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Nuclear spin-lattice relaxation of 2 Cu at low temperatures in iron
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The nuclear spin-lattice relaxation of Cu in iron has been studied with the low temperature nuclear orientation
method. At temperatures ranging from 6.5 mK to about 100 mK and a magnetic field of 0.1 7' the relaxation
constant for ®>Cu in Fe was found to be Cx[**Cu] = 4.34(25) sK.
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I. INTRODUCTION

Nuclear spin-lattice relaxation (NSLR) rates of impurity
elements in metals permit critical tests of electronic structure
theory as they depend sensitively on the local density of states
near the Fermi surface. In Ref. [1] the systematics of the NSLR
of transition-element impurities in iron was discussed and
experimental results were compared to ab initio calculations
reported by Akai [2]. The experimental results had been
obtained by a variety of experimental techniques using both
stable and unstable nuclei. This revealed information about
changes in the local density of states and the interactions of
impurity d-electrons with the iron electronic bands. For most
elements of the 3d-series (viz. Sc to Zn) the data turned out
to be reliable and consistent. However, for the case of CuFe
only a spin-echo nuclear magnetic resonance result obtained
at a temperature of 4.2 K is available [3], mainly because of
the short lifetimes for most of the Cu radionuclides, and the
authors of Ref. [1] point out that an independent measurement
would be desirable.

Good knowledge of the NSLR rate for copper in iron is
also of interest to nuclear physics. Since pure Cu beams have
recently become available from the RILIS laser ion source
at ISOLDE [4,5], the Cu isotopes have raised interest for,
e.g., nuclear moment measurements [6-9], isospin impurity
studies [10], and beta-asymmetry measurements for weak
interaction studies [11]. When applying the on-line low
temperature nuclear orientation (LTNO) technique (as in Refs.
[7-11]) which is a very effective spectroscopic method, good
knowledge of the relaxation rate in iron is often required,
especially when dealing with the shorter-lived Cu isotopes
(see, e.g., Ref. [10]).

In this work we present a measurement of the NSLR
rate for ©CuFe with the method of on-line LTNO [12] with
continuous implantation, using the NICOLE *He-*He dilution
refrigerator setup [13,14] at ISOLDE/CERN [15]. A review
of various experimental techniques available for determining
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NSLR rates of dilute impurities in ferromagnetic host materials
can be found in Ref. [1]. The method of on-line LTNO used
here deals with doses of typically about 10" to 10'? at./cm?,
corresponding to low local impurity concentrations.

II. EXPERIMENTAL METHOD

The NSLR rate of ®Cu in iron was determined from the
asymmetry of B-radiation emitted by ®’Cu nuclei that were
continuously implanted into an Fe host foil and were oriented
in the NICOLE dilution refrigerator.

Detailed information on the EC /8% decay of Cu (T; 2=
9.73 min, I™ = 1) can be found in Ref. [16]. The strongest
B-decay branch of ®>Cu is an allowed 17 — 07 Gamow-Teller
transition, with endpoint energy Ey = 2926 keV and intensity
of 97.2%, to the stable ground state of 62Ni. The rest of the
B-decay intensity is spread over at least nine other very weak
branches that can be neglected here.

The radioactive %*Cu was produced at ISOLDE (CERN)
with a 1.4 GeV proton beam from the Proton Synchrotron
Booster, bombarding a ZrO, felt target (6.3 g Zr/cm?) [17]
connected to the RILIS laser ion source [4] which provided
the required element selectivity for the separation of ®2Cu.
After ionization and acceleration to 60 keV, the °2Cu beam was
mass-separated by the General Purpose Separator, transported
through the beam distribution system, and implanted into
a polished and annealed 99.99% pure Fe foil (thickness
250 pm) that was soldered onto the cold finger of the NICOLE
3He-*He dilution refrigerator. The total dose was about 3 x
10'? atoms/cm? corresponding to a Cu concentration of about
20 ppm. The iron foil was magnetized by an external magnetic
field generated by a superconducting split-coil magnet. Firstly,
a field Bexy = 0.5 T was applied in order to magnetically
saturate the iron foil. This was thereafter reduced to 0.10(2)
T so as to minimize its influence on the trajectories of the
B-particles.

The angular distribution of the positrons emitted during
the BT -decay of %2Cu was observed with three high purity
Ge (HPGe) particle detectors with a sensitive diameter of
12 mm and a thickness of 5 mm that were produced and tested
in the Nuclear Physics Institute in Rez [18,19]. They were
installed at a distance of about 32 mm from the sample, inside
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the 4 K radiation shield of the refrigerator. The fact that they
were looking directly at the radioactive source assured good
counting rates and at the same time avoided the effects of
scattering or absorption of the S-particles in radiation shields.
The detectors operated at a temperature of about 10 K. In
order to minimize the effects of scattering in the Fe foil they
were mounted to view the foil surface, which was parallel to
the magnetic field, under an angle of about 15°. They were
connected with thin isolated copper wires (about 12—14 cm
long) to the preamplifiers outside the refrigerator. Thin wires
were used in order to minimize the heat load from room
temperature to the detectors. The energy resolution was about
3 keV for 1 MeV B-particles.

Apart from these particle detectors, large-volume HPGe
detectors for detection of the y -radiation were installed outside
the refrigerator at 0°, 90°, and 180° with respect to the
orientation axis (magnetic field axis). The typical energy
resolution of these was about 3 keV for the 1332 keV y-line of
%0Co. All data were corrected for the “dead time” of the data
acquisition system using a precision pulse generator.

The spatial distribution of radiation emitted by oriented
nuclei can be described by the angular distribution function
[20]

W©) =1+ BiU,AQ;P (cosh). 1)
A

Here f represents the fraction of nuclei that experience the
full hyperfine interaction, while the rest (1 — f) is supposed to
experience no interaction at all. B, are the nuclear orientation
parameters which depend on the magnetic moment p of
the decaying nuclei, the total magnetic field B these nuclei
experience (i.e., the sum of the hyperfine magnetic field By,
the applied field B,pp, and the demagnetization field Byem), the
temperature of the sample 7', and the initial spin /, the lifetime
and the relaxation constant Ck of the oriented state. The U,
are the deorientation coefficients, which account for the effect
of unobserved intermediate radiations, while A, are the direc-
tional distribution coefficients which depend on the properties
of the observed radiation itself. Finally, O, are solid angle
correction factors and P; (cos ) are the Legendre polynomials.
The angle 6 is measured with respect to the orientation axis.

For y-rays only A even terms occur. For positrons from
allowed B-decays only the A = 1 term is present and Eq. (1)
transforms to

W(9)=1+nglA1Q1cos9, @)

where v/c is the positron velocity relative to the speed
of light (note that the dependence of the anisotropy on
v/c was explicitly included in W(0) here, whereas in Ref.
[20] it is included in A;). In our experiment 2Cu nuclei
were implanted continuously. Therefore, B; results from an
equilibrium between implantation of warm, unoriented, nuclei
and the decay of (partially) relaxed nuclei (see Sec. III) since
the half-life and relaxation time are of the same order of
magnitude.

In order to take into account the rather short half-
life of ®>Cu as well as possible beam fluctuations the
ratio W(15°)/ W(165°) was determined experimentally. The
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FIG. 1. B-spectrum for unoriented (“warm”) %>Cu obtained in
300 s with one of the HPGe particle detectors. The 511 keV y-line, the
B-spectrum endpoint at 2926 keV and the pulser peak are indicated.
The part of the B-spectrum that was used for analysis is the region
between 1121 keV and the endpoint. It was subdivided in seven
energy bins.

anisotropy function R is then given by

|:N(15°)}

W5 [ N(165%) | g4

k= w(165°) ~ [ N(15°) ’ )
N165°) |

where N(0)coq and N(0)warm are the “cold” (i.e., polarized;
millikelvin temperatures), and “warm” (i.e., unpolarized; T >
1 K) B-particle count rates.

The temperature of the sample was determined from the
anisotropy of the 136 keV y-ray of a calibrated 3’ CoFe nuclear
orientation thermometer [21].

Figure 1 shows a “warm” (i.e., no orientation) 8-spectrum
of ©2Cu obtained with one of the HPGe particle detectors. In
determining the B-anisotropies for the different energy regions
special care had to be taken to subtract the background under
the B-spectrum. The absolute efficiency for the detection of
y-rays in the energy region of interest did not exceed a few
percent [22]. Since there were no radioactive contaminants in
the beam and no intense y -rays are present in the decay of >Cu
itself, most of the background in the part of the S-spectrum that
was used for analysis was due to backscattering of positrons on
the detectors and summing with Compton scattered 511 keV
y-rays from annihilation of positrons in the sensitive volume
of the particle detectors. This background was evaluated using
the method described in Ref. [22] (see also Ref. [23]).

III. RESULTS AND DISCUSSION

The observed B-asymmetry was fitted simultaneously for
the fraction f and the spin-lattice relaxation constant Cg
via the orientation parameter B; [24]. The parameter f is
independent of temperature and determines only the size of the
anisotropy effect |R — 1|, while B is temperature dependent
and therefore determines the shape of the anisotropy R versus
temperature. The calculation of B; takes into account that
directly after implantation the nuclei have polarization zero.
In the time following they relax to thermal equilibrium with
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the cold lattice and one has a competition between nuclear
decay and relaxation which determines the size of Bj.

Ck describes the relaxation for the case of a dominant
magnetic-dipole relaxation mechanism, as applies to the 3d
impurities in an Fe host [1]. In conventional nuclear magnetic
resonance (NMR) at lattice temperatures 7 > 1 K, spin-lattice
relaxation leads to an exponential time dependence of the
signal and a relaxation time 7 can be defined unambiguously.
Such experiments are always performed in the high tempera-
ture limit, i.e., T > Tj, with the interaction temperature Ty
given by the nuclear level splitting:

Tine = | Biot/ k1| 4

(with kg the Boltzmann constant), such that for metallic sam-
ples the Korringa law, i.e., Cx = T T, is valid. The relaxation
behavior we probe via the B orientation parameter is the same
as in conventional NMR. Further, since Tj,(?CuFe) = 3.0mK
(see below) and our data were taken at temperatures between
about 100 mK and 6.5 mK, the high temperature limit applies.

In order to take into account the effect of spin-lattice
relaxation (i.e., Cg) in Eq. (1) the nuclear orientation param-
eter By was expressed as p; Bi(th), with p; = Bj(sec)/B;(th)
the ratio of the observed orientation parameter B;(sec) for
the nuclear ensemble when in secular equilibrium and the
thermal equilibrium orientation parameter Bj(th). The p,
attenuation coefficients were determined according to the
procedure outlined in Ref. [24] (see also Ref. [25]) and taking
into account the observed temperature for each individual data
point.

In fitting the experimental data we used u(%*Cu) =
—0.380(4) un [26] and Bys(CuFe) = —21.8(1) T (see Ref.
[7] and references therein). The demagnetization field was
calculated to be Bgenm = 0.037(5) T for the Fe foil used
here (see Ref. [10]). For the 1* — 07 BT decay of ®’Cu,
A} = /1 +1/31 = —0.8165, with I the spin of the ground
state of 2Cu. The Q factors (Table I) were calculated using
the {GEANT4} [27] Monte Carlo simulation code, for the
seven energy bins considered in the analysis and for both
particle detectors. Details of these calculations are outlined
in Ref. [10]. The uncertainties on the Q;-factors take into
account the precision to which the detector geometry was
determined, scattering effects, the influence of the external
magnetic field on the B-particle trajectories, as well as the
Monte Carlo statistical error, with the last one giving the largest
contribution.

The results obtained for Cx and f from fitting the
theoretical function to W (15°)/ W (165°) for all energy bins are

PHYSICAL REVIEW C 74, 044313 (2006)

0.95 %l@

>
(-]
2
wn
o
?: 0.9 — %\
o
£ g
2 085 g
= | A
0.3—...|...|...|...|...|..‘|...|..‘|...‘T-
0 20 40 60 80 100 120 140 160 180
AT [1/K]
(a) with Cx
1
= B
$ %
§0.95— o
- - HHEH
‘E.:.. 0.9 —
g | e
[T+]
= 085
g b=
B ) i e ires Wi W cerdl e O o O e B B el
0 20 40 60 80 100 120 140 160 180

UT [1/K]
(b) without Cx

FIG. 2. (Coloronline) (a) W(15°)/ W(165°) values versus inverse
temperature for positrons from ®CuFe with energies between 1482
and 1723 keV (bin 3 in Fig. 1) [10]. The curve is a fit to the data
varying both f and Cy yielding f = 0.63(3) and Cx = 4.1(5)sK
(x%/v = 3.0). (b) Same data as in (a) together with the fitted curve
that was obtained when Cx = 0 was assumed (i.e. using thermal
equilibrium values for B;) and with f being the only free parameter.
This fit yielded f = 0.412(7) (x%/v = 9.3). Note that since the x?/v
values are larger than unity the errors obtained from the fits have been
increased by the factor \/ x2/v.

listed in Table I. The fit for the energy region 1482—-1723 keV is
shown in Fig. 2 as an example. As can be seen the fitted values
for the last two energy bins are significantly lower than those

TABLE I. Q, factors (calculated with GEANT4) for the 15° and 165° particle detectors in the seven energy bins, ranging from 1121 keV to
the B-spectrum endpoint of %>Cu, and results for the relaxation constant Ck and the f-factor when fitting the W (15°)/ W(165°)8-anisotropies

for these energy bins (see Fig. 1).

Bin 1 2 3 4 5 6 7
Energy (keV) 1121-1241 1241-1482 1482-1723 1723-1964 1964-2205 2205-2446 2446-2926
Is® 0.842(11) 0.854(4) 0.899(7) 0.928(10) 0.935(7) 0.960(13) 0.976(5)
165° 0.887(15) 0.866(14) 0.918(3) 0.940(6) 0.963(6) 0.967(9) 0.982(9)
f 0.66(4) 0.69(3) 0.63(3) 0.65(3) 0.61(3) 0.55(4) 0.52(8)
Ck [sK] 4.2(6) 4.5(6) 4.1(5) 4.8(5) 4.0(6) 3.2(8) 2.8(15)
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TABLE II. Experimental values for the relaxation constant Cx and the reduced relaxation
rate r for the systems *CuFe and ®*CuFe at B,,, = 0.1 T [Eq. (7)] and in the high-field limit
(i.e., Ckoo and r,), compared with predictions from the empirical rule [Eq. (7)] [30] and with a

theoretical value [2].

CKour Cieo Cia Torr Foo
sK sK sK x 10" T2s/K x 1015 T?s/K
92CuFe 4.34(25)* 10.9(14)® 15.6¢ 0.70(4)¢ 0.28(4)°
9 CuFe 0.422(23)f 1.11(12)* 1.0¢ 0.469(26)¢ 0.178(20)°
CuFe 0.22"
#This work.

"From column 2 and Eq. (6).
“Calculated with Eq. (7).
4From column 2 and Eq. (8).
¢From column 3 and Eq. (8).
'From Fig. 5 in Ref. [3].
eFrom Table I in Ref. [3].

"Theoretical prediction using the KKR-Green’s function method [2].

for the first five bins, although they are still in agreement within
the large error bars. This is an indication for the background
subtraction not being perfect. This is not a problem for the first
five energy bins where the background constitutes only a small
part of the total intensity, but becomes important in the highest
energy part of the 8-spectrum where the count rate decreases
rather fast. Considering then only the first five energy bins,
the weighted average value for the relaxation constant in the
temperature range from 6.5 mK to about 100 mK is found
to be

Ck.0.7[%*Cu] = 4.34 £ 0.25sK 5)

[when considering all seven energy bins Cx = 4.21(23) s K is
obtained].

In Table II our result for the relaxation constant Cg for
©2CuFe in the millikelvin region and the result reported in
Ref. [3] for ®CuFe (1 = 2.227uy, I = 3/2) from a spin-echo
measurement at 4.2 K are compared to each other (columns 2
and 3) as well as to the empirical high-field limiting values
for the relaxation constant, viz. ngg (in column 4), and
to a theoretical value for the relaxation rate of Cu in Fe
(column 6).

Here we are assuming that the implanted copper nuclei
which contribute to our signal occupy the same, i.e., the
substitutional, lattice site as those which were thermally
introduced into iron in Ref. [3]. For implanted nuclei this
is inferred from successful NMR on oriented nuclei with the
same sample preparation technique as in this work [9]. For the
thermally prepared samples of Ref. [3] this is inferred from
the preparation technique used, combined with the solubility
limits for copper in iron (solubility more than about 1% at.
at 800 °C) [28]. The NSLR of stable and unstable nuclei in a
given lattice is of course the same.

To obtain the high-field limit values (C, le()gl) listed in column
3 we used the well known fact that the relaxation rate is
magnetic field dependent and saturates at fields of 0.5 T to
1 T (high-field limit) [1,3,29]. If one takes fig. 5 of Ref. [3]
to be the correct field dependence, the relaxation rate (o< C l)

for Cu in Fe at the field of 0.1 T used here is found to be faster
than in high fields by a factor of

CKoo

=2.5(3). 6
Cx,0.1T ©) ©

The empirical relaxation constants (ngg) in column 4 were
calculated from the relation

CrPT2 = 1.4-107*sK? (7
that was deduced for transition element impurities in an Fe
host lattice [30]. This relation was found to reproduce the
majority of the experimental data within a factor of about 2.5,
the maximum deviation being a factor of 4 [30,31].

As can be seen (column 2) the spin-lattice relaxation is
found to proceed a factor of about 10 slower for ®>CuFe
compared to **CuFe due to the smaller hyperfine interaction
strength for ®>CuFe (i.e., Ty = 3.0 mK for ®?CuFe and
11.8 mK for %*CuFe). The high-field limiting values for the
relaxation constant, i.e., Cxs, for both isotopes (column 3)
agree well with those obtained from the empirical relation
[Eq. (7) and column 4].

An isotope (viz. g-factor) independent measure of the
NSLR rate is the reduced relaxation rate constant

—15
. 0.436 x 10 Tzs/K @)
Ckg?
with Cx in units of s K and g being the g-factor [30]. The
reduced relaxation rates r for both isotopes are listed in
columns 5 (for B,,, = 0.1 T) and 6 (high field limit). They
differ by a factor of about 1.5. In column 6 also the theoretical
prediction for r, for CuFe of Akai [2], using the KKR Green’s
function method, is listed. While the value of r, obtained for
%3 CuFe in Ref. [3] is smaller than this theoretical prediction,
our result is slightly larger. This effect could be due to the
very different Cu concentration (i.e., dilute versus alloy) in
both experiments, where the result of this work should then be
taken as the low concentration limit.

044313-4



NUCLEAR SPIN-LATTICE RELAXATION OF 2Cu AT LOW . ..

In conclusion we have determined the relaxation rate of
Cu in host iron for a highly dilute system (i.e., with a
concentration of about 20 ppm) and at millikelvin temperatures
using nuclear orientation with continuous implantation and
B-particle detection. The value of the relaxation constant is
about 50% higher than that of a pulsed NMR experiment with
a 1% Cu-Fe alloy at 4.2 K [3]. It is also slightly larger than the
theoretical prediction of Akai [2], in accord with the results for
some lighter 3d impurities in iron (table 1 of ref. [1]). It would

PHYSICAL REVIEW C 74, 044313 (2006)

be interesting to see whether improved theoretical calculations
can reproduce this behavior.
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