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Mossbauer absorber detection of nuclear magnetic resonance at millikelvin temperature
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A low-temperature experiment is reported in which thésstmauer effect is used to monitor nuclear magnetic
resonance in the=1/2 ground state o¥’Fe. Contrary to an earlier attempt at this experiment the resonance is
single line. Despite the enriched 30 at. % e concentration of the iron foil specimen, the NMR line broad-
ening is predominantly inhomogeneous in nature.
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. INTRODUCTION 2-3 times greater than that for a natur4Fe concentration
) in a powder specimen. A key point is that tA&e probes are
We report here the low-temperature séauer detection not chemical impurities. In this sense, the Fe host is not
of nuclear magnetic resonan¢dIMR) in the Mossbauer perturbed by the nondilute concentration BFe employed
transition’s own ground state. In this instance, it is the here. However, the nuclear spin-spin interaction within the
= 1/2 ground state of the well-knowt{Fe, 14.4 keV, Mss-  57Fe ensemble could be expected to increase as the concen-
bauer transition that is considered for a thin foil specimen ofration is increased. Earlier measurements performed on a 95
high-purity iron, isotopically enriched to 30 at. %Fe. The  at.% specimen, using NMR thermally detected via nuclear
NMR line is found to be inhomogeneously broadened, evemrientation(NMR-TDNO), yielded a homogeneously broad-
at this higii’Fe concentration, and frequency modulation isened resonance lirfeln this work we report new thermally
required to achieve signal saturation. This experiment shouldetected measurements on a 30 at.% specifagth the
not be confused with the earlier work of Cagal’?and  same outcomeand offer an explanation for the apparent
Laurenzet al.® which employed®’Fe Mcssbauer spectros- inconsistency between the two techniques.
copy to monitor the NMR of thé’Co, | =7/2, parent state. Finally, the long relaxation times involved at low tem-
This present type of experiment was first attempted aperatures make it possible for tRée spin-lattice relaxation
Monash University in the mid-1970’s under much more dif-to be monitored directly using the same $4bauer spectros-
ficult experimental condition$At that time Callaghaet al>  copy approach. This possibility is explored and the result
had demonstrated the existence of small nuclear quadrupot®mpared with the current benchmark, the thermal cycling of
interactions at dilute radioactive probe nuclei using single-oriented nucleiTCON) work of Funket al®
passage NMR on oriented nucl®lMRON). This was de-
spite the fact that the local iron site symmetry is cubic. It was IIl. TECHNIQUE
conceivable that this same small interaction could be respon-
sible for the small continuous-wave NMRON signals ob- The basis of the low-temperature MNMR technique is
served at the time. The sbauer experiment was one of shown in Fig. 1. The geometry is typical of any othEFe
several radiation detection techniques investigated in order thiossbauer absorber experiménkcept that the absorber is
monitor low-temperature resonances without the influence ofooled to millikelvin temperature and subjected to a weak
the nuclear quadrupole interactigwhich is absent for the radio frequency(rf) field. In this present experiment the ab-
| =1/2 ground state of’Fe). The statistics were poor and the
experimental results were regarded as too unreliable to pub-  57¢g

lish. Nevertheless, there was some suggestion of a wéak .
resonance that was split into two subresonances. If true, this e =3 —{:;
was a puzzling phenomenon that this present experiment 14.4 keV
aimed to reexamine, under vastly improved cryogenic condi- W
tions.

The conventional continuous wave NMR signal, in low p Z'F@
applied magnetic fields, is known to arise predominantly —— =12 1 e
from nuclei within domain wall§.In contrast the Mesbauer- 3TFe =

detected NMR(IMNMR) technique employed here monitors
the resonance of'Fe nuclei throughout the specimen. In this
regard, the technique is more like NMRON whose signal is
averaged over radioactive probe nuclei distributed through- — 10mK | | |

out the system. As for NMRON, a small polarizing magnetic

field is used here to align the domains and effectively elimi- |G, 1. The®Fe 14.4 keV transition and a schematic represen-
nate any domain wall contributions. Under these conditionsgation of the influence of temperature on its associated six-line
it will be demonstrated that the \dsbauer-detected’Fe  Méssbauer spectrurfshown for the case of a polarizing field ap-
resonance is in fact a single-line resonance with a linewidttplied perpendicular to the path.
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FIG. 2. Experimental geometry. )
sorber specimen is a magnetized foil of iron enriched to 30 0.900 L 1 mK0.08T
at. % °’Fe (compared with the natural concentration of 2
at. %. Given that the splitting of thé=1/2 nuclear ground
state corresponds to about 2 mK, in temperature units, the
two sublevels are essentially equally populated at 1 K. The . .
. |

magnetically split, six-line Mesbauer spectrum ‘tilts’ when
the specimen is cooled because the two sublevels are no -5 0 5 10
longer equally populated. In principle, this phenomenon can
be exploited as aim situ thermometet® However, because it

is complicated by the thickness effétt:?nuclear orientation FIG. 3. Representativ¥/Fe Mossbauer spectra in the absence of
(NO) thermometry has also been employed here. The applihe rf field.

cation of a low-power radio frequency field at the 1/2

ground-state resonance frequertapproximately 46.5 MHz  applied within the plane of the specimen foil but at right
for *’Fe in an iron host aT~0K) tends to equilibrate the angles to one another. The intrinsic Ge detector used to
populations of the two sublevels and reduce the spectrum tiliynonitor the °°Coy count rate(1178 keV and 1333 keV pho-
Thus thel =1/2 resonance is mapped out by monitoring thetopeaks was positioned on the axis of the polarizing field.
variation in tilt of the six-line M@sbauer spectrum as a func- As shown in Fig. 2, this geometry requires a split-coil polar-

Velocity [mm/s]

tion of frequency. izing magnet. In order to minimize the path length through
the cryostat, the coil radius needed to be as small as possible.
Il EXPERIMENTAL DETAILS To this end, the magnet was designed for a maximum field of

just 0.5 T and the usual Helmholtz condition was relaxed to

The geometry of the experiment is shown in Fig. 2. Agive an acceptable field inhomogeneitys0.5% across the
25 mCi°’CoRh source was mounted at room temperaturespecimen volume. For a polarizing field Bf,=0.1 T, this
outside the3He#He dilution refrigerator on a transducer inhomogeneity corresponds 2% of the narrow conven-
which was driven with a sinusoidal motion. The specimentional NMR linewidth for °>’Fe in natural Fe powdeffull
material(nominally 30 at. %°'Fe) was prepared by reducing width at half maximum(FWHM) ~30 kHz (Ref. 6] and
enriched FgO; (95 at. %°’Fe) under a flow of hydrogen and <0.05% of the ideal®’Fe Massbauer linewidth(FWHM
arc-melting the resultant metal with an appropriate amount0.2 mms?). The polarizing coil was calibrated at
of pure (4N8) natural iron. Repeated annealing and rolling9.309(4)x 102 T/A using the known field dependeréef
produced a thin foil of dimension 10 mxl0 mm the NMRON frequency for®®CoFe. Finally, the cryostat
% 1.9 um which was diffused thermally with=2 uCi ®®Co  dewars were modified to have rectangular tails with low at-
activity for use as the NO thermometer. A larger activity tenuation Mylar “windows” along an eventual source-to-
would have contributed unnecessarily to thermal loading otletectory path of just 110 mm.
the specimeridue to the absorption of emittgél radiation The recording of the Mssbauer spectrédypically of du-
and to the Mssbauer spectrum’s background. The foil wasration 3400 ¥ was synchronized with the programmed
soldered with indium to a 44m thick Cu backing whose changes in the rf frequency and/or the frequency modulation
1-mm-thick Cu frame was an integral part of the dilution (FM) amplitude. The FM frequency was fixed at 400 Hz. A
refrigerator cold finger. The purpose of the thin copper back200 s wait time was programmed after each change of rf
ing was to promote a uniform temperature across the speceonditions to allow the system to approach equilibrium be-
men foil with minimal reduction of transmittegt intensity.  fore acquisition of the next spectrum. Comparison of the
The plane of the specimen foil was set perpendicular to theipper two Mmsbauer spectra in Fig. 3 illustrates the small
14.4 keV y-ray path, and the polarizing and rf fields were degree of tilt that is achieved at a base temperature of 11 mK
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(as determined by°CoFe NO thermometry and in the ab-
sence of an rf field. With the setting of the rf field level T
comes a trade-off between increased resonant signal and de-
creased tilt due to nonresonant heating of the specimen foil.
For the spin-lattice relaxation measurements, the rf field fre-
guency was switched from on resonance to off resonance and
a sequence of 200 s Msebauer spectra was recorded as the
°’Fe ensemble relaxed back to thermal equilibrium with the —m
iron lattice. Because of the small MNMR signals that were z
achieved, it was always necessary to accumulate spectra over 5
several 24 h spectrum acquisition cycles. In most cases, the ¥
spectra were analyzed in terms of six independent Lorentzian
absorption lines with intensitids (i=1-6 from left to right
as shown in Figs. 1 and)3However, for the case of the
transient spin-lattice relaxation data, the individual spectra
were further analyzed in terms of an algorithm which made _
allowance for the thickness effect. For this purpose, a pulse- ! I
height spectrum of the 14.4 keV window was recorded for
the in situ Mossbauer geometry and the photopeak was de- 0.00 002 004 006 008
termined to be 75% of the transmitted radiation. Additional Byg [T]
room-temperature Vesbauer spectra recorded for natural P
iron foils of decreasing thickness yielded an extrapolated FIG. 4. 5Fe Mossbauer spectroscopy intensity ratid, (
5’FeRh source linewidth of 0.117 mm/s. +15)/1 oo (M) and normalized on-axi&®Co y anisotropy ) as a
function of the polarizing fieldy, during the initial magnetization
of the specimen foil at 11 mK.
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IV. RESULTS
netization process proceeds in two stages: first the domains
are forced into the plane of the foil and then they are aligned
The room-temperature Nsbauer spectrum was indica- with the direction of the polarizing field. It should be noted
tive of preferred magnetic alignment within the plane of thethat there is an additional effect retarding the approach to
specimen foil(ideally 1,:1,:15=1¢:15:1,=3:4:1), awell-  saturation of they anisotropy; this is a consequence of the
known consequence of repeated rolling and anneafing. anisotropy transforming under rotation as a predominantly
However, once the specimen had been cooled to liquid hesecond-rank tensor.
lium temperature, the spectrum then more closely repre-
sented that expected for random magnetic orientafide-
ally 11:15:13=14:15:1,=3:2:1) asobserved in Fig. 3 for
1.3 K and 11 mK in the absence of an applied magnetic field. For the purpose of mapping out tHe= 1/2,5"Fe reso-
This phenomenon is presumably associated with strains tha@nce, the tilt of the’’Fe Massbauer spectrum was defined
are set up in the cold foil. When the specimen was theras the ratioR=(l1;+1,+13)/(I4+15+1g). The first reso-
magnetized from this initial random condition, a sequence ohance (Fig. 5 was recorded forB,,=0.1 T with FM=
57Fe Mossbauer spectra arfdCo y count rates was recorded +30 kHz at 400 Hz. The earlier Monash experinfenad
asBy, was increased from 0 to 0.08 T. Whereas fieo y  suggested that the resonance might be split into two subreso-
count rate is sensitive to alignment of the magnetic domaingsances separated by 140 kHz. However, there is no evi-
with respect to the polarizing field, théFe spectrum is sen- dence for such a splitting in these new, more accurate data.
sitive to their alignment with respect to the path. In this  To test this result with increased frequency resolution and to
sense, the two sets of results complement one another. Agst for a frequency shift with change of polarizing field, two
observed from the lower two spectra of Fig. 3, the intensitiegurther resonancegFig. 6) were recorded foBy,=0.10T
of the absorption lines 2 and 5 grow relative to the others aand 0.05 T with FM= =7 kHz at 400 Hz. Again, there is no
the specimen is magnetized. This is quantified in Fig. 4evidence for a split resonance. The dashed curves in Figs. 5
where the ratio I+ 15)/1 415 IS S€EN tO iNCrease from32%  and 6 are the results of least-squares fits assuming a Gaussian
to ~43.5%. The final value is less than the theoretical valudine shape and a constant background. The fitted parameters
of 50% expected for alignment of all domains perpendicularthe central frequencyf, and the raw FWHM linewidth
to they path. This is partly because allowance was not madé'rwnv) are collected in Table I. Also included in this table
for the thickness affect. There will also have been slightare the corresponding values of the effective hyperfine field
wrinkles in the thin foil surface. What is important is that the B at the °'Fe nucleus and linewidths which have been
domains are already forced back into the plane of the foil atorrected for the broadening influence of the FM. g
Bpo~0.02 T. The®Co count rate exhibits a small shoulder values were calculated using the most recent value of
at this same field but then dips further and converges on a(°Fe|=1/2)=+0.09044(7)uy.> Note that the uncer-
minimum value aB,~0.08 T. This suggests that the mag- tainty associated with this moment is the major contribution

A. Magnetization

B. Resonances
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FIG. 5. The>Fe | =1/2 resonance obtained witB,,=0.1 T
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TABLE |. Parameters obtained by fits of a Gaussian line shape
to the 5’Fe resonance.

FM Bhoi fo Berr Iewhm [MHZ]
[kHz] [T]  [MHZz] [T] raw adjusted

+30 0.10 46.5088) —33.729(32) 0.0839 0.07119
*7 0.10 46.5006) —33.726(31) 0.07@9 0.07419
+7 0.05 46.576l5 —33.780(37) 0.06@9 0.06339)

smaller polarizing field. This is in keeping with a spread of
demagnetizing fields associated with surface irregularifies.
The weighted mean of 7R0) kHz corresponds to a hyper-
fine field spread of 0.0815) T. This is almost 3 times larger
than the linewidth of~24 kHz reported by Rieflifor do-
main wall nuclei in a specimen of natural iron powder at 4.2
K. Part of this increase in linewidth will be due to the spread
of demagnetizing fields. However, the increas€Be con-
centration might also be expected to play a role. Riedi com-
mented that the resonance line was roughly a factor of 2
wider for a powder sample with 82.9 at. %Fe. At the time,
this was attributed to metal impurities in the enrich®ge.

and FM=*30 kHz at 400 Hz. The fitted parameters are given inHowever, energy dispersive spectroscdgpS) microprobe

Table I.

(at least 70%to the uncertainty quoted for eahas. Allow-
ing for the Knight shift!® all threeB4 values are consistent
with a hyperfine field of By=Bef—Bpo~—33.83(3) T
which is in close agreement with the accepted valu®f
~—33.82(3) T at 4.2 K(Violet and Pipkorh’ modified to

analysis of the present specimen material indicated that there
was no significant impurity conterfapart from the diffused
80Co activity).

It is of interest to compare the present MNMR line width
with the B-detected NMRON results of Ohtsubet al®
(1996 for a 3 um thick magnetized disc of diluté’FeFe.

From Fig. 5 of their paper, the raw linewidth at 0.1 T igB9

take account of the new value for the moment tabulated b¥Hz which adjusts to a value of 89 kHz when the FM

Raghavart?)
The adjusted linewidthgright column of Table ) are in

broadening is stripped away. Allowing for the differegt
factors of >Fe and®’Fe these are very similar. However, the

close agreement within experimental uncertainty, althoughelevant®Fe, | =3/2 level is subject to a nuclear quadrupole
there is some indication that the width decreases for thenteraction, the same type of weak quadrupole interaction

0.921 0.937
o
o
_|
—_—
b ~—&

Ratio
0.938
LS
 a

0.923
T
o
o
ol
-
[ —
—_—
VL —e—
;‘_‘.-._
—_——nC
T
——

46.2 46.3 464 465 46.6 46.7
Frequency [MHz]
FIG. 6. The 5Fe 1=1/2 resonance obtained with FM

*+7kHz at 400 Hz forB,,=0.10 T and 0.05 T. The fitted param-
eters are given in Table I.

that was observed first by Callaghenal. for dilute ®°CoFe.
According to recent MAPONmodulated adiabatic passage
on oriented nuclgéimeasurement®, this contributes signifi-
cantly to the linewidth. Again, this points to additional line
broadening for the present, enrichetFe investigation
(wherel =1/2 and the quadrupole interaction can be ruled
out). Given that the foil was backed by just 4u6n of cop-
per (in contrast to being soldered to a solid sjethis addi-
tional line broadening is believed to have its origins in an
increased spread of demagnetizing fields which is an inho-
mogeneous line broadening mechanism.

The relative importance of any homogeneous line broad-
ening can be gauged from the influence of the FM amplitude
on the resonance signal. The MNMR signal is defined as the
percentage destruction of the B&bauer spectrum tilt so that

[ Ron—resonanc@ Roﬁ—resonancl

[ 1- Roﬁ—resonancl

It is evident from Figs. 5 and 6 that the MNMR signal in-
creases substantially when the FM amplitude is increased
from =7 kHz to =30 kHz. These two data are incorporated
into Fig. 7 along with additional signals that were measured
specifically for this purposéi.e., without mapping out the

signaf %]= 100X (D)
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~0.2 kHz, which is negligible compared with the present
® o m O experimental linewidths of about 70 kHz. Clearly this calcu-
' lation suggests that the spin-spin coupling is far weaker than

100
$

S the magnetic inhomogeneity present in the Fe foil and there-
fore correctly predicts the nature of the MNMR line. How-
2 ever, this contrasts with the NMR-TDNO work of Hutchison

et al’ (1999 where, for a foil with 95 at. %°’Fe concentra-
tion, a linewidth of similar magnitude to the MNMR was
obtained but without the need for FM. In fact, the introduc-
tion of FM, with increasing amplitude, led to its complete
suppression, implying a homogeneously coupled line. The
difference in °’Fe concentration between the two experi-
ments is of course a clouding issue. Therefore it was decided
to record additional NMR-TDNO data for a specimen with
the same 30 at.%’Fe concentration as for the present
MNMR measurements. These new results were recorded
' ' ' with the same applied field d@,,=0.1 T and are virtually
0 20 40 60 80 100 indistinguishable from the results obtained earlier for the
higher 95 at. %°’Fe concentratioh.The dependence of the
FM amplitude [kHz] NMR-TDNO signal on FM amplitude is shown in Fig. 7
eEopen circles These data remain in clear disagreement with
. . the present MNMR results and it is evident that the contrast-
30 at. % foil atBPO'ZO'lT[MNMR (®)] and fc.’r nuclear magnetic ing Eehavior has to result from a difference between the two
e e v e ssecas s v e fABETTENts
gor)r]r{alized to 100% for the maximux:n signal. ’ _Altho_ugh the wo t_echniques MNMR gnd NMR'TDNO.
utilize different detection methods, there is nothing intrinsic
full resonanck The solid curve in Fig. 7 is the predicted to either that can lead to the contrasting NMR line broaden-

signal based on a Gaussian resonance line shape with tiHed as observe% Thg tr\]/vg.f(?xperimfentsl wege peiéf?'rmed on the
experimentally determined linewidth. The signal is then asSame _cryostith ULW't d'f; erent rf coil and co b maer I(?Ignl-
sumed to be proportional to the area under the Gaussian thigurations. The key difference appears to be the likely

is swept out by the frequency modulation. Based on thesétre”gth of the rf field at the iron foils in the two cases. The

7 . . . . . .
results, it would seem that the line broadening is predomi- 'I:?':e Isystem is somewhat lf_n'q“el'n Its ccl)mblnatllor; f[’tf a
nantly inhomogeneous in nature. relatively narrow resonance line, slow nuclear spin-lattice

This result, at first sight, seems to be in disaccord with'e/@xation, and negligible nuclear spin-spin coupling which

previous observations for concentrated nuclear spins in ma ];” comb|ﬂe 1o Iadllow thfe pos?blhéy thats modest mcileas;a In
netic systems at very low temperatures which show homogé- Stréngth could transform the observed resonance line from

neously broadened NMR lines. The Suhl-Nakamura interac2" inhomogeneously broadened one in the MNMR case to a

tion which couples nuclear spins via magndafef. 27 is rf (pO\_Ner9 broadened homogeneous line in the NMR-TDNO
attributed as the dominant line broadening mechanism iffXPeriments.
such cases. For example, for manganese-based antiferromag-
netic insulating compounds, the Suhl-Nakamura interaction
can lead to®*Mn NMR line broadening of several hundred
kHz (Ref. 22 and is similarly dominant foP°Co at natural On the basis of the reasonably strong MNMR signals ob-
(100% abundance in ferromagnetic Co métaft However served above, it was decided to monitor the nuclear spin-
it can be shown that the Suhl-Nakamura interaction is muchattice relaxation of the’’Fe, | =1/2 sublevel populations.
weaker in the present’FeFe case largely due to the ex- For these measurements, the polarizing field was sBat
tremely small®Fe nuclear moment. For a cubic ferromag- =0.1 T. At the commencement of each measurement cycle,
netic host the line broadening as stated by $UHI968 is the signal was saturated on resonance with-=M40 kHz at
400 Hz. Next, the FM was switched off and the rf shifted to
off resonance, while a sequence of 100 s and 200 s duration
. (@ Mossbauer spectra was recorded and added to those from the
previous cycle. The corresponding ratiBs(derived from
where A= u(1)Bgg(sat)AS is the hyperfine coupling con- simple fits of six Lorentzian lingsare plotted in Fig. 8 as
stant for>’Fe, B is the exchange field, is the anisotropy solid squares. Also plotted as open squares in Fig. 8 are the
field, and all other symbols have their usual meaning. Adoptinverse spin temperaturg8=1/T, corresponding to cor-
ing values of u(1/2)=0.09044uy, Ben(sat=33.82T, | rected ratios derived from a full spectrum analysis with al-
=1/2, S~1, Bg=1000T, andB,,+Ba~0.1 T for °FeFe  lowance for the thickness effect. This type of analysis was
we arrive at an estimated line broadening &fgywyy  first tested against the final two spectra of Figf@& which

Signal [%)]
40

20

-20

FIG. 7. Resonance signal as a function of FM amplitude for th
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95% °Fe (Ref. 8 predict a faster nuclear spin-lattice relax-
ation time of T;=420 s. It is generally accepted that the
5’Fe concentration should have no influenceTgn Nuclear
o spin-lattice relaxation is dependent on the density of electron
states at the host Fermi level, adéFe is an isoelectronic
probe. A closeiT; prediction would require a base tempera-
ture of 11 mK, as was observed here in the absence of rf
heating (final two spectra of Fig. B Given that the®°Co
activity was diffused into the central region of the specimen
foil, the discrepancy might be explained by the existence of
an rf-induced temperature gradient across the thin foil speci-
men. Another issue is the reliance on predetermined initial
and final temperatures for the presd@ntdetermination. We
note that it is notoriously difficult to determine experimental
T, values from nuclear spin-lattice relaxation curves where
the initial conditions are established using continuous-wave
rf excitation?® The present =1/2 case is greatly simplified
0 500 1000 1500 2000 because the relative populations of the two sublevels can
always be described in terms of a trivial Boltzmann popula-
tion and associated spin temperature. Smdllevalues were
FIG. 8. Nuclear spin-lattice relaxation observed f8p obtained when the predetermined initial and final tempera-
=0.1 T using ratios calculated from six-Lorentzian fits to fiee ~ tures were treated as free variables. The advantage of the
Mossbauer spectral) and inverse spin temperatug=1/T; ob-  TCON technique is that the applied rf is used only for non-
tained from full thickness effect analysdsl). The rf sequence was resonant heating of the specimen.
on-resonance FM =40 kHz at 400 Hz, followed by off-resonance
with no FM.
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. . V. CONCLUSIONS AND FUTURE WORK
no rf was appliegfland yielded temperatures of 10.6 mK and

12.9 mK, respectively, compared with the 11.0 mK from the  With improved statistics, this new experiment has demon-
5’Fe NO thermometry. strated that théFe, | =1/2, NMR can be detected using the
The ratio of the populations of a two-level system canMossbauer effect and that the resonanaeoissplit. In addi-
always be described in terms of a spin temperature whosgon, it has been shown that MNMR can be used to monitor
time dependence during spin-lattice relaxation is given by the spin-lattice relaxation of th&’Fe nuclei.
The counterintuitive outcome of inhomogeneous line
B(t)—B(*)=[B(0)—B(=)]xe ', (3 broadening being dominant for such a higfire concentra-
) . . ) _ _ tion has led to a reappraisal of the related thermally detected
where.T1 is the nuclear spin-lattice relaxation t|m.e. In this NMR measurements. It is proposed that the homogeneous
equationt=c> corresponds t@s=T,, the base lattice tm- |;ho proadening observed using NMR-TDNO is a conse-

perature under the influence of the off-resonance rf heatinéuence of rf power broadening. Further NMR-TDNO mea-
The horizontal dashed lines in Fig. 8 represent the initial and ; .aments are currently underway to verify the role of rf

final conditions already .det(_armined_ from the spec’;ra re'strength and check what role, if anj’Fe concentrations
corded for FM= =40 kHz in Fig. 7. With these values fixed

. C2 =T may play.
the only free parameter i§,. In the linear approximation
(BxInR~1-R for R~1), the time dependence ¢f [Eq.
(3)] should also apply for the ratiB. Least-squares fits then
yield values ofT;=651(33) s for the six-LorentziaR data ACKNOWLEDGMENTS
(solid curve in Fig. 8andT;=730(110) s for the spin tem-  The authors thank Liam Waldron for his assistance with
perature analysitdashed curve in Fig.)8 specimen preparation and polarizing coil design, Vernon

The full spectrum analysisallowing for thickness  Edge for specimen preparation, and Fred Johnson for assis-
yielded the base temperature with off-resonance rf heating aance with the SEMS specimen analysis at the ANU’s Re-
T, =23(1) mK compared withT, =17.7(5) mK from the search School of Biological Science and for assistance with
69Co NO thermometry. The Berlin group has applied thermaldiagrams. The School of Physics’ mechanical workshop was
cycling of oriented nuclei td@’; determinatiof for an exten-  responsible for the extensive modifications of tHée/*He
sive range of impurity-host combinations and this techniquedilution refrigerator. John Barclay, John Cashion, Paul Clark,
represents the current benchmark against which other meand Peter Blamey are acknowledged for their contributions
surements can be tested. If we adopt ff€o lattice tem-  to the earlier Monash experiment. This work was supported
perature of 17.(6) mK as the more reliable in the present by an ARC Small Grant and a University College Special
case then, foB,,=0.1 T, the thermal cycling results for Research Grant.
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