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Extended X-rayAbsorption Fmc-Stratum: Spectroscopy (EXAFS) has been used to

determine tic position of Zr within the unit cell of Sm2Co17. Zr is routinely added to

Sm2Co17permanent magnet alloys because of its effects on their metallurgical

development, but the details of its behavior remain controversiaL Induction melted

Sm2COlT:Zrternary alloys, aged at 1180 "C, then quenched, consisted of intimately

mixed H2:17 and R2:17 having Zr in solid solution as weil some regions of R2:17 that

were poor in TJ'. EXAFS spectroscopy of these specimens indicates that the most

probable posidon for Zxis a site having two Sm near neighbor atoms and 11 Co atoms
distributed over three different interatomic distances. This is consistent with a direct

substitution of Zr for Co in the Co site in the mixed planes (12j in P63/mn'¢, or 18f in

R3m). These results are discussed in terms of the metallurgy of 2:17 magnet alloys.

PACS numbers: 75.50.-y, 61.10.Lx, 81.20 Gx
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INTRODUCTION

Pcn'nanontmagnetsbasedonSm2C_17normagyContainsignificantamountsof F¢ and

Cu asweil asa smallamountof Zr. In thesealloys,ther,c raisestherrmgnetizadonandCu is

bclievcdto promoteauniform precipitationof $m(CoCu)5. Zr wasoriginally introducedby

Ojima et al.1who showedthatenergy'productsof 30 MGOc could beachievedwith alloys of

nominalcompositionSm(Coo.e_FeoalCu0.10Zr0.00714.
Zrisnow routinelyaddedtoalloysofthistypeeventhoughitsbehaviorremainsa

matterofdiscussion.2"8Zrisreportedtonzzlif7thehightempm'aturestabilityofthese

a.l]oys3"5,9"12,participateinthedevelopmentofthecellularmicros_ 9,andincreasethe

rateofchemicalsegregationoftheFc totheSm2(CoFc)17phaseandCa totheSm(CoO_)5

phase.2MostofthehypothesesregardingthemetallurgicalrolesofZrinSm2ColT-bascd

permanentmagnetsmstonassumptionsconcerningthecrystallographicsite(s)oftheZratoms

whendissolvedinSm2Col7.

It ispossibletoarguefrom indirect evidencethat Zr occupieseachof the several

crysmgographicallyincquivalcntsiteswithin themixedplanes of the S_17 unit cell. From

changes in magnetic properties andunit cell volume with Zr concentration, it has been

argued6,13thatZrsubstitutesforCo,probablyatthe"dumbbcU"positions(6c in R 2:17,or4f

inH 2:17).Basedonatomicradii,variationsofthec/aratio,andcorrelationswiththe

Cc2(CoFe)I7system,ithasbeenazgued3thateachZrentersadumbbellalongwithavacancy

inpreferencetoFe-Fepairs.Howevcr_M6ssbaucrresults14directlycontradictthisidea.

Precisedeterminationsofthecompositionsofthe2:17phases,4 thedetailsoftheSm-Zr-Co

ternaryphasediagramlOandtheverticalsectionsoftheSm-zr-Co-Cu-FcsystemlI indicate

that Zr substitutes forSm. The fact that ZrCo2 exists 15and is isostructural with SmCo2 argues

that chemical interactions favor a substitution of Zr for Sm. Zr encourages the formation of the

phases of the type (Sm7-x)n+l(Co)sn.l in five-component permmaent magnet compositions,2,16

suggesting that Zr takes the mixed plane Co site of the 2:17 unit cell - the site that becomes a

Srn site in the (n+l):(5n+l) phases.

lt is the purpose of this article to report direct evidence based on Extended X-ray

Absorption Fine Structure Spectroscopy (F_XAFS)regarding the position of Zr in Sm2Co17

unit cells. EXAFS probes the.near, neighbor configurations of a specific chemical species

within a volume of condensed matter,17,18 as such, it is ideally suited to the direct experimental

determination of the atomic configuration surrounding each Zr atom dissolved in Sm2Co17.
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These results should climinatcon¢ of tl_' fundan_ntal u_tics in metaIlm'gy of these
permanent magnet alloy systems.

EXPERIMENTAL

Medium frequencyinductionwasusedtomeltSm ingots(purity99.9%),electrolytic
chipsofCo (purity99.99%)andZrribbons(purity 99%)togetherina BN crucibleunderpure

Ar before casting into a copper mold. Pieces of the cast ingot wexe wrapped in Mo foil,

enclosed in a Mo cell, and heated by induction in a pure He atmosphere for4 hours at 1180 'C.

Therateof cooling following this homogeaization tmatn_nt was approximately 300 "Cper

minute from 1180 "C to 850 "C;the He atmosphere was maintained throughout the quench.

The composition of the specimens, Sml0ZrzCog8 (atomic pew,cn0, was chosen as the

composition near the center of the 2:i7 (I'D homogeneity rang¢10 at 1200 'C that would have

adequate Zr for a strong EXAFS signal but not so much as to saturate the preferred sites.

PriortoEXAFS analysis,dm samplewasthorougblyc_ usingoptical

microscopy,scanningelectronmicroscopy(S_ withenergydispersivex-raymicroanalysis

(EDS),x-raypowderdiffractometry(XRD),_ transmissionelectronmicroscopy(TEM).

EXAFS datafromtheZrinthe2:17sampleswerecollectedinthefluorescencemode

usingbeamlit¢X-lIA atdm National$ytmlmxtonIMghtSouxc_A fl_ ionchamber,

was used as the final detector, and yttrium oxide filters 18were used to reduce the background

fluorescence from Co andSm. Datawereacquired.froman Imoriented powdered2:17 sample;

d_cnonsubsequent_ans,magneticallyorientedsampleswereinterrogatedwiththepolarization

vec'torofthesynchrotronradiationbeingparallelto,thenperpendicularto,thecrystallographic

c-axis.19 Theexperimentaldatawasanalyzedbyfittingthepre-edgeandbackgroundand

subtractingittoleavethenormalizedEXAFS oscillations.TlmEXAFS wasthenFourier

transformed,thef'trstshellpeakwasselected,bac,kmansformcdtoproducethesingleshell

characteristicoscillatorywaveform.Thecorrectedchidatawasthenfittotheoreticalspectra

generatedfrommodelsoftheseveralsites,usingthe,EXCURVE program.20Inthe

EXCURVE program,thepm'amctcrs18suchasNi(thenumberofneighborsinshelli),Ri(the

distancefromthetargetatomtosheUi),oi(theDebye-Wallerfactor),andEo(theedgevah.le

corre.ctionfactcr)a_ iterateduntilacalculatedcurvefitstheexperimentalresults.Trans_)Jssion

modeEXAFS fromZrandCo inthin-foilpure-metalstandardswasusedtodeducethe

parameters used in the theoretical modelling.
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RESULTS

The opticalandscanningelectronmicroscopyindicatedthattlmsampleWas

predominately 2:17 material con_tainingZr near the nominal concentration. Extensive searches

of meta]lographic sections revealed (1) a very small quantity of Zr-rich particles along some of

the grain boundaries and (2) a few larger regions containing essentially no Zr. EDS analysis

indicated that the bulk of the Zr was in the.matrix 2; 17 material. XRD patternswere composed

of peaks from hexagonal and rhomboh_ 2:17 with no observable peaks from the Zr-rich

phase. The lattice parameters Of the 2:17 R are a -- 0.8462 nm and e = 1.2254 nra, and those

of the 2:17 H are a =0.8462 nm and e =0.8170 rim. The particles of Zr-rich material remain

unidentifiedbecausethey wcx¢toosmallforquantitativeanalysisbyEDS in the SEM andthey
gave no specific peaks in theXRD pattern.

Transmission electron diffraction patterns from several areas of the specimen indicate

an intimate mixture of IL H, and long period stackings. This suggests that the alloy is in an

intermediate state in which there are microdomains with dumbbells stacked in hexagonal

symmetryand _crodomains with dumbbells stacked in rhomb_edral symmetry. In aLI

eases, the2:', 7reflections are streaked ImraIl¢lto the [0001]" axis, but that they are not

broadenedhi the other dimension, i. e. parallel to [lOlO]*. This indic.ales that the arrangement

of dumbbeUswithin a given basal plane is very regular but that the cmxelafion of one basal plan

with another does not persist for more than a few unit cells. TEM images show some very

small (~ 10 run) domains with contrast typical of twinned rhombohedral 2:17 (two orientadonal

variants);other areas show lattice fringes typical of higher order stacking sequences. Areas

showing both of these types of contrast as weft as areas with no contrast merge continuously
into each other.

The data from the EXAFS of the unoriented sample (Figme 1) was very well modelled

in terms of a substitution of Zr at a site similar to the mixed-plane Co site (12j s'_tein H2:17).

The best fit corresponds to 6 Co neighbors at 0.276 nm (cobalt -plane Co: ¢ = 2.1 pm), 3 Co

neighbors at 0.263 nm (mixed plane Co: ct = 2.2 pm), 2 Sm neighbors at 0.266 nm (ct = 1.4

pm), and 2 Co neighbors at 0.306 nm (dumbbell Co: o = 1.4 pm). In addition to the

displacements about the m m positions as represented by the Debye-Waller factors, oi, a

statisticalvariation of + 4 pm in each interatomic distance is estimated. The fit between

e;q_'iment and theory for Zr at the dumbbell site (4f in H2:17) was marginally acceptable; but

was completely unacceptable for Zr in a Sm sites (2b and 2d in H2:17). Polarization-

dependent data was necessary for complete discrimination between the mixed-plane Co site and

the dumbbell site. When the polarization vector is parallel to the basal plane, k3x(k) curves
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(Figure 2) indicate the pre,senc,¢of two differont first shell neighbors as evidenced by the "beat"

i in the function at large k; when the polarization vector is par_tlel to c, no such'beat js evident,
indicating only one type of atomic neighbor. Because this behavior is consistent with the

mixed plane Co site, but not the dumbbell site, lt unambiguously indicates that the Zr in this
+ + , d + ,

, sample is at the dumbbell site.

, =DISCUSSION

The SEM, TEM, and XRD observations are eonsi,,,aentwith the idea that the bulk of the

Zr was dissolved in the 1-12:17phase at 1180 "C, but that a small amount of Zr-free R2:17, as

well as a few particles of the Zr-richphase were also presenL During the quench, the 1-12:17

became unstable with respect to decomtx)sidon into R2:17, 1:5and a Zr-rich phase. The

quench was rapid enough to prevent long-range diffusion, but it did not completely prevent the

local atomic reanangements that convert 1-12:17to R2:17. As a result, TEM investigations find

evidence for microdomains of both R2:17 and H2:17. The Zr-rich particles and the regions

that had been R2:17 at 1180 'C were retained to room temgexmme without significant changes.

The EXAFS signal is derived largely from Zr atoms tra!_d within the 2:17 material,

and, because the 2:17 is in the process of transforming from one structural modification to

another, the results may be open to some criticism, However, it must be recalled that (1) the

transformation from 1-12:17to R2-17 only involves a rearrangement of the dumbbells relative to

each other and that (2) the dumbbells are separated from each other by 0.64 nra. The

dumbbells are certainly not nearest neighbors in either structure. Since the EXAFS signal is

derived primarily from nearest neighbor configurations, it is expected to be insensitive to the

+ form of the 2:17 -- whether it is H or R, or whether it is in the process of transforming from
one to the other.

The observation that Zr substitutes for Co in the mixed plane is consistent with the

report 13that the volume of the unit cell expands slightly, that the a-axis parameter expands

significantly, and the c-axis parameter contracts slightly with Zr additions, The mixed plane

I Co site in pure Sm2Co17 has two nearest neighbor Sm atoms at 0.282 nra, a separation that is

considerably less than the sum of the atomic radii of Co and Sm. Substitution of an oversized

atom like Zr at st_cha site should certainly result in an increase in unit cell volume in general

and the a-axis parameter in particular,

These results are directly consistent with the observations2,'t. 16 that Zr tends to stabilize

phases similar to the Sm-rich (n+l):(5n+l) phases. The (n+l):(5n+l) phases a_e formed from

the 1:5 structure by +grderedsubstitutions of Sm fbr Co at the Co site in the mixed plane. If Zr
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replaces Sm in this process, that is, if Zr systematically substitutes for Co in the mixed planes,

ternary_compounds having Bravais lattices similar to the (n+l):(Sn+ 1) phases are forn_. The

platelet phasc in commercial magnets is most probably such a phase.

Substitution of a strongly electropositive atom such as Zr at the mixed plane Co site can

be expected to have significant effects on the cxmtribution of the atoms in the adjacentdumbbell

sites to the magnet0erystalline anisotropy as weU as the tendancy of other elements to prefer the

dumbbell sites. Thus, these results are not inconsistent with the report that Zr effects the

magnetoerystalllne anisotropy6 nor are they inconsistent with the suggestion 3 that Zr prevents
Fe from substituting at the dumbbell sites.

The results of this study are only partially consistent with the published phase diagram

studies4,10"12which indicate that 7.,rexpands the field of stabilityof 2:17 at high temperatures

(-1200 "C)both in rho_on of in_g Co at a constant Sm concentration and in the

_don of increasing Sm at a constant Co concentration. The alloy Usedin these experiments

had_he same Sm content as does binary Star-.oi7, and the results are consistent with a simple

substitution0f Zr for CO. However, ff the overaU COconcentration had been held constant, the

Zrwouldhavehadtoeither(I)substituteforSm, (2)inducethestructm_toacceptmore

dumbbellsthanarerequiredfor2:17stoichi_ asitoccupiedavailableCo sitesinthe

mixedplane,or(3)causeanextcnsiverearrangementofatomsandsiteswithintheunitceil.

Thisstudyunfortunatelycannotdiscriminatebctwccnthcsepossiblities.
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FIGURE CAPTIONS

Figure 1. Experimental and thcomdcadEXAFS datax(k) from _,¢ unoricnted sample.

The solid lhie is the actual e,xpcflncntal data; the dotted line represents the be,st nxxicUing of the

datafrom theEXCURVE program with Zr at a,mixed-plane Co sit,.

,'G_a'c 2. Experimental EXAFS data w¢igtlted by k3 [k3Z_:)]c.omparingthe signal

from (a) a sample with its c-axis parallel to tlm polarization vector with (b) a sample oricnte,d

with its c-axis pcrlxmdicular to the polarization vector. The "beat" in curve Co)athigh k is

characteristic of the presence of two dissimilar atoms in the first sheU.





¢

(a)

10,0

'_ , (b)

._ 5.o

e. 1

40 80 120

k-Space (nm- 1)




