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UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-T405-eng-48

ERRATUM

Cerium Magnesium Nitrate Temperature Scale from Nuclear Orientation, R. B.
Frankel, D. A. Shirley, and N. J. Stone [Phys. Rev. 140, A1020 (1965)]
Table I on page Al022 contains errors in the first 8 entries of each of
the first two columns. The first eight rows should read:

(%)initialkGoK—l (%)calc %*s (%)DR (%)FSS
0.8 0.692 20 20 20
1.6 0.688 Lo Lo Lo
2.5 0.682 60 . 60 60
3.3 0.673 80 80 80
L.2 0.661 100 100 _ 100
5.0 - 0.647 120 120 120
5.9 0.631 140 140 140
6.8 0.611 160 160 160

We thank Dr. R. P. Hudson for calling our attention to the erroneous values.
-These errors were completely unrelated to the research reported in our
paper, but arose from a computational mlstake These entries were given
simply to indicate that our data for T >. OO6 K agree with the DR scale,
although they do not stringently test it. DNone of our conclusions are
altered.
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- ABSTRACT
Systematlc deviatlons were found below O, OO} K in the temperature -
157 o

dependence of nuclear orlentation of Ce in céerous magnesium nltrate, using

the temperature scale proposed by Daniels and Robinson. The temperature scale =
below 0.006° K was redetermined using a new method: nuclear orientation. This
has the advantage over the y-ray heating method of high sensiﬁivity at the 1oW-
est temperature. The most striking result is that a value of l/T of 520, rather
than the previously accepted 52h, is obtained by demagnetization from initial '
conditions of 18.8 kG'deg_l; The useful absolute temperature range is thus

~  lenst G0 1 Sy A Uk
extended by at least O% in l/T. Auxiliary experiments on oriented Pm gave

similar results and provided independent confirmation both of the inadequacy_of'

the old temperature:scale and of the validity of the new one.
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| If' INTRODUCTICN

' Ceriuﬁ magnesiﬁminitrate CMN is uniqﬁe among péfamagnefic wdrkihg.sub-
'stanéeé in that it may be demagnetized_adiabatically from helium bath_teméera-"
tures (~10-K) gnd_commonly available magnetic fields of ~20 kG to.én absolufe' '
 temperature af least.a factor of three ibwer'than that atﬁainablé»with the |
- second best fure paramagﬁeti¢ salt, chromium potassiﬁm sulfate. ﬁThe;ldwest
attainable ﬁempératures to which a specimen may be cooled are thus made aVaii;’
able by the use of CMN.li Tn- 1952 Daniels and Robinson (IR) reported2 a T—T*
correlation for (MN. Here T*: is the magnetic temperature, défined from the
susceptibility by fitting Curie's Law at high teﬁperatures. Theydiscoyered
the very convenient featu{e of CMN that T = T* to very low temperatures (within
’vl% at 0.006° K). This property has led to the use of CMN as a thermometer. in
many experiﬁents in'the 0.01° X range. | |

At the lowest températures’DR found it desirable to employ an "iﬁtegral
héat" method of calorimetry‘because of the low heat capacity bf CMN. This led
to a less reliable T—T* correlation ét these temperatures. Nonetheless, the
IR scale has been in use for 13 years. DeKl'erk5 reinterpreted the IR déta, .
concluding that T = 1/400, rather than T = 1/32k, ﬁés thé lovest aQailablé;ﬁz
temperature. Hudson, Kaiser, anﬁ Radford havgv?emeaéured the T;T*correlatién
by similar techniques, finding that thé loﬁést temperature is in the 0.001-
0.002° K region. | ,_.
Although CMN has often been uéed ana‘thermometerfdowﬁ.tb T = 1/150, it f’

has been used in its lowest temperature range only for nuclear 6fientation
- experiments (including the parity experiment).5 Tn some of these the measured
- quantities were not'temperature-senSitive'at'the lowéét témperatures. In
vothersvdiscrepgnCies were obsérved-but were not'éttributed to £he IR témpera-

ture seale, In two earlier studies in thile Laboratory, for example,



'lrregularltles in the temperature dependence of y-ray angular dlstrlbutlons

were. noted 6’7 Wlth the avallabillty ‘of -the new Berkeley 88 1nch cyclotron'
157

we have been able to restudy the more prom1s1ng case, Ce o in much greater

T

"detail We have found that the DR temperature scale for CMN is very much 1n

A'error in the lower range, as is deKlerk 5 modlflcatlon.: In partlcular, tempera—

irtures.as.low -as l 9 mdeg, rather than 3 l mdeg,'are ea51ly reached
: We have constructed a temperature scale based on': the nuclearlorlenta-.rdflg”"'”
tlon measurements.' Thls is the flrst temperature scale for a‘purebparamagnetlc.t;;;.p-‘u
salt based on nuclear orlentatlon, and we accordlngly dlscuss this technlque jﬁdfr' B
in Sec. II,;vResults;are“glven 1niSec;.lIIf ,Thevnewuscale;rsxdlscussedjand,5;:"f'.
related to prospectlye%coollngpeXperiments;inZSect'IV. | |

.
yd
<.

Ir. TEMPERATURE SCALE DETERNINATIONS FOR CMN

'fAé Gamma—Ray Heatlng

..r"

In adlabatic demagnetlzatlon experlments lt is essentlal to know the |
absolute temperature, T, 1n terms of easily measurable quantlties. One»such
quantlty is the entropy, S ‘which is the same after as before demagnetlzatlon.,if

’The entropy before demagnetlzatlon may be - dlrectly measured or, 1f the partl- o

tion functlon of the salt is accurately known,'calculated from the lnltlal mag-lfn

‘netlc fleld and temperature._ To the extent that the lattlce entropy is negllglble, ‘§=f’.

S is a functlon of H/T) - On demagnetlzatlon from each value of (H/T) a mag—:ﬁﬁt'.
net;c temperature T = C/X isvreached. .Here' X is the magnetlc susceptlbllltyl
';and _C is the Curie Law constant, evaluated from the susceptlblllty(at hlgher
Jtemperatures. .Slnce T is shape-dependent, 1t is more useful to'tabulate T

the magnetic temperature of a spherlcal sample.8 An absolute temperature also-

CQfl‘eS:P@ndS to each (H/T)i, and the relation of these temperatures ;.s ealled the ‘

T fc)correlatlon.
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" In the method of ~vy-ray heating the heat:input  Q._and entropy are =
correlated by heating the demaghetizedisample:through.absorption of vy -
radiation. The susceptibility is measured and T 1is treated as an inde-

pendent varlable. The temperature is obtained'as
* ¥ |
T = d@/as = (aq/ar’)/(as/ar’) . (1)

A major wéakness of the method.is that fhé data must be‘différeﬁfiated. o
This is especialiy harmful at the lowest temperatures. -

Another problem that arises in CMN is that Té)becomes an insensi=-
tive parametef, varying only slowiy.with"T. It is then advisable to uséA
(H/T)i directly asvthe ipdependéhflvariable, demagnetizing from different_ 
- fields into the region where éj(ioesn't vary and heating ihtbbthebseASi—jﬂv
tive region.

This "integral heat” method has the diéa@vantage that in heating
the specimen_through & conslderable temperature.interval_at'theblowest
temperatures heat‘leak corredtioné.are particularly difficult to make.
Differentiation of the fesulting "integral heat" tékén as a function of S .
is thus'eXtremely open to systematic error. |

Daniels and Robinson fittéd their Q(Sl.data'with a Straight line, _'
., thus requiring the temperaturé to beréonsfant forva rénge_of éntropy. This.:-
is shqwn to be clearly ih error by the nuclear'orientatidnvféSults bélowo'l'
DeKlerk, by neglecting the lbwest pointé, i.e., those witﬁ greatest
uncertaiﬁty, fefitted the data, obtaining a different, but'asvwe shall show;
below, still incorrect temperature. scale. The‘difference.of the twb séaieé; 
and the experimental difficulty of the method have argued(for several years |
for a redétermination of the CMN temperature scale below 0.006° X by a -

more suitable technigque.
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Hudson,uKalser, and Radfordu have publlshed prellminaryraccounts of a S
redetermlnatlon of the temperature scale by essentlally the same method ‘Wef
'lcannot compare thelr data 1n detall w1th ours: as yet but we note that they .u”f'

jvjalso flnd very low temperatures, in the O OOl to 0. 002 K reglon.t;?f'””

. j»,‘,-

:'1wNuclear.Orientatich A New Method taddf&{f#;f‘“

Nuclear orlehtatlon hae been used for thermometry for at least hlne
yeare,9 but it hae-not;been used before.to determlne’a temperature-scale for ;;,f;
i a. paramagnetlc salt To be appllcable thls method requlres an 1sotope that -
"v‘goes 1somorphously 1nto the lattlce,v 1th a well-known decay scheme, a8’ large,;fdf="“
.lV-ray ahlsotropy'whlch does not reachba saturatlon value in- the avallable ;r'b {;‘ltlﬂ
.temperature range,. and a spln Hamlltonianvwhose form 15 known.‘ Cerlum lBTm ‘::l;flv
prov1des a. happy coﬁblnatlon of these qualltles._ Theldecay scheme is the f}?ii;
sequence ll/2- (Mh) 5/2+ and there are no 1ntermed1ate states involved. ia;lﬁd?:f?f'
large anlsotropy had . been observed in earller experlments.Tv The spln Hamlle :”.sﬂ’f
' tonian is »

SE PR S, v e v NS+ AS T, +BS,L S T) o (2)

W1th B >> A. The angular dlstrlbutlon of the Mh y ray from orlented Ce137m h.f-'v

CMN lS thus7 glven by

i W, =1 - o.,8895.B-2'P2(¢oée) + 0.4h3 BhPu.(c'o'se),;.-",5,v 3)
' The'crientaticn'parametere':Bé' ‘and- Bh' may be calculated from Eq (2) in the':

~usual way, 1n terms of B B/2kT By fltting the data to a theoretlcal curve

R
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in the region abbve O OO6 K we derived B = 0.0060 em l‘l As:in.this region’ E
—T®; we used temperatures calculated from susceptibility measurements uSing
the DR’temperatureyscale.- With this value of B the theoretical W(Q T) curve

" is then used to deduce'temperatures from.gamma—ray ansiotropies observed in
- the region'below l/T = 150.-‘As‘usual the anisotropies observed wereYCOrrected
vforvfinite detector solidiangle:and forVSource decay.

Threeiseparate Ce157m exﬁeriments were performed using_different crys-
tal samples;"One of these was'sphericalg for[the otner two_T*:was corrected_

to fg using estimated demagnetizing factors. The three sets of data were in

excellent agreement

135 m

As a precaution agalnst unknown systematic errors in the Ce work

additional experiments,were performed on Pm 1k in CMN The spin Hamiltonian

 for Pm is completely different, being of the formll

3:1‘= P['I,ZQ-%I(IJ—l)].. ', - | : .,:(u')'

+ . o . : o R
Pm:' is non-magnetic and it would not be expected to participate in

any possible collective'transitions inrolving the magnetiche ions in CMN.
The results are discussed in Sec. ITT and.are COmrletely cOnsistent‘with the l'
temperature scaleideduced from the Ce157m datamf H |
dNuclear_orientation and-tne olderltecnniquevhave a complimentary func-
tion inbdetermining an unknown temperature 9cale.“In the hiéher_temperature'
range the <y-ray heating method is reliable_and,'as in‘this case;yiSISOmetimes'
. necessary to make possible measurement  of the nuClear.orientation parameters,
. However, as the temperature decreases, systematic errors.in the heating method'
become much larger as discussed above,‘whereas the observed gammafray aniso-

tropies increase, making the nuclear orientation technique far more accurate

in this region.
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”;,orlented in CMN agalnst l/T

- é@”
resultlng temperatures are tabulated agalnst H /T and T TDR is’ lncluded for

‘ comparlson. Flgure 2 shows the Ce!

V,B‘ .

Dd; u51ng Danlels and Robﬂnson s temperature scale'

- The. dramatlc departure of the data from a fltted theoretlcal curve at l/T 500‘? iflf”

'j*suggests that the temperature scale 1s in. error or. that the Hamlltonlan suddenly
fbecomes inadequate at thls temperature.. The latter pos51bllity could be the

N case if CMN became antlferromagnetlc at l/T 500 for example., However, 1t is

ea51ly shown that antlferromagnetlc orderlng in the plane perpendlcular to the

B crystalllne e ax1s would lead to a decrease 1n nuclear orientation, whlle an j‘

A B - Lo e_

' increasefis observed.; An error in the temperature scale 1s thus 1nd1cated

A new temperature scale was establlshed by flttlng the nuclear orlenta- i:;_;y,’

A. N

ton data for 08157m to the Hamlltonlan in EQ- (2) for T > 1/150 K to determlnef’:uﬁ‘

B, and u51ng thls theoretlcal curve for the lower temperatures.l In Table I the -

157m data fltted to the theoretlcal curve for

B =0. OO6O cm’ l; 1nd1cat1ng ‘the lowest temperature reached to be l/T 520 5 3:,;a-i'

®
_Flgure 3 shows our suggested T- T relatlon w1th the DR scale and deKlerk s

version.’ :
It 1s fortunate that for Ce157 the constant coefflclent of the Pu(cose) -

term 1n W(G T) is- large, as below ~O 0022 K- the P (cose) term 1s close to 1tsv

“‘vmax1mum value, and the temperature sen51t1v1ty relles largely on’ varlatlon of

B+ At l/T = 500 the coeff1c1ent of Ph 1s +O 215 O OlO If for example

£

-~ the - temperature were really 1/700 thls coeff1c1ent would be +O 268

The: relation between W(O) and W(ﬂ/E) is sensitive to changes in the

nuclear spin Hamlltonlan._ In Fig. 4 the theoretlcal curve for pure Mh radlatlon;j_'

'fand planar allgnment is compared w1th the experlmental data. The agreement 1s
' excellent and in partlcular no dlscontlnulty is observed in the l/T 3001 f;ff

~region, -
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" To obtain a completeiy 1ndependent cheok of these measurements wep
aligned PmlhLL in QMN, and studied the anisotropies of the 615 and 695 keV,-rv'
gamma. rays using Ge(Li) and NaI(Tl) detectors. The results are more
detailed and accurate than thoseAreported by Grant and Shirley; Again
the "hook!" in the temperature-dependence curve was apparent (Fig.‘S) using
TmR*

is considerable uncertainty in the nuclear parameters involved in this

However, thérnew scale allowed & smooth fit (Fig. 6). Aithough‘there‘

degay,6_and a uetailed discussion would be out of place in this paper, the
.fact that with ph&sioally reasonabie parameters aifit is obtained at all
temperatures at least shows that the new temperature scale contains no :
-serious irregularities. "A full analysis of tnis experiment will be published t

separately.

| IV, DISCUSSION
The new CMN temperature scale extends the available range of absolute
temperature to below 0.002 X. ConSiderably lower temperatures may be
reached by u51ng larger (H/T) or by magnetic.dilution, and nuciear'orientar
tlon clearly offers the pos31bility of determining these temperatures
accurately.‘ This temperature region should be, useful in connection with

searches for very low temperature trans1tions in superconductors12 s15 and

3 lh 15 It is especially important for the He3 problem that:there

in He
_be no spurious irregularities in the temperature scale; One further aspeot
"of temperature scale determinations should be mentionea. A‘temperature o

v:soalevis only useful if itvcan be reproduoed with.ease and reliability. - It

is difficult to growv 1arge clear CMN crystals. - The crystals used invthis'_'

work were not perfectly clear, though they were grown from a solution of



'r_many tlmes recrystalized materlal.z ThlS mlght have an effect on thelr

':thermal propertles.l On.the other hand our: T vs (H/T)- data agree well
'w1th those of Danlels and Roblnson and were very reproducible us1ng

dlfferent crystals.: The scale reported here seems clearly preferable
%o those prev1ously available, and the usefulness of nuclear orlentatlon

~in determlnlng temperature scales 1n thls reglon seems establlshed.,;{-
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Of:course; the temperature range may be extended down. still further by -

- magnetic dilution of CMN -or several'other salts. For those experiments' '

in which this exten31on of technique is feasible (dilute) CMN would

| presumably stlll be the best worklng substance.

Lower spin temperatures are attainable by nuclear demagnetization, but

until now this has not proved to be a useful cooling technique because . -

the nuclear spins do not achieve'equilibrium with the lattice.
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Table I. l/T l/T correlatlon for CMN« Accordlng to Danlels and Roblnson o
S (DR) and -this' work (FSS)w . .

(/) kGOK— B (S/R) 1 (/Mg (W Tyge

initial calc,

1.0 '.691 20 20 ‘ : '  20
86 ko ko ko
68 6 60 - 6
667 80 8 . 80

.65k ‘ 100 . 100 - 100

\N
= (o)) @ O \O

.64 \ 120 120 7 120

62 .65 . . 1o 1o 140

(@)

610 160 f_  160 . 160
8 590 180 - 182 181
5 e 200  e23 . 210

555 210 23l 221

v w ™
o

.7 I R 220 - ghg 232
10.2 '1' o .529 o 2230 N 266 o 2u9h.
108 o s13 2ho . 28k 66

g

1. o7 ?‘fﬁ 250 ) '5oo o u 287

12, 7o o 260 . 312.5j ; . 305
10, 459 e T 39 e
13. A39. 280 . 3e2.5 38

1k,

AV RO N ¢ & o

| R g 383
15,5 - , ')58#1‘  - 300 3oL ‘ | 430
1800. v.:  _v4 v',jgl' o 510 8 v; '52& s ,* _ 500. B

8.8 305 . 312 sk o0
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FIGURE CAPTIONS

rfié; l; ,. Normallzed lutens1ty alonc the crystalllne c: ax1s of the 255—keV -
Y ray follow1ng the decay of Celng orlented 1n CMN vs l/T on the Danlelsiiftf S
and Roblnson scale. The theoretlcal curve was fltted for T > l/l5O by .":
:'adJusting B 1n Eq. (2) w1th H i,Hyié HZ{= 0. Departure of the data
- from thls curve for T < 1/500 1nd1cates au error ln the. temperature scale.:p;
leferent symbols denote dlfferent samples;dp.b i | :
Flg. 2. Normallzed 1ntens1ty along the crystalllne :1 ax1s of the Celj_7Yn
255-keV y—ray vs l/T u51ng the new temperature scale for CMN.  Thie scale
. vas derlved by flttlng these data to the. theoretlcal curve. S ,;a,._; ;,pjr.v.
-.4:<?ig.'3.%*w Comparison»oﬁrseveralaT—fﬁbcorrelations.forfCMN.‘ Curve A T T&{;Epf;;
| 'Curye'B'vDaniels'and hohinsoh , Lurve C deKlerk 3curve D: Present worh"'
The hook 1n curve B is clearly respon51ble for the hooks in Flgs.'l and 5
cFig. hi” ' Comparlson of normallzed 255-keV y-ray 1ntens1ty, from Cel_5Zm
orlented in CMN,. at 0° cand 90 .from the. crystalllne ,j;ax¥$' Dashed
.l;ne.ls for a.pure'P (cose).dlstrlbutlon,__,. - o
Fig. 5; Temperature dependence of normallzed 1nten51ty along the crystalllhea_r
axis. of the 615 and 695 v rays follow1ng the decay of Pmluu'oriented VS'“3i'f
CMN u51ng Daniels and Roblnson 's temperature scale, with a theoretlcal':vw
“curve derlved from Eqv (hj: Agaln the spurlous hook below T 1/300 is - -
| _evident. | _ n
?ig. 6;4 '_Normalized.gamma{ray'intehsityvdataafor fhlhkygfroh'flgl 5, plotted
-agaihst 1/T, but usihé'thebhey‘CMN temperaturescale;vj Good agreemeht’uith .

the theoretical curye'is.evident. This serves as an independeutfcheck on

~the new temperaturerscale. o
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








