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The magnetic hyperfine splitting frequencies v,, = guyB,e/h of 'Rh (j” = 7/2*; T,,, = 35.4 h) as dilute
impurities in Fe and Ni have been measured with nuclear magnetic resonance on oriented nuclei as
vy (""RhNi) = 218.06(5) MHz and v,,('®RhFe) = 539.62(3) MHz. With the hyperfine field
Bye('”RhFe) = — 556.6(1.2) kG the g factor of the '“Rh ground state is derived as |g| = 1.272(2). In combination
with earlier nuclear orientation measurements j” = 7/2*) can be uniquely assigned. The g factor fits well into the
systematics of 7g,,, g factors in this mass region and confirms the interpretation of this state as (7gy,,),/,+ " shell
model configuration. The hyperfine field of '”Rh/Vi is deduced as — 224.9(5) kG for T = 0 K. Hyperfine anomalies,
the abnormal resonance shift with B, and the overall systematics of 7g,,, g factors are discussed.

deduced j, p. Hyperfine fields, hyperfine anomaly. Knight shift.

EADIOAGI‘IVITY 195Rh from “Ru(n,¥)!*Ru —1"Rh; NMR on oriented nuclei;]

I. INTRODUCTION

In the odd Rh isotopes the energetically lowest
states are expected to be single-particle states
with configurations (78,/,)g/,+ and (1p,,5),/,-"". In
addition a " state occurs (see Fig. 1), which de-
creases in energy from 201 keV in %*Rh to 40 keV
in 1°°Rh, and which is the ground state of °Rh.
These states have been interpreted as three-quasi-
particle intruder states (configuration (7gy).+%).1*2
This assignment can be tested by a measurement
of the nuclear g factors as then g(1*)=g(ngy,) is
expected.

The NMR-ON technique® (nuclear magnetic reso-
nance on oriented nuclei) is well suited for pre-
cise measurements on '®Rh™ (T, =56.1 min; pop-

ulated in the decay of '°*Pd) and °Rh (7T, = 35.4 h).

We report here on NMR-ON measurements on
195RhFe and RhNi; a brief description has been
given elsewhere.? Meanwhile two NO-measure-
ments on ®>RhFe have been reported,’’® the re-
sults being in agreement with the NMR-ON data.
A NMR-ON experiment on '®Rh™Fe has also been
published’; the g factor for the 1* state deduced

in this paper has, we think, to be reinterpreted
as the used hyperfine field is in contradiction with
all other data on RhFe and RhNi. This problem,
which is connected with the abnormal resonance
shift of 1°Rh™Fe, ®*RhFe, and °RhNi, will be
discussed in detail. Further the hyperfine field
for RhNi7 as determined in this work will be used
for a more precise determination of the g factor
of **Rh"(j*=2*, T,,=4.4 d) from the known NMR-
ON frequency of **Rh™Ni.?
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II. EXPERIMENTAL PROCEDURE
A. NMR-ON method

The angular distribution of y radiation emitted
in the decay of oriented nuclei is given by®
kmxx

W(B)=1+ I U, F,B(hB/kT)P(cos6)@,. (1)

Here the U, are parameters describing the reori-
entation of the nucleus due to unobserved pre-
ceding decays; the F, are the angular correlation
coefficients for the observed y transition; the P,
are the Legendre polynomials, 6 representing the
angle between the direction of y-ray emission and
the quantization axis (in the present case identical
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FIG. 1. Low-energy level schemes of *1%Rh, The

1+ state, which becomes the ground state of %Rh, is

believed to be a (mgy,)q,° three-quasiparticle state.
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with the direction of magnetization); and the @,
are parameters correcting for the finite solid
angle of the detector. The orientation of the initial
state is described by the orientation parameters
B,, which are mainly functions on uB/kT and which
are nearly independent of the spin of the oriented
state. Therefore the analysis of the temperature
dependence of y-anisotropies yields information
on the magnetic moment u of the oriented state.
The g factor of the oriented state can be deter-
mined with the technique of NMR on oriented nu-
clei.> Here the y anisotropy as given by Eq. (1)
is used as detector for NMR. The resonance con-
dition is given by

v=v,+b(1+K)B,,
Vy= lg IJ'NBHF/h| ’ (2)
bs= |g- uy/h|sign(B).

Here v, is the zero-field hyperfine splitting fre-
quency; bg is the resonance shift parameter as
expected in the absence of a Knight shift; K is the
Knight-shift parameter; and B, is the external
magnetic field. A combination of NO and NMR-ON
measurements yields u and g; in this way the spin
of the oriented state can be determined.

B. Decay scheme of '®Rh

A simplified decay scheme of °°Rh is illustrated
in Fig. 2. The E2/M1 mixing ratio & of the 319-
keV transition (absolute intensity 19.6%) has been
determined as + 0.091(13) (Ref. 5) and +0.11(1).®
The 319-keV y anisotropy W(6)-1 at 10 mK for
6=0° is ~-0.40 and ~ -0.65 with Ni and Fe as
host lattice, respectively, which is large enough
for NMR-ON measurements.

7/2*  35.4h
105
4560 B
20% 5/2 319
5%
75% e
1
AGPd 59

FIG. 2. Simplified decay scheme of 1%Rh.

III. SAMPLE PREPARATION AND LOW-
TEMPERATURE APPARATUS

Samples of 1RhFe and °°Rh Ni were prepared
in the following way: isotopically enriched *Ru
(>90%) was melted with highly pure Fe and Ni.
Several melting steps were performed until the
final concentration of ~0.1 at.% ®Ru was reached.
The alloys were coldrolled to a thickness of ~1
pm; samples with an area of 8 x 8 mm? were then
irradiated at the Forschungsreaktor in Karlsruhe
(FR2) for ~3 d in a neutron flux of 10'* »/sec cm?
in order to produce !°Ru which decays to °°Rh
with a half-life of 4.4 h. After the irradiation the
samples were annealed at ~ 700°C in a hydrogen
atmosphere. Two samples were soldered to the
Cu coldfinger of a single-stage demagnetization
cryostat, details of which are described in Ref.
10. Using Cr-K-alum as cooling salt, final tem-
peratures of ~ 10 mK were obtained. The samples
were polarized with an external magnetic field
B,< TkG which was provided by superconducting
split coils. Perpendicular to B, the rf field was
applied with a one-turn rf coil. The rf was fre-
quency modulated with a modulation width Af
=0.1...2 MHz and was swept continuously over
the resonance region. Details of the rf electronics
are given in Refs, 10 and 11. The vy radiation was
detected with 4 7.5 cm x 7.5 cm ¢ NaI(T1) detec-
tors, which were placed at 0°, 90°, 180°, and 270°
with respect to B,. The y counts of the 319-keV
v rays were selected with single-channel discrim-
inators, accumulated in a multichannel analyzer,
and recorded onto magnetic tape. The final an-
alysis was performed at the Amdahl 470 computer
of the IPP in Garching.

IV. RESULTS

A. 15RhN;

The resonance was searched between 150 and
250 MHz. Figure 3 shows a NMR-ON spectrum
of the frequency region 212-228 MHz. There is
obviously one resonance at 215.5(5) MHz. For
the further measurements the frequency region
was chosen smaller and the external field was
varied. Figure 4 shows NMR-ON resonances
measured for different values of B,. Here two
successively measured spectra with opposite sweep
direction were always added together. In this way
the possible shift of the resonance center in
sweep direction due to the finite spin lattice re-
laxation time is compensated. Such shifts have
been observed!! if the time interval during which
the resonance region is passed is of the order of
the spin-lattice relaxation time. Here the sweep
rate for the rf has been chosen so small that no
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FIG. 3. NMR-ON resonance of 1RhNi. The slightly
higher background at the left side of the resonance is
due to a frequency-dependent nonresonant rf-eddy-cur-
rent heating.

time-dependent analysis of the resonance spectra
is necessary. Figure 5 shows the resonance
centers versus B,. The solid line is the result of
a least-squares fit which yields
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FIG. 4. NMR-ON resonances of 9RhNi measured at
0= 0° with respect to B, at a temperature of ~10 mK.
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FIG. 5. 'RhNi resonance shift with the external
magnetic field.

v(B,=0)=218.06(5) MHz ,
dv/dB,=-0.951(19) MHz/kG .

B. !%RhFe

Taking into account the expected ratio for the
hyperfine fields of Rh in Ni and Fe the resonance
was searched between 526 and 553 MHz. Figure
6 shows NMR-ON specta measured for B,
=1.06(1), 3.18(3), and 5.31(5) kG. Similar mea-
surements were performed for a total of 17 values
for the external magnetic field up to 6.46(6) kG.
Figure 7 shows the resonance centers versus B,.
The least-squares fit yields

wof :
105
Rh Fe Bo=1.06(1) kG
400}

b v=538.55(4)MHz
39.0t ]
38.0f

e 210 . Bo=3.18(3) kG

= 265} v=536.62(6) MHz |

¥ 260}

3

S 255} B

° f
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FIG. 6. NMR-ON resonances of 1°RhFe. The in-

crease of the line width with By may be due to a non-
complete alignment of the hyperfine field.
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FIG. 7. 1%RhFe resonance shift with the external
magnetic field.

v(B,=0)=539.62(3) MHz,
dv/dB,=-0.926(13) MHz/kG.

V. DISCUSSION
A. Hyperfine fields of RhFe and RhNi

The essential point for the derivation of nuclear
g factors from measured hyperfine frequencies is
the use of correct and appropriate values for the
respective hyperfine fields. As the tabulated val-
ues'? for B, (RhFe) and By, (RhNi) do not repre-
sent the actual revision state we will present the
corresponding derivation here.

The hyperfine field is normally deduced from
measured hyperfine splittings of nuclear states
for which the g factor is known precisely. As By
depends on the temperature and (for some impur-

ity-host combinations) on the impurity concentra-
tion, the functional dependence on these para-
meters has to be taken into account. Moreover,
the existence of hyperfine anomalies must not be
neglected without an estimate of the respective
correction factor.

In Table I we have listed experimentally known hy -
perfine splittings of *Rh (E = 74.8keV; j"=2% T, ,
=214 nsec), and '®Rh (g.s., j*=£°) in Fe and Ni.
The hyperfine fields have been deduced using the
relation

v(MHz)=0.762 2532 x B, (kG) X g.

At a first view the low-temperature results for
1%RhFe (Bgp=-556.5(1.2) kG) and '®*RhFe (Byy
=-536.86(12) kG) seem to be contradictory. As
already pointed out by Matthias et al.'® the differ-
ent results can be explained by hyperfine anoma-
1y?%; because of their different distributions over
the finite size of the nucleus, the spin and orbital
parts of the nuclear magnetic moment experience
different magnetic fields from the contact part

of the magnetic hyperfine interaction if the atomic
number is large enough that the contact field var-
ies considerably over the nuclear volume. Thus
the average field sensed by the moment depends
on the nucleon distribution

pB‘“:fu(r)B(r)d7=#B(o)'(1+€)' (3)

Here ¢ describes the deviation from the point-di-
pole interaction, it depends on the wave function
of the nuclear state. This effect causes the ratio

TABLE 1. Hyperfine splittings and hyperfine fields of Rh isotopes in Fe and Ni.

Host Isotope T g Method T (K) c (at. %) v (MHz) Byr (kG) Ref,
Fe 100Rp 2* 2.162(4) 2 NMR/PAC 300 t 881.7(1.0) 535.0(1.2)
NMR/PAC 77 912.5(1.0) 553.7(1.2) } 13
NMR/PAC 0 556.5(1.2) P
103gph ;-‘ 0.1768(4)¢  NMR 4.2 <2 —540(10) 9 14
NMR 1.4 2 72.4°¢ } 15
NMR 1.4 3 72.4°¢
NMR 1.6-4.2 3 72.5f 16
NMR 4.2 0.48 72.35(2) -536.86(12) 17
Ni 100y, 2+ 2.162(4) 2 NMR/PAC 296 ¢ 337.8(4) 205.6 18
TDPAC 296 ¢ 339.5(3) (-)205. }
TDPAC 77 ¢ —221(3) 8 19
105Rh 1 1.272(2)" NMR/ON 0 0.1 218.06(5) —224.9(5) h

2 Reference 20. [Recalculation of the original g factor, g =2.151(4) (Ref. 21), with the diamagnetic correction of

Ref, 22.]
b Extrapolated value.
¢ Reference 20.

dRecalculated; originally the authors used u=-0.0879 py.

€ Center of the main resonance.

f Center of the main resonance; used for relaxation studies.

g Recalculated; originally the authors used g =2.151.
h This work.
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of the magnetic hyperfine splitting constants of
two nuclear states in the same atomic environ-
ment to be different from the ratio of the respec-
tive g factors. The hyperfine anomaly (HA) is de-
fined by the relation

A8 (14207) (4)
V2 &

and can be expressed by

€, —€
1A2=—1"'+—€22:= € —€;5. (5)

The ratio of effective fields is given by

Beff
Far =142, (6)

el

2
A calculation of the single-level anomalies ¢ ac-
cording to Eisinger and Jaccarino® yields €(*°°Rh)
=-0.46%, €(*®*Rh)=-4.2%, and €(*®Rh)= -0.44%.

The calculation for !°°Rh has been performed using
the relation

€=0,€,t A€y, (n

where o, and @, are the fractional contributions

of the proton and neutron to the magnetic moment
of 'Rh and €, and ¢, are the values of the indivi-
dual isotope single-level anomaly for the proton
and neutron alone. The values for @, and @, have
been estimated from the known configuration of the
2* state [@ |(7gys)ws (Vdap)se>2++ B |(7 ga)ur?

X (vdsp)sp >2+ (Ref. 25)] as @,=0.95+0.05 and a,
=0.05+0.05.

The HA’s are then found to be A% =4+3.7% and
1007105 _0,02%. The first value is in good agree-
ment with the experimental 1°°Al% = +3,65(15)% as
obtained using Eq. (6). The small HA between
190Rh and '%Rh is due to the fact that the main con-
tribution to the magnetic moment of the 2* state
in 'Rh originates from the gy, protons. Thus
the effective hyperfine field for °°RhFe at T=0
K is deduced as

By (“*RhFe)=556.6(1.2) kG.

Taking now v, (*°°RhFe)/v, (***RhNi) = 2.4745(4) the
hyperfine field for >>RhNi at T7=0 K is derived as

Bur(**Rh Ni)= - 224.9(5) kG.

The hyperfine field of °°Rh Ni has been studied
up to now only at 77 K and at higher tempera-
tures.!®1? It was found that the temperature de-
pendence of the reduced hyperfine field H(T)/H(0)
follows closely that of the reduced bulk magneti-
zation of nickel metal.'® The bulk magnetization of
nickel changes by only 0.5% between 77 and 0 K.2¢
If the same change for the hyperfine field is as-
sumed an extrapolated value for T=0 K of —-221(3)

kG is obtained, which is in good agreement with
the more precise value on ®*RhNj.

B. Resonance shift

From the measured resonance shift 7v/dB, we
derive according to Eq. (2) g(1+K)=1.24(3) and
1.21(2) for °>Rh N7 and ®RhFe, respectively.
Taking g=1.272(2) (see Table II) we get K(*°*Rh Ni)
=-2.5(2.5)% and K(*°*RhFe)=-4.8(1.5)%. This
holds with the assumption of K(®°CoFe)=0 as we
have calibrated the polarization field by measur-
ing the resonance shift of ®CoFe[ g(*Co)
=0.7598],%° which was found to be reproducible
within an accuracy of ~1%. The assumption K =0
was supported by the results of Mossbauer effect
measurements on *"FeFe in external fields up to
100 kG,*" K= -0.2(9)%. From ME-NMR measure-
ments on *’CoFe K(5"CoFe)=+2.9(1.2)% has been
reported.’® Taking this into account K(*°*Rh N7)
= -5.4(2.8)% and K(***RhFe)= -7.7(2.0)% would be
obtained. From a NMR-ON measurement on
103Rh™Fe Kempter and Klein” found v(B,=0)
=550.3(5) MHz and dv/dB,= -0.933(17) MHz/kG.
Taking By, = -556.6(1.2) kG (for the hyperfine an-
omaly [1%mA1%|< 10 is expected as both states
have the same configuration), g=1.297(3) and
hence K = -5.6(1.7)% is found, which is in agree-
ment with the present result.

Kempter and Klein discussed several effects
which could cause a similar behavior in the Knight
shift. Finally they assumed K =0 and derived the
g factor from the resonance shift as g=1.22(2),
the resulting value for the hyperfine field Bm:
= -590(10) kG being totally inconsistent with all
other experimental data (see Table I). They
argued that a concentration dependence of By,
could be (partly) responsible for this difference.
NMR experiments on !*RhFe performed for Rh
concentrations down to 0.48 at.%!%1” have shown,
however, that the maximum resonance signal at
72.4 MHz (see Table I) is not shifted in the con-
centration range 0< ¢ <3 at.%. This indicates that
the K=0 assumption is not justified, and that K
~~5% has to be taken as an experimental fact with
an unknown origin at present.

In the mass region A> 90 several different im-
purity-host combinations have been investigated
with the NMR-ON method: °°°2Nb™Fe,?° ®*Mo™Fe,°
93,84,9TcFe 3 and °’RuFe.!! In the cases of NbFe,
MoFe, and RuFe the results are consistent with
|K| < 1%. The hyperfine field and the nuclear g
factors as derived for °*+%TcFe with the assump-
tion of K=0 fit well into the respective systemat-
ics, although the latter should not be overinter-
preted. Thus RhFe seems to be an exceptional
case. On the other hand, the derivation of relia-
ble K values from the resonance shift of NMR-ON
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TABLE II. g factors of Rh isotopes.

E Hyperfine splitting
Isotope " (keV) g factor Host vy (MHz) Byr (kG)
10iRh 3 157 1.208 (4) Ni 207.1(5) 2 —224.9(5)
103pH 1 40 1.297(3) Fe 550.3(5) ~556.6(1.2)
3 93 1.23(17) €
15Rh %* 0 1.272(2) Fe 539.62(3) ¢ —556.6(1.2)

2 Reference 8.
b Reference 6.
¢ Reference 20.
d This work.

resonances may be complicated by “hidden” effects
connected with the inhomogeneous linewidth. In
the case of IrNi the anomalously high resonance
shift (K ~+15%) (Ref. 32) could be explained by the
observed fact that the main part of the experimen-
tal linewidth was due to quadrupole interaction,
and that the relative amplitudes of the quadrupole
subresonances change with the external field.'°

In this way an additional shift of the effective cen-
ter of an unresolved resonance spectrum may be
introduced, thus simulating an abnormal Knight
shift. In the present experiment the inhomogen-
eous linewidth was I'~ 1.0 MHz. (The difference
to the observed linewidth of I"~1.5 MHz is due

to the frequency modulation of the rf field.) With
the use of more dilute samples it should be pos-
sible to reduce I' significantly.!® A change of the
structure of the resonance spectrum could then
be observed more easily. Such experiments should
be performed in order to investigate whether the
observed shift is a real Knight shift.

C. Nuclear g factors

All currently known g factors of 7gy,. and
(7 ggp).p+® states of Rh isotopes are listed in
Table II, together with the corresponding hyper-
fine splitting and the hyperfine field used for the
derivation. From NO measurements on °>RhFe
Barclay et al.® and Wittkemper et al.® have de-
termined the hyperfine splitting of '°>RhFe as
561(19) and 534(10) MHz. As the NO technique
is sensitive essentially on uB and not on gB the
good agreement with the present result can be
interpreted as confirmation of the correct spin
assignment j*= %"’. Thus we can use our g factor

g(1°Rh)=1.272(2)
to derive a final value of the magnetic moment

1 (1%5Rh) = 4.452(9) 1y .

In Fig. 8 the currently known g factors of 1mgg,+
states (circles), (1mgy,)s® states (squares), and
(17ggp)qp+° states (triangles) are plotted versus
the proton number. Each of the points is labeled
with the neutron number of the state involved. The
main deviation of nuclear moments from the sing-
le-particle Schmidt value [g, (7gy,)=1.509] is
normally ascribed to first-order core polariza-
tion® and the anomalous orbital magnetism due
to mesonic space-exchange currents.®* While the
first effect is state dependent, the second effect

T 1 1 T T
95p =1.509
-1 Sttt
499
/\(N:SO
500
me /;520 i
L84 504 827
5
2 52
S 1.3b ¢+52 58
o 460 55 604 564
e 560 620 96062
12¢ 64"
40 ®: Mg
38 a (Kgglz)eo
RS
a8:(rgg, )00
0:(mgg,,vag)))ge
1 1 1 | 1
30 35 %0 25 50
As Br Rb Y Nb Tc Rh Ag In

Zr Mo Ru Pd Cd
Proton number

FIG. 8. g factors of (1rg9/2)9/ 2% (7I’g9/2 )502, and
(mgg/2)7/2+° proton states as a function of the proton
number. The respective neutron number is given be-
side each point. The solid line represents calculations
of Hausser et al. (Ref. 35) for N=50 isotones. Contrary
to the expectation the Jz-’ g factors are slightly larger
than expected from the main trend of the 4* g factors.
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causes a state-independent deviation (g, ~0.1).
The main structure of Fig. 8 is thus due to core
polarization. The increase of g between Z =30
and 40 is due to the successive filling of the 71,
and 7p, ,, shells by whichthe nf, ,, - nf, ,,and rp, ,,

- mp, s, cOre polarizationis blocked. Thedecrease
of gfor Z > 40 is due to the successive filling of the
78y, shell by which the mg,, ~ mg,, core polariza-
tion can be active. The maximum g factor is thus
expected for a Z=40 core. The solid line in Fig.
8 is the result of calculations for N=50 isotones
of Hiusser et al.’%; taking into account the meson-
ic current, the experimental data for N=50 are
well described. The general trend of g with in-
creasing neutron number N is given by an increase
of g for Z < 40 and a decrease of g for Z > 40.

Only Rh seems to be an exceptional case, as g

for '®®Rh™ is smaller than g of '®Rh™ and '°°Rh.
On the other hand, the respective nuclear states

are different, as the configuration for !®*Rh" is

(7 gy)gp+ While it is (believed to be) (7ggs).p+° for
193Rh™ and '®Rh. The g factors of the £* states

in the neighbored Ag isotopes are also slightly
higher than expected for 23’ states. According

to the theoretical predictions of Kuriyama et al.3®
8(3")< g(2*) would be expected, which is not sup-
ported by the experimental data. Before final con-
clusions can be drawn further investigations are
necessary, both experimentally and theoretically.
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