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Magnetic properties of RFe;; W, 7, (R=Dy, Ho, Er, and Lu): On the R-Fe exchange interaction
in the R(Fe, T),, class of compounds
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Results of x-ray powder diffraction and magnetic measurements performdriFen W, ; compounds,
where R=Dy, Ho, Er, and Lu, are presented. The Curie temperature, saturation magnetization, and spin
reorientation transitions are discussed in relation to sew¥fe),_, T, systems, wher&=Ta, Nb, Mo, Ti, and
the x-substituent concentration is within a narrow range0.5—1.0. In these systems, the dependence of the
Curie temperature versus the unit cell volume, for a giRepartner, suggests combined size and electronic
effects produced by th& atom. The strengths of the rare-earth—iron and iron-iron exchange interactions are
evaluated in the mean-field framework, and analyzed with refererREég_, T, compounds, witil =Ta, Re,

Nb, Mo, Ti, Cr, and V. Based ofi) the phenomenological mean-field model accounting for the sublattice of
conduction band electrongj) Brooks’ reinterpretation of Campbell’s formulation of the intersublattice ex-
change, andiii) Wigner-Seitz cell analysis, we explore the role played by the conduction band electrons,
particularly thend-type electrons 1i{=3, 4, 5, on the intersublattice exchange coupling in the iron-rich
RFe;, T, class of compounds. It is proposed that the variation in the conduction-electron density, by varying
the T element type and concentration, leads to a modification of théd&hd occupancy number and conse-
quently, of theR-Fe intersublattice exchange coupling.

DOI: 10.1103/PhysRevB.65.134419 PACS nuniber75.30.Et, 75.30.Gw

[. INTRODUCTION Previously, we studied, by x-ray diffraction, magnetic
measurementsand neutron diffractiofl the RFe,; Ta, 5 se-
Recent investigations dtFe;,_,T, compounds, and their ries of compounds. As a continuation of the systematic re-

interstitial solid solutions with N, C, and H, were mainly search orRFe;,_,T, phases stabilized withcbelements, in
carried on systems with a low content<t 1) of the alloying  this paper we present the structural and magnetic properties
elementT, under the expectance of enhancing the technicallPf the RFe;; W, 7 alloys. Particular interest is devoted to an
useful hard magnetic properties. The interest in having agnalysis of theR-Fe exchange interactions in thR¥e;, Ty
small an amount as possible of the third element, critical foiclass of compounds as there were already experimental data
the stabilization of the iron-rich phase with Thirype ~ rePorted on several systems withbeing annd-type ele-

structure, S.Gl4/mmm lies in the avoidance of the severe MeNt, wheren=3, 4, and 5. Recently, the decisive role

decrease in the Curie temperature and iron magnetizatioﬁla}l}'ed by::i stat(tas”aR sites on'thee%xtl:hamge mtera;:nonskm
when increasing th& metal concentration to the upper limit " 1-x intermetatlics was reviewed. in the present wor

of its solubility range:? However, up to the present only a we evaluate, in the mean field approximation, the strength of

: . .~ R-Fe exchange in th&kFe;; iV, series, and analyze the
few RFe,_, T, systems are known which comply with this Its in relati h 2 oublished for th :
requirement: they form folf=Ta (x~0.5-0.7)3- Nb (x results in relation to the data published for the corresponding

- 7212 _ 13-15 R OPINET compounds withT =Ta, Nb, Ti, and Re wittkx<1.2, as well

~0.6-0.7),"" Mo (x~0.5-4.0),"""and Ti x~1) AP~ 59T_ Mo, V, and Cr withx=1.5. Our approach highlights

parently, the compounds with the highest iron content formye major role played by the conduction band electrons, par-

whenT is a 4d or 5d element, and particularly, with rare ic arly the d electrons aR site on the intersublattice ex-

earths from Gd to Lu. change coupling irRFey,_,T, compounds. The discussion
There are only a few reports drRFe,, W, (see Ref. 2 oy1ands over sever®IFe,, T, series withR from Gd to Lu,

and references cited thergiffrom the experimental point of gjnce most of the systematic experimental data are reported

view, they provide evidence of the formation of compounds;,, the compounds with the heavy-rare-eaftiRE) ele-
with a ThMny, structure forR=Gd and Y, with a W content  ants.

in the range 1.&x<2, whenR=Sm, with 1.5sx<2 and

R=Nd for x=2. Still, the limits of W solubility are not well

establls_hed, and there is scarce mformatlon on their magnetic Il EXPERIMENT

properties across the rare-earth series. There has been no

report onRFe;,_ W, compounds with smaller tungsten con-  The RFe;,_,W, alloys investigated in the present study
tents (0.5sx=<1). In theoretical studies, band-structure cal-were prepared by melting pure elemefrme earths Bl pu-
culations were carried out only for the hypothetical, structur-rity, iron 3N7, and tungsten I85) in a high-frequency in-
ally ordered YFgW,.!” They predicted total and site- duction furnace, under an Ar atmosphere. In order to deter-
resolved magnetic moments in hypothetical ¥Fg  mine the range of compositionsfor which the phase with
compounds, wher& stands for the isoelectronic Mo and W the ThMn, structure forms, several batches of
atoms. DyFe;,_,W,, with nominal stoichiometries=0.5, 0.6, 0.7,
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0.8, 1.0, 1.5, and 2.0, were cast. The choice of a HRE elesubsequent correction for the free iron content as given by
ment for the trials was based primarily on the published exthe refinement of the x-ray diffraction data, according to the
perimental evidence which shows thafFe;, ,T,, with T  relationMg oy =f1.0M+ freMg ge; herein, Mg oy, is the
being a 4 or 5d element, forms systematically with the saturation magnetization value obtained by extrapolation of
HRE!~*®and particularly Dy due to its lower cost among the the raw dataMg g is the saturation magnetization of iron
HRE series. The ingots were checked for the phase conte221 emu/g at 4.2 K andf,.;, and g, are the fractions of
both in an as-cast form and annealed at 900 °C for one weelt:12 anda-Fe phases, respectively. The estimated error in
The identification of the phases and the structural study werthe M values is+0.6ug/f.u., and is due to the uncertainty
performed by powder x-ray diffraction using a Siemensin the values off;.;, and f. fractions.
D501 diffractometer in the Bragg-Brentano geometry, with
CuK«a radiation, at room temperature. The diffraction pat-
terns were Rietveld refined using teLLPROF.98 Version Ill. RFe;; W,7 COMPOUNDS
0.2 software?®

Thermomagnetic curves were measured with a Faraday-
type balance between room temperature and 1073 K. The The x-ray diffraction patterns of th&Fe;; W, com-
Curie temperaturel. was determined as the intersection pounds, experimental and calculated, are plotted in Fig. 1.
point of the drop of magnetization part with the linear part of First, the data were analyzed using the pattern-matching util-
the curve at higher temperatures and the estimated error iy provided by theFULLPROF program, in order to obtain
+2 K. initial values for the coefficients of the background polyno-

We found that the majority phase with a ThMrstructure  mial, the zero shift, the lattice parameters, and the peak
was formed in all DyFe_,W, samples. Also, different shape parametefpseudo-\Voigt function Then Rietveld re-
amounts ofa-Fe and DyFe ; secondary phases were iden- finements were performed, with the W and Fe atoms sharing
tified in samples with 0.5x<1.0, whereas WEewas found the 8 sites, as systematically observed fbibeing annd
in the alloys withx= 1.5 and 2.0. The annealing significantly type transition element. Full occupancies of thieahd &
reduced the content in the 2:17 secondary phase. The leastes by iron and the 2 site by the rare earth were assumed
amounts ofa-Fe and 2:17 secondary phases1(0%, over- (see the inset in Fig.)1The scale factor, zero shift, lattice
all) were observed in annealed samples witim the range  parameters, atomic positions, and the peak shape parameters
0.6-0.7. were progressively introduced as fitting parameters. The oc-

Therefore, we prepared RFe;4W,; series, withR  cupation number and overall isotropic temperature factors
=Gd, Th, Dy, Ho, Er, and Lu, by the same route as previ-were finally refined. Thex-iron content in the samples, as
ously described for the Dy compound. Since the Gd and Tlgiven by the refinement, is 6, 8, 4.5, and 4 wt. %, fr
samples still contained large amounts of the 2:17 phase=Dy, Ho, Er, and Lu, respectively. Additionally, character-
(about 20 wt% and these could not be decreased by comistic reflections of the 2-17 phase were identified only for
position adjustment or annealing, further investigations werdR=Ho and Lu, giving amounts of 5 wt. % in both cases. The
carried on selected samples wil= Dy, Ho, Er and Lu. The discrepancies between the fits and the experimental patterns
latter ones had only minor contentsdnFe and ThNi;~type  at around 43°, in all samples, cannot be attributed to the 2-17
secondary phases. secondary phase; instead, this may be assigned to a persistent

Magnetic measurements were performed on magneticall{exture of 1-12 phase, though this could not be accounted for
aligned samples using a Quantum Design MPM5 magnetowith the simple texture functions implemented in the fitting
meter in the temperature range 5—300 K. Cylindrical-shapeg@rogram. Table | displays the structural parameters, the re-
samples consisted of powders with a grain size of less thafinement reliability factors, and the interatomic distances less
20 um, embedded in epoxy resin and aligned in a magnetithan 3.5 A. It may be observed that the unit cell decreases in
field of about 0.5 T, with the axis of the cylinder parallel and the trendR= Dy to Lu, reflecting the lanthanides contraction,
perpendicular, respectively, to the field direction, at roomwhereas thec/a ratio remains approximately constacfa
temperature. The easy magnetization directi@MVD) at  =0.56, which indicates isotropic lattice constants variations,
room temperature was inferred from the analysis of the x-rayas generally found for Fe-rich 1:12 compourid® The re-
diffraction patterns of random and magnetic-field alignedfined W content is slightly lower than the nominal stoichi-
powders. In the followingM andM, denote the magneti- ometry(see Table), which suggests that a small fraction of
zations measured with the direction of the applied field parthe W atoms could have been dissolved into the free iron
allel and perpendicular, respectively, to thexis of the cyl- secondary phase.
inder. Magnetic isotherms were measured on oriented One may also observe that there are two distinct ranges of
samples in fields up to 5 T. In order to check the occurrenc&e-Fe distances(i) very short ones, less than the critical
of spin reorientation transitions, the thermal variation ofvalue dy~2.45 A, between the i88i, 8f-8f, and §-8f
magnetization was measured in a field of 0.05 T and thaites, for which, in a Nel-Slater-type approach the exchange
dynamic susceptibilities versus temperature in an ac fielenergy between Fe spins is expected to be negative and
with a 4.5 Oe amplitude and 90 Hz frequency. therefore to favor antiparallel coupling of the spfignd(ii)

The saturation magnetizatidig was derived from the 5 a range extending from about 2.6 to 2.9 A, for which the
K magnetization isotherms measured on free powders, imodel predicts that the exchange energy between iron spins
fieldsH=<5 T, by extrapolation oM (1/H?) to 1H?—0 and s positive and leads to their parallel coupling.

A. Structure
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FIG. 1. Experimental, calculated, and difference x-ray diffraction patterns. Inset: the unit cell of the JI$thicture; large circles: &
sites (R atomg, small circles from light gray to black:f8 8i, and § sites(Fe atomg respectively.

B. Magnetic properties Sucksmith-Thompson plots without applying the correction
1 LuFe.. W for misalignment. The existence of some degree of misalign-
. 11.3VV0.7 .
ment and also the presence of the free iron secondary phase
The saturation magnetizatidd ;=20.1(=0.6)ug/f.u. at  in the sample lead to the observed curvature inNhe(H)
5 K and the Curie temperatuie.=490(+2) K (see Table plots, and to an overestimation of the fourth-order anisotropy
I1) may be taken as references for the contributions to mageconstantK .2
netization and exchange interactions, respectively, of the iron The anisotropy fieldH,, calculated using the relation
sublattice (Lu is nonmagnetic in the RFe;; 3Wo7; com-  , H,=(2K;+4K,)/Ms, is 2.4 T at room temperatut&T)
pounds. Within the error, thils value is close to that deter- and 4.6 T at 5 K, values which are larger than 1.65 and 3.47
mined in LuFe;sTays, 20.9ug/f.u.’ or LuFe; sNbyes, T, respectively, obtained using the same method, in
20.6ug/f.u.” The relatively large exchange splitting, which YFe;; Nby ;.22 At RT, a larger anisotropy field, 3 T, was
leads to a mean iron momehtg.~1.8ug/at, and the low  determined in LuFg Ty s, from the intersection of1(H)
Curie temperature, are characteristic for a quasiweak ferraandM, (H) curves® The 5 K value of;=0.69 MJ/n? (see
magnetic, as discussed in Ref. 17. The mean iron moment iaple 1), is larger than 0.564 MJ/fnin LuFe;; 3Nbo gs,
LuFe; W7 is slightly smaller than that in the k@ ,W,  whereas the RT value, 0.31 MJmis smaller than
solid solution,~1.9ug/f.u. at 5 K, derived by a linear ex- 0.459 MJ/ni for the Nb compound, determined from the
tra$)0|a1i0r1 of the rniingetiZEiﬂ()n dataze 5.53?1 l)OIaf d(ap(gn(jer]ce;s of theml‘ and hAJ_ C()n1p()n(3nt5 of
The thermal variation of magnetization measured betweefagnetizatiort* At any rate, the differences are not large

5 and 300 K andH=0.05 T reveals no particular feature when compared to otheRFej; cTays and RFe;; 3dNbq g5
which could indicate the occurrence of a spin reorientatiorcompounds. o ' '

transition within the iron sublattice. Actually, the preference

of the iron sublattice magnetization for the tetragonalxis

up to T¢ was recently firmly determined by magnétand 2. DyFen oz

neutron diffractiofi studies on LuFg <Tays, and also by The saturation magnetizatidl ;=11.6(+0.6)ug/f.u. at

magnetic measurements on a variety Rife;, ,T, com- 5 K and the Curie temperatuie-=533(*=2) K (see Table

pounds withR=Y, Lu, and Gd, previously.? I1) were determined for the Dy compound. The comparison
The magnetization curves measured on oriented samplesf the M value to that determined in Lue\W, ;7 evidences

at 5 and 300 K, are drawn in Fig(&@. The values of the a ferrimagnetic-type coupling between the iron and the Dy

anisotropy constants are listed in Table I, as derived frommagnetic sublattices, as expected.
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TABLE |I. Lattice constants and c, their ratio, unit-cell volumeyV, ., Fe/\M8i) and Fé&8j) atomic
positions x, F&(8i) and W(8i) fractional occupancies, overall temperature factor, reliability factorg,, , X°
andRg, interatomic distances, and average FeFe distanahs g, in RFe; IV, 7 compounds.

DyFey; Wo 7 HoFe 1 3Wo 7 ErFe; W7 LuFey; Wo 7
a (A) 8.51564) 8.50093) 8.48984) 8.46272)
c (A 4.77053) 4.76572) 4.76323) 4.75532)
cla 0.560 0.561 0.561 0.562
Vie (A3 345.90) 344.40) 343.30) 340.60)
Fe/W8i), x 0.36085) 0.35974) 0.35876) 0.36023)
Fe(8)), x 0.27647) 0.27916) 0.28458) 0.28115)
Neo(8i) 0.8240) 0.8320) 0.8360) 0.8320)
nw(8i) 0.1760) 0.1680) 0.1640) 0.1680)
B 0.248) 0.527) 0.229) 0.21(6)
Rwp 18.7 13.4 11.9 13.8
G 6.04 3.04 3.67 3.41
Rg 14.7 10.9 11.8 11.3
dgigi (A) 2.371(6), 2.9162)  2.3855), 2.9192)  2.39§7), 2.9243)  2.3674), 2.9082)
dgi-g; (A) 2.6353), 2.6583)  2.6553), 2.6593)  2.6744), 2.6964)  2.6572), 2.6612)
dgi.gr (A) 2.6161) 2.6091) 2.6032) 2.6001)
dg;g (A) 2.6936) 2.6565) 2.5847) 2.6204)
dg;-sr (A) 2.451(1) 2.4491) 2.4511) 2.4410)
dgrgr (A) 2.3850) 2.3830) 2.3820) 2.3780)
dgioa (A) 3.0724) 3.0584) 3.0445) 3.0483)
dgj-2a (A) 3.0524) 3.0343) 3.0034) 3.0143)
dg0a (A) 3.2390) 3.2330) 3.2290) 3.2200)
dreres (A) 2.699 2.702 2.711 2.695
drereg (A) 2.577 2.574 2.572 2.567
dre-res (A) 2.504 2.500 2.498 2.492

The analysis of the x-ray diffraction peaks measured orspontaneous magnetization. However, one may observe a
random as well as magnetic field aligned powders allowed ubroad peak at-140 K on thex|(T) curve, plotted in Fig.
to assess that the EMD lies along the axis in the 3(a), and also observe that thé (H) curve does not reach
DyFe;; Wy, at RT, as previously determined for saturation in a field up to 5 T, at 5 KFig. 2(b)]. Whether or
DyFe;, , T, with T=Ta>* Nb,” Ti,2 and Mo? When cool-  not, belowTsg,, the system undergoes a spin reorientation
ing down, a broad peak in th:gi (T) curve appears at about transition from a cone to a basal plane—with the lack of a
275 K[Fig. 3@], and also is evidenced in the thermal varia- clear indication ofTgg, on the thermal variations of magne-
tions of magnetization, more prominently on tié(T) tizationsM(T) or M, (T), except for a change in slope at
curve[Fig. 4@)]. We associate this peak with the occurrenceabout 160 K on thévl|(T) curve—is worthy of comment.
of a spin reorientation transition from an easyxis to an Recently, neutron diffraction results obtained on
easy cone, atTgy~275 K, as already established in DyFe; sTa;s (Ref. 4 showed that the magnetization is al-
DyFe; cTags at Tsg =265 K34 DyFe;; 3Nbygs at Tsp ready confined to the basal plane at 200 K, a temperature
=235 K,/ and DyFe;Ti at Tgm~200-240 K2* Below  which is above that corresponding to the second change in
Tsr the magnetizationsM(T) and M, (T) decrease slope, 185 K, on théM, (T) curve[see Fig. 3top) in Ref.
smoothly and mimic the temperature dependence of th&]. Therefore, the temperatulieg, for the onset of the cone

TABLE Il. Magnetic data ofRFe;; 37 compounds.

R Tc K)  Mg(ug/fu) Tsr(K) K1 K, Ha K1 Ka Ha
+2 K *+0.6 ug/fu. (MJ/nP)  (MJIm®) 300K (MJ/n?)  (MI/m®)  (T)
300 K 300 K 5K 5K 5K
Dy 533 11.6 275 0.27 0.20 1.5 —-0.69 0.22 0.6
Ho 521 13.2 - 0.08 0.65 2.8 0.36 0.28 2.4
Er 506 12.3 45 0.28 0.59 3.7 - - -
Lu 490 20.1 - 0.31 0.38 2.4 0.69 0.99 4.6
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FIG. 3. Temperature dependencies of the ac susceptibility of

FIG. 2. Magnetic-field dependenciesif andM, at5and 300  pyFe, W, (a), HOFa,; W, 7 (b), and ErFg; Ny, ().

K for LuFe;; W, 7 (a), DyFe; W, 7 (b), and ErFe; W, 7 ().
the system undergoes a progressive, first-order spin reorien-

to in-plane spin reorientation transition has been taken as 21f@tion transition from easy cone to easy plane, with the onset
K, which corresponds to the first change in slope of theof the transition alf sg,~200 K. Due to the similarity with
M, (T) curve, belowT g,. Although the cone-to-basal-plane DyFer1sTa s, We suggest that the transition is complete at
EMD transition is of first-order type, it takes place gradually, the temperature where the peakxf(T) and the change in
between 210 and 185 K, in DyFeTags.* This type of be-  slope inM(T) curves are observetigg,~140-160 K. Be-
havior has been explained by assuming the coexistence @w Tgg, the basal plane becomes an easy magnetization
two volume fractions of the conical and basal phases in thaslane. The magnetization isotherrivg (H), plotted in Fig.
thermal range, such that their relative extents and averag&a), reveal the occurrence of a first-order magnetization pro-
angle, respectively, evolve continuously with temperaturecess(FOMP) at a critical fielduoH,<2.5 T and up to a
Previously, such a phenomenology was used to explain theritical temperaturd,,~70 K [see the inset of Fig.(8)] in
spin reorientation transitions in the Dyf@i single crystaf*  the proposed thermal range of the easy-plane anisotropy. The
and recently, a model based on the structural disorder, chamagnetization direction changes from a basal plane to a cone
acteristic of 1:12 phases, was developed to account for thgy an applied field perpendicular to the easy plane. Also, a
coexistence of domains with easy-cone- and easy-plane-typgreful observation of the 100, 200, and 300 K isotherms
anisotropies? shows that the shape of the 100 K isotherm is different from
Therefore, the preseng|(T) and M|(T) data for the the higher-temperature ones, approaching saturation along
DyFe,; 3W, ; compound may be interpreted as showing thathe c axis, which is of hard magnetization at 100 K at a
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L DyFe ,,W,, (@ i the EMD preserves its-axis orientation, determined at RT
L L L T ——_— from x-ray diffraction patterns on oriented powders, down to
0 50 100 1_17&) 200 2% 800 5 K. The saturation magnetization has the vahMg=13.2

(£0.6)upg/f.u. at 5 K and the Curie temperatuiig.=521
FIG. 4. Temperature dependencies of magnetization oﬁiz) K (see Table |l Selected magnetization versus field

DyFey; 3o (8), HOFe Vo (b), and ErFg, Ny (0), in an ap-  curves,M, (H), at several temperatures in the range 5-300
plied field uoH=0.05 T. K, are presented in Fig.(B). A first-order magnetization pro-

cess is observed to occur below70 K, with a maximum

higher field. At room temperature, the anisotropy field €rtical field uoHe,~1.2 T at 5 K. Both the FOMP critical
woHA=1.5 T (see Table Il is smaller than in the Lu com- temperaturel ., and the maximum critical field are smaller
pound, suggesting a persistent, negative contributiok o than the valuesT.,~125 K and /LOHcr:l'?C?T’ respec-
from the Dy sublattice. At 5 K, an anisotropy field of 0.6 T is fively, determined in the HokesTa, s compound. The tem-
obtained using the expressigmoH = — (2K +4K,)/My perature dependence of the critical field is plotted in the inset

for the in-plane anisotropy. of Fig. &b).
The anisotropy field decreases slightly, from 2.8 to 2.4 T,

when cooling down from 300 to 5 K. Nevertheless, the an-
isotropy data for the Lu compound show that the uniaxial

Temperature scans of the ac susceptibifity(T) [Fig.  anisotropy of the iron sublattice attains a significant enforce-
3(b)], and of the magnetizatiorM , (T) [Fig. 4b)], reveal ment when decreasing the temperature. Therefore, the small
no anomalous behavior, and therefore it may be derived thaiecrease observed i, at 5 K relative to RT, in

3. HoFe 1 Wq 7
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HoFe, W, 7, is due to the competition between the Fe sub- TABLE Ill. Exchange interaction parametersiie;; Vo7, in
lattice contribution, favoring the axis, and the Ho sublattice the magnetic order temperature range.
contribution, which increasingly favors an in-plane anisot-

ropy at lowT, as expected ilR(FeT)y, for the rare earths R Jrere Jrre - Mrere —Nrre Hexre Hexr
with negative second-order Stevens coefficient, (1079  (1007) (ko) (k) (M (M
Lu 5.97(43.3K - 420 - 579 -

4. ErFe; oy Dy . 159(115K .. 216 652 148

In the case of ErRg4W,-, a saturation magnetization Ho - 167(12.1K . 227 640 124

M =12.3(+0.6)ug/f.u. & 5 K and a Curie temperature Er - 157(11.3K . 212 622 97

Tc=506(=2) K were determined. The Er compound under-
goes a spin reorientation transitionTag=45 K when cool-

ing down from 300 K, as evidenced by the sharp peaks H _ ZrereSredreret Zrer(95— 1) IJrFe 33
which appear on both the ac susceptibiligy. , (T) [Fig. exFe™ e :

3(c)], and magnetizatiorM , (T) [Fig. 4(c)], curves. The

transition is from a uniaxial phase to a conical phase, and 2Zrrd 93— 1) SpedrEe

was also observed in ErgelTags at Tsg=40 K* Such a Hexr= O3B ' (3b)

transition in a system in which the Fe sublattice has a ) . o
uniaxial anisotropy and Er has,>0, which also favors the here the superscrig0) refers to the respective quantity in
c-axis EMD, is due to the increasing influence with decreasth® Lu (or Y) compound,Se. is the iron spin,kg is the
ing temperature of the higher-order terms in the crystallind30ltZmann constan®;; represent the average numbersj of
electrostatic field expansion, which favor other directions a{oms nearest neighbors to aatom,Nge andNg stand for
easy axig. The magnetization curved ((H) andM, (H) at the num_bers of Fe aridatoms, respectively, per unit volume
5 and 300 K are plotted in Fig(®. At 300 K the anisotropy ~and g is the Bohr magneton. Alsd, g;, andG, are the
field Hy=3.7 T (see Table i is significantly larger than in total angular momentum, the Landactor, and the de
the Lu compound due to the contribution of the erbium sub-G€nNes factor, respectively, of the rare-earth atom. The cal-
lattice to the uniaxial anisotropy.t% K one may observe Culation ofZ;; in RFe;; dVo 7 using a binomial probability of
that the magnetization along the perpendicular direction dog§c@l environments, with the W atoms distributed over the 8

not reach saturation in fields up to 5 T. sites, yields the valueZrre=19.3, Zgper=1.7, andZeere
=10.1. The exchange parameters calculated using (Egs.

(3), andS2,=0.89 derived from th 5 K mean iron moment

IV. nd-4f EXCHANGE IN THE R(Fe.T);, CLASS OF MeeLu=1.78ug/at., are listed in Table lll. Their values are
COMPOUNDS in the ranges determined by the same method in other iron-
A. Mean-field exchange parameters rich rare-earth intermetallics!®**2®

In order to allow for further discussion on exchange by
mparison to otheRFe;,_,T, compounds, we also have
timatedhr.r. andngee in the paramagnetic domain, using
HE equatior®®

The R-Fe and Fe-Fe exchange interactions were estimate(glO
assuming a negligibly smalR-R exchange, and assuming es
that the Fe-Fe exchange across the lanthanide series is thatt
the Lu compound. In the mean field approximation, in the

magnetic order temperature range, the exchange integrals Tg
Jij , the exchange coefficients; (reflecting the interactions nFeFe=C—, (4a)
betweenR and Fe spin magnetic momeptand the ex- Fe
change fields Hey;, (i,j=R,Fe) are given by the \/70
equation&®?’ Nree= Tc(Te—To) (4b)
7VCrCre
0
3 _ 3kgTc (1a) where the Curie constants are given DbYCre
Fere 2ZcereSeo(Seet 1)’ :NFepgff,Fe/J“zB/‘?’kB and CR:NRpgff,RMg/ng and y

=2(g;—1)/g;. We have taken for the effective iron mo-
To(Te=T9) 12 ment Pestre, the value 3.4p, and the free-ion values for
A c ¢ (1p)  the effective moment of the rare eartpg(; r. The values of
4ZgrZrerSre(Sret1)Gy] Nrere andngre, Obtained using Eqg4), are listed in Table
IV, together with the data fof =Ta° Re2° Nb,/**and Ti
(Ref. 16 compounds.

Jrre=3Kp

nFeFezzFL’]Fe;e, (2a Since there were no data reported for the LiyERe; -
2Npeug compound, we have estimated its Curie temperature, 412
+6 K, by a de Gennes scaling @t according toTczT%
Zrrdrre +6.6G;, where the slope is the weighted average of the
NREe= , (2b) slopes determined for the W, Yand Nb(Ref. 7) series. In
2Npepp the last column of Table IV we list thegg, values derived
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TABLE IV. Values for T¢ (in K) and ngge (in uo units) for some series oRFe;, ,T, compounds with heavy rare-earth elemernts,
<1.2.

R RFe 1 Wo 7 ° RFeu.sTao.sb RFey; sTag s ° RFelO.SRe_L.Zd RFe;; 3Nbg ¢5° RFeu.zJ\‘bo.esf RFe;Ti 9 R-Fe"

Tc —Mree Tc —NMrre Tc —Nrre Tc —Nrre Tc —Nrre  Tc —NMree Tc —Nrre —Nrre
Gd - - - - - - - - 597 172 600 174 607 178 169
Th - - 576 171 568 153 475 145 556 159 553 154 554 151 154
Dy 533 150 550 176 547 150 - - 536 160 534 154 534 151 145
Ho 521 158 541 183 526 130 448 162 520 160 523 167 520 157 132
Er 506 150 532 217 520 146 - - 507 162 509 169 505 149 125
m - - - - 507 80 - - - - - - 496 146 117
Lu 490 - 499 - 505 - 412 - 489 - 488 - 488 - -
NEY e 207 211 210 206 210 225 215
&This work

bReference 3.
‘Reference 5.
dReference 30.
®References 7-9.
fReferences 10 and 11.
9Reference 16.
PReference 31.

iFor the Y compound.

from the intra-atomic exchange integrals obtained by self\/u'c_ One may also observe that, for a givEelement, there
consistent relativistic atomic calculatiofisin order to inves- s 3 trend in theT . to increase both with volume and the de
tigate the trend in the dependence of the intersublattice eXgennes factor. On the other hand, for a giRelement, and
change inRFe;,,, T, on the type and rate of transition metal gycept for the Ta compoundE. appears to be independent
substitution for Fe, we have calculated using E@8.the  of the volume andr element concentratiorx& 1.0 for Ti
exchange coefficients fdRFeio Moy 5°* and RFeyeT,,” S andx~0.7 for W and Nb. Actually, an increase iff¢ with
ries,T=V and Cr, and the relevant data are listed in Table V-increasing volume and decreasirgshould be expectet?
which is fulfilled by the Ta compounds with respect to the Ti
compounds. In view that all these compounds present the
same crystallographic structure, with tAeatoms located
only at the 8 sites, the fact that thé: values are fairly the
%ame for the W, Nb, and Ti series, irrespective of volume and
X, suggests an interplay between size effects, produced by the

B. Three sublattice model of exchange

The T, values of theRFe 1 3V, compounds, listed in
Table Il, are systematically smaller than in the correspondin
members of th&RFe,; :Ta, 5 series> but, within the experi-
mental errors, the same as those determindriHe | 3dNbg 65
(Refs. 7—11 andRFey;Ti.*® This is outlined in Fig. 6, which

560 i 1 v 1 v 1 v 1
displays the Curie temperature versus the unit-cell volume
? Ta
TABLE V. Values forT¢ (in K) andngge (in g units) for some sao b ATa i
series ofRFe;,_, T, compoundsx=1.5. Tig i ] (l)\lb
v W
R RFepMoys® RFeMo,” RFeV,”  RFeCr” W .
Tc —Nrre Tc —Nrre Tc —Nrre Tc  ~Nrre X 520 w4 . Nb .
(]
Gd 460 159 430 198 616 205 580 197 . w oY
Tb 430 158 390 199 570 195 525 169 TiYTTY LA Nb
Dy 420 179 365 211 540 186 495 154 sor Tam ’
Ho 410 205 345 230 525 197 485 167 s -
Er 380 185 310 222 505 185 475 189 w i Nb
1 ) 1 n 1 1
Tm 375 248 290 245 496 207 465 213 48%40 212 ™ 346 48 350
Lu 350 - 260 - 483 - 450 - v (Az)
neY -, 160 126 230 211 '

8Reference 32.
bReference 2.

FIG. 6. Curie temperature versus unit cell volume for the
RFe, ,T, series in Table IV @) R=Lu, (O) R=Dy, (A) R
=Ho, and (V) R=Er (the dashed lines are a guide to the)eye
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accommodation of th@& atom in the crystal lattice, and the wherey. is directly derived from the density of statN$e )
associated electronic effects by the modification of the elecat the Fermi energy( in the free-electron-gas approxima-
tronic charge distributions. tion:

In RFe;,., T, compounds, for a giveR partner and vari- 5
ableT element, the outer electron configuration of Thatom —2,2N N(eg)= op 2 (372)23
may induce specific local perturbations of the conduction or X¢ = 2#8N(er).  N(er 2er' °F | 2m (37°p)™"
valence electron density relative to the idB&le,,. Actually, (10
T(nd)-Fe(3d) and T(hd)-R(5d) state hybridizations appear
supplementary to the Fed3-R(5d)-hybridzations, and one
may presume that an effect upon the exchange coupling DT
should be present relative to the binary compound. c-c» Which is related to the &5d _exchange constant

In order to account for the effect of the conduction band‘]5d:5d' and the number of el_ectrons in thel Band, as ex-
electrons on exchange in a mean field analysis, we use t ained abov.e.. Thus, essentllally,. the dependence of the ex-
model proposed by Li and Co#y(at T>T), which univer- change coefficienizre ON Nsq is given by
sally describes the rare-earttd 3ransition-metal exchange A
occurring in binary 8-4f intermetallics, and which is inde- NREe=7—o—No?, (12)
pendent of the specific crystallographic structure due to its 1-Bnsq
atomic nature. In this model, thef 4pin couples to the®  \yhere
spin through the intermediary of thal56s, and G conduc-

tion electrons at the rare-earth site, and the corresponding N(e ) VIag.sadsa.sadar s
A= - —

For the binaryRFe compounds, e.g., the ideBFe;,, the
lectron-gas density jg=nNi=3Ng. n.. is obtained from

exchange parameter is , (12
8 u2NY2( 1 No) 372
| | | " #eNEe(NNR)
4f-c 3d-3d c-c
NREe= X¢ ; ) N(er)Jsg.5d
4Ngpd | ANpeud ANGuE B= TN, (13

Jas.c accounts for the local intra-atomic exchange betwee
the 4f electrons and thedy 6s, and & electrons, and has
been defined as an effective exchange integral,

rI‘Equation(ll) predicts thaingg. should increase monotoni-
cally with ngq4, in the range of physically meaningful values.
However, bothl,¢.sq andJsy.5q may also vary witmsy, as
Jat-c= (Nsadat-sa+ Nesdat-est Nepdar-ep)/N, (6) shown in the framework of the local-spin-density thedty:
. . Jai5q Slightly increases, andsy.sq decreases with increas-
wheren,, is the occupation number of thd electron band, ing energy from the bottom of thedBbands; consequently, a

andn=nsq+Nes+Ngp . For the trivalenRions inRFe com-  ¢ompetition between these contributions may arise.
pounds,n=3. The intra-atomic exchange integralg;.p,

have been evaluated from self-consistent relativistic 1. Trends in the exchange parameters
calculations’ Because the termsssJar.ss andngpdas_gp ap-
pearing in expressiofb) bring contributions of about 10%
and 3%, respectively, relative 1054Js54.54 (S€€ Table 2 in
Ref. 3) and also for comparison purposes within an iso-
structural series, in the following we approximadg;..
~(nsq/N)J4s.5q - IN @ similar way, the exchange integdal
between the 8(6s,6p) conduction band electrons within the
R sphere(to which the %l-5d interaction makes the domi-
nant contribution has been defined as

An inspection of theng g data displayed in Tables IV and
V reveals that, within the scatter of the experimental values,
there is a trend in th&-Fe intersublattice exchange to be
rather constant, foR=Gd to Tm, whereas the calculated
Nrre decrease monotonically. Previously, a decrease in the
R-Fe andR-R exchange, folR from Pr to Tm, in several
classes of rare-earth—iron intermetallics, was explained as
follows in the two-sublattice modéf:** As a result of the
much more rapid contraction in thef £harge density than
Nsg the 5d charge density, the distanck=rgy—r,s was shown
Je— = (Nsgdsq.50F NesIes-65T NepJep-6p)/ N~ <?) Js4-5d to increase foR=Pr to Tm, which accounts for the decrease
7 in the local exchange at the rare-earth site and consequently,
the decrease in the-T andR-R exchange. In the analysis of
X. is the exchange enhanced susceptibility of thig55, and  exchange inRFe;,_,T, compounds, one should take into
6p conduction band electrons. It may be calculated from theaccount that the variable density in conduction electrons due
Pauli susceptibilityy. and the intra-band exchange coeffi- to both the different types of stabilizing elements, each with

cientng., complex outer electron configurations and in different con-
centrations, is a key parameter. In the following, our ap-

, . Xe proach is that, for an isostructural intermetallic series, the

Xe= 71 XcNe. (8) experimental lattice constants and atomic positions reflect

the equilibrium conditions under the total electronic and

Jewe ionic potential. Thus their variations, due to small changes in

ccT T3 (99  the number of conduction electrons, should reflect the elec-

4Ngup tronic charge redistribution in the system. Therefore, we

134419-9
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have investigated the trends in the dependencies o T T
rsq, (rsq—raf), andngge 0n the number of conduction elec- 240 (c) T
trons per unit cell, in severdRFe;, ,T, series for which
detailed structural results are available: present results fol
RFe1 Wq.7; results forRFe; sTays. in Ref. 4; those for
RFe;Ti in Ref. 2, and references cited therein; for
RFe ;1 3Nby g5 and the lattice constants in Ref. 10; atomic = 160 -
positions for the Ho compound in Ref. 11, and those for
RFe Mo 5 in Ref. 32. We have approximatedy of the
rare-earth atom by the radius of the Wigner-Seitz cell at the
2a site, ry.sr. The Wigner-Seitz cell volumes were calcu-
lated usinggLOKJE software® Metallic radii for a coordina- 80 |-
tion number of 12 of the atoms at theé28j, and & sites
were used, and the weighted average value for theb8-
cause of the Fe and T atom distribution, in that case. We hav¢
taken the values/(r2;) for r,¢, with the Dirac-Fock inte- 146 - vy N
grals(r3;) for the trivalent rare-earth ions from Table 5 in
Ref. 36.

In Fig. 7(a) we represent the dependence of the Wigner-
Seitz radiusyy.s r, at the rare earth site, as a function of the
conduction electron number per unit cell. One may observe ¢ "8 ]
systematic increase in,.s g With the increase in the conduc-
tion electron density, which may be explained by a transfer | o o
of nd electrons (=3, 4, and % from the transition metal
Fe/T(nd) to 5d states at theR site. According to Brooks’ °
proposed interpretation of Campbell’'s formulation of the RT — 1# —*——rt—r>t Lt L L 1
exchange[intra-atomic 4-5d exchange at th&Rk site and
R(5d)-T(nd) state hybridizatio??], as a result of the hybrid- B
ization the electron transfer to thed States at theR site is 1.920 | @ .
promoted. The electron transfer is favored as the difference
in energy between th&(5d) states andT(nd) states is %
smaller, as expectedne should recall that we refer to “elec- 2
tron transfer” in the metallic matrix in the sense of the varia-
tion in the spatial extent of the electron wave funcliove
suggest that, by changing tihieatom type from a @ element a o
to a 4d element to a 8 element, the Fe(@®)/T(nd)-R(5d) |
state hybridization is favored and leads to an increasgn
and consequently, iR-Fe exchange, as indicated by Eiyl) 1890 ¢ T o Mo.. Nb. .Ta W T
and also in Ref. 33, L M AN

Further, we plot the dependence of the distance 186 188 A0 M2 4 1ee 9B
(rw.sr-T4f) versus the number of conduction electrons per Number of conduction electrons per unit cell.
unit cell in Fig. Ab). There is a trend in riy.gr-r4r) t0 FIG. 7. The dependencies of.sr (@, (fw.sr—r4s) (0), and
increase with an increasing number of conduction electron§1RF () vs the number of conduction electrons per unit ¢die
which has the effect of decreasing the intra-atomic exchanggasﬁ]ed line is a guide to the gy&or () and (b) (0): R=Gd:
integral, Js;5q, and therefore to decrease the-Fe (O): R=Tb; (+): R=Dy; (A): R=Ho; (V): R=Er; and (¢)
exchangé&’® An increase imsgy also decreaselgsq.2> Con-  R—Tm.
sequently, from the competition between these counteracting
effects the slight decrease observeahji, may result when transfer, although it has only oriRRatom nearest neighbor.
increasing the electron density in the conduction bandTfor Therefore, a decrease may be expected/jpsg , as re-
from V to Re, inRFe; ,Ty, see Fig. 10). vealed by the data plotted in Fig(e8. The § site, occupied

The dependence of the Wigner-Seitz cell volume at theonly by Fe and having tw&® nearest neighbors, is likely to
inequivalent Fe sites versus the number of conduction-bange the least affected by th@ atom as regards the
electrons, plotted in Fig. 8, shows different trendlg;.s de-  Fe;;(3d)-R(5d) state hybridization and the charge transfer
creases at thei8site, is approximately constant for thg 8 involved. The § site shows trend to increase its volume,
site and increases at thd 8ite. Since thel atoms are dis- which could be either a structural effect, or a size-reflected
tributed over the B sites, one may assume that this site iseffect due to a particular scheme of hybridizations, related to
the most susceptible to the variation in the F#Y3 the fact that this site is the tightest one in the ThMstruc-
T(nd)-R(5d) state hybridization, and subsequent electronture.
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FIG. 8. The dependencies ¢y at 8i (a), 8j (b), and & (c) vs
the number of conduction electrons per unit cell.

We comment that, although the relative variations in
r'w-s,r @and consequently inr(y.s g—r4¢) with the number of
conduction electrons, are smal-@.5%), they are system-

atic, and have been derived from experimental data reporte

by independent groups.

2. nd occupancies

From Eg.(11), using the experimentairg. values and
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FIG. 9. The  state populationnsy, VS Ngee in RFe(Ti (A),
RFe; sTay 5 (@) andRFe;; W, 7 (M), as calculated using E¢L1).
The values for the binariRFe (V) were also calculated under the
same assumptions.

in these cases, whereas it is hazardous to make any such
assumption in the case thatis a 4d element(e.g., Nb or
Mo) because the dl states have intermediate energies rela-
tive to the 31 and & states. We have assumed that T 3
states behave essentially like Fe Stategthereforen=3 at

the R site, and that Ta or W& states hybridize mainly with
the R 5d states(in view of the similar outer electronic con-
figurations of the late rare earths and early &lementy
which yieldsn=5.5 and 7.2 electrons, respectively. We have
used thel,;.sq values listed in Table 2 of Ref. 3134.34
=10263 K andJsy.sq=7421 K37 Also, theNg and Ng, in

Eq. (5) were derived from the Wigner-Seitz cell volumes in
the present workNg=(Vy.sr) "+ and Nge=(1/3) (Vi.sg
+Vw.sgtVw.se)l ', and the value Ng=(Vy.sr
+xVW_S’8i)*l to account for an enlarged volume for the.
interaction (except for Ti, where obviousi\N;=Ng). For
comparison, we also obtained they population in binary
R-Fe, as explained above, using the calculatggl, values®

in this case, thengy values turn out to be less than 10%
higher than those of Table 2 of Ref. 31. The results of the
estimation ofnsy at theR site are given in Fig. 9. It is shown
that the number of 5d electrons at tResite increases when
T=Ta and W relative to Ti compounds. Nevertheless, the
fraction nsq/n of 5d electrons involved in exchange inter-
action decreases from about 0.62 forTi, to 0.59 for Ta,
and 0.52 for W. When increasing the conduction electron
density by changing th& element from Ti to W, higher-
ergy d states become available at thR site by
e(d)/T(nd)-R(5d) state hybridizations, which are gradu-
ally occupied. Thus the local intra-atomic exchangsg
andJsq.54 integrals may vary, at the expense of the correla-
tion energy between the conduction electrons atRlwite.
We suggest that both the significant increasadp from Ti

solving fornsy, one can provide an estimate of the increaseto Ta (see Fig. 9 and the theoretically estimated slight in-

in nsg whenT is a 5d element, e.g., Ta or W, relative to the
case when it is a @ element, e.g., Ti, in thdRkFe, ,T,
compounds. Reasonable assumptions about théd3and

crease inly;.54 May lead to the observed increasenige,
overweighting the decreaselig . produced by the decrease
in Js4.54 - HOwever, a further small increase i3y from Ta

3d-3d state hybridizations and electron transfer can be mad& W may not balance the relative larger decreasésin,,
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and this could account for the observed decreasegef  sublattice exchange interactions in tR&e,_,T, class of
from Ta to W. To our knowledge, there are no abSOI'ptioncompounds, withT being annd-type transition metal r{
spectroscopy results on timgy occupancy in ther(Fe,T),, =3, 4, and 5. The conduction band is treated as the third
compounds to compare with the predictions of our analysissublattice’ and its filling with electrons is considered a
varying factor which influences the-Fe exchange strength.
V. CONCLUSIONS Based on the observed systematic increase of the Wigner-
Seitz volume at theRk site when increasing the conduction

The structural parameters, Curie temperatures, Saturatioé]ectron density, we assume a concomitant increase in the

magnetizations, spin reorientation transitions and strengths _ occupation number. According to E@.1), derived in the
i i i 5 . ,
of exchange interactions iRFe;; dNo7 compounds, where electron-gas model, the increasernig, favors the strength-

R=Dy, Ho, Er, and Lu, have been investigated. The Ironening of theR-Fe exchange. However, this trend is opposed

sublfattice. behaves as a quasiwegk ferromag'netic, shov& a decrease in the intra-atomic exchange due to the in-
c-axis anisotropy, and couples antiferromagnetically to the

: . ctrease in ther(y,.gsr—r4;) distance. From the competition
heavy rare _e?“h magnetic subl_attlcg. Dy, HO’ and Er COMpetween these effects, a decrease in the exchange coefficient
pounds exhibit uniaxial magnetic anisotropies at room tem- . i .

. : . Nrre IS apparent; see Fig(a).
perature, irrespective of the sign of the second-order Steven$t T .
- . In the casedT=Ti, Ta, and W we have derived thgy
coefficient. In the Dy compound an easy-axiS—easy-Congq tron population at the site using Eq(11) and the ex
spin reorientation is observable®Bty =275 K. As the tem- Pop g =a!

perature decreases, a second transition, an easy-cone—eap erimentaingg values. The INCrease s from the T' Se-
plane transition, takes place in a broad temperature range ags to the Ta one correlqtes V.V'th thg INCreas@ifige, see
200-160 K. Its gradual character is ascribed to the coexist- I 9. A further increase ims, is obtained for the W com-
ence of two volume fractions of the conical and basal phasegounds’ although Ih&-Fe exchqnge decre_ases. This may
whose relative extents, and average angle of EMD to th uggest the eX|stenqe of an optimum fracﬂomcﬂ).6_0 be-
c-axis, respectively, change continuously with temperature i ween thensg po_pulgtmn and the number of conduction elec-
the transition thermal range. At temperatures bel®yy trons at th_eR site, in order to promote the strong&Fe
~70 K, a first-order magnetization process is observedexChange in th&Fe,,_ Ty compounds. The wo experimen-

with a critical fieldH;~2.5 T at 5 K. The magnetization tal data forRFeyodRe; , compounds, withR=Tb and Ho

direction turns out of the basal plane to a cone when a magfiee Tabl_e ¥ support the trend revealed n Fig. 9, and one
netic field is applied along theaxis in this thermal range. In MaY Predict that a further decreasergir. will occur with
the Ho compound a first-order magnetization process is oghcreasingnsg when advancing through thedSseries to
served below~70 K, with a critical fieldH,,~1.2 T at5 Mgher atomic numbers, such @s-Ir, Pt, and Au.
K. The Ho sublattice anisotropy is weaker than that of the Dy
sublattice, as can be inferred from a comparison of the an-
isotropy constants and fields relative to the Lu compound This work was partially supported under CICYT MAT99/
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