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Magnetic f'uusce')tibilify- and neutron diffraction measurements °© ﬂ
havc been made on aﬁugh ;%,ixrl%y, polycrystalline sample “of aQPIf:ase &&\
2142 . The @usceptlb;llty ore.,ults show the chlstence of weak N =

i ]
)

fcrr‘on.a meticm below 50°K. "'hl ngests “that the a-—phase is

dntlfcr'rom.agneilc, the kobserved fermmagnetlc moment (9.5 x lO emu 73

° a
<

per gram of sample at '4.35-\}(1 originating within antlfer'rcmagnetlc

2 .
° observed in the ncu‘tr*on dlijfr'acLlon study’ suggestmg that tre | " h
o \ .
moment per Fu atom is.too small “to observe w1th this techm.que.“ K =
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The question of the existence of a magnetically ordered

state in the alpha phase of plutonium az low temperature has been

a subject of much interest’and conjecture for some vears. ! Focher

y a ' “\? ".\.\' ¢
and Friedel put forth the hypothesis that a-Pu is antiferromagnetic
with a lgel te'npcratﬁ?eraround 100K in an attempt to explain the.

= . . s 7 | - . . +
observed low temperature resistivity anomaly in terms of spin—disorder Y

. s ) ‘ 2 5
scattering cf the conduction electrons. Smeluchowski, however,

[\ X : R Lo
has proposed a band structure that can account for.the resistivity

k)) 2 - B ' . ‘,
anomalv in terms of interband scattering. IHany rhysical properties .

0

u 1-3 . . . D.
of a~Pu have been feasured in attempts to substantiate the mdgnetic

ordering hypothesis. Numerous anomalies have been observed and :

B
<o

confhctmb results ori’ the ;same propertv .) / dlffcrcnt :anesn -ators A.ave ' -

7 .
>

. been reponted. m of t}.g. measuremcm'-‘ suprest magnetic omcring céoes v
5 4/( Ct e s o

occury vhile other's awpear to refute it," The most direct and unambi “ouo,

way to detexmnc if a substance 1'5 antiferromagrietic or not is by mcans

a

of peutron diffraction. The available sarples of pluton;um up to now, ©

however, have had much too large an effect ive ab_,or":non cross secticne

and were too }ug"xl y radloactlve LOI‘ good dif fr'actlon patternl' to be
\2::/ = ' : " ,D\: .

obtaired. o : ? " ‘ o j

N

Scme of the’ anomalles r‘eported in earller f:ox\,L (e.g., specnlc
heat) are now knoim to drise from s elf-mduceq radmtlon damagie. A

relatively large amount of hlgh pur'ltv, clectr'oref mcd Pu has

recently been prepared under' the aus pmcs of the U..J. % « Trang=

plutonium Program ‘and *he U.S.A.E.C. Isotopes Scotion. - Plutonium
samples “are therefore now available in whlch the radlatlon damage is a R

nﬁni’nm. \Due to the relanvelv dow effoctlve ab or'ptlon cno"f section ’

of this 1sotope, neutron dlff’ractlon becomes felis lﬂﬂ.(‘- ‘¥e have made

u(); mg‘ . K\ K . 3
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cryostat Un the rowder difiractomter

for thes? reasurcments, the sample was

) can with one atx nsphere o heliun exchange
K . ‘
‘ = vere ouLserved at any ol the alove tenreratures
changes obs u,or‘veu.: i"c orzerved patierns amhea
by :{ac}? *iasér?ﬁs {or *‘*é a-phase. A detailed acccunt c:"l thess ¢l

&
meanurenents will be given elsewhiore but we can conclude

form ol antiferromannetic erdering occur? in a-iu with
N h ' )

freater than about 0.5 Pohr miynetens. . 1
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A5 rrevicusly rerorted reasurviintc of the magnetic susceptilliiity
- . . i
showed little It any tesperatwre dependence; and since we could detect

no indicaticns of antiferromagnetic orderiny; in the neutron dil

R84

v
s

o 7
medsursments, we decided to attempr a cdreful exanination of the susoer

bility to high precisien. The sample was the samc s used In the dlifracrion

g

(2]

measurerents except that ity Sealed in g thin-walled alumninua contil

with an atwosphere of nheliun exchange fas. The measuronoents were

- ; 13 s - A
a magnetic foree bal.nce”” consisting of a m\cc:\t:m; soni-nicrobalance

002 g oand a €% electronggnet with LI

(o]

capable of welighing to + Q,

lation and stability held to 1 pim by weant of a Hall probe re;ulator. /;"/n
-~ o . - : 5, _
Gouy method was emploved because of the geonetry and polycrvstalline ngturs
’ - ~»\:/;7/

I cress-

< . \ L N
of t - sample. The mass suscephibility of a cylindrical rud cf are
< 5 3]

g -
. ¢ e LA . . p
secticnal -a¥ed /& as determiniid by the Gouy method 15 gpiven by

[

X = g&w/tcfx(iiz-ﬁoz)l

= B o

vhere gz is the accelecration of gravicy, de 35 the change
- w A

in grams when the external ragnetic field is dpplicd, p is the censivy o

ficld at the tuo exwremitics

o 5

5 [ R
ields H were determined \B‘R-Ilth 2 nuclear magnetic resinance
' [\ ,
W ‘ . .
= \Xf:cre measurced with a rotating |
h | .

N N L PO
he rod, and H and H ' are the vilues of
f

gausereter and the much weaker fields,
®  coil paussmeter, The precisicn <o w}u%} dependsicn thie
. , A S A

. 22 o .
precision of &w and i =i, . Ihe reprod i\clb.ﬂ\ ity of the #'s was measured

with the 2@ gauscmeter and found to bLe ‘*Y).’Jl’i. The &w values (of which,
9 ‘\
) o . o ! s e
0.30000 g is typical) are determined to abouq\ 0.01%.. We c;;';tl:."-‘lte the
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L we obtained an e;rpzrmcntal ire-

teen measureTents of Y at rooum tems

?s o Lt
gkmtu\o (295,0 Kto 297.2 :.) in various Lelc fran i to.8 kG., The
| : ’ S
)r\ea u*(_%h ts e re spaced out over an’interval o‘ about three weexs wWith
; 5,

W

the teTperature variaticn of

‘o.e 0..}“\3 N
i

. e

:JL‘xs;dczu.)lc tenperature and

an averagge value of

o

field cyel

x2is negligible between 235.0 and

297.2 X

g;bct.«:ceﬁ mc‘%sur,-‘afrants. Fssuniing
]

! °
b XAV (296 + 1 1) = (2.20604 + 0.0010) x 10
[ - :
‘1\ S ’ T . . A i -
yncr\_ ] he uncartainty her\e 15 t'ne standard di"v‘la‘flo. This uneertainty 13
mJ I‘(‘.l...)x.*“’(‘ arreenent with t Ae e%,.ruted p £ 0:04%. Tre above ra

o f
fvalue o‘

i

| elsf/c.i':zcrc,l

o | ‘

'

}El-ﬂm‘ . "7 b

allmed x m[»_,upere'x
In t‘u

Y

o has Leen 'corrected for the sus

A varidble teuperature cryostat, v.n:u{ lel be d?lbcm*ed

cen '.Ll)lL‘T."j of the alis znirarn

an

o o3

/

to be mace ‘from about 4 K to room ten-

tat, the c,a:rm‘e is in thermal codntact ;u.tn a surrc..m-

. \
"ing cilindrical :‘catqc:\c.kmgcr via Helium gas. The tes .h._rad\Ye o‘ the ,
| \ / i ‘/ o
exchanier can be varied Iy varving the flo..v of co;d Hell.n gas or licuid ,/
[T 2
! { =i ] el
thmu. 1 it., ,The ;c‘..“cmtm*c is sured b_/ a germanium sensor solde?eg xS e
" o A\ / &

heat exg::xangcr.

sensor spspc?\dcd in thel sa:mlc posnlon.

N

£

his .,<3/1_~,or was: callbmted in pldcé against another ge:‘rr':-..u /)

'I‘hc sensor was cas 11" rca...ablle to
" o \l: 2 iz // o ° ¢ 2. |
= 01 K bu” tho uxccrm wt\' An the sample "temperature at low tenperatuy c_>, .
’ 2 s /
however, | could Le asymuch as 2-or 3L~}\ because df thermal gradients. / s
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The ficldudcmndencc of any su:}ccpti'nility measurenent should
be detcrmnec. as it he w15 been .,k.o.rn that if a small £ whomagmetic com-

16
N ponen.t is present in tha sample the Gouy method gives

]
A

Xy % X * 20/H B (2)

where Xy is the susceptizb\\ility measured in the field H, X, is the suscep-
4 R -
tibility at very large fields and @ is the saturaticn magnetic moment

5

of the ferrom .agretlc°coh.conent per gram of sample., We have made field

de'v’nd‘,nt mneas Lu\e:rentq at a n\ﬂber’ of tc:rre:‘aturcs between 4 l( and room.

o)
- temperature cip:both the a'zm*:,' é@l\minum sample holder and on the holden”/

A . ]

plus Pu sample, frour tvmcal yH\\vg 1/t plots are shown in TFig. 1. 1'\,!.1 /

i
N\ b

/
values have been corrected for the sample holder and are tnus /;'{)r 1 alom:

\ J w
I‘he field mdependencc shoWn b_,r\the 2914 7 and 57 0 K plots wéls ob/'served Ji

N
g
-

i
for all tar:':cratures ﬂxam..ned be‘meen about 50 K and room temperature. / ] "

==

.
Below this tc"q,erat\mc, f\\leld df‘pc'xdencc was observed. The "true" para/-
magnetic suaceptlbllltYes \xm, o*amed by linear extrapolation to infinite
fJ.cla, are seen to J.ncre\.\.,e \\b\\v only about 2% betwcen room t;mmeraturn and =
s\iméd at u 35 }’ depend on the magnln.un of the

\,

external applied magnctlc fﬁ:{i dum.ng cool down. It is interesting to

5

u 35 K. Thc xﬂ-values o

note that the "true" “ar‘a.m:;net\x\c\: SUoCEDtlblllty, Yoy AL 4. 3a K is in=-
.et‘endent of the va.lun of the I:L(‘\k\d applied duz‘m{' cool dovm.

. The temmcr‘iattﬁm cnmndencc; *\?f )(a, a.nd Xy for H =t and 7 kG 15
showm in fig. 2: The curves bc\e\cw l:D ¥ are warting curves. The‘ sa'nple

kY]

o
was first cooled to 4.35 K in an é;}p_’l; ~field of 14 kG, The external




field vas mairitained at 14 kG throughout the warming runs except for

the

{ew minutes it took to make _/t}:gi Aw measurements at 4 and 7 kG.
’ ’ - \ |

7 kG curves in Tige 2 a‘re CO"lT'OS\lte‘ﬁ of two independent runs and illustrate

3

the rem‘oc.ucmblln:y of the data. *\EFo obtain reprcducible results it was
’ \ o
fcund necessary to Start fr‘o*1 above 50 K each time, cool dcrvn to u, 35 K

in someapplied field and then to measm'e X on ,wamung with the cool-down

field apclied to the sample between measurements,
2 : i

The valuer of g, as detennmec f*‘o“ tne slope of "the )( vs B -1
4 .
o /~ r r &“ \\ N
curves, 15/ ‘shown plo tcd agalr?stu’tawwr‘ature in Fig. 3. TI'ne SO lld curve
/

i \ ;
1s aésocza ed with the measuru‘*ent.-. of x ;1 in‘which a 14 kG fleld was
= - - / .~

il amnlmd as described above.,
M

'1"".\8 resultz» of two :mdeoendem: runs are

'\ndlcated are the values of o o

/’clearlv indicated in'this flszure. :Also
. - ‘ ‘\

A
N

thamed at u 35 K upon coolmg doun t‘mougn 50 K with apulled fields’
b ;‘ L
0 5 J ‘\\ i
r‘a.nglng fram 0 to, 10 G, ] 'f ’ :

L T " :
/\ /It is clearly ev1dent in jboth Flguxe" 2. and 3 that a- nagnetlc > f—/’
/!
tx‘anqltlon of some kind is/ o‘ccurlrg at about 50 K.

.e have co'xslo'wed /ﬂ
\\ J "‘ | =
du‘cc\ DOSSlblllnes ‘to accomt for t‘us bc_hav,c\p (1) the resence, efr

a rem‘\o.na,,netlc JJ'lD\J!‘.‘L ”

A \ ty/ m”small concentration \(2) :mtrms:.c fer'm:rc
\‘\\”\ i\ P e j
U]

\ HEtlSﬂ‘\\\Of plutoniun ‘and/ ( 3)” antlfermma;j\etlsn. Even t}wugh our rater;,i.
- \\ is of hlbh chemical m’ ity,)it is {dlfilcult to absolutel;v\\xﬁ\\
\\,ﬂ\\as the SOurce of the tlryl/agictlc\ bC}LiV].Ot‘. ‘ However, nd known \co:‘r\x\xromﬁds of
y\\plutonn.n exhibit mﬂ/x;etic :‘or'derir"

L

out Jmpurltlcs ’”

/

chec}\ed ior sample }Ao'un berelw bv]
\

i arcund 50 K-to cur }mowleq\\re. e
> 4 = w/

|

J

L thh r‘nqx

I\V

ct to th e/ malvnet and rail
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| \ \
before and after the dis placo;ncnt

ag"ex to within 0.1% inélicati,xg;\‘\th

)
okserved magnetic buavmr—ls not duq tb some locall ed x..)gnetlc mclu ion
or granule.

o

[l
i

A

\ \\ /
\\ \\ -

i
W ® '/ ’
If a=Pu 1': 1ntmn51cally fem\m\menc, with a Curiec tc'meraturo

3! i\ i
of about 50 K then the calculated moment /‘per Pu atom is about 107" oh
nmgnetonf. Ye have 11tt1e feeling for the‘\\pc;ssmle. existence of auch- a\\v‘t\ o \

weak ferromagnetic state. If hoe;e-/er‘, a—Pu\ ws dntznezmmpotlc with \\\ l \f\
moment per' atom of a.bout' 0.3 Bonr n‘ag,netons aa\p05tulated by hocner‘ and \\

Pi'iedel then it is poss:.blc that below Su K“
_moment assocmted wrcn ant:Lfer'ro*ugetlc do?xal

.17

are, ‘obs ervmg a net "nm “*1(:

nﬂ boundaries as dlscussed
B *‘ L
) iy ,and subgested as the source of the dean fei{romgnetls'n oo.,er'veu in a-l%

If this is the case, then the field depe“:le.

\\
7
A 1€
.
\t bdhavior of o at 4,35 K be= [
Eac] \J u ’ B ® ) \\.‘
oomes more eas:le understandable as the net momerts in the antiferrunagnetic
o ) ‘o @ N
s “ ied-field. ,'I'he lérger the ,“‘L\" .
;‘ o /’\—/ 4 A ‘\\‘y
aDplled fleld the better this alegrncnt willl ;3:;; ?md thus the greaterithe 3\,
AN \ - i ) s . b
measured\c.\ The small value of ¢ would dso "be understandable as -onlv a 3
4 N N o
. small percentage of the Pu atoms would be mvolvca in the don
7 \
: \ Our\ «egatlv
\
\\ tation.

-,\\\J
u

ya “
ne\txm diffraction results do not confllct wn.th tms mter're-
. // "
The” crystal structure of tne u-rhase is oorml:.ca*ed an nunemus

)
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y as a function of Y. The labels o
and 0 XG on the 4.35°K curves: refcr' to the value of the
applied external field on cooli‘ng to 14.“35 Ko o

s Fig, 2 Magnetic suscﬁptibilitv measured at ii = 4 and 7 kG as a
)

o ' 0,
i B function of,f,/ 'I‘he';e are warming curves obtamcd af*n"
O v e
.o © first cooling to 4.35°K in an external field of ‘14 XG. X
o The X, curve is obtained by linear extrapolation of
: o o o
' . -1 s ealis \"’ . .
Xy vs H ™ curves to mf:.r”n.te field." The solid circles
mdlcate f:Leld .mdependent romts. \(.;
N
Fig, 3 The fem'agnctlc moment ;- determined from the slope of - .
e g -1 ’ <
Xy vs'H~ curves, as a functmn of te’npe.r‘atum. The
. - B numbers on the points at u. 35°K refer to the value of t‘le
a0 e
extérnal field (in kG) applled during the cool dorm to X
=1 B O
4,35"K. The circles and tr‘lannle.r are the resul s of twe
> %
3 !
: independent warming runs \\
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