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Magnetic Susceptibility and Nc~' ron Diffraction 

0°, 
Investigation of u-' '^Fu 

Joseph T. Sparks, T. Komojto and William J. Ramsey 
Lawrence Radiation'"Laboratory, University of California 

' „ Livenxore, California 9455 

a ABSTRACT 

Magnetic susceptibility and neutron diffraction measurements 
have been made on affhigh purity, polycrystaliine sample"of a-phase 
'242 S) 

Pu. 'Die .susceptibility »results shov; the existence of weak 
ferromagnetism below =50 K. "This suggests that the a-phase is 

» . - 4 6--antiferromagnetic, the ̂ observed ferromagnetic moment (9.5 * 10 emu * 
° :' n • = o 

per gram of sample at H.SSj'K), originating within antiferromagnetic 
domain walls. No evidence'for antiferromagndtic ordering was 

0 observed in the neutron diffraction study suggesting that the o 

moment per Fu atom is too small to observe with this technique." 5 ^ V # fc ^J 

// «'D 

tJwork performed "under the auspices of theJ^JS^At^mic Energy 
/Coiimission. v>" °' " ., °" t^. 

^ 



The question of the exiJtence of a magnetically ̂ ordered 
state in the alpha pliase of plutonium a'j low temperature has been 
a subject of much interest"and conjecture for some years. Kocher 

n , "v? : ' ''•" 
and Friedel put forth the hypothesis tiiat a-I\i is antiferrcmagnetic 
with a Heel temperaturfr around 100°K in an attempt: to explain the 
observed low temperature resistivity anomaly in terms of spin-disorder 
scattering cf the conduction electrons. Sroluchowski, however, 
has proposed a band structure that can account for,the resistivity 
anomaly in terms of interband scattering, ilany physical properties1, 

"" 1-3 ° - " ° 
of ot-Pu have been .measured' in attempts to substantiate the magnetic 
ordering hypothesis. Numerous anomalies <haye been observed and •;, 
conflicting results bri^the. same property by different investigators r.ave 

. been reported. Some of -/the measurements'' suggest magnetic ordering does 
occurg v;hile others appear to refute ito.J The most direct and unambiguous 
way to determine if a substance is antiferromagnetic or not is by means 
of neutron diffraction. The available samples of plutonium up to now, 
however, have had much too large an effective absorption cross section^ 
and were too highly radioactive for good diffraction patterns to Be 

6 " ^ ^ . ^ • *''•'' °-

obtaired. ° 0 -^ ' \> • ;.'' 
Some of the anomalies reported in earlier woxfeCe.g., specific 

heat) are now known to arise from self-induced0radiation damage. A 
" * • o 242 relatively large amount of high purity, electrorefihed i\i has 

recently been prepared under the auspices of the U.S.ASkC. Trans-
plutonium Program and the U.S.A.E.C. Isotopes Section. Plutonium 
samples=are therefore now available in which the radiation damage is a 
minimum. eIXte to the relativelyMow effective absorption cross section 
of this isotope, neutron diffraction becomes feasible. "We have made 



jxAycryr.tallir.e rex! oi thin i ra tor ia i i n - the a-p'ru::;e. The rc# v.-ar; 

U.1G? c v i : , ler.;;th, weighed ';ii.'<7 ;-, i t n dens i t y 7 war. 20.03 p/er." 

ar.d i t h»d a ca lcu la ted a w r s ^ c eia-r.C'ter of 0.E.773 en. 

X^r.i t icn of Tho :;^-:."!o '.:,;•, rur^r ted ' ' as li/.r i i ;otop:c co:x 

> - % 
2'fl. t 2',C. 238 

1 
^''''i-u with A ' J ; u the l a r g e s t i so top ic ' rnpuri^ry a t C.'Jb2 

. r,e i so to rcs ' • u , I U , :u v:ere ,rrosent u 

the neu r i t s 0.C.C2, 0.011, 'c.CC^.3 and < 3 >: ICl"J ato.r. C, respectiv-sl;. 

'."he che.-r.ical r u r i t y '•••as rer&i *ed ..... : _ r 

t ier, vom Mr,, ~ i , afc, Cu and tT'which were preserve in th exeunt:: 

3, «9 and '*25 r;vn (v.virtit J a s i s ) , resp.-ictiveiy. The seli-iiWatinp r a t e 

war. l v r b r t a J t o !-•_< 11.73 : : , i l l iv:at ts /] 

.cut Ur.O,-cil':rnct-Ti5 rodder pattcrfr. '..-. were chtamc nr .ar m -
tc-.rc.vature, 146 , 80 , 2i , 20 and 4.2 :'- employing a variable taTp-.-rr.tur-i: 

cryostat':, on the powder ciffractccreter at the Liverrrre Fool Tyro Kcactcr. 

Tor thesB r:£asure.~ontD, thei sample was scaled in a thir.-walled vanddiim 

can with one atnor.phcre o: helium exchange .vis. '.'o super lattice lir.c." 

were ohr.erved at any of tho al.ove temperatures r.cr were any crystal structure 

changes ohscrved. The o'.-r-.rved patterns arree with the structure reported -

°>" ,N by Zachoriar.cn for the a - rhase . A de ta i led account of these c i f f r a c t i 

war.urr\';vents w i l l !>c [;ivcn else.-.'hre l)ut we can conclude horo t ha t no simple 

fo:vi o l . a n t i f e r r o s u r n e l i c ordering occurr in ti—-\i v:ith a i.x>v.ont ; v r :\i ate::: 

proa to r than 'ahout C.5 Fohr :r.-i,-pietcns. . '' 

http://che.-r.ical
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As previously reported war.urtv^hi::-. of the ;:•. 1,7:0 t i c su".c"ptibi'iitv~" 
0 

showed l i t t l e if any tcr.peruture denorxic-ncx', and r.ir.cc v.v could det ' .c t 

no ind ica t ions of a:itifei'mT»inr.etic order i:i»; in the rx-atron d i : t r a c t i o n 

measurements, we decided t o ct ter .pt a ca'relul exar.ir.arieri of the r.usct'Tt'i-

b i l i t y t o hi^h p rec i s ion , ""he sample war. the sa-r.e as used in the d i i f r s c t i s r . 
,,'t 

DcaGurcTcnts except tha t it,ifeas Sealed in a ' t h i n - w i l l e d aluvanum conta iner 

With an atr:iosphere of helium exchange ,r,as. The inear,urc.T.c;r.ts were nude v.:it:] 

a magnetic force bal.«-.ce cons is t ing of a recerdir.;; seird.-mcr'obalar.ce 

capable of weighinr, t o + Q.0f.S02 g and a G" eiectrenia^no't with f i e l d rvv.u- / 

l a t i o n and s t a b i l i t y held to 1 p:i?. by j;«arfe of a I sai l probe r egu l a to r . ',Jh>. 

Gouy r.ethod was employed because of the $;co:-.etry and polycrys ta l l i r . e rJlfcrv 

of t" •'. sample. Ihe -.ass s u s c e p t i b i l i t y of a c y l i n d r i c a l rod of c r c s s -

sec t i ona l -area A as deterninftd by the Gcuy method i s ;;iver. by* 

O 'H< ' X = 2 £ iv: / [pA(H 2-H o

2)J " ,. (1) 

where £ is the acceleration of gravity, &•.' is the chdny in sa\-.:̂ e weight 
'", L ''' ' • • ' . ' • 

a, in tpra.v.3 when the external rcacnetic. field'.is applied, p is the density c: 

the rod, and H and H " are the values of -due, field at the two extremities 

of the rod. I'hc fields ii were determined with a nuclear magnetic rer.cnvir.ee 
gaussrr.cter and the ir.uch weaker fields, ,iH , fc:cre measured with a rotating . 

- > • • * - . . : 4 I •' 
coil gaussmctcr. The precision *.o which X \vs determined dcr<-'i>d:; c:i ti.e 

0"' 2 2 *' r t 
precision or £w and it -ii . The reproducibility of the ii's was measured witiv the I ."IP. gauscmcter ahd found to .be t.Oli. Tne A-I values (of which, 
0.30000 G is typical) are determined to about| O.ori. '.•.'*» estLv-ite the 

d - | 

- s / 
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•p-
0 0 

prec is ion of-x tnu.n to be a!,out O.C1)0.,, -_We -obtained an experir-entai i n -

(JicSfcS^ol >fch^:rocisicn Tron, seventeen rnea3ure.Ter.ts of x a t room terr.-

jjera'cure (,20b.0 K to 297.2 K) in various f i e l d s from,,i» t o . 8 kG,,, The 

irleasi^rtiSchts were nraced out over a n ' i n t e r v a l of about th ree weeks with 
li • * = ' • *• ' • 
bns idcrable temperature and l i e l d cvclir.g.betwceri raeasupar-ents. Assurer.: 
ti t>- » 

'" = i ° 

the temperature variation of x°is negligible" between 295.0 and 297.2 K 

ye obtain an average value of =• I! 
f •'. x A „ (296 + l°n) = (2.2034 + 0.0010)= x if)" 6 eiu/g 
where"tin: uncertainty here is the standard deviation,:, Ihis uncertainty 12 'I \\ 
iliiil rear.or.able agrcc-ient with the es^irrated p r ec i s ion of 0. J04^. The above //' 

u \ o ' " .- ° l * I ' '. • • " / 
•(Value of #••;• has Leon "corrected for the s u s c e p t i b i l i t y of the alizmnuTi /> 

J sample c(Hiijhincr-. . a ' II •' = = - ' 

If jl A, va r i ab le temperature c r y o s t a t , whi^h {will be described in d e t a i l ~\ 
" ' ? / ! ° 15' "' / :'' ° / 

elsewhere, - allowed x rr,casure.T.ent3 t o be nade front about H K t o rootr. tert- / 
--: \ ' '.'! ' / ° / 

perature. In this cryc/stat, the sa,-nple is in thermal contact with.a surround­

ing 'cylindrical heat-iexchanger via helium gar,. The tc-nnerattYe of the ,/ 
i 1 / « r ' . / 
exchanger can be varied by varying the flow of cold helium °gas or liquid ,/ through' it.., The temperature is mea; ured by a germanium sensor soldefe°d to the 
heat exchanger. This sensor was/calibrated in place against another gerraniur. I1 

I . / -/' ,. , ' , „ -• / 
sensor suspended in the/ sarnie position. The sensor was easily readable to 
. o 1 .. * r J - a o ° < =. . . / 

0.1 K but the uncertainty ,on the sample temperature at low tcnpcratui/cs, 
however, could bo as/much as 2 or 3«K because of thermal gradients.,/ 

; / i '-j 
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The field^dependence of any susceptibility measurement should 
be determined as it lias been shown that if a small f'jr/romagnetic com-

> ponent is present in the, sample the Gouy method gives 

f % = *«> + 2o/H , (2) 
where \.. is the susceptibility measured in the field H, X^ is the suscep-
cibility at very large fields and a is the saturation magnetic moment /;' 
of the ferromagnetic51 component per gram of sample. We have made field 

Q ° /./•• 

dependent measurements at a number" of -tcnrneratures between 4 K and roomf./ • 

/// 

_ temrerature on; both the empty aluminum sample holder and on the holder' I 
' \ % • - • / / / 

plus Pu samnle. Four tvoical yiVXvs 1/li plots are shown in Fig. 1. Ajtl j 
" "\ „ ij -II i 

values have been corrected for the sample holder and are thus ;f/or Pji alone \ 'fhe Held independence shown by!ithe 29'*.7 and 57.0 K plots 
Y \ o I $ J\ 

for all temperatures exa-mned between about 50 K and room temperature. ,/ // 

nd are tnus a'or i-ii alone. 
'If 1 ••• 

3 K plots was observed ;' ,; 

Below -this temperature, Afield dependence "was observed. The "tt-ue" paraj-
magnetic susceptibilities,Ix^j obtaified by linear extrapolation to infinite 
field, are seen to increase by only about 2% between room temperature and 

o , \ . V 
4.35 K. The y..-values obtained at 4.35 K depend on the magnitude of the 
external applied magnetic field during cool down. It is interesting to 
note that the "true" paramagnetic susceptibility, x„, at 4.35 K is in-

Y ... ' 
iependent of the value of the fie'id applied during cool down. 

• . - " ' • , X 

•;, The temperature dependence'tof x̂ , and X„ for H = 4 and 7 kG is 
shown in Fig. Q. The curves below £0 :!< are warming curves. The sample 

° Y Y' 
was first cooled to 4.35 K in an applied field of 14 kG, The external 

" '. ' "\ 1,,/ 
\\ •; :v \ 

I i \ \\ 



field 'uas.maintained at l'f kG tiiroughout the warming runs except for the 
few minutes it took to make the AvJir.easurQT.ents at 4 and 7 kG. The =1;>and^ 
7 kG curves in Tig. 2 are composites of two independent runs and illustrate 

v. 
the reproducibility of the data. 'To obtain reproducible results it was 

?' ' ' \ o _• o 

found necessary to start from above 50 K each time, cool down to 4.35 K 

in some 'applied field and then to measure x o n warming -with the cool-down 

ii X 

field applied to the sample between measurements. 
\ Tb ,.-1 ie.values of a, as determined from the slope of the X-- vs H 

curves, is /shown- plotted against/te-np^rature in Fig. ,3. ./The solid curve 
' ' . . \ . \\ •' \ ":'V .• 

is associated with the measurements, of \%.. in'which a 14 kG field was 
{» at>Dlied as described above.- Trie results; of two independent runs are 

^clearly indicated Lvthis fiEure. jAlso indicated are the values of a 

obtained at 4.35 K upon cooling down through 50 K with applied fields 
ranging from 0 to 10 kG. 

\'f =*.,£ It is clearly evident in/both Figures 2 and 3 that a ̂ magnetic -. 
V ,• i ' '"• '/ .! •-> •'• "• 

. V - t r a n s i t i o n of some kind i s /occur ihg a t about 50 ic . We have''consiitered 
" ^ • • • ' \ . . K I \> ' . \ \ \ J' " v r / ^ 

•\" /-three possibilities to account for this behavicr: (l)\the presence of' 
$< *"A'. '' c \- I j );' 4 . \ \ * J •} -

Vy\ a ferromagnetic impurity/ in j small concentration,'^ 2) intrinsic ferromag-" 
:' *:\ •'. \ "\ / " •' " '? ^ "J'\ W ' W 

\ netism'of plutonium 'andv (3)i|antiferromagnetism. Even though our material is of high chemical iWity,|| i t i s 

plutonium exhib i t mapnetic 'vipxi 

d i f f i c u l t t o absolutelyVir^ie 'dut impur i t ies 
\ \ \ LM. (as the source of the î iagnetic;'behavior. However, no knam'compounds of 

o V'. 
prderirig around 5 0 K ; t o our knowledge. We 

•• 'checked t o r sample., bomb; 
\\f' ii 4 ., " 

1 l , i ' \ It '• ! 
'i with respect to the/ ma[ 

\ 
ill i); «'; 

geneity, by ^displacing tne sample v e r t i c a l l y 0.835 cm 

^1 

IS >\>. 

[Viet and remeasuring o a t 4.35 K. The values of a 

http://AvJir.easurQT.ents
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- 8 -

\v ViV before and after the displacement agree to within 0.1% indicatingithat. the 
observed magnetic behavior-is not du^ tb. some localized magnetic inclusion 

or granule. w \ \ 

If a-Pu is intrinsically ferromagnetic, with a Curie temperature xmae 
of about 50 K, then the calculated moment ,;per Pu) atom is about. 10 ikShi? 

; ' \ = / ' • \ \ 

magnetons. Vte have little feeling for the possible existence of such a H = \ . ;:- » * - \J . \\ 
weak ferromagnetic state. If, however, a-Pui lis antiferromagnetic with d\ 

= I) \ \\ 

moment per atom of about 0.3 Bohr magnetons a|s\\ postulated-by Rocher and \) 
Priedel, then it is possible that bela-7 50 K we are "observing a net(-Tagn^\tic 

.moment associated vjith-airtiferromagnetic dqpainI boundaries as discussed \>y'\ 
.17 " "% •' ' - ' ' : i" f, ' * ^ \ • 

;La ,'-,and suggested as the source of the weâ c feitromagnetisni observed in n-fi^.' 

• o ° v I -: " -' • 'H 
If this is the case, then the field depends;it behavior of a at 4.35,K- be- { pomes more easilv understandable as the net Tnome 

domain boundaries tend to'line UD with--* the applied'field. «The l̂ rs;er the 
:ts in the antiferraragnetic 

applied' field 'the better this alignment willll̂ °-> and thus the greater-the 

measured c. The small value of o would also; be understandable as onlv a 
%* V' 

Ti'ain bcyn small percentage of the Pu atoms would be involved' i n the domain bcynti'arieSvj 
" i ' H « - '• ,<•••• 

diffraction results dp not conflict with this interpre-i 
: . " // ° '" * "3 ° 

tationX Theccrystal structure of the ct-ohase is complicated and numerous 
\ •. - V . - . • = •. ' . , ••• n . "in "'•-

lines are obtained\in the diffraction, pattern wjiich mikes it difficult 
to see A moment of the, size suggested by Kocliep. 

I 

HI 
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FIGURE CAPTIONS 

q Fiir24„-HsynetiS suseeptdlsility as a function of J.C . The latels 

' . •- ' If "and 0 kGon the 4.3S°K curves; refer to the value of the 

applied external field on cooling to !i,'3S K. « 
Fig. 2 Magnetic susceptibility measured at H = 4 and 7 kG as a 
- _, - function of^T; These are warming curves obtained after 

• first cooling* to 4.35°K in an external field of 14 kG. 

The Xco curve is obtained by linear extrapolation of 
- 1 ii - 0 

X H vs H curves to infinite field. 
indicate field independent points. 

- 1 ii - i J 

X H vs H curves to infinite field." The solid circles 

Fig. '3 The ferromagnetic moment,• determined from the slone of-
o ^ - ' - ° \ ' 
X, vs H curves, as a function of temperature. The 
numbers on the points at 4.35 K refer to the value of the. 
external field (in kG) applied during the cool down to 
4.35 K. The circles and triangles-are the results of two 
independent warming runs^ \ 

• - ^ ,. o 
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