The lattice parameter and the cell volumeV/ increase
with increasing Re content whileremains almost constant.
C. Magnetocrystalline anisotropy Increasing Re content leads to a remarkable reduction of the
Within the framework of the mean-field theory tBestate Curie temperature and the saturation moment. The reduction

ion G in the Gd(Fe,Re), compounds has no contribution of the Curie temperature is predominantly attributed to the
to the CEF-induced n";agnetic anisotropy and thé Gaho- decrease of the average Fe moment. The substitutional dis-
ment is considered to be antiparallel to the total Fe momenf.)rder Of_ Rg_lfo_r Fe or:j thﬁ'Sﬁ'tE’ _(tj(_)get_her V\;'tg the s(;méale
However, since the Fe-Fe nearest-neighbor interatomic dighagnetic dilution and the hybridization of Re and Be

tance varies between about 2.38 and 2.93 A and the Fe-Flates, is responsible for the reduction of the saturation mag-
exchange interaction is a function of the distance followingnet'zat'on' The increase of Re content gives rise to a change

the Slater-Nel curve with a zero close to 2.45%&the Fe-Fe of the magnetocrystalline "?‘”iso”opy from uniaxial to pf‘?b'
ferromagnetic and antiferromagnetic couplings coexist i ab![\):v Cant?ﬁ tonIafnar, whlcht_resultj fro?; the comp$t|t|on
these compounds. According to the physical picture pro—e een the e Terromagnetic: and antirerromagnetic ex-

posed by Lorenzt al,*° at relatively low Re content the change int_eractions originating from the variation of the .
antiferromagnetic coupling is quite weak and locally outbal-n€arest-neighbor distances between Fe atoms and the substi-

anced by stronger ferromagnetic interactions, and as a resdiftional disorder of Re for Fe located at the site.
the collinear Fe intrasublattice ferromagnetic coupling oc-
curs to result in the EMD along the axis, as observed in
GdFeg,_,Re, for x=1.0—2.0. As the amount of the substitu-  This work was supported by National Natural Science
tion of Re for Fe located at thei 8site increases, the Fe Foundation of China and State Key Project of Fundamental
moments tend to span out in a wide angle with respect to thResearch.

V. SUMMARY
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