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Nuclear orientation of radioactive 56Mn ions implanted in the insulators MnCl2"4H2O
and CoCl2"6H2O
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Low-temperature nuclear orientation experiments on radioactive56Mn ions implanted into insulating, anti-
ferromagnetic crystals of MnCl2•4H2O and CoCl2•6H2O are reported. In MnCl2•4H2O, comparison of the
g-ray anisotropy of the56Mn nuclei with that of54Mn, doped into the sample during growth, showed that both
the 56Mn and 54Mn spins felt a very similar hyperfine field. The site occupancy factor in a simple, two-site
model was deduced to be 0.9620.07

10.04. In CoCl2•6H2O, the average hyperfine field for the implanted56Mn
was significantly less than that for54Mn and corresponded tof 50.5360.10.
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I. INTRODUCTION

The great majority of experiments exploiting the tec
nique of on-line nuclear orientation~NO! of implanted iso-
topes have been motivated by nuclear or fundamental p
ics. All experiments to date have used a metallic magn
material, usually an Fe foil, as the host. However, from
condensed-matter point of view, there is a very wide rang
magnetic materials that are insulators, and we decide
investigate the performance of these as hosts for on-line
periments. In this regard, we note that implantation of rad
active isotopes has been used to study the physics of s
conductors and insulating systems by the Mossbauer1 and
perturbed angular correlation2 ~PAC! techniques. Usually the
experiments are performed off-line although there have b
on-line measurements using PAC on, for example, hi
temperature superconductors.3 For nuclear orientation, on
line measurements would open the door to many new exp
ments to investigate interesting magnetic structur
Although NO and NMR on oriented nuclei~NMRON! have
many orders of magnitude more sensitivity than conventio
NMR, it is often very difficult to obtain samples doped wi
a suitable isotope. This problem would be obviated if
isotope could be implanted in an on-line experiment. An
sulating host may also, in specific cases, provide a la
hyperfine interaction than an Fe host.

In these first experiments to investigate the efficacy of
method, we chose to implant56Mn into antiferromagnetic
crystals of MnCl2•4H2O and CoCl2•6H2O. MnCl2•4H2O is
antiferromagnetic belowT51.6 K. The crystal structure is
monoclinic with b599.7°, and the magnetic easy ax
~along which the magnetization is aligned in zero field! is
close to thec axis. The magnetic properties have been st
ied by NO and NMRON using54Mn as the radioactive
probe.4–7 In fact, it was the first insulating ordered magnet
which NMRON was successfully performed.4 CoCl2•6H2O
is also antiferromagnetic with a similar crystallograph
structure, but withb5122.3°, and an ordering temperatu
of 2.3 K. The easy axis of magnetization is thec axis. In this
PRB 620163-1829/2000/62~18!/12241~6!/$15.00
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case, the magnetism is more complicated with some orb
contribution. Previous NO studies have shown that a sign
cant orientation of56Mn can be achieved by incorporating
as an impurity in the crystal.8 The magnetism is close to
‘‘spin only’’ in these crystals and the hyperfine field is larg
with a valueBhf'60 T.

Radioactive 56Mn has spinI 53, magnetic momentm
53.227mN , and a half-life t1/252.6 h. It decays byb2

emission to the daughter56Fe and theg ray observed in the
experiment is theE2 transition from the 21847 keV level to
the 01 ground state. Figure 1 represents a simplified de
scheme in which only theb2 decays with intensities greate
than 1% and the subsequentg rays feeding to the observe
847 keV transition are shown.

The isotope 56Mn, with I 53, magnetic momentm
53.282 mN , and a half-lifet1/25303 d, was also utilized in
these experiments. In this case, the decay to the daug
54Cr is by electron capture to the 835 keV level and t
observedg ray is the subsequentE2 transition to the 01
ground state. The decay scheme is shown in Fig. 2.

II. EXPERIMENTAL PROCEDURE

The crystals were grown from saturated aqueous solut
of the salts in a temperature controlled environment. T
final crystals had an area of;1 cm2 and a thickness
of ;0.2 cm. During growth, the MnCl2•4H2O crystal
was doped with the radioactive isotope56Mn while the
CoCl2•6H2O crystal was doped with both56Mn and 60Co.
These isotopes are long lived, have simple decay sche
and theirg-ray anisotropies were used both to ascertain
temperature of the crystals and to provide a comparison w
the g-ray anisotropy of the implanted isotopes.

A special sample holder was designed to clamp the cry
to the cold finger using Apiezon-N grease yet allo
;1 cm2 of its face to be exposed to the ion beam. The c
finger was ‘‘top-loaded’’ into the Louvain-La-Neuve dilutio
refrigerator,9 but, because the hydrated crystals deterior
under reduced pressure at temperaturesT>240 K, the top-
12 241 ©2000 The American Physical Society
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12 242 PRB 62J. PONDet al.
loading equipment was modified to enable the crystals to
pre-cooled before insertion into the dilution refrigerator.
57Co-Fe foil was also soldered to the cold finger in order
monitor its temperature. A magnetic field,B0 was applied
not only to magnetize the57Co-Fe foil, but also to reduce th
nuclear spin-lattice relaxation time,T1, of the Mn spins and

FIG. 1. Simplified decay scheme for56Mn showing the ob-
served 847 keVg ray and the dominant feeds to it either by dire
b emission or byb emission followed by ag ray.

FIG. 2. Decay scheme for54Mn showing the observed 835 keV
g ray and the preceding electron capture decay.
e

so increase their rate of cooling.
The 56Mn ions were produced at the CYCLONE cyclo

tron in Louvain-La-Neuve. A 100 MeV, 2.5 mA deutero
beam was directed on to a55Mn target foil mounted in an ion
guide source. Reaction products recoiling out of the foil we
thermalized in helium buffer gas at 200 mbar pressure ins
the ion source. The positive ions leaving the source thro
the extraction hole were accelerated to 50 keV, mass s
rated and then transported to the dilution refrigerator wh
they were implanted at a rate;103 s21 into the crystal
samples.

Germanium detectors were placed in various directio
with respect to the crystalline axes to measure the intens
of the 835 keVg ray in the 56Mn decay~electron capture to
54Cr), the predominant 847 keVg ray in the 56Mn decay,
the 1173 and 1332 keVg rays for 60Co ~in the
56Mn-CoCl2•6H2O experiment! and the thermometric 122
keV transition in the57Co decay. Pulser signals were als
recorded in each detector to correct for electronic dead t
and to check the stability of the data acquisition system
magnetic field,B0, was applied in a horizontal direction, an
two high efficiency detectors mounted in the horizon
plane, counted radiation emitted parallel~detector 1! and per-
pendicular~detector 2! to B0. A third, lower efficiency de-
tector monitored counts in the vertical direction, i.e., perp
dicular toB0.

In the first experiment, the MnCl2•4H2O crystal was ori-
ented so that the crystallinec axis, which is close to the
magnetic easy axis, was horizontal. Thus the directions
the c axis and the applied field,B0, were parallel within the
angular uncertainty of aligning the crystal that was64°.
With this geometry, detectors 1 and 2 measured radia
emitted at anglesu150° andu2590°, respectively. When
56Mn was implanted into the sample, a problem was imm
diately encountered. The insulating crystals warmed up
T;100 mK during the implantation process not due to t
deposition of energy by the implanted isotopes, but beca
of the exposure to thermal radiation down the side acc
This problem was overcome because the half-life of56Mn
~2.6 h! allowed the experiment to be done pseudo-on-line
cycles. In each cycle the following operations were p
formed:

~i! 56Mn was first implanted into the crystal for a tim
.t1/2 so that sufficient activity built up;

~ii ! The side access was closed and the system cooled
a time.t1/2;

~iii ! The dilution refrigerator was warmed up to a tem
peratureT.100 mK to obtain ‘‘warm’’ counts for normal-
ization.

The cooling of the crystal is limited by the extraction
the heat capacity of the abundant nuclear spins (55Mn or
59Co). There are two ‘‘bottlenecks’’: the Kapitza bounda
between the crystal and the copper cold finger, and
nuclear spin-lattice relaxation characterized by a timeT1. In
B050, the cooling is initially limited by the Kapitza resis
tance, but as the temperature falls,T1 increases
exponentially7 with an exponent proportional to
(2Eg /kBT) whereEg is the magnon energy gap. In order
increase the cooling rate one can utilize the ‘‘magnon co
ing’’ effect.6 B0 is adjusted to a value very close to th
‘‘spin-flop’’ field, BAE;(2BEBA)1/2;0.7 T, whereBA and
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FIG. 3. Variation of theg-ray anisotropy,«
5W(0)/W(90), versus time for implanted56Mn
(h) and 54Mn (L) in MnCl2•4H2O single crys-
tal. The dashed curve through the56Mn data is
calculated from the fit through the54Mn data that
is a simple exponential decay described in E
~4!, with f 50.96.
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BE are the anisotropy field and exchange field, respectiv
This causesEg to be decreased, at least for one branch of
magnons, andT1 is much reduced.

In the second experiment56Mn was implanted into
CoCl2•6H2O and measurements made using the sa
pseudo-on-line procedure discussed above. The sameg rays
were counted as in the MnCl2•4H2O experiment as well as
the 1173 and 1332 keV transitions in the60Co decay. In this
case, because of the way in which the crystal grew, it w
fitted into the sample holder with thea axis vertical. Theb
axis was horizontal and perpendicular toB0. Thus the angu-
lar directions of detectors 1 and 2 were 32° and 90° to
easyc, axis, respectively, assuming exact alignment of
crystal.

III. RESULTS AND ANALYSIS

The 54Mn nuclei sit at lattice sites in the crystal becau
the ions are incorporated into the crystals during th
growth. The nuclei thus experience a unique magnetic hy
fine field, Bhf , and the normalizedg-ray intensity observed
at angleu to the magnetization axis at temperatureT is de-
fined by10

W~u!54511 (
k52,4

BkUkAkQkPk~cosu!. ~1!

The Bk are the nuclear orientation parameters which are
pendent on (mBh f /IkBT). The Uk are deorientation coeffi
cients which correct for transitions preceding the observeg
ray, and, for the 31→21 electron capture,U250.8281 and
U450.4179. For theE2 835 keVg ray, the values for theAk
parameters areA2520.5976 andA451.0690. TheQk are
corrections for the solid angle subtended by the detectors
areQ250.820 andQ450.490 for the geometry used. ThePk
are the ordinary Legendre polynomials.

For implanted nuclei there is a possibility that not all
them go into lattice sites. In the case of metals~e.g., iron!,
this effect is usually taken into account by a simple, two-s
model which assumes that a fractionf of the ions experience
the full hyperfine fieldBhf and a fraction (12 f ) feel zero
field. Although the hydrated crystals used in these exp
ments have a more complicated crystalline structure, we
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sume the same model so that the normalized intensityg-ray
intensity for the56Mn nuclei is given by

W~u!56511 f (
k52,4

Bk8Uk8Ak8QkPk~cosu!. ~2!

In the 56Mn decay scheme there are several preceding t
sitions feeding the observed 847 keVg ray. TheUk8 coeffi-
cients depend on the relative intensities of these transit
and the multipole character of theg rays involved. The ad-
mixtures ofE2 relative toM1 character into the 2523, 2113
and 1811 keVg rays are, respectively,d50.2560.15,
0.2760.03, and20.1860.01,11 and the resulting values fo
deorientation coefficients areU2850.6391 andU4850.1265.
The Ak8 coefficients for the 847 keVg ray are againA28
520.5976 andA4851.0690.

Note that, even if the assumptions of the two-site mo
are inappropriate, the factorf is still a useful parameter to
describe the effect of implantation because it does desc
the reduction in theg-ray anisotropy, i.e.,

f 5
W~u!5621

W~u!56,m21
, ~3!

whereW(u)56 is the observed intensity andW(u)56,m is the
maximum intensity that would be observed if all the56Mn
ions were at substitutional sites.

In experiments on nuclei with a long half-life it is usual
measureW(0) and W(90), by comparing cold counts to
warm counts measured in directions along the quantiza
axis (0°) and perpendicular to it (90°), respectively. Th
effect of the decay of a short lived isotope can be obviated
measuring the ratio«(0,90)5W(0)/W(90) and comparing
this ratio cold and warm.

A. 56Mn-MnCl 2"4H2O experiment

Figure 3 shows the results obtained from four succes
implantation/cooling/warming cycles performed in th
56Mn-MnCl2•4H2O experiment. In each cycle counts we
taken at intervals of 300 s. The values ofW(0)/W(90) for
54Mn and 56Mn obtained from the cold counts were norma
ized against a weighted average from warm counts ta
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FIG. 4. The comparison of the56Mn anisot-
ropy W(0)/W(90) with that for the54Mn in a
MnCl2•4H2O single crystal. The solid line is the
best fit to the data and corresponds to a value
the lattice site occupancyf 50.9620.07

10.04, i.e., close
to unity. The dashed line corresponds to a val
for the lattice site occupancyf 51.
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before and after the cooling to give the anisotropy«(0,90).
In each separate run counts were averaged over five cons
tive 300 s intervals and then the grand average for«(0,90)
taken. The lowest value of«(0,90) for 54Mn, about 0.87,
corresponding to a temperatureT;60 mK, was obtained in
;3 h. This temperature is a little higher than expected,
may have been due to extraneous heating of the crysta
thermal radiation from 4 K walls. It should be noted th
even in off-line experiments with optimum heat shielding,
initial cooling of a MnCl2•4H2O crystal from 100 mK to a
low temperature, e.g., 30 mK, takes many hours.6

The 54Mn data can be fitted by a curve calculated fro
Eq. ~1! with an exponential dependence on time given by

«~0,90!5120.135F12expS 2
t

t1
D G ~4!

with the time constantt155500 s. This is an effective re
laxation time for the cooling which, as mentioned above
limited by the Kapitza boundary and nuclear spin-lattice
laxation. A very rough estimate usingt15RKC, where the
Kapitza resistanceRK , for areaA, is defined12 by RKAT3

;531023 K4 m2 W21 and the thermal capacityC is given
by CT2;531025 J K, gives a time constant of 3000 s
T;60 mK for the crystal used, indicating that both bottl
necks are limiting the cooling. As well as the two bottl
necks, the spin-lattice relaxation involves the solution o
master equation that includes populations of the 2I magnetic
substates and the transition rates between them.2 Thus the
simple exponential behavior described by Eq.~4! is very
oversimplified because the actual relaxation process is q
complicated. However, the objective was to find a model t
described the variation of the54Mn anisotropy wih time in
order to determine how the56Mn anisotropy changed. Th
dashed curve through the56Mn data was obtained by calcu
lating the 56Mn anisotropy from the54Mn curve~see Fig. 4!
using Eqs.~1! and ~2! with a value f 50.96, and assuming
the same relaxation time,t1.

The comparison of«(0,90) for 54Mn and 56Mn is shown
in Fig. 4. A least-squares analysis of the data gives the s
line corresponding tof 50.9620.07

10.04. The dashed line is forf
cu-

t
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t
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51. The value obtained forf indicates that the occupancy o
lattice sites by the implanted ions is very high in the two s
model.

It should be noted that, even in metals, the two-s
model, which is generally used for the analysis of nucle
orientation data, is rather crude. Nuclei can end up in sub
tutional lattice positions, in interstitial sites~and perhaps
there are more than one of these!, or in positions damaged by
the implantation process. Thus the nuclei might feel the
hyperfine field, a reduced one, or none at all. The structur
MnCl2•4H2O is more complex than a metal-like iron so th
there may be more nonsubstitutional sites. The21Mn ion
has a half-filled 3d shell and ‘‘spin only’’ magnetism, but
there are crystal-field effects that reduce the hyperfine fi
from that expected for the free ion value.5 Therefore, it is
likely that the hyperfine interaction for nonsubstitutional M
ions will be different from, but possibly close to, the fu
value. The observed anisotropy might be due to a majority
implanted ions in substitutional sites feeling the full hype
fine field and a few experiencing zero effect~two-site model!
or to many ions having a field slightly different from the fu
value. Future experiments using NMR experiments on
oriented nuclei~NMRON! should clarify the situation.

B. 56Mn-CoCl2"6H2O experiment

These experiments were performed inB050.6 T. Be-
cause of the alignment of the crystal, the magnetization
turned away from the easy axis towards the applied field
the latter is increased. We calculate, using the reported
ues for the exchange and anisotropy constants,13 that the
electronic sublattice magnetizations are turned 4° towa
the direction ofB0 that is also the direction of detector 1. I
this case, the angular position for the horizontal detecto
which was at 32° to the magnetization axis inB0504, would
be u1528° assuming exact alignment of the crystal. T
orientation of detector 2 remainedu2590°. The angleu1 can
actually be determined from the54Mn data. The plot of the
normalized intensities of the54Mn g rays measured in the
two detectors is shown in Fig. 5 and the best fit to the d
~dashed line! indicates thatu1 was actually 27° instead of th
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FIG. 5. The plot of the normalized intensitie
for 54Mn measured in the two detectors. Detect
2 is at an angle of 90° to the magnetization d
rection and therefore measures a normalized
tensityW25W(90). Because of the alignment o
the CoCl2•6H2O crystal, detector 1 is at angleu1

to the magnetization direction, and the best fit
the data~dashed line! shows thatu1527° so that
W15W(27).
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calculated 28°, but this difference is well within the unce
tainty in aligning the crystal. For the data analysis we us
the measured valueu1527°.

The average results for four successful implantat
cycles are shown in Fig. 6. The final value of«(27,90)
5W(27)/W(90) corresponds to a lower crystal temperatu
of T540(2) mK. The dashed curve through the54Mn is a
fit using a double exponential function

«~27,90!5120.05F12expS 2
t

t2
D G20.15F12expS 2

t

t3
D G ,
~5!

wheret2 andt3 are 250 and 4000 s, respectively. This e
pression was chosen to fit the data, but the first term coul
considered to represent the removal of59Co nuclear spin
heat capacity~which is much smaller than for the55Mn heat
capacity in MnCl2•4H2O because of the much smaller h
perfine field!, while the second term is due to the nucle
spin-lattice relaxation~expected to be weaker for the sam
reason!. The dashed curve through the56Mn data is then
calculated from the fit to the54Mn data using Eqs.~1! and
~2! with a value forf 50.53 estimated from the compariso
of «(27,90) for 54Mn and 56Mn shown in Fig. 7. The best fi
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for the data shown in Fig. 7 is obtained usingf 50.53
60.10.

There are various explanations for the smaller56Mn g-ray
anisotropy relative to that for54Mn in the CoCl2•6H2O ex-
periment. Because the56Mn ions were implanted into a Co
crystal host, it seems likely that fewer of them ended up
good lattice positions. The hyperfine field in interstitial sit
may be less than in lattice sites. Also, the interstitial M
spins may not have been aligned with the easy axis of
crystal. In each case, the average anisotropy of theg rays
would be reduced.

Incident thermal radiation could also cause a tempera
gradient across the crystal that has quite a low thermal c
ductivity. The 56Mn are implanted only a few hundred Å
into the surface and, therefore, might be at a higher temp
ture than the54Mn deep in the interior. However, this re
duced effect in56Mn should then also be observed in th
MnCl2•4H2O experiments. The quality of the surface mig
be a factor, and, indeed, the surface of the MnCl2•4H2O was
visually better than that of the CoCl2•6H2O crystal so that in
the latter there may have been a significant number of ion
damaged sites feeling a low or zero hyperfine field. Aga
future experiments, measuringW(u) vs T down to lower
q.
FIG. 6. Variation of g-ray anisotropy, «
5W(27)/W(90), versus time for implanted56Mn
(h) and 54Mn (L) in CoCl2•6H2O single crys-
tal. The dashed curve through the56Mn data is
calculated from the fit through the54Mn data that
is the double exponential decay described by E
~5!, with f 50.53.
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FIG. 7. The comparison of the56Mn anisot-
ropy with that for 54Mn in CoCl2•6H2O single
crystal for the data shown in Fig. 1. Because t
last two points in Fig. 6 have the same value
0.811 for @W(27)/W(90)#54, the average of the
two @W(27)/W(90)#56 values is taken to give the
last point in this figure. The best fit is given b
the solid line and gives a value of the lattice si
occupancyf 50.5360.10. The dashed line corre
sponds tof 51.
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temperatures and performing NMRON would provide mo
precise information concerning these effects. A very sm
value of «;1% was measured for the60Co indicating that
the hyperfine interaction in the cobalt atoms is quite sma

IV. CONCLUSIONS

Our experimental results demonstrate that radiation d
age does not preclude significantg-ray anisotropies being
obtained after implantation into insulators. For56Mn im-
planted into MnCl2•4H2O an effect close to that for54Mn
was observed, corresponding tof 50.9620.07

10.04 in the simple
two-site model. This value forf might also represent a larg
number of 56Mn ions being in sites in which the hyperfin
field is less but close to the full substitutional value. It a
pears that the situation is similar to that in metallic hosts
which there may be some radiation damage, but the fi
position of the implanted nucleus is not in the region
greatest damage. For56Mn implanted into CoCl2•6H2O, the
observedg-ray anisotropy was significantly less than that f
d

.

J.
ll
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-
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al
f

54Mn with f 50.5360.10. It is also shown that the long spin
lattice relaxation times that can occur in insulators does
prevent the nuclear orientation of implanted isotopes.

These experiments have demonstrated that insulators
be used as hosts for on-line experiments, at least for
planted isotopes with half-lives.1 h. Potentially, a new
and exciting area for condensed-matter physics has b
opened up. Interesting magnetic structures which are diffi
to dope could be studied by nuclear methods by implanta
of a suitable isotope.
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