
PHYSICAL REVIEW B 66, 134415 ~2002!
Mössbauer absorber detection of nuclear magnetic resonance at millikelvin temperature
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A low-temperature experiment is reported in which the Mo¨ssbauer effect is used to monitor nuclear magnetic
resonance in theI 51/2 ground state of57Fe. Contrary to an earlier attempt at this experiment the resonance is
single line. Despite the enriched 30 at. %57Fe concentration of the iron foil specimen, the NMR line broad-
ening is predominantly inhomogeneous in nature.
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I. INTRODUCTION

We report here the low-temperature Mo¨ssbauer detection
of nuclear magnetic resonance~NMR! in the Mössbauer
transition’s own ground state. In this instance, it is theI
51/2 ground state of the well-known57Fe, 14.4 keV, Mo¨ss-
bauer transition that is considered for a thin foil specimen
high-purity iron, isotopically enriched to 30 at. %57Fe. The
NMR line is found to be inhomogeneously broadened, e
at this high57Fe concentration, and frequency modulation
required to achieve signal saturation. This experiment sho
not be confused with the earlier work of Cainet al.1,2 and
Laurenzet al.,3 which employed57Fe Mössbauer spectros
copy to monitor the NMR of the57Co, I 57/2, parent state

This present type of experiment was first attempted
Monash University in the mid-1970’s under much more d
ficult experimental conditions.4 At that time Callaghanet al.5

had demonstrated the existence of small nuclear quadru
interactions at dilute radioactive probe nuclei using sing
passage NMR on oriented nuclei~NMRON!. This was de-
spite the fact that the local iron site symmetry is cubic. It w
conceivable that this same small interaction could be resp
sible for the small continuous-wave NMRON signals o
served at the time. The Mo¨ssbauer experiment was one
several radiation detection techniques investigated in orde
monitor low-temperature resonances without the influenc
the nuclear quadrupole interaction~which is absent for the
I 51/2 ground state of57Fe). The statistics were poor and th
experimental results were regarded as too unreliable to p
lish. Nevertheless, there was some suggestion of a weak57Fe
resonance that was split into two subresonances. If true,
was a puzzling phenomenon that this present experim
aimed to reexamine, under vastly improved cryogenic con
tions.

The conventional continuous wave NMR signal, in lo
applied magnetic fields, is known to arise predominan
from nuclei within domain walls.6 In contrast the Mo¨ssbauer-
detected NMR~MNMR! technique employed here monito
the resonance of57Fe nuclei throughout the specimen. In th
regard, the technique is more like NMRON whose signa
averaged over radioactive probe nuclei distributed throu
out the system. As for NMRON, a small polarizing magne
field is used here to align the domains and effectively elim
nate any domain wall contributions. Under these conditio
it will be demonstrated that the Mo¨ssbauer-detected57Fe
resonance is in fact a single-line resonance with a linew
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2–3 times greater than that for a natural57Fe concentration
in a powder specimen. A key point is that the57Fe probes are
not chemical impurities. In this sense, the Fe host is
perturbed by the nondilute concentration of57Fe employed
here. However, the nuclear spin-spin interaction within
57Fe ensemble could be expected to increase as the con
tration is increased. Earlier measurements performed on
at. % specimen, using NMR thermally detected via nucl
orientation~NMR-TDNO!, yielded a homogeneously broad
ened resonance line.7 In this work we report new thermally
detected measurements on a 30 at. % specimen~with the
same outcome! and offer an explanation for the appare
inconsistency between the two techniques.

Finally, the long relaxation times involved at low tem
peratures make it possible for the57Fe spin-lattice relaxation
to be monitored directly using the same Mo¨ssbauer spectros
copy approach. This possibility is explored and the res
compared with the current benchmark, the thermal cycling
oriented nuclei~TCON! work of Funket al.8

II. TECHNIQUE

The basis of the low-temperature MNMR technique
shown in Fig. 1. The geometry is typical of any other57Fe
Mössbauer absorber experiment9 except that the absorber i
cooled to millikelvin temperature and subjected to a we
radio frequency~rf! field. In this present experiment the ab

FIG. 1. The57Fe 14.4 keV transition and a schematic repres
tation of the influence of temperature on its associated six-
Mössbauer spectrum~shown for the case of a polarizing field ap
plied perpendicular to theg path!.
©2002 The American Physical Society15-1
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sorber specimen is a magnetized foil of iron enriched to
at. % 57Fe ~compared with the natural concentration of
at. %!. Given that the splitting of theI 51/2 nuclear ground
state corresponds to about 2 mK, in temperature units,
two sublevels are essentially equally populated at 1 K. T
magnetically split, six-line Mo¨ssbauer spectrum ‘tilts’ when
the specimen is cooled because the two sublevels are
longer equally populated. In principle, this phenomenon
be exploited as anin situ thermometer.10 However, because i
is complicated by the thickness effect,11,12nuclear orientation
~NO! thermometry has also been employed here. The ap
cation of a low-power radio frequency field at theI 51/2
ground-state resonance frequency~approximately 46.5 MHz
for 57Fe in an iron host atT'0K) tends to equilibrate the
populations of the two sublevels and reduce the spectrum
Thus theI 51/2 resonance is mapped out by monitoring t
variation in tilt of the six-line Mo¨ssbauer spectrum as a fun
tion of frequency.

III. EXPERIMENTAL DETAILS

The geometry of the experiment is shown in Fig. 2.
25 mCi57CoRh source was mounted at room temperatu
outside the 3He:4He dilution refrigerator on a transduce
which was driven with a sinusoidal motion. The specim
material~nominally 30 at. %57Fe) was prepared by reducin
enriched Fe2O3 ~95 at. %57Fe) under a flow of hydrogen an
arc-melting the resultant metal with an appropriate amo
of pure ~4N8! natural iron. Repeated annealing and rolli
produced a thin foil of dimension 10 mm310 mm
31.9 mm which was diffused thermally with'2 mCi 60Co
activity for use as the NO thermometer. A larger activ
would have contributed unnecessarily to thermal loading
the specimen~due to the absorption of emittedb radiation!
and to the Mo¨ssbauer spectrum’s background. The foil w
soldered with indium to a 4.6mm thick Cu backing whose
1-mm-thick Cu frame was an integral part of the dilutio
refrigerator cold finger. The purpose of the thin copper ba
ing was to promote a uniform temperature across the sp
men foil with minimal reduction of transmittedg intensity.
The plane of the specimen foil was set perpendicular to
14.4 keVg-ray path, and the polarizing and rf fields we

FIG. 2. Experimental geometry.
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applied within the plane of the specimen foil but at rig
angles to one another. The intrinsic Ge detector used
monitor the60Cog count rate~1178 keV and 1333 keV pho
topeaks! was positioned on the axis of the polarizing fiel
As shown in Fig. 2, this geometry requires a split-coil pola
izing magnet. In order to minimize theg path length through
the cryostat, the coil radius needed to be as small as poss
To this end, the magnet was designed for a maximum field
just 0.5 T and the usual Helmholtz condition was relaxed
give an acceptable field inhomogeneity of<0.5% across the
specimen volume. For a polarizing field ofBpol50.1 T, this
inhomogeneity corresponds to,2% of the narrow conven-
tional NMR linewidth for 57Fe in natural Fe powder@full
width at half maximum~FWHM! '30 kHz ~Ref. 6!# and
,0.05% of the ideal57Fe Mössbauer linewidth~FWHM
'0.2 mm s21). The polarizing coil was calibrated a
9.309(4)31023 T/A using the known field dependence13 of
the NMRON frequency for60CoFe. Finally, the cryostat
dewars were modified to have rectangular tails with low
tenuation Mylar ‘‘windows’’ along an eventual source-to
detectorg path of just 110 mm.

The recording of the Mo¨ssbauer spectra~typically of du-
ration 3400 s! was synchronized with the programme
changes in the rf frequency and/or the frequency modula
~FM! amplitude. The FM frequency was fixed at 400 Hz.
200 s wait time was programmed after each change o
conditions to allow the system to approach equilibrium b
fore acquisition of the next spectrum. Comparison of t
upper two Mössbauer spectra in Fig. 3 illustrates the sm
degree of tilt that is achieved at a base temperature of 11

FIG. 3. Representative57Fe Mössbauer spectra in the absence
the rf field.
5-2



el
d
fo
fre
a

th
th
re
o

, t
zia

e
tr
d
ls
fo
d
a

ra
te

a-
he

g.
h
r

eld
th
e
o

d

in
-

r.
tie

a
.

lu
la

ad
h
e

l a
er
n
g-

ains
ed
d
to

tly

d

eso-
-
ata.
to

o

s. 5
ssian
ters

le
eld
en

of

ion

MÖSSBAUER ABSORBER DETECTION OF NUCLEAR . . . PHYSICAL REVIEW B 66, 134415 ~2002!
~as determined by60CoFe NO thermometry! and in the ab-
sence of an rf field. With the setting of the rf field lev
comes a trade-off between increased resonant signal an
creased tilt due to nonresonant heating of the specimen
For the spin-lattice relaxation measurements, the rf field
quency was switched from on resonance to off resonance
a sequence of 200 s Mo¨ssbauer spectra was recorded as
57Fe ensemble relaxed back to thermal equilibrium with
iron lattice. Because of the small MNMR signals that we
achieved, it was always necessary to accumulate spectra
several 24 h spectrum acquisition cycles. In most cases
spectra were analyzed in terms of six independent Lorent
absorption lines with intensitiesI i ( i 51 –6 from left to right
as shown in Figs. 1 and 3!. However, for the case of th
transient spin-lattice relaxation data, the individual spec
were further analyzed in terms of an algorithm which ma
allowance for the thickness effect. For this purpose, a pu
height spectrum of the 14.4 keV window was recorded
the in situ Mössbauer geometry and the photopeak was
termined to be 75% of the transmitted radiation. Addition
room-temperature Mo¨ssbauer spectra recorded for natu
iron foils of decreasing thickness yielded an extrapola
57FeRh source linewidth of 0.117 mm/s.

IV. RESULTS

A. Magnetization

The room-temperature Mo¨ssbauer spectrum was indic
tive of preferred magnetic alignment within the plane of t
specimen foil~ideally I 1 :I 2 :I 35I 6 :I 5 :I 453:4:1), awell-
known consequence of repeated rolling and annealin14

However, once the specimen had been cooled to liquid
lium temperature, the spectrum then more closely rep
sented that expected for random magnetic orientation~ide-
ally I 1 :I 2 :I 35I 6 :I 5 :I 453:2:1) asobserved in Fig. 3 for
1.3 K and 11 mK in the absence of an applied magnetic fi
This phenomenon is presumably associated with strains
are set up in the cold foil. When the specimen was th
magnetized from this initial random condition, a sequence
57Fe Mössbauer spectra and60Co g count rates was recorde
asBpol was increased from 0 to 0.08 T. Whereas the60Co g
count rate is sensitive to alignment of the magnetic doma
with respect to the polarizing field, the57Fe spectrum is sen
sitive to their alignment with respect to theg path. In this
sense, the two sets of results complement one anothe
observed from the lower two spectra of Fig. 3, the intensi
of the absorption lines 2 and 5 grow relative to the others
the specimen is magnetized. This is quantified in Fig
where the ratio (I 21I 5)/I total is seen to increase from'32%
to '43.5%. The final value is less than the theoretical va
of 50% expected for alignment of all domains perpendicu
to theg path. This is partly because allowance was not m
for the thickness affect. There will also have been slig
wrinkles in the thin foil surface. What is important is that th
domains are already forced back into the plane of the foi
Bpol'0.02 T. The60Co count rate exhibits a small should
at this same field but then dips further and converges o
minimum value atBpol'0.08 T. This suggests that the ma
13441
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netization process proceeds in two stages: first the dom
are forced into the plane of the foil and then they are align
with the direction of the polarizing field. It should be note
that there is an additional effect retarding the approach
saturation of theg anisotropy; this is a consequence of theg
anisotropy transforming under rotation as a predominan
second-rank tensor.

B. Resonances

For the purpose of mapping out theI 51/2,57Fe reso-
nance, the tilt of the57Fe Mössbauer spectrum was define
as the ratioR5(I 11I 21I 3)/(I 41I 51I 6). The first reso-
nance ~Fig. 5! was recorded forBpol50.1 T with FM5
630 kHz at 400 Hz. The earlier Monash experiment4 had
suggested that the resonance might be split into two subr
nances separated by'140 kHz. However, there is no evi
dence for such a splitting in these new, more accurate d
To test this result with increased frequency resolution and
test for a frequency shift with change of polarizing field, tw
further resonances~Fig. 6! were recorded forBpol50.10 T
and 0.05 T with FM567 kHz at 400 Hz. Again, there is no
evidence for a split resonance. The dashed curves in Fig
and 6 are the results of least-squares fits assuming a Gau
line shape and a constant background. The fitted parame
~the central frequencyf 0 and the raw FWHM linewidth
GFWHM) are collected in Table I. Also included in this tab
are the corresponding values of the effective hyperfine fi
Beff at the 57Fe nucleus and linewidths which have be
corrected for the broadening influence of the FM. TheBeff
values were calculated using the most recent value
m( 57Fe,I 51/2)510.09044(7)mN .15 Note that the uncer-
tainty associated with this moment is the major contribut

FIG. 4. 57Fe Mössbauer spectroscopy intensity ratio (I 2

1I 5)/I total (j) and normalized on-axis60Co g anisotropy (s) as a
function of the polarizing fieldBpol during the initial magnetization
of the specimen foil at 11 mK.
5-3
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STEWART, HUTCHISON, HARKER, AND CHAPLIN PHYSICAL REVIEW B66, 134415 ~2002!
~at least 70%! to the uncertainty quoted for eachBeff . Allow-
ing for the Knight shift,16 all threeBeff values are consisten
with a hyperfine field of Bhf5Beff2Bpol'233.83(3) T
which is in close agreement with the accepted value ofBhf
'233.82(3) T at 4.2 K~Violet and Pipkorn17 modified to
take account of the new value for the moment tabulated
Raghavan.15!

The adjusted linewidths~right column of Table I! are in
close agreement within experimental uncertainty, althou
there is some indication that the width decreases for

FIG. 5. The 57Fe I 51/2 resonance obtained withBpol50.1 T
and FM5630 kHz at 400 Hz. The fitted parameters are given
Table I.

FIG. 6. The 57Fe I 51/2 resonance obtained with FM5
67 kHz at 400 Hz forBpol50.10 T and 0.05 T. The fitted param
eters are given in Table I.
13441
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smaller polarizing field. This is in keeping with a spread
demagnetizing fields associated with surface irregularitie18

The weighted mean of 70~20! kHz corresponds to a hyper
fine field spread of 0.051~15! T. This is almost 3 times large
than the linewidth of'24 kHz reported by Riedi6 for do-
main wall nuclei in a specimen of natural iron powder at 4
K. Part of this increase in linewidth will be due to the spre
of demagnetizing fields. However, the increased57Fe con-
centration might also be expected to play a role. Riedi co
mented that the resonance line was roughly a factor o
wider for a powder sample with 82.9 at. %57Fe. At the time,
this was attributed to metal impurities in the enriched57Fe.
However, energy dispersive spectroscopy~EDS! microprobe
analysis of the present specimen material indicated that t
was no significant impurity content~apart from the diffused
60Co activity!.

It is of interest to compare the present MNMR line wid
with the b-detected NMRON results of Ohtsuboet al.19

~1996! for a 3 mm thick magnetized disc of dilute59FeFe.
From Fig. 5 of their paper, the raw linewidth at 0.1 T is 89~7!
kHz which adjusts to a value of 85~7! kHz when the FM
broadening is stripped away. Allowing for the differentg-
factors of 59Fe and57Fe these are very similar. However, th
relevant59Fe, I 53/2 level is subject to a nuclear quadrupo
interaction, the same type of weak quadrupole interact
that was observed first by Callaghanet al. for dilute 60CoFe.
According to recent MAPON~modulated adiabatic passag
on oriented nuclei! measurements,20 this contributes signifi-
cantly to the linewidth. Again, this points to additional lin
broadening for the present, enriched57Fe investigation
~where I 51/2 and the quadrupole interaction can be ru
out!. Given that the foil was backed by just 4.6mm of cop-
per ~in contrast to being soldered to a solid stem!, this addi-
tional line broadening is believed to have its origins in
increased spread of demagnetizing fields which is an in
mogeneous line broadening mechanism.

The relative importance of any homogeneous line bro
ening can be gauged from the influence of the FM amplitu
on the resonance signal. The MNMR signal is defined as
percentage destruction of the Mo¨ssbauer spectrum tilt so tha

signal@%#51003
@Ron-resonance2Roff-resonance#

@12Roff-resonance#
. ~1!

It is evident from Figs. 5 and 6 that the MNMR signal in
creases substantially when the FM amplitude is increa
from 67 kHz to 630 kHz. These two data are incorporate
into Fig. 7 along with additional signals that were measu
specifically for this purpose~i.e., without mapping out the

TABLE I. Parameters obtained by fits of a Gaussian line sh
to the 57Fe resonance.

FM Bpol f 0 Beff GFWHM @MHz#

@kHz# @T# @MHz# @T# raw adjusted

630 0.10 46.505~8! 233.729(32) 0.083~19! 0.071~19!

67 0.10 46.500~6! 233.726(31) 0.071~19! 0.070~19!

67 0.05 46.575~15! 233.780(37) 0.064~39! 0.063~39!
5-4
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MÖSSBAUER ABSORBER DETECTION OF NUCLEAR . . . PHYSICAL REVIEW B 66, 134415 ~2002!
full resonance!. The solid curve in Fig. 7 is the predicte
signal based on a Gaussian resonance line shape with
experimentally determined linewidth. The signal is then
sumed to be proportional to the area under the Gaussian
is swept out by the frequency modulation. Based on th
results, it would seem that the line broadening is predo
nantly inhomogeneous in nature.

This result, at first sight, seems to be in disaccord w
previous observations for concentrated nuclear spins in m
netic systems at very low temperatures which show homo
neously broadened NMR lines. The Suhl-Nakamura inter
tion which couples nuclear spins via magnons~Ref. 21! is
attributed as the dominant line broadening mechanism
such cases. For example, for manganese-based antiferro
netic insulating compounds, the Suhl-Nakamura interac
can lead to55Mn NMR line broadening of several hundre
kHz ~Ref. 22! and is similarly dominant for59Co at natural
~100%! abundance in ferromagnetic Co metal23,24. However
it can be shown that the Suhl-Nakamura interaction is m
weaker in the present57FeFe case largely due to the ex
tremely small 57Fe nuclear moment. For a cubic ferroma
netic host the line broadening as stated by Suhl25 ~1968! is

hD f FWHM5S I ~ I 11!

6p D 1/2 A2S

gSmBBE
S BE

Bpol1BA
D 1/4

, ~2!

where A5m(I )Beff(sat)/IS is the hyperfine coupling con
stant for 57Fe, BE is the exchange field,BA is the anisotropy
field, and all other symbols have their usual meaning. Ado
ing values of m(1/2)50.09044mN , Beff(sat)533.82 T, I
51/2, S'1, BE'1000 T, andBpol1BA'0.1 T for 57FeFe
we arrive at an estimated line broadening ofD f FWHM

FIG. 7. Resonance signal as a function of FM amplitude for
30 at. % foil atBpol50.1 T @MNMR ( d)] and for nuclear magnetic
resonance thermally detected via nuclear orientation@NMR-TDNO
(s)]. Note that the latter thermally detected signals have b
normalized to 100% for the maximum signal.
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'0.2 kHz, which is negligible compared with the prese
experimental linewidths of about 70 kHz. Clearly this calc
lation suggests that the spin-spin coupling is far weaker t
the magnetic inhomogeneity present in the Fe foil and the
fore correctly predicts the nature of the MNMR line. How
ever, this contrasts with the NMR-TDNO work of Hutchiso
et al.7 ~1999! where, for a foil with 95 at. %57Fe concentra-
tion, a linewidth of similar magnitude to the MNMR wa
obtained but without the need for FM. In fact, the introdu
tion of FM, with increasing amplitude, led to its comple
suppression, implying a homogeneously coupled line. T
difference in 57Fe concentration between the two expe
ments is of course a clouding issue. Therefore it was deci
to record additional NMR-TDNO data for a specimen wi
the same 30 at. %57Fe concentration as for the prese
MNMR measurements. These new results were recor
with the same applied field ofBpol50.1 T and are virtually
indistinguishable from the results obtained earlier for t
higher 95 at. %57Fe concentration.7 The dependence of th
NMR-TDNO signal on FM amplitude is shown in Fig.
~open circles!. These data remain in clear disagreement w
the present MNMR results and it is evident that the contra
ing behavior has to result from a difference between the
experiments.

Although the two techniques MNMR and NMR-TDNO
utilize different detection methods, there is nothing intrins
to either that can lead to the contrasting NMR line broad
ing as observed. The two experiments were performed on
same cryostat but with different rf coil and cold finger co
figurations. The key difference appears to be the lik
strength of the rf field at the iron foils in the two cases. T
57FeFe system is somewhat unique in its combination o
relatively narrow resonance line, slow nuclear spin-latt
relaxation, and negligible nuclear spin-spin coupling whi
all combine to allow the possibility that a modest increase
rf strength could transform the observed resonance line f
an inhomogeneously broadened one in the MNMR case
rf ~power-! broadened homogeneous line in the NMR-TDN
experiments.

C. 57Fe spin-lattice relaxation

On the basis of the reasonably strong MNMR signals
served above, it was decided to monitor the nuclear sp
lattice relaxation of the57Fe, I 51/2 sublevel populations
For these measurements, the polarizing field was set atBpol
50.1 T. At the commencement of each measurement cy
the signal was saturated on resonance with FM5640 kHz at
400 Hz. Next, the FM was switched off and the rf shifted
off resonance, while a sequence of 100 s and 200 s dura
Mössbauer spectra was recorded and added to those from
previous cycle. The corresponding ratiosR ~derived from
simple fits of six Lorentzian lines! are plotted in Fig. 8 as
solid squares. Also plotted as open squares in Fig. 8 are
inverse spin temperaturesb51/Ts , corresponding to cor-
rected ratios derived from a full spectrum analysis with
lowance for the thickness effect. This type of analysis w
first tested against the final two spectra of Fig. 3~for which
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n
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STEWART, HUTCHISON, HARKER, AND CHAPLIN PHYSICAL REVIEW B66, 134415 ~2002!
no rf was applied! and yielded temperatures of 10.6 mK an
12.9 mK, respectively, compared with the 11.0 mK from t
57Fe NO thermometry.

The ratio of the populations of a two-level system c
always be described in terms of a spin temperature wh
time dependence during spin-lattice relaxation is given b

b~ t !2b~`!5@b~0!2b~`!#3e2t/T1, ~3!

whereT1 is the nuclear spin-lattice relaxation time. In th
equation,t5` corresponds toTS5TL , the base lattice tem
perature under the influence of the off-resonance rf heat
The horizontal dashed lines in Fig. 8 represent the initial a
final conditions already determined from the spectra
corded for FM5640 kHz in Fig. 7. With these values fixed
the only free parameter isT1 . In the linear approximation
(b} ln R'12R for R'1), the time dependence ofb @Eq.
~3!# should also apply for the ratioR. Least-squares fits the
yield values ofT15651(33) s for the six-LorentzianR data
~solid curve in Fig. 8! andT15730(110) s for the spin tem
perature analysis~dashed curve in Fig. 8!.

The full spectrum analysis~allowing for thickness!
yielded the base temperature with off-resonance rf heatin
TL523(1) mK compared withTL517.7(5) mK from the
60Co NO thermometry. The Berlin group has applied therm
cycling of oriented nuclei toT1 determination8 for an exten-
sive range of impurity-host combinations and this techniq
represents the current benchmark against which other m
surements can be tested. If we adopt the60Co lattice tem-
perature of 17.7~5! mK as the more reliable in the prese
case then, forBpol50.1 T, the thermal cycling results fo

FIG. 8. Nuclear spin-lattice relaxation observed forBpol

50.1 T using ratios calculated from six-Lorentzian fits to the57Fe
Mössbauer spectra (j) and inverse spin temperatureb51/Ts ob-
tained from full thickness effect analyses (h). The rf sequence was
on-resonance FM5640 kHz at 400 Hz, followed by off-resonanc
with no FM.
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95% 57Fe ~Ref. 8! predict a faster nuclear spin-lattice rela
ation time of T15420 s. It is generally accepted that th
57Fe concentration should have no influence onT1 . Nuclear
spin-lattice relaxation is dependent on the density of elect
states at the host Fermi level, and57Fe is an isoelectronic
probe. A closerT1 prediction would require a base temper
ture of 11 mK, as was observed here in the absence o
heating ~final two spectra of Fig. 3!. Given that the60Co
activity was diffused into the central region of the specim
foil, the discrepancy might be explained by the existence
an rf-induced temperature gradient across the thin foil sp
men. Another issue is the reliance on predetermined in
and final temperatures for the presentT1 determination. We
note that it is notoriously difficult to determine experimen
T1 values from nuclear spin-lattice relaxation curves wh
the initial conditions are established using continuous-w
rf excitation.26 The presentI 51/2 case is greatly simplified
because the relative populations of the two sublevels
always be described in terms of a trivial Boltzmann popu
tion and associated spin temperature. SmallerT1 values were
obtained when the predetermined initial and final tempe
tures were treated as free variables. The advantage of
TCON technique is that the applied rf is used only for no
resonant heating of the specimen.

V. CONCLUSIONS AND FUTURE WORK

With improved statistics, this new experiment has dem
strated that the57Fe, I 51/2, NMR can be detected using th
Mössbauer effect and that the resonance isnot split. In addi-
tion, it has been shown that MNMR can be used to mon
the spin-lattice relaxation of the57Fe nuclei.

The counterintuitive outcome of inhomogeneous li
broadening being dominant for such a high57Fe concentra-
tion has led to a reappraisal of the related thermally detec
NMR measurements. It is proposed that the homogene
line broadening observed using NMR-TDNO is a cons
quence of rf power broadening. Further NMR-TDNO me
surements are currently underway to verify the role of
strength and check what role, if any,57Fe concentrations
may play.
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