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Abstract

The static hyperfine magnetic field present at Pt nuclei implanted in ferro-

magnetic Fe has been measured using the ion-implantation perturbed angular

correlation (IMPAC) technique following Coulomb excitation. The present

measured precessions agree with earlier data, but more recent information on

the transient field correction leads to an inferred static field strength that is

~ 25% smaller than obtained previously. Comparisons are made between the

static fields measured by various techniques for Pt and neighbouring ions in

iron. From these comparisons, we show that the IMPAC data are consistent

with a scenario in which (i) the static field takes about 10 ps to reach its equi-

librium value, following recovery from dynamic structural damage caused by

the ion-implantation process, and (ii) following equilibration, a large fraction

(~ 90%) of the implanted ions have final positions on lattice sites of the Fe

host.
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I. INTRODUCTION

Many measurements have been made of the g-factors of the first-excited states in the nu-

clei 192Pt, 194Pt and 196Pt, employing the static hyperfine magnetic field present at the nuclei

of Pt impurities in magnetized iron. The radioactivity technique, which measures integral

perturbed 7—7 angular correlations (IPAC) following the /3-decay of a parent nucleus present

as a dilute radioactive impurity in an alloy with iron, has often yielded conflicting results

[1-15]. Recently, possible systematic errors in the preparation and subsequent measurement

of dilute radioactive alloys have been examined by workers [13-15] whose measured fields

are significantly larger than those most often obtained in earlier experiments. Katayama et

al. [13] suggested discrepancies may result from incomplete magnetization of the ferromag-

netic alloy in several earlier works, while Bodenstedt et al. [15] discussed the possibility of

incomplete dissolution of the Ir parent nuclei in the Fe medium during source preparation.

The internal field of PtFe has also been measured using in-beam experiments [16-18]

following the implantation of Coulomb-excited Pt nuclei into an Fe medium. An inherent

feature of this method is that the implantation site is not well controlled and the possibility

that some implanted Pt nuclei will not experience the full internal field cannot be excluded.

An added complication is that the excited nuclei experience the transient hyperfine field as

they slow to rest in the ferromagnetic host, and earlier implantation studies were performed

at a time when the transient field of Pt in Fe was not well known. In fact, it will be seen

below that the transient field contribution in the early work was overestimated by almost a

factor of six.

With a recent measurement [15] confirming the full hyperfine field available with a well

prepared radioactive source [13,14], and new data on the transient field for Pt in Fe [19],

it is now appropriate to re-examine the relation between the static hyperfine field for Pt in

Fe obtained in implantation measurements compared with radioactivity and other studies.

Our interest in this problem has also been rekindled by our current study of the magnetic

moments of short-lived excited states in unstable Pt nuclei [20] which uses internal fields



obtained following implantation of the /3+-decay parent nuclei (e.g. Au isotopes). Although

the present examination of the in-beam implantation field for Pt may not be exactly ap-

plicable, it does provide a bound for the effective hyperfine field strength in the magnetic

moment study.

In the course of the present work, we were led to reconsider the differences that appear

in the measured static hyperfine field strength under different conditions of implantation or

source preparation and the question of why a reduced field is sometimes, but not universally,

found following implantation. In section V we survey the static fields measured for 7aPt in

Fe using various techniques. A description of the calibration of the static field for our

'implantation-decay' g-factor experiments [20] is included there. Comparisons of static field

data for the neighbouring impurities 760s, 77k, 7sPt, and 79AU are made in section VI. We

show that the observation of reduced static fields in IMPAC measurements can be correlated

with the lifetimes of the nuclear states used to sample the static field strength, and that the

data currently available for the Pt region are consistent with there being a period of the

order of 10 ps following ion-implantation during which the static field is quenched.

II. EXPERIMENTAL DESIGN

The static hyperfine field strength present at Pt nuclei implanted into Fe may be deter-

mined by measuring the perturbations of particle-7 angular correlations following Coulomb

excitation of the first-excited 2+ states in 194.196>i98pj. ̂  a s ^ g magnetic moments and lifetimes

of these nuclear levels are known. As noted above, the probe nuclei interact with both the

static field, of present interest, and the transient hyperfine field which is effective as the ions

slow to rest within the ferromagnet. The total measured precession angle may be written

(1)

where A9tr is the precession angle caused by the interaction with the transient field and



is that due to the static field, with a small correction factor for the finite stopping time (Ta)

during which the static field is inactive.

The static hyperfine field behaves like a large, externally applied, magnetic field acting

on the impurities at rest within a ferromagnetic medium, and, as such, the precession angle

caused by the interaction of the field with the dipole moment of the excited Pt nuclear state

over its lifetime can be written

(2)

where T is the meanlife of the excited nuclear level and the Larmor precession frequency,

LJL, is determined by the ^-factor of the state and the field strength, Btt.

As the stopping time for the Pt ions is much shorter than the nuclear lifetime (T, <

T), the transient field may be treated as an intense, time-dependent, magnetic impulse.

Consequently, the transient field precession is

(3)

In the present work, the transient precession angles are virtually identical for the different

isotopes, because the ^-factors of the 2* states in i94.196>198pt a r e the same within experi-

mental uncertainties (see table 2).

The internal static field for PtFe is negative (its direction is opposite that of the externally

applied magnetic field), while the transient field is positive. Therefore, the precessions caused

by the static and transient fields cancel somewhat, although the static field contribution

dominates because T ^> TM. In the present experiments, the transient precession was varied

by changing the initial recoil energy, through use of incident heavy-ion beams of differing

mass and energy.



III. EXPERIMENTAL PROCEDURE

The experimental arrangement has been described elsewhere [21-23]. A target at room

temperature (~300 K), consisting of a 0.44 mg.cm"2 natural Pt layer backed by a thick (~4

mg.cm"2) previously annealed, ferromagnetic Fe foil, was bombarded by beams of 36 MeV

16O, 60 MeV 28Si and 80 MeV 34S from the ANU 14UD Pelletron Accelerator. Target nuclei

(of principal interest here, 19<.196.i98pt) were Coulomb excited and recoil-implanted into the

Fe backing. Forward recoil was assured by requiring the de-exciting 7-radiation be recorded

in coincidence with the backscattered beam ions detected in an annular counter at 150-166°

to the beam direction. The ferromagnetic Fe backing foil was polarized perpendicular to the

7-ray detection plane by an external field of ~ 0.05 Tesla, which was reversed in direction

approximately every 15 minutes.

The 7-radiation was detected in four HPGe detectors. Precession data were collected

with two detectors placed at ±65° to the beam direction and at a distance so as to subtend

an angle of 40°; another pair at ±115° subtended an angle of 28°. During each beam bom-

bardment, the particle-7-ray angular correlation was measured using the forward detectors

at a number of angles (0°, ±10°, ±20°, ±30°, ±40°, ±45°, ±55° and ±65°), while the back-

ward pair were kept fixed to serve as monitors. Some precession data with an incident 16O

beam were also acquired with the backward detector pair at ±120° and subtending an angle

of 24°.

To determine the field up/down counting asymmetry and reduce possible systematic

experimental uncertainties, the double ratio is defined for each detector pair:

Pij = MM (4)

where Ni,j(t,|) are the counting rates in detectors i and j placed at symmetric angles to the

beam direction (±0°) with the field direction up (|) and down (|) . For small precessions

(A0 ~ 100 mrad, or less) the experimental precession angle may be obtained from



(5)

where

"ft •
and S is the logarithmic derivative of the angular correlation at +8°.

The angular correlations of transitions in each Pt nucleus, following Coulomb excitation,

were calculated using a version of the Winther-de Boer code [24], that includes the effects of

finite particle detector angle, beam energy loss in the target material and (small) contribu-

tions to the observed precessions from populated higher-excited states which feed the states

of interest.

IV. RESULTS

A. Measured precessions

Figure 1 shows a coincidence 7-ray spectrum of the de-exciting transitions measured at

+65° to the beam direction following Coulomb excitation of the Pt nuclei by the incident

beam 80 MeV 34S. Measured counting asymmetries and derived precession angles are given in

table 1. The particle-7-ray angular correlations of the 2^"-»0+ transitions in 194>196.198pt for

each incident beam are displayed in figures 2,3 and 4. The angular correlation measurements

confirm the calculations (sect. Ill) and provide a means of checking the angular positioning of

the 7-ray detectors. Uncertainties in the 7-ray detector angles were allowed for in subsequent

analysis.



B. Correction for transient field contribution

The transient field strength apparent as the Pt ions recoiled through the polarized Fe

was calculated using the parameterization found recently by Stuchbery et al. [19], for Pt ion

velocities in the range lv0 < v < 5v0. This expresses the transient field strength in terms of

the velocity, u, and atomic number, Z, of the ion (v0 = ^ is the Bohr velocity):

Btr=az(—)exp[-(3(v/v0)] (a = 14.9 ± 0.2 T,/3 = 0.085 ± 0.010) . (7)

The recoil energy imparted to the Pt nuclei varied with the beam species, resulting in

different velocity ranges for the Pt recoils in the ferromagnet and varying interaction times

with the transient field (~ 500 fs for the 36 MeV 16O beam bombardment and ~ 1 ps with the

34S beam). The average ion entrance velocities into the Fe foil and calculated transient field

precession angles with the different beams are given in table 2. Unfortunately, the behaviour

of the transient field is not well known at ion velocities below the Bohr velocity, VQ. The

large uncertainties in the quoted precessions (see table 2) cover uncertainty in ion stopping

times and the possibility that the transient field may either cut-ofF, or remain constant at a

field strength determined by eq.7, at velocities below v ~ ^v0.

The Lindhard-Winther theory [27] predicts a transient field which remains constant be-

low about luo with a strength of approximately 1 kT. This is significantly larger than the

field calculated using the above parameterization (eq.7) and would increase the calculated

transient field precession angles, presented in table 2, by ~ 10 mrad. However, experiments

on 28Si and 134Ba ions recoiling at low ion velocities in Fe [28,29] are consistent with the

transient field being proportional to ion velocity down to zero. Speidel et al. [30-32] have

shown that data for Mg, 0 and Si ions in Fe suggest the transient field is constant with a

cut-off at v ~ | v0. Although the inferred velocity-dependence of the transient field differs

in these works, in no case do they support the presence of a Lindhard-Winther contribution.

Predictions of the transient field strength from K-vacancy measurements by Dybdal et al.

[33,34], are not sufficiently accurate to draw definite conclusions about the Lindhard-Winther



field. The applicability of linear response theory used by Lindhard and Winther has also

been questioned [35,36]. Thus, the weight of evidence is that the Lindhard-Winther field

is considerably smaller than predicted, if present at all; consequently, we have not included

such a contribution in the calculated transient field corrections of table 2. It will be seen

in the discussion below (sect. V.A), that there is experimental evidence which justifies this

decision.

C. Inferred static field precessions

A summary of the experimental particulars, measured precession angles and derived

static field strengths is presented in table 2. The multiple scattering of Pt ions recoiling in

the Pt target layer following bombardment by a 36 MeV 1 60 beam was calculated using the

Monte-Carlo code TRIM [25]. This led to the estimate that < 1% of the ions come to rest in

the Pt layer for each incident beam, where they are not subject to hyperfine magnetic fields

and do not precess. This correction was included, as was the stopping time effect (~ 2%,

eq.l), in evaluation of the inferred static precession angles, u^r, given in table 2.

The weighted average of the static field strengths obtained for the three isotopes and the

different beams is —92±5 Tesla. Note that the uncertainty in the transient field corrections,

which contributes the same absolute uncertainty to all of our measurements, is a significant

portion of the quoted error.

V. COMPARISON OF RESULTS

The details of present and previous PtFe implantation measurements are summarized in

table 3. The inferred static field strengths from IPAC and IMPAC measurements made on

the 2+ states in 192.194>196pt are compared with the result of a spin echo experiment [38] in

figure 5. The results of experiments made on dilute radioactive alloys are presented in the

upper frame, with implantation measurements in the lower. Table 4 provides a summary of

the experiments and a key to the references.
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A. Previous in-beam measurements

All previous implantation experiments [16-18], except that of Varga et al. [37], utilized

16O incident ion-beams with energies similar to those in our 160 beam measurements (see

table 3 for experimental details); the present and previous results for the combined static

and transient field effect show good agreement (table 3). Also, as the kinematics are similar,

the transient field precessions in the previous measurements are effectively the same as in

our work and may be adequately covered by the present calculated value of 5±3 mrad. This

value differs considerably from that assumed earlier [17,18], before the transient field had

been sufficiently well studied, namely 28±5 mrad (17.7±3.4 MOe-psec).

Varga et al. [37] conducted an in-beam measurement by bombarding a Fe-Pt alloy with

2.5 MeV protons. Nuclear states were excited via the (p,p') reaction which caused minimal

Pt recoil and resulted in a negligible transient field contribution. The summary of inferred

static field precessions, presented in table 3, shows adequate agreement for the different

incident beams; specifically, the present and previous 1 60 beam experiments, the present

28Si and 34S beam measurements and the proton excitation of Varga et al.. This agreement

supports the adopted transient field corrections and justifies our decision to discount the

Lindhard-Winther field (sect. IV.B).

While the present field strengths for 194>196Pt may show a decreasing trend with increasing

beam mass, this is not significant within uncertainties (see figure 5). As the present runs

were performed in the beam sequence 1 6 0, 28Si and then 34S, there could be accumulated

radiation damage of the F* foil. However, if present, the effect is small and we will ignore it

in the following discussion.

B. Radioactivity measurements

A summary of the PtFe static field strengths obtained in measurements made on dilute

radioactive alloys is presented in the upper frame of figure 5. These values, determined from



measured precession angles and the present adopted lifetimes and g-factors of the 2* states

in i92.i*».i96ptj are compared with the spin echo result of Kontani and Itoh [38]: B*>0K(PtF^)

= —123±3 T (extrapolated to room temperature and corrected for a new value for the

ground state magnetic moment of 195Pt [39]).

Radioactivity measurements using IrFe sources found a range of weaker field strengths

[1-5,8-12], until the more recent experiments of Katayama et al. [13] and Bodenstedt et al.

[15] measured fields in agreement with the the spin echo result (see figure 5). Katayama et al.

[13] attributed the discrepancies in earlier works to incomplete magnetization of the sample.

As an alternative explanation, Bodenstedt et al. suggested that the melting procedure may

not have fully dissolved the activated Ir in some Fe samples, thus reducing the number of

impurity atoms in substitutional sites within the ferromagnetic host lattice and, therefore,

the fraction of Pt nuclei subject to the full hyperfine field. Bodenstedt et al. also performed

a nuclear-orientation experiment and concluded that their measured field is consistent with

that of a perfect alloy.

Interestingly, all measurements made using radioactive 196AuFe sources [6,7,14] showed

fields for Pt in Fe consistent with that of the spin echo experiment (figure 5). The 'full'

hyperfine field strength obtained in radioactivity measurements is significantly larger than

the average of the present implantation results, —92±5 T (at 300 K).

C. Implantation-Decay Measurement

In this section we summarize relevant aspects of our measurement of the static hyperfine

field experienced by 192Pt impurities in Fe, following the recoil-implantation of their /?-

decay parent nuclei 192Ti. This measurement was performed as part of our current study of

magnetic moments of 2* states in neutron deficient isotopes of Pt. A full description of the

apparatus, technique and analysis procedures will appear elsewhere [20].

Beams of 100 MeV 1 6O6 + ions, from the ANU 14UD Pelletron accelerator, were incident

upon a tantalum foil 393 /igcm~2 thick, backed by a 3.1 /un thick Fe foil. The Fe foil was
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polarized by a pair of permanent magnets. The nuclear reaction 181Ta(16O,5n) produced

192T1 nuclei which were simultaneously recoil-implanted into the Fe backing. These parent

nuclei subsequently /3+-decay to the states of interest in 192Pt, via 192Hg and 192Au, with a

total half-life of approxiir ~ tely 10 hours. After an irradiation period, the target assembly,

including the implanted iron foil and the pair of small permanent magnets which polarize it,

were transported, by a 'rabbit', to the centre of the ANU 7-ray detector array, CAESAR [40],

where perturbed 7 — 7 angular correlations were measured. Irradiation and measurement

cycles were repeated until sufficient counting statistics were accumulated (i.e for several days

of beam time). The direction of the external field polarizing the ferromagnetic Fe foil was

reversed occasionally during the experiment.

Fig. 6 shows the measured and best-fit perturbed 7-7 angular correlations for the O2" —•

2+ —> Of and 2% —* 2f —* 0* cascades in 192Pt. The fitted precessions for these cascades

are 96±13 and 102±9 mrad, respectively. The weighted average, 100±7 mrad, implies an

effective field of —llldbS T, using r(2f, l92Pt) = 64±1 ps and g(2f) = 0.287(13) [15].

VI. DISCUSSION

There is a clear reduction in the PtFe static field strength obtained following in-beam

implantation compared with the most recent radioactive source experiments [13-15]. As in-

complete magnetization of the ferromagnetic host is unlikely to be significant in the implan-

tation experiments which use thin Fe foils [13], and given the consistency of the implantation

results (see lower frame of figure 5), the reduction appears to be an inherent feature of the

in-beam implantation method. In the past such reductions have generally been ascribed to

radiation damage without considering the damage mechanism, and implicitly assumed that

the process is static throughout the lifetime of the probe state.

The implantation-decay measurement described in sect.V.C, yielded a field strength of

—111±8 T, which is larger than that found in the present Coulomb excitation measurements

(average value —92±5 T), but not quite consistent with the 'full' hyperfine field strength of

11



—123±3 T. As both implantation techniques employ heavy-ion induced reactions, we can

expect, as an initial approximation, that the final sites of the implanted nuclei are similar.

Recently, it has been found from nuclear orientation measurements [44] that /?-decay may,

in some cases, induce lattice site changes. For reasons which will be discussed more fully

below, we consider that this is unlikely to be an important factor here. Rather, we wish to

draw attention to the differences in time between implantation and sampling of the static

hyperfine field for the two types of experiment. In contrast with the conventional in-beam

implantation using Coulomb excitation, where the hyperfine field measurement is typically

within 100 ps (1O~10 s) of the nuclei being implanted, the implantation-decay technique

involves measuring the precession following /3-decay, usually at least several seconds after

implantation.

It should be mentioned that the inclusion of a Lindhard-Wither contribution to the

transient field might largely account for the difference between the conventional implantation

and implantation-decay results. We have discounted this, for the reasons outlined in sects.

IV.B and V.A, and interpret the discrepancy in terms of time-dependent, pre-equilibrium

energy-spike effects, as described in the following.

Near the end of its range, an ion implanted in a solid loses energy through elastic 'nu-

clear' collisions with lattice atoms. The energy imparted may be sufficient to cause atomic

displacements from regular lattice sites. As the cross-section for nuclear collisions increases

strongly with decreasing projectile energy, the high-density collision-cascade regime is en-

tered near the end of the ion's range. The atomic displacement processes are then most

realistically described by an energy spike [41], which is believed to temporarily produce

damaged zones about the resting position of the ion. This is followed by a dynamic anneal-

ing process as the energy disperses. The timescale of these processes is calculated to be of

the order of several picoseconds (~ 10"12 to lO^11 s), see for example ref. [42].

If there is no lattice structure surrounding the implanted ion, or it is not in a substi-

tutional site, the nucleus will not experience the full hyperfine field. In the present mea-

surements, the hyperfine field is sampled in the time fanj : up to the lifetime of the states,

12



about 6x 10 u s. This means the static hyperfine field may not have reached its equilibrium

value, after the disruption caused by the energy spike, until a non-negligible fraction of the

nuclear precession has taken place. Therefore, the reduction in the hyperfine field can be

due both to pre-equilibrium effects, associated with the dynamics of the ion stopping in the

host, and, once equilibrium is reached, a fraction of implanted nuclei sitting at non-lattice

sites or sites with residual damage.

The precession in our implantation-decay measurement (sect. V.C) is unaffected by

pre-equilibrium effects because the time taken to reach equilibrium is much shorter than

the /3-decay lifetime. As annealing (or diffusion) of the dilute alloy at room temperature is

negligible and, as we have assumed that implantation with the in-beam (Coulomb excitation)

and out-of-beam (decay following heavy-ion reaction) techniques are similar, we take the field

of —111±8 T (see sect. V.C) as the equilibrated implantation field strength. With the full

hyperfine field strength of —123±3 T, and assuming a two site model where nuclei lying on

interstitial sites experience no magnetic field, this implies 90±6% of the recoil-implanted ions

have final positions in substitutional sites. Beraud et al. [6] compared the hyperfine fields for

Pt in Fe using dilute radioactive 196AuFe alloys prepared by either metallurgical techniques

(measurement number 11 in table 4 and fig. 5) or implantation. Their results imply 95±12%

of the implanted ions are on full-field sites. These conclusions are supported by channelling

experiments [43] that found ~85% of implanted Au atoms reside on substitutional sites in

iron.

We now return briefly to the question of /3-decay induced site changes. Recently, Hin-

furter et al. [44] have obtained the first evidence for /3-decay induced site changes. From an

NMR-ON experiment on ^"ZrFe they were able to show that about 15 to 20% of the 90mZr

nuclei experienced a slightly (~ 10%) reduced hyperfine field due to changes in site following

P decay. The Q-value for the first decay from 192T1 to 192Hg in our implantation-decay mea-

surement is such that the recoil energy of the 192Hg nucleus is similar to that of the 90mZr

nucleus in the work of Hinfurtef et at. [44]. We cannot therefore exclude the possibility

of changes in the nuclear site during the chain of /?-decay from 192T1 to 192t)t. There are,

13



however, several reasons why such changes, if present, axe of peripheral importance for the

present discussion. The results of Hinfurter et al. imply a reduction of the net hyperfine

field due to /3-induced recoils of only 2 or 3 %. This is both smaller than the precision

of the present experiment, and less than the reduction expected due to imperfections in

the implantation process (up to ~ 15%, see above) with which the observed hyperfine field

following implantation and decay is fully in accord. There is no need to invoke /3-decay

induced site changes to explain the data. Moreover, if present, correction for the presence

of /?-decay induced site changes would move the observed field following implantation and

decay closer to the 'full' field valui, increasing the disparity between it and the conventional

IMPAC result. This could then be interpreted as strengthening the evidence for the dynamic

pre-equilibrium effects we are considering here.

The observed static field precession would be reduced by in-beam, pre-equilibrium effects

and imperfect lattice structure according to

K r ) ^ = (1 - /o) x ULT x e-Wr i (8)

where te is the time taken for the static hyperfine field to reach its equilibrium value and

/o is the fraction of implanted ions that, after equilibration, are on interstitial or field-free

sites. Alternatively, the ratio of the static hyperfine field observed following an IMPAC

measurement, BIMPAC, to the maximum field that would be obtained in the absence of

pre-equilibrium effects and with all implanted ions on substitutional sites, BmoX) can be

written «

BIMPAC IBmax = (1 - /o) * e " ' ^ . (9)

Plotting BIMPAC/Bmat versus the inverse of the lifetime of the probe state, ( 1 / T ) , pro-

vides a convenient means of exposing any pre-equilibrium effects manifested by the IMPAC

data. For the present purposes we identify Bmax with the field strengths measured by NMR

or other techniques that employ long-lived probes states [45], as these will not be sensitive

to pre-equilibrium effects associated with ion-implantation. The available data for ions with

14



76 < Z < 79 [46-50], including the present results for Pt, are summarized in table 5. In

fig. 7 the ratio BjMPAc/Bmax is plotted versus ( 1 / T ) . The implantation-decay measurement
»

described in sect.V.C is included. \We associate it with T —> oo, since the hyperfine field

was sampled several hours after implantation. The upper panel of fig. 7 shows the results

for Pt. In the absence of pre-equilibrium effects these data would be expected to fall on a

horizontal line. Instead, they show a trend which is strongly suggestive of a pre-equilibrium

quenching of the static field immediately following implantation. The solid line is the best

fit, corresponding to f0 = (9 ± 3)% a$d te = 10±2 ps. The combined data for Os, Ir, Pt

and Au, shown in the lower panel of fig. 7, an also consistent with the idea that the static

field does not appear until about 10 ps after implantation. The best fit to the combined

data shown in the lower panel of fig. 7 gave f0 = (3 ± 2)% and /e = 13±2 ps (xl = 0.7).

Acceptable fits are possible with other parameters, e.g. fixing /o = 10% yields te = 9±2 ps

with xl = 1-5.

On one hand, the data shown in fig. 7 are consistent with (i) the presence of pre-

equilibrium effects on the anticipated time-scale, and (ii) channelling measurements which

imply a large fraction of the implanted ions end up on substitutional sites [43]. The proposed

scenario provides a natural explanation for the observation that virtually the full field is

observed following implantation of Os and Ir ions, where the probe-states live several hundred

picoseconds or longer; it also explains the reduced fields observed for states in Ir, Pt and Au

which have lifetimes in the range from 25 to 60 ps.

On the other hand, the evidence would be less equivocal if more accurate IMPAC data,

preferably for a range of probe-state lifetimes and a single ion-host combination, were avail-

able. Improved measurements are required particularly for the shorter-lived states in 191«193Ir

and 197Au. New IMPAC data, of sufficient precision, for shorter lifetime states in Os nu-

clei would also be valuable. We have begun to perform these experiments. Unfortunately,

states with lifetimes in bjth the picosecond and nanosecond range, with precisely known

mean lives and g-factors, and which are prolifically populated by Coulomb excitation, are

not often available in the same probe species. Moreover, as the transient field correction

15



must also be precisely determined, it appears that obtaining incontrovertible evidence for

pre-equilibrium effects is not a trivial task.

VII. SUMMARY AND CONCLUSIONS

The static hyperfine field acting on 194.196-198pt in Fe was measured following Coulomb

excitation and implantation. The average static field strength, —92±5 T, differs significantly

from previous in-beam measurements [16-18] which overestimated the correction for the

transient field. The static field measured following Coulomb excitation and implantation is

markedly smaller than the hyperfine field recently measured using the radioactivity technique

[15], which agrees with the spin echo [38] value of —123 ± 3 T. Furthermore, our out-of-beam

implantation experiment obtained a field strength of —111 ± 8 T, which is larger than the

in-beam result but remains smaller than the 'full' field.

We suggest that the discrepancy between the hype-fme fields from NMR or radioactive

source experiments and the results of the present in-beam measurements can be attributed

to two inherent features of the implantation process: (i) initial structural damage to the

Fe host near the resting position of the implanted ion which heals on a timescale of the

order of 10 ps and, (ii) the eventual location, after equilibration, of about 10% of the

implanted Pt atoms in non-substitutional lattice sites or regions with residual damage. The

available IMPAC data for impurities with 76 < Z < 79 are consistent with this scenario,

as are channelling studies [43] which show approximately 85% of Au ions implanted into

Fe end up on substitutional locations. Further experiments are underway to more critically

evaluate any sensitivity of static field IMPAC measurements to pre-equilibrium effects which

accompany ion-implantation.
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FIGURE CAPTIONS

Figure 1. The 7-ray spectrum measured in coincidence with backscattered MS beam ions.

The 2+-+ Of transitions in «w.«H.i96.i9Bpt a i e i n d } c a t e d .

Figure 2, Particle-7-ray angular correlations for the 2f —• Of transitions in i

following Coulomb excitation by 36 MeV 16O ions. The forward angle 7-ray detectors in

the positive and negative quadrants are labelled # 1 and #2 , respectively. Measured (data

points) and calculated (lines) correlations are shown for both detectors. For clarity, those

for 194Pt and 196Pt have been offset by +1.2 and +0.6, respectively.

Figure 3. Same as figure 2, for 60 MeV 28Si ion bombardment.

Figure 4, Same as figure 2, for 80 MeV 34S ion bombardment.

Figure 5. The static hyperfine field strength for PtFj| measured in IPAC and IMPAC

experiments on the 2f states of I92,i94,i96p^ j n o r d e r of publication date and compared with

the result of a spin echo experiment [38]. All measurements are summarized in table 4. Those

made with the radioactivity technique are presented in the upper frame while implantation

results are shown in the lower. Note that the earlier IMPAC data have been re-evaluated

using the transient field correction adopted in the present work. The field strengths have been

inferred from measured precession angles and adopted lifetimes and g-factors. [g(2f ,192Pt)

= 0.294(10) [13,15], r(2f ,192Pt) = 64(1) ps [15]. See table 2 for 194>196Pt.] The present

results (measurement numbers 27-32) are in order of increasing incident beam mass (see

text). Results of low temperature experiments [15,38] have been adjusted for comparison

with those made at room temperature.

Figure 6. Perturbed 77-angular correlations for I92Pt in iron measured as described in

sect.V.C. The upper panel shows data for the Of — 2f — Of cascade and the lower for the

2f — 2f — Of cascade. Curves of best fit are shown.
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Figure 7.

Ratio of the static fields measured by the IMPAC technique to the 'maximum' static

field as reported in ref. [45], plotted versus the inverse lifetime of the nuclear probe state

used in the IMPAC measurement.
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Table 1
Results of present measurements for 2+ states in 19*,i96,i9apt

Nucleus; eF
h SF

e eB
h SB

e &9F
d MB*

Expt.a (x 103) (x 103) [mrad] [mrad]

36MeV l 6 0 beam

19«Pt ; I -165.6(7.7) -2.28 211.8(9.9) 2.76 72.6(3.4) 76.7(3.6)
; II -171.6(5.9) -2.28 162.9(6.9) 2.05 75.3(2.6) 79.5(3.4)

196Pt ; I -133.2(10.4) -2.28 155.6(13.2) 2.76 58.4(4.6) 56.4(4.8)
; I I -145.6(8.0) -2.28 120.9(9.4) 2.05 63.9(3.5) 59.0(4.6)

198Pt ; I -88(29) -2.28 105(40) 2.76 38.6(12.7) 38.0(14.5)
; I I -92(22) -2.28 120(26) 2.05 40.4(9.6) 58.5(12.7)

60MeV 28Si beam

194Pt -155.1(3.7) -2.445 175.5(4.2) 2.765 63.4(1.5) 63.5(1.6)

196Pt -124.3(4.9) -2.445 129.4(5.6) 2.765 50.8(2.0) 46.8(2.0)

»Bpt -47(13) -2.445 71(15) 2.76 19.1(5.5) 25.8(5.5)

80MeV 3<S beam

194Pt -141.0(3.1) -2.48 150.5(3.3) 2.76 56/5(1.3) 54.5(1.2)

196Pt -106.2(4.0) -2.485 112.8(4.3) 2.77 42.7(1.6) 40.7(1.6)

198Pt -53(11) -2.49 47(11) 2.775 21.2(4.3) 16.8(4.1)

° Two separate experiments were performed with the l 9 O beam, see text.
6 Measured counting asymmetries with errors (eq.6 text) for the forward (F) and backward

(B) detector pairs.
4 Calculated logarithmic derivative of the angular correlation (see text) for each detector pair.
d Precession angle (eq.S text) for each detector pair, errors due only to uncertainty in

measured f values.
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Table 2
Experimental particulars, measured precession angles and inferred static field strengths.

Nucleus A6totai
a

[mrad]
A0 l r

e ujLrd Meanlife, T* g-factore

[mrad] [mrad] [ps] [Tesia]

36MeV 1SO beam

194Pt 75.9(2.5) 1.32 5(3) 82.8(3.9)

196Pt 60.2(2.6) 1.31 5(3) 66.7(4.0)

l98Pt 43.6(6.1) 1.30 5(3) 50.1(6.8)

59.2(2.2) 0.300(13) 97(7)

48.3(1.4) 0.297(12) 97(8)

33.0(1.6) 0.307(12) 103(15)

60MeV "Si beam

194Pt 63.5(1.9) 2.23 14(3) 78.7(3.6)

196Pt 48.8(1.9) 2.21 14(3) 63.7(3.5)

198Pt 22.5(3.9) 2.19 14(3) 37.0(5.0)

59.2(2.2)

48.3(1.4)

33.0(1.6)

0.300(13)

0.297(12)

0.307(12)

93(7)

93(7)

76(11)

80MeV 34S beam

194Pt 55.6(1.7) 2.71 19(3) 76.5(3.4)

19SPt 41.7(1.5) 2.69 19(3) 62.3(3.4)

198Pt 18.9(3.0) 2.67 19(3) 39.3(4.2)

59.2(2.2) 0.300(13) 90(7)

48.3(1.4) 0.297(12) 91(7)

33.0(1.6) 0.307(12) 81(10)

a Measured precession angle from weighted average of values given in table 1; a 2.5% error in 5 is included.
6 Initial ion velocitiec in Fe host caiculated from known reaction kinematics, target layer thicknesses and

the stopping powers of ref.[25].

* Calculated transient field precession, see eq.3, eq.7 and text.
d Static Add precession angle, including correction for stopping time, eq.l.

* Meanlives[26] and g-factors as adopted in ref.[19].

' Static field strength, eq.2.
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Table 3
Comparison of static fields for PtFe from in-beam measurements.

Nucleus Incident
beam

194Pt 33MeV 16O
35MeV 16O
36MeV 16O
36MeV 1 60

60MeV 28Si
80MeV 34S
2.5MeV *H

196Pt 33MeV 1 60
35MeV 1 60
36MeV 1 60
36MeV 1 60

60MeV 38Si
80MeV 34S

198Pt 33MeV 16O
36MeV 1 60

60MeV "Si
80MeV 34S

[figxm-2]

~150
300

150-200
440

440
440

-

~150
300

150-200
440

440
440

~150
440

440
440

Vint
v.o

1.33
1.33
1.39
1.32

2.23
2.71

-

1.32
1.32
1.38
1.31

2.21
2.69

1.31
1.30

2.19
2.67

[mrad]

72(4)
73(5)
75(6)

75.9(2.5)
(74.6(1.9))'*
63.5(1.1)
55.6(0.9)

83(5)

57(3)
66(13)
56(10)

60.2(2.6)
(58.9(1.9))"
48.8(1.9)
41.7(1.5)

30.5(2.0)
43.6(6.1)

<31.8(1.9))d

22.5(3.9)
18.9(3.0)

fmrad]

82(4)
79(4)
77(4)
83(5)

(80(3))'

66(4)
64(4)
62(3)

(64(3))'

38(4)
37(5)
39(4)

(38(3))'

Ref.

[16]
[17]
[18]

Present

Present
Present

[37]

[16]
[17]
[18]

Present

Present
Present

[16]
Present

Present
Present

° Pt target layer thickness.
6 Calculated Pt ion entrance velocity in Fe host, see table 2.
c Measured precession angle with no correction for the transient field.
d Weighted average of lflO beam results.

* Weighted average static field precession. Errors take into account that the same transient

field correction applies to most, if not all, of the values included in the average.
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Table 4
Summary of IPAC and IMPAC measurements of
tne PtFe static hyperfine magnetic field strength.

Measurement
number

1
2,3
4,5
6,7
8

9,10
11
12
13

14,15
16
17
18
19
20

21,22
23,24

25
26

27-32

Year of
publication

1964
1964
1965
1966
1967
1967
1968
1968
1969
1969
1969
1970
1970
1970
1970
1974
1975
1981
1991

~

Technique

R(Ir)'
R(Ir)
R(Ir)
R(Ir)
R(Ir)
I'
R (Au)s

R(Au)
in-beam1*
I
R(Ir)
R(Ir)
R(Ir)
R(Ir)
R(Ir)
I
R(Ir)
R(Au)
R(Ir)
I

Reference

[1]
[2]
[3]
[4]
[5]
[16]

[6]
[7]
[37]
[17]

[8]
[9]
[10]

[11]
[12]
[18]
[13]
[14]
[15]

Present

a Radioactivity technique using an IiFe source.
k Implantation method following Coulomb excitation

with a heavy-ion beam.
c Radioactivity technique using a AuFe souice.

* In-beam experiment using (p, p') on a PtFe alloy.
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Table 5
Comparison of static field strengths for Os, Ir, Pt and Au, impurities in Fe

Probe

1880s
1900s
19aOs

191Ir

I93Ir

194pt

196pt

198pt

197 Au

JT

2+

2+

2 +

5/2+
7/2+
5/2+
7/2+

2f

5/2+

990(27)
551(27)
414(27)

178(6)
33.6(30)

127(5)
29.2(26)

59.2(2.2)
48.3(1.4)
33.0(1.6)

27(2)

IM[i]C

0.298(11) -102(7)
0.340(12) -101(4)
0.398(13) -109(4)

0.180(9) -134(12)
0.59(13) -105(31)
0.211(12) -143(12)
0.62(13) -92(26)

0.300(13)
0.297(12)
0.307(12)

0.296(23)

-94(6)
-95(6)
-78(8)

-58(19)

B d

"max
[T]

-109
-109
-109

-144
-144
-144
-144

-123
-123
-123

-112

0.94(6)
0.92(4)
1.00(4)

0.93(8)
0.73(22)
0.99(8)
0.64(18)

0.76(5)
0.76(5)
0.63(7)

0.52(17)

" Mean lives from rc£s.(26, 48, 49].

* g-factots from refi.[l9, 47, 48, 49].
c IMPAC results for Pt from average precessions in table 3; others from refs.[46, 48, 50].
d Bmaw from the compilation of Krane[4S] and ief.[38], where necessary coriected

for room temperature. The relatively small errors ate ignored.
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