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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 implantafienlak. For 2°%Fr a nuclear
magnetic resonance was observed. From the center freque(By,=0 T)=490.7(4) MHz, we derive the
corresponding magnetic hyperfine field Bg(FrFe)=94.9(4) T.[S0163-1828)05118-2

[. INTRODUCTION The first two measurements of the hyperfine field of fran-
cium in iron published up to now yieldeg,(FrFe=70(5) T
Although many hyperfine fieldsB(,) for impurities in ~ with °%r (Ref. 3 and By(FrFe)=131(4) T with #*Fr
iron have been determined over the yezidor some ele- (Ref. 4, respectively. Although the lowest temperature that
ments no experimental data are available as yet, while for was reached in both experimerite., ~16 mK) did not al-
number of other elements existing data are in disagreemerl@w for a full decorrelation between the two parameters that
The hyperfine fields of the alkaline elements are especiallyvere fitted, i.e. By and a temperature-independent param-
important to test different theoretical approaches since theter, it is clear from the data that this correlation is insuffi-
simple electronic structure of alkaline impurities is supposedient to explain the difference between the two values. In
to facilitate the interpretation of experimental values. Fororder to clarify this situation, we have performed several NO
francium two measurements of the hyperfine field in ironexperiments using different francium isotopes. Among these
have been published up to ndwith conflicting results. In ~ are also the two that were used in the previous experiments.
both cases the method of low-temperature nuclear orientatiot addition, we have carried out a nuclear magnetic reso-
(NO) was used. nance experiment on orientet?®r nuclei (NMR/ON) as
NO is particularly well suited to study hyperfine fields. well. Whereas NO is an integral method, yielding the value
First, very low doses <10 atoms/crd) can be used, Of the average hyperfine field experienced by the nuclei,
thereby limiting the damage created in the host lattice. FurNMR/ON probes the hyperfine field corresponding to a
thermore, since the impurity atoms can be brought into théinique lattice site and this with a precision typically at least
host using ion implantation at low temperatuie., <1 K), 10 times better than static nuclear orientation.
the created defects cannot migrate anymore. As a conse-
guence, large fractiqns at su.bstitutionql sites can be o'btairjed Il. EXPERIMENTS AND RESULTS
even for atoms which are insoluble in the host lattice in
thermal  equilibrium. Indeed, although channeling Bpn(FrFe) was measured for the light isotop@®Fr (1™
experimentdsuggested that large substitutional fractions car=7", T1,=59.19, #'Fr (1"=9/2", Ty,=3.1min, and
only be obtained for elements with an enthalpy of solution®¥r (I"=9/2", T,,,=34.6 9 and for the heavier>Fr (1™
AH ;<200 kJ/mol, it was shown later that for francium— =5/2", T1,=4.9 min. All activities were produced at the
which is the largest atom in nature and hasISOLDE isotope separator at CERN, ia 1 GeV proton
AH,=52570) kJ/mol (Ref. 3—a large substitutional frac- beam of about 2 uA.° For 20821121Er 3 thorium-
tion can be obtained with ion implantation: channelingdi-phtalo-cyamine-ThC, target was used. These isotopes
measuremenigevealed a substitutional fraction of @B)%  were produced directly and one after the other implanted on
after implantation at 120 K with a dose 10 ions/cnf,  line (at 60 keV} into the same iron foil(purity 99.998%,
while NO measurements yielded a fraction 0f3)8b6 for a  thickness 50um) that was soldered to the cold finger of the
sample implanted af<1 K with a dose< 10! atoms/cri.”  NICOLE *He-*He dilution refrigeratof® The 2?'Fr source
Furthermore, for C§AH =512 kd/mol(Ref. 5], the sec- was prepared by implanting’Rn (T,,= 25 min) produced
ond largest alkaline atom, a high substitutional fraction ofon a ThG target. After implantation thé®’Rn 8~ decayed
63(1)% has been observed with NO for a sample implantedo 22Fr. In all experiments the implantation dose was kept
at room temperature with a dose ef3x 10* ions/cnf.® below 2x 10'* ions/cnt and the temperature during implan-
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tation was<1 K. To determine the temperaturé’™MnNi AL LA L B
and °'CoFe nuclear orientation thermometers were used. 0.25}
The iron implantation foil was magnetized in an external
magnetic field oBq,=0.5 T, which was afterwards reduced 0.20 1
to 0.2 T for the NO measurements. In the NMR/ON experi-
ment with 2°%r, an external field of 0.1 T was applied. 0.151 s Fr-208
For 208211.21¢¢ the alpha radiation was detected with two 0.10} 6636 keV
particle detectorgi.e., 500umx50 mn? Si p-i-n diodes
installed at angles of 18° and 51° with respect to the quanti- 0.05f N
zation axis. For??'Fr three of these detectors were em-
ployed, this time mounted at angles of 16°, 50°, and 84°, - 0'00:: -
respectively. To correct for variations of the beam intensity ;= 0.151 7
during the on-line implantations, only ratios of count rates © 010l ]
observed by detectors at different detection angles can be® 43
used to determine the anisotropies, which are defined as = g ggl Fr-2i1
%o 6534 keV
R(61,0,, T)=W(6;,T)/W(6,,T)—1, 5 0.00k 4
with 020 E
WO, T)=1+f D ABi(vni/KT)QxP(cOS ) 0.15 - ; ? -
k=2 0.10 Fr-213
The coefficientsB, describe the orientation of the oriented 6775 keV
nuclear state with hyperfine frequeney; at the temperature 0.05- i
T, and theA, are the angular distribution coefficients of the 0.00
observeda transition. TheQ, correct for the finite dimen- ' Lo e e e
sions of the source and the detector, ddcos#) are the 0 20 40 60 80 100 120
Legendre polynomials, witl® being the angle between the WTTK]
orientation axis and the emission direction of the
radiation*!*? Experimentally, one has FIG. 1. AnisotropyW(18°)/W(51°)—1 vs inverse temperature
for the 6636, 6534, and 6775 ke¥ lines in the decay of%Fr,
N(6,T<100 mK) 21Fr, and 2%, respectively.
WD =N T=1 K

the quoted errot* For 22'Fr the fractionf=79(2)% was
with T=1 K corresponding to an unoriented sample. derived from severaly transitions in the decay of At iso-
The experimentalr anisotropies versus inverse tempera-topes. These were obtained through heecay of Rn iso-
ture for 298211.21Fr and 223Fr are shown in Figs. 1 and 2, topes implanted into the same iron foil &Rn (the precur-
respectively. The NO data were evaluated in a simple twosor of 22)Fr). Note that apart from the low value of @D)%
site model, where a fractiof of the nuclei experiences the which was obtained in one single experimétite isotopes
full hyperfine interaction and the rest €if ) is not oriented ~ 2982121¢r |ines 4—6 of Table |, were all implanted into the
at all. This model has been proven to be quite reasonableame iron foil and which is believed to be due to a technical
from a large number of experiments on a wide variety ofproblem (see aboveand nothing specific to the hyperfine
elements implanted at low dose and at low temperafure. interaction of francium in iron, all values fdrlisted in Table
The fractionf was derived from the analysis of the anisot- | are consistent with implantation systematics. It is well
ropy data for the 325, 636, and 778 keMransitions in the  known'® for impurities that are insoluble in the host, as is the
decay of?%Fr, yieldingf=232(10)%. It is not clear why this case for francium in irof that cold implantation at low dose
value is so small. A possible explanation for this could be thg <10 atoms/crd) may result in fractions as high as 70%,
presence of a thin ice layer on the implantation foil. Sincewhile implantation at room temperatufand especially at
the range of Fr ions witth=210 and energy of 60 keV is higher dosesresults in considerably lower fractions of the
only 566) nm?* a very thin layer would be sufficient to order of 40%.
explain the observed effect. The large relative errof iis From thea anisotropy data for%®21121¢r, the hyperfine
due to different results for different-detector combinations. field was obtained from a two-parameter fit, adjusting to the
Whereas the anisotropy data of one of the twadetectors data simultaneously the hyperfine interactip.; (with
with angle 18° relative to the orientation axis normalized toB.4=B.,+ By;) andfA,. Since in this experiment only two
the data of they detector at 90° suggested 0s22<0.26, detectors were available, it was not possible to include
data from the second detector at 18° with the same normahigher-order terms in the analysis as well. This, however,
ization suggested 0.33f=<0.42. Here the uncertainties in had only a rather small effe¢te., <5%) on the result for
the theoreticalA U, coefficients were already taken into ac- Bys.** For 2?Fr the k=4 term has been included in the
count. As the reason for this discrepancy could not be reanalysis because data from detectors at three different detec-
solved and alternative methods to derivdid not result in a  tion angles were available.
more precise value, the existing uncertainty is represented in For the NMR/ON experiment the isotog@¥r was cho-
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FIG. 2. Observed anisotropieR=W(6,)/W(6;)—1 (with ¢ o - Fr- 208 7
=16°, 50°, 84 vs inverse temperature for the 6341 kaMine in _ 0.586 6r6;6k v ]
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sen because it has the largestanisotropy of all light Fr Y YV Y Ve o
isotopes which have been investigated with NO. The fre- 440 460 480 [MHS(:O 520
v z

guency range from 388 to 618 MHz was scanned four times,
both upwards and downwards, in steps of 3 MHz with count- £ 3. Lower part: counting ratiéi(18°)/N(51°) vs rf fre-

ing intervals of 50 s per point while monitoring the counting quencyw for the 6636 keVe line in the decay of%Fr. The center
ratio N(18°)/N(51°) of the 6636 ke line in the decay of  frequency was determined to be 49%)2MHz with Bg,=0.1T.
298y The rf was frequency modulatednodulation width — Upper part:  count rat&l(15°) vs rf frequencyw for the 835 keV

+3 MHz). The anisotropy of the*MnNi thermometer was 1y line of the 5*MnNi thermometer, showing no indication for a
monitored at the same time to look for indications of rf- heating effect in the region of the nuclear resonance.

power resonant heating. A small but clear destructior of

anisotropy was found a# (Beq=0.1T)=491.2(4) MHz.  section are in the range from 70 to 93 T, i.e., from at most
In Fig. 3 the count rate ratio versus rf frequency for the 66362694 below the NMR/ON value up to values which are in
keV a line of *°%r and the count rate for the 835 keMray  accord with NMR/ON within errors. This fits into the sys-
of the *MnNi thermometer are shown for the frequency tematics of such measuremeftst must further be noted
range around the resonance. If the effect ondHime were  that only such NO measurements which cover a wide tem-
due to rf heating, a similaibut positive effect with an am-  perature range and which do not suffer from correlation of fit
plitude of about 300 counts above background, i.e., slighthyarameters have an appreciable higher precision. In addition,
Iarger than the statistical errors, should be visible on the 83&]e accuracy of results from static NO data is 0n|y h|gh if the
keV count rate. No indication of such an effect is seen. Thl&]yperfme interaction model used for data evaluation is
fact and, especially, the narrow width of the full width at half matched to the case, which makes further information nec-
maximum (FWHM)=6.7(12) MHz, i.e., about 1.4% of the essary. Keeping this in mind together with the fact that the
center frequency, of the observed destructior @hisotropy  static NO data were evaluated in a very simple site distribu-
secure that it has to be interpreted as a nuclear resonanggn model, which certainly is a simplified description of the
signal. The integrated destruction of anisotropy $ real hyperfine interaction distribution after cold implantation,
=5(1)%. this result is quite satisfactory.

From the center frequency, corrected for the external The shape and width of the resonance signal suggest that
magnetic field, the hyperfine field was deduced ashe NMR/ON field corresponds to francium nuclei in a site
Bu(FrFe)=94.9(4) T, usingu(*®%r)=4.75(2)uy."™ No  with a unique hyperfine interaction. Although only 5% of the
correction for the Knight shift and for diamagnetism hasnuclei which contribute to the anisotropy were resonated, it
been applied. No other narrow resonance signal v8th s probable that the field from NMR/ON is the field experi-
=1% was observed in the frequency region correspondingnced by francium nuclei on unique substitutional lattice
to fields between 75 and 119 T. sites in host iron. The reason for this conclusion is the large
substitutional fraction of 6@.3)% for francium in iron found
in emission channeling experiments after cold implantation
at low dosé, i.e., conditions similar to those of the work

In Table | the results from the NMR/ON and NO mea- reported here. The fact théb the results from our integral
surements of this work, as well as of previous NO experi-NO data on light francium nuclei implanted into the same
ments with Fr isotopes, are listed. The valueBy§(FrFe) iron foil agree with the NMR/ON resulfsee Table )l and
derived from static NO data of the lighter francium isotopesthat (ii) the same is true for the hyperfine field that was
(the results for??'Fr will be discussed at the end of this observed in earlier experiments orFer(Refs. 3 and 15(in

[ll. DISCUSSION
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TABLE I. Magnetic hyperfine field of Fr in iron from NMR/ON and different NO experiments. Note the
observation of two groups of values B .

E, u? Byt f Dose
A (keV) (mn) M (%) (ions/cnf) Remarks
208 6636 4.78) 94.94) <2x10"  on-line implantation, NMR/OR
207 6768 3.8®) 91(8) 78(3) <10t on-line implantatioh
208 6636 4.78) 70(5) 78(3) <10t on-line implantatioft
208 6636 4.782) 93(4) 32(10) <2x10% on-line implantatioR
211 6534 4.08) 77(5) 32(10 <2x104 on-line implantatiof
213 6775 4.001) 86(5) 32(10) <2x10% on-line implantatioR
221 218 1.593) 1304) 42(4) <7x10% 22Ra off-line sample
221 6341 1.56) 141(10) 42(4) <7x10% 22Ra off-line sample
221 6341 1.5@) 121(6) 37(5) ~3%x101 22%r off-line samplé
221 6341 1.56) 1094) 70(7) <2x 101 22Rn off-line sampl@
221 6341, 1.5@) 124(6) 7902) <2x104 221Rn on-line implantatioh
6126
8From Ref. 15.

®This work.

‘New analysis of data from experiment reported in Ref. 16.
YReference 3.

€y-ray energy.

'Reference 6.

9Reference 19.

"Reference 20.

which a high value foff, i.e., 783)%, was obtainedseems cium and cesium hyperfine fields in iron compares very well
to indicate that in all these experiments always the samwith that of the free-atom hyperfine fields, i.e., 3.14. The
(unique lattice site with a significantly largB; was prefer- latter could be rather well reproduced by relativistic
entially populated. Further support of this idea is given bycalculations,’ which, taking into account nuclear-size ef-
the fact that we did not find any other resonance in the frefects, resulted in a ratio of 3.27. Aket al® have performed
guency range corresponding to fields between 75 and 119 Tnicroscopic self-consistent hyperfine-field calculations for

The experimental integrated destruction of anisotropyimpurities withZ=<56 in host iron. Although their results for
gives only a lower limit for the fraction of nuclei at the site light atoms are very promising, their calculations fail to re-
that was resonated, since it was not possible to attempt fproduce experimental values for atoms of the fifth period of
increase the destruction by increasing the rf power becaugbe periodic table, the heaviest they treat in their paper. The
of limited beam time at the isotope separator. The low valueauthors state that one of the reasons for the shortcomings of
for the destruction may also be due to the fact that the Ftheir calculations is the neglect of lattice expansion through
atoms, being much larger than the Fe atoms, can collect vdhe larger atoms. This effect is expected to be even more
cancies in their vicinity during the thermal spike regime.important for francium. The availability of accurate experi-
This could lead to a large distribution of the hyperfine fieldmental values for hyperfine fields of alkaline atoms in iron
such that for a large part of the Fr nuclei the resonance freshould be an incentive for theoretical calculations with con-
quency is shifted a few MHz from the frequency of undis- sideration of the above-mentioned effects. At least for the
turbed lattice sites. However, the sensitivity of the experi-alkalines with their simple electronic shell it should be pos-
ment was not high enough to detect such a possible broagible to reproduce the experimental values quantitatively for
background signal. all Z.

The systematics of magnetic hyperfine fields of heavy el- The results of the five static NO measurements for
ements in host iron is shown in Fig. 4. The experimentalB,(?*FrFe) which are listed in Table | are all considerably
values were taken from Refs. 1 and 2, while the value fohigher—up to 38)% if one disregards the less precise value
francium is the one reported here. The line connecting thérom « detection of Ref. 6—than the NMR/ON result of this
points was drawn to guide the eye. It shows the smooth trendiork. While the experiments with the lighter francium iso-
from negative fields for the & atoms over large positive topes were all performed with on-line implantation, in the
fields for 6sp atoms, with a maximum around astatine, to experiments witl??*Fr the activity was produced via various
again negative values for the actinide atoms. The value oflecay chains after both off- and on-line implantation. Also,
francium on the steep back slope of the curve fits very welin the 22!Fr measurements, the implantation doses differed
in this picture. Because of their simple electronic configurasignificantly for different experiments and the fraction in
tion, the alkaline atoms should be ideal test cases for thgood sites varied by a factor of 2. Because of these facts, it is
theoretical understanding of the hyperfine fields of impuritiedifficult to believe that the reason for the higher average
in iron. The case of % has been measured by NMR/ON hyperfine fields of theé?FrFe NO experiments should lie in
as B, (CsFe)=27.8(2) T8 The ratio of 3.41 for the fran- a common feature of the sample preparation, although it can-
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T T T T T time of about 1.5 s is estimated, implying that relaxation
I ] effects should be negligible in this case as well. Also, the
200 - ] finding that for the light isotopes, with quite different half-

I ] lives (ranging from 14.8 s for%Fr to 3.1 min for 21%Fr),

L i within errors always the same low hyperfine field value is
oor ] found (see Table)l excludes the influence of relaxation.

i ] Since in NO experiments only the product of the magnetic
moment and hyperfine field is determined, a simple explana-
tion for the fact that different hyperfine fields are observed in
the measurements with light francium isotopes and those
with 22¥Fr would be the use of incorrect magnetic moments
in the derivation of the hyperfine fields. The magnetic mo-
ments of the francium isotopes of interest in this paper have

all been measured by high-resolution laser spectroscopy

76 Yv "8 V9 BO 81 B2 83 B4 8BS 86 87 88 89 90 91 92 93 . .

atomic number with 212Fr as common reference artéFr as common cali-
bration isotope. The 5/2ground state of?*Fr is believed to
e a decoupled protony, staté* which, because of the an-
tiparallel coupling of spin and orbital momentum, should
show some hyperfine anom&hy? relative to 2°%Fr. How-
not be excluded that the fact that tfé'Fr samples were ever, only the difference of the hyperfine anomaly in the
obtained through the decay of precursor nuclei which werdaser experimen?ﬂAéos8 from that in the different environ-
implanted in the iron foil may be responsible for this. An- ment iron 22'A2% can be responsible for the difference in
other possible reason could lie in a correlation of the paramhyperfine fields displayed in Table?i.1t is difficult to be-
etersBys andf in the least-squares data evaluation, becausteve that such a hyperfine anomaly effect could account for
even at the lowest experimental temperatures, saturation @f larger part of the observed difference in fields.
orientation was not fully reached. Such a parameter correla-
tion effect should, hower\q/feé,0 be rather small in our case be- IV. SUMMARY
cause in two experime temperatures below 10 mK .
with considerablepsaturation of orFiJentation could be reached. Both NO and NMR/ ON measurements were carrl_ed out
Also, the good simultaneous fit of theoretical anisotropyOn a n_umb_er of ffa”C'“T“ Isotopes n order to determm_e the
functions to the data for the three detector combinations i@yperf'ngog'g’llngf francium in iron. The data for the light
this work (see Fig. 2, where thek=4 term was not ne- isotopes??8:21L21Er gre all in agreement with one another as

; ; : 207 20
glected, is in disagreement with a considerable correlatioff’e!l as With previous results obtained witfi"2Fr (Refs. 3
effect and 16 and with the NMR/ON experiment ofP&r, which

Because of the short half-lives of the francium isotopesyieme‘j Bhf(Fr.':e.):94'9(4) T. From a compari_son With the_
considered in this paper, ranging from 14.8 s $&fFr to 4.8 results of emission channeling experiments with francium in

min for 221Fr, the possibility of effects due to incomplete iron? it is concluded that this field probably corresponds to

spin-lattice relaxation has to be discussed. No experimentzﬂand”m atoms at substitutional lattice sites. All present and

relaxation data for francium in the iron host are available. ByPrévious NO measurements GRFr yielded a significantly
scaling relaxation data fof°BiFe (Ref. 25 (the nearest larger result for the effective value of the hyperfine field. At

isotope for which experimental relaxation data in iron argPresent, there is'no simple explanation for.this observa}tion. It
availablg in the low-temperature limf€ an effective Kor- should be mentioned that a similar situation exists with ce-

ringa constan€, = 387 mK s is obtained fof2'Fr, resulting  S'UM isotopes:*?
in an effective relaxation tim&;(?*¥r)~7 s. Using the em-

pirical relation for the relaxation of impurities in irdfi,de-

rived from experimental data for a large number of isotopes We thank R. Bouvier, J. P. Hadjout, and P. Schoovaerts
from different elements, a similar value is found. This shortfor technical assistance and J. Wouters for providing unpub-
time guarantees th&?*Fr should be fully relaxed. Thus the lished data on?°Fr. Three of us(P.H., R.P., and B.W.
observed small deviation of the anisotropy data points at theacknowledge financial support by the BMBF Germany Con-
highest temperatures from the theoretical curves in Fig. 2Zract No. 06BN181 and the Deutsche Forschungsgemein-
cannot be due to relaxation effects. For the shortest lived afchaft Contract No. He 1316/3-1. This work was also sup-
the light francium isotopes, i.e?2Fr, an effective relaxation ported by the Fund for Scientific Research/Fland&i/O).

Bhyp(Fe) [T]

-100 - -

F Ir Pt Au Hg TI Pb Bi Po At Rn Fr Ra Ac Th Pa U
I SO N St N S5OSO UCOunoot Ul MV I I HEY Sl N

FIG. 4. Systematics of the experimental hyperfine field values i
iron for impurities withZ=77-92(Refs. 1 and 2
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