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Hyperfine field of francium in iron
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The hyperfine field of francium in iron has been measured for different isotopes using the method of
low-temperature nuclear orientation and samples prepared by ion implantation atT<1 K. For 208Fr a nuclear
magnetic resonance was observed. From the center frequencynL(Bext50 T)5490.7(4) MHz, we derive the
corresponding magnetic hyperfine field asBhf(FrFe)594.9(4) T. @S0163-1829~98!05118-2#
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I. INTRODUCTION

Although many hyperfine fields (Bhf) for impurities in
iron have been determined over the years,1,2 for some ele-
ments no experimental data are available as yet, while f
number of other elements existing data are in disagreem
The hyperfine fields of the alkaline elements are especi
important to test different theoretical approaches since
simple electronic structure of alkaline impurities is suppos
to facilitate the interpretation of experimental values. F
francium two measurements of the hyperfine field in ir
have been published up to now,3,4 with conflicting results. In
both cases the method of low-temperature nuclear orienta
~NO! was used.

NO is particularly well suited to study hyperfine field
First, very low doses (<1011 atoms/cm2) can be used,
thereby limiting the damage created in the host lattice. F
thermore, since the impurity atoms can be brought into
host using ion implantation at low temperature~i.e., <1 K!,
the created defects cannot migrate anymore. As a co
quence, large fractions at substitutional sites can be obta
even for atoms which are insoluble in the host lattice
thermal equilibrium. Indeed, although channeli
experiments5 suggested that large substitutional fractions c
only be obtained for elements with an enthalpy of solut
DHsol<200 kJ/mol, it was shown later that for francium—
which is the largest atom in nature and h
DHsol5525~70! kJ/mol ~Ref. 3!—a large substitutional frac
tion can be obtained with ion implantation: channeli
measurements6 revealed a substitutional fraction of 67~13!%
after implantation at 120 K with a dose,1012 ions/cm2,
while NO measurements yielded a fraction of 78~3!% for a
sample implanted atT,1 K with a dose,1011 atoms/cm2.7

Furthermore, for Cs@DHsol5512 kJ/mol~Ref. 5!#, the sec-
ond largest alkaline atom, a high substitutional fraction
63~1!% has been observed with NO for a sample implan
at room temperature with a dose of;331013 ions/cm2.8
570163-1829/98/57~18!/11527~6!/$15.00
a
nt.
ly
e
d
r

on

r-
e

e-
ed

n

f
d

The first two measurements of the hyperfine field of fra
cium in iron published up to now yieldedBhf~FrFe!570~5! T
with 208Fr ~Ref. 3! and Bhf(FrFe)5131(4) T with 221Fr
~Ref. 4!, respectively. Although the lowest temperature th
was reached in both experiments~i.e., '16 mK! did not al-
low for a full decorrelation between the two parameters t
were fitted, i.e.,Bhf and a temperature-independent para
eter, it is clear from the data that this correlation is insu
cient to explain the difference between the two values.
order to clarify this situation, we have performed several N
experiments using different francium isotopes. Among th
are also the two that were used in the previous experime
In addition, we have carried out a nuclear magnetic re
nance experiment on oriented208Fr nuclei ~NMR/ON! as
well. Whereas NO is an integral method, yielding the va
of the average hyperfine field experienced by the nuc
NMR/ON probes the hyperfine field corresponding to
unique lattice site and this with a precision typically at lea
10 times better than static nuclear orientation.

II. EXPERIMENTS AND RESULTS

Bhf(FrFe) was measured for the light isotopes208Fr ~I p

571, T1/2559.1 s!, 211Fr ~I p59/22, T1/253.1 min!, and
213Fr ~I p59/22, T1/2534.6 s! and for the heavier221Fr ~I p

55/22, T1/254.9 min!. All activities were produced at the
ISOLDE isotope separator at CERN, with a 1 GeV proton
beam of about 2 mA.9 For 208,211,213Fr a thorium-
di-phtalo-cyamine1ThC2 target was used. These isotop
were produced directly and one after the other implanted
line ~at 60 keV! into the same iron foil~purity 99.998%,
thickness 50mm! that was soldered to the cold finger of th
NICOLE 3He-4He dilution refrigerator.10 The 221Fr source
was prepared by implanting221Rn (T1/2525 min) produced
on a ThC2 target. After implantation the221Rn b2 decayed
to 221Fr. In all experiments the implantation dose was ke
below 231011 ions/cm2 and the temperature during implan
11 527 © 1998 The American Physical Society
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11 528 57B. WILL et al.
tation was,1 K. To determine the temperature,54MnNi
and 57CoFe nuclear orientation thermometers were us
The iron implantation foil was magnetized in an extern
magnetic field ofBext50.5 T, which was afterwards reduce
to 0.2 T for the NO measurements. In the NMR/ON expe
ment with 208Fr, an external field of 0.1 T was applied.

For 208,211,213Fr the alpha radiation was detected with tw
particle detectors~i.e., 500mm350 mm2 Si p- i -n diodes!
installed at angles of 18° and 51° with respect to the qua
zation axis. For 221Fr three of these detectors were em
ployed, this time mounted at angles of 16°, 50°, and 8
respectively. To correct for variations of the beam intens
during the on-line implantations, only ratios of count rat
observed by detectors at different detection angles can
used to determine thea anisotropies, which are defined as

R~u1 ,u2 ,T!5W~u1 ,T!/W~u2 ,T!21,

with

W~u,T!511 f (
k52,4,...

AkBk~nh f /kT!QkPk~cosu!

The coefficientsBk describe the orientation of the oriente
nuclear state with hyperfine frequencynhf at the temperature
T, and theAk are the angular distribution coefficients of th
observeda transition. TheQk correct for the finite dimen-
sions of the source and the detector, andPk(cosu) are the
Legendre polynomials, withu being the angle between th
orientation axis and the emission direction of t
radiation.11,12 Experimentally, one has

W~u,T!5
N~u,T<100 mK!

N~u,T>1 K!
,

with T>1 K corresponding to an unoriented sample.
The experimentala anisotropies versus inverse tempe

ture for 208,211,213Fr and 221Fr are shown in Figs. 1 and 2
respectively. The NO data were evaluated in a simple tw
site model, where a fractionf of the nuclei experiences th
full hyperfine interaction and the rest (12 f ) is not oriented
at all. This model has been proven to be quite reason
from a large number of experiments on a wide variety
elements implanted at low dose and at low temperatur13

The fraction f was derived from the analysis of the aniso
ropy data for the 325, 636, and 778 keVg transitions in the
decay of208Fr, yielding f 532(10)%. It is not clear why this
value is so small. A possible explanation for this could be
presence of a thin ice layer on the implantation foil. Sin
the range of Fr ions withA5210 and energy of 60 keV is
only 56~6! nm,24 a very thin layer would be sufficient to
explain the observed effect. The large relative error inf is
due to different results for differentg-detector combinations
Whereas the anisotropy data of one of the twog detectors
with angle 18° relative to the orientation axis normalized
the data of theg detector at 90° suggested 0.22< f <0.26,
data from the second detector at 18° with the same norm
ization suggested 0.33< f <0.42. Here the uncertainties i
the theoreticalAkUk coefficients were already taken into a
count. As the reason for this discrepancy could not be
solved and alternative methods to derivef did not result in a
more precise value, the existing uncertainty is represente
.
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the quoted error.14 For 221Fr the fraction f 579(2)% was
derived from severalg transitions in the decay of At iso
topes. These were obtained through theb decay of Rn iso-
topes implanted into the same iron foil as221Rn ~the precur-
sor of 221Fr!. Note that apart from the low value of 32~10!%
which was obtained in one single experiment~the isotopes
208,211,213Fr, lines 4–6 of Table I, were all implanted into th
same iron foil! and which is believed to be due to a technic
problem ~see above! and nothing specific to the hyperfin
interaction of francium in iron, all values forf listed in Table
I are consistent with implantation systematics. It is w
known13 for impurities that are insoluble in the host, as is t
case for francium in iron,5 that cold implantation at low dose
(,1013 atoms/cm2) may result in fractions as high as 70%
while implantation at room temperature~and especially at
higher doses! results in considerably lower fractions of th
order of 40%.

From thea anisotropy data for208,211,213Fr, the hyperfine
field was obtained from a two-parameter fit, adjusting to
data simultaneously the hyperfine interactionmBeff ~with
Beff5Bext1Bhf! and f A2 . Since in this experiment only two
detectors were available, it was not possible to inclu
higher-order terms in the analysis as well. This, howev
had only a rather small effect~i.e., <5%! on the result for
Bhf .

14 For 221Fr the k54 term has been included in th
analysis because data from detectors at three different de
tion angles were available.

For the NMR/ON experiment the isotope208Fr was cho-

FIG. 1. AnisotropyW(18°)/W(51°)21 vs inverse temperature
for the 6636, 6534, and 6775 keVa lines in the decay of208Fr,
211Fr, and 213Fr, respectively.
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57 11 529HYPERFINE FIELD OF FRANCIUM IN IRON
sen because it has the largesta anisotropy of all light Fr
isotopes which have been investigated with NO. The f
quency range from 388 to 618 MHz was scanned four tim
both upwards and downwards, in steps of 3 MHz with cou
ing intervals of 50 s per point while monitoring the countin
ratio N(18°)/N(51°) of the 6636 keVa line in the decay of
208Fr. The rf was frequency modulated~modulation width
63 MHz!. The anisotropy of the54MnNi thermometer was
monitored at the same time to look for indications of
power resonant heating. A small but clear destruction oa
anisotropy was found atnL (Bext50.1 T)5491.2(4) MHz.
In Fig. 3 the count rate ratio versus rf frequency for the 66
keV a line of 208Fr and the count rate for the 835 keVg ray
of the 54MnNi thermometer are shown for the frequen
range around the resonance. If the effect on thea line were
due to rf heating, a similar~but positive! effect with an am-
plitude of about 300 counts above background, i.e., sligh
larger than the statistical errors, should be visible on the
keV count rate. No indication of such an effect is seen. T
fact and, especially, the narrow width of the full width at ha
maximum ~FWHM!56.7~12! MHz, i.e., about 1.4% of the
center frequency, of the observed destruction ofa anisotropy
secure that it has to be interpreted as a nuclear reson
signal. The integrated destruction of anisotropy isS
55(1)%.

From the center frequency, corrected for the exter
magnetic field, the hyperfine field was deduced
Bhf(FrFe)594.9(4) T, usingm(208Fr)54.75(2)mN .15 No
correction for the Knight shift and for diamagnetism h
been applied. No other narrow resonance signal withS
>1% was observed in the frequency region correspond
to fields between 75 and 119 T.

III. DISCUSSION

In Table I the results from the NMR/ON and NO me
surements of this work, as well as of previous NO expe
ments with Fr isotopes, are listed. The value ofBhf(FrFe)
derived from static NO data of the lighter francium isotop
~the results for221Fr will be discussed at the end of th

FIG. 2. Observed anisotropiesR5W(u i)/W(u j )21 ~with u
516°, 50°, 84°! vs inverse temperature for the 6341 keVa line in
the decay of221Fr.
-
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section! are in the range from 70 to 93 T, i.e., from at mo
26% below the NMR/ON value up to values which are
accord with NMR/ON within errors. This fits into the sys
tematics of such measurements.13 It must further be noted
that only such NO measurements which cover a wide te
perature range and which do not suffer from correlation of
parameters have an appreciable higher precision. In addi
the accuracy of results from static NO data is only high if t
hyperfine interaction model used for data evaluation
matched to the case, which makes further information n
essary. Keeping this in mind together with the fact that
static NO data were evaluated in a very simple site distri
tion model, which certainly is a simplified description of th
real hyperfine interaction distribution after cold implantatio
this result is quite satisfactory.

The shape and width of the resonance signal suggest
the NMR/ON field corresponds to francium nuclei in a s
with a unique hyperfine interaction. Although only 5% of th
nuclei which contribute to the anisotropy were resonated
is probable that the field from NMR/ON is the field expe
enced by francium nuclei on unique substitutional latt
sites in host iron. The reason for this conclusion is the la
substitutional fraction of 67~13!% for francium in iron found
in emission channeling experiments after cold implantat
at low dose,6 i.e., conditions similar to those of the wor
reported here. The fact that~i! the results from our integra
NO data on light francium nuclei implanted into the sam
iron foil agree with the NMR/ON result~see Table I! and
that ~ii ! the same is true for the hyperfine field that w
observed in earlier experiments on FrFe ~Refs. 3 and 16! ~in

FIG. 3. Lower part: counting ratioN(18°)/N(51°) vs rf fre-
quencyn for the 6636 keVa line in the decay of208Fr. The center
frequency was determined to be 491.2~4! MHz with Bext50.1 T.
Upper part: count rateN(15°) vs rf frequencyn for the 835 keV
g line of the 54MnNi thermometer, showing no indication for
heating effect in the region of the nuclear resonance.



the

11 530 57B. WILL et al.
TABLE I. Magnetic hyperfine field of Fr in iron from NMR/ON and different NO experiments. Note
observation of two groups of values forBhf .

A
Ea

~keV!
ma

(mN)
Bhf

~T!
f

~%!
Dose

(ions/cm2) Remarks

208 6636 4.75~2! 94.9~4! ,231011 on-line implantation, NMR/ONb

207 6768 3.89~8! 91~8! 78~3! ,1011 on-line implantationc

208 6636 4.75~2! 70~5! 78~3! ,1011 on-line implantationd

208 6636 4.75~2! 93~4! 32~10! ,231011 on-line implantationb

211 6534 4.00~8! 77~5! 32~10! ,231011 on-line implantationb

213 6775 4.02~1! 86~5! 32~10! ,231011 on-line implantationb

221 218e 1.58~3! 130~4! 42~4! ,731013 225Ra off-line samplef

221 6341 1.58~3! 141~10! 42~4! ,731013 225Ra off-line samplef

221 6341 1.58~3! 121~6! 37~5! ;331013 225Fr off-line sampleg

221 6341 1.58~3! 109~4! 70~7! ,231011 225Rn off-line sampleh

221 6341, 1.58~3! 124~6! 79~2! ,231011 221Rn on-line implantationb

6126

aFrom Ref. 15.
bThis work.
cNew analysis of data from experiment reported in Ref. 16.
dReference 3.
eg-ray energy.
fReference 6.
gReference 19.
hReference 20.
m
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which a high value forf , i.e., 78~3!%, was obtained! seems
to indicate that in all these experiments always the sa
~unique! lattice site with a significantly largeBhf was prefer-
entially populated. Further support of this idea is given
the fact that we did not find any other resonance in the
quency range corresponding to fields between 75 and 11

The experimental integrated destruction of anisotro
gives only a lower limit for the fraction of nuclei at the si
that was resonated, since it was not possible to attemp
increase the destruction by increasing the rf power beca
of limited beam time at the isotope separator. The low va
for the destruction may also be due to the fact that the
atoms, being much larger than the Fe atoms, can collect
cancies in their vicinity during the thermal spike regim
This could lead to a large distribution of the hyperfine fie
such that for a large part of the Fr nuclei the resonance
quency is shifted a few MHz from the frequency of und
turbed lattice sites. However, the sensitivity of the expe
ment was not high enough to detect such a possible b
background signal.

The systematics of magnetic hyperfine fields of heavy
ements in host iron is shown in Fig. 4. The experimen
values were taken from Refs. 1 and 2, while the value
francium is the one reported here. The line connecting
points was drawn to guide the eye. It shows the smooth tr
from negative fields for the 5d atoms over large positive
fields for 6sp atoms, with a maximum around astatine,
again negative values for the actinide atoms. The value
francium on the steep back slope of the curve fits very w
in this picture. Because of their simple electronic configu
tion, the alkaline atoms should be ideal test cases for
theoretical understanding of the hyperfine fields of impurit
in iron. The case of CsFe has been measured by NMR/O
as Bhf(CsFe)527.8(2) T.8 The ratio of 3.41 for the fran-
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cium and cesium hyperfine fields in iron compares very w
with that of the free-atom hyperfine fields, i.e., 3.14. T
latter could be rather well reproduced by relativis
calculations,17 which, taking into account nuclear-size e
fects, resulted in a ratio of 3.27. Akaiet al.18 have performed
microscopic self-consistent hyperfine-field calculations
impurities withZ<56 in host iron. Although their results fo
light atoms are very promising, their calculations fail to r
produce experimental values for atoms of the fifth period
the periodic table, the heaviest they treat in their paper.
authors state that one of the reasons for the shortcoming
their calculations is the neglect of lattice expansion throu
the larger atoms. This effect is expected to be even m
important for francium. The availability of accurate expe
mental values for hyperfine fields of alkaline atoms in ir
should be an incentive for theoretical calculations with co
sideration of the above-mentioned effects. At least for
alkalines with their simple electronic shell it should be po
sible to reproduce the experimental values quantitatively
all Z.

The results of the five static NO measurements
Bhf(

221FrFe) which are listed in Table I are all considerab
higher—up to 38~5!% if one disregards the less precise val
from a detection of Ref. 6—than the NMR/ON result of th
work. While the experiments with the lighter francium is
topes were all performed with on-line implantation, in th
experiments with221Fr the activity was produced via variou
decay chains after both off- and on-line implantation. Als
in the 221Fr measurements, the implantation doses diffe
significantly for different experiments and the fraction
good sites varied by a factor of 2. Because of these facts,
difficult to believe that the reason for the higher avera
hyperfine fields of the221FrFe NO experiments should lie in
a common feature of the sample preparation, although it c



er
n-
m

us
n
el
be

e
p

tio

e

te
n
B

re

e
or
e
th
.

on
the
f-

is

tic
na-
in

ose
nts
o-

ave
py

-
ld

he

in

for

out
the
t

as

e
in
to
nd

At
. It

ce-

rts
ub-

n-
ein-
up-

s i

57 11 531HYPERFINE FIELD OF FRANCIUM IN IRON
not be excluded that the fact that the221Fr samples were
obtained through the decay of precursor nuclei which w
implanted in the iron foil may be responsible for this. A
other possible reason could lie in a correlation of the para
etersBhf and f in the least-squares data evaluation, beca
even at the lowest experimental temperatures, saturatio
orientation was not fully reached. Such a parameter corr
tion effect should, however, be rather small in our case
cause in two experiments19,20 temperatures below 10 mK
with considerable saturation of orientation could be reach
Also, the good simultaneous fit of theoretical anisotro
functions to the data for the three detector combinations
this work ~see Fig. 2!, where thek54 term was not ne-
glected, is in disagreement with a considerable correla
effect.

Because of the short half-lives of the francium isotop
considered in this paper, ranging from 14.8 s for207Fr to 4.8
min for 221Fr, the possibility of effects due to incomple
spin-lattice relaxation has to be discussed. No experime
relaxation data for francium in the iron host are available.
scaling relaxation data for206BiFe ~Ref. 25! ~the nearest
isotope for which experimental relaxation data in iron a
available! in the low-temperature limit,26 an effective Kor-
ringa constantCK5387 mK s is obtained for221Fr, resulting
in an effective relaxation timeT18(

221Fr)'7 s. Using the em-
pirical relation for the relaxation of impurities in iron,26 de-
rived from experimental data for a large number of isotop
from different elements, a similar value is found. This sh
time guarantees that221Fr should be fully relaxed. Thus th
observed small deviation of the anisotropy data points at
highest temperatures from the theoretical curves in Fig
cannot be due to relaxation effects. For the shortest lived
the light francium isotopes, i.e.,207Fr, an effective relaxation

FIG. 4. Systematics of the experimental hyperfine field value
iron for impurities withZ577– 92~Refs. 1 and 2!.
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time of about 1.5 s is estimated, implying that relaxati
effects should be negligible in this case as well. Also,
finding that for the light isotopes, with quite different hal
lives ~ranging from 14.8 s for207Fr to 3.1 min for 211Fr!,
within errors always the same low hyperfine field value
found ~see Table I! excludes the influence of relaxation.

Since in NO experiments only the product of the magne
moment and hyperfine field is determined, a simple expla
tion for the fact that different hyperfine fields are observed
the measurements with light francium isotopes and th
with 221Fr would be the use of incorrect magnetic mome
in the derivation of the hyperfine fields. The magnetic m
ments of the francium isotopes of interest in this paper h
all been measured by high-resolution laser spectrosco15

with 212Fr as common reference and211Fr as common cali-
bration isotope. The 5/22 ground state of221Fr is believed to
be a decoupled protonh9/2 state21 which, because of the an
tiparallel coupling of spin and orbital momentum, shou
show some hyperfine anomaly22,23 relative to 208Fr. How-
ever, only the difference of the hyperfine anomaly in t
laser experiment221D las

208 from that in the different environ-
ment iron 221DFe

208 can be responsible for the difference
hyperfine fields displayed in Table I.23 It is difficult to be-
lieve that such a hyperfine anomaly effect could account
a larger part of the observed difference in fields.

IV. SUMMARY

Both NO and NMR/ON measurements were carried
on a number of francium isotopes in order to determine
hyperfine field of francium in iron. The data for the ligh
isotopes208,211,213Fr are all in agreement with one another
well as with previous results obtained with207,208Fr ~Refs. 3
and 16! and with the NMR/ON experiment on208Fr, which
yieldedBhf(FrFe)594.9(4) T. From a comparison with th
results of emission channeling experiments with francium
iron,6 it is concluded that this field probably corresponds
francium atoms at substitutional lattice sites. All present a
previous NO measurements on221Fr yielded a significantly
larger result for the effective value of the hyperfine field.
present, there is no simple explanation for this observation
should be mentioned that a similar situation exists with
sium isotopes.8,13
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