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Theoretical study of the hyperfine field at Cu impurities diluted in an iron host
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Magnetic hyperfine field at Cu isotopes as impurities in Fe were recently measured at low temperature. A
model to explain these experimental results is proposed. The diluted Cu impurities in the ferromagnetic Fe host
are described by an extension of the Daniel-Friedel model, including the next neighbor perturbation. In order to
account for the available experimental data in Cu isotopes with atomic masses A =59, 67, 69, and 71 as impurity,
we needed to incorporate the Cu anomaly volume in the effective charge to be screened and self-consistent

procedures.
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Introduction. Magnetic hyperfine fields at Cu impurities
in Fe were recently obtained [1] combining resonance fre-
quencies from experiments involving S-NMR on oriented
nuclei on Cu, ®Cu, and 7"Cu with magnetic moment
values from collinear laser spectroscopy measurements at low
temperature. The formation of local magnetic moments in
impurities embedded in metallic systems has been the concern
of condensed matter theorists since the pioneer work of Friedel
in the sixties. Motivated by the mentioned experimental work,
a microscopic model to explain the experimental results for the
magnetic hyperfine field is proposed. The diluted Cu impurities
in the ferromagnetic transition metal Fe are described by an
extension of the Daniel-Friedel model [2], including the next
neighbor perturbation [3]. In order to study the different Cu
isotopes with A = 59, 67, 69, and 71 as impurity, we had
to incorporate the Cu anomaly volume [3,4] in the effective
charge to be screened (see below). With a Hamiltonian to be
presented in the next section and self-consistent procedures,
we were able to account for the available experimental
data.

The model. The magnetic moment formation at a Cu
impurity diluted in Fe arises from the following effects: i)
the charge difference between Fe and the impurity produces
an electrostatic potential which the Fe conduction electron
gas will shield; ii) a magnetic field produced by the d Fe
band that acts in the impurity through its Fe neighbors
[3,5] and also in the whole host. Both contributions act
differently on the impurity density of up and down spins thus
producing a polarized conduction band and a magnetization
mg = ngy — noy both in the impurity and in the host as
well.
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The Hamiltonian that systematizes these effects and allows
the calculation of the magnetic moment of the impurity is the
following:

H = Hp.+V, (D
where
HFe = Zegecjacm =+ Z lijCjang, (2)
i,o i,j,0

defines a pure Fe s-p host which consists of a conduction band
polarized by the magnetized d host band. In Eq. (2) & is the
center of the s-p energy band, now depending on the spin o
orientation (o =1 or |), cja (cio) 1s the creation (annihilation)
operator of conduction electrons at site i with spin o and ¢;
is the electron hopping energy between neighboring i and j
sites.

The second term of Eq. (1) is the potential due to the
presence of the impurity at site i = 0,

v=>" Voo oy Cos + T > to(cly o + clycos). (3)
o 1#£0,0

Voo = (g5 — €E°) is a spin dependent local term, § being
the s-p impurity state energy level. Also included in V is the
change of the nearest-neighbor hopping due to the breaking of
translational invariance by the impurity. The parameter t takes
into account the change in the hopping energy associated with
the presence of the impurity [6-8], 7 = 0 meaning no disorder
in the hopping.
Using the Dyson equation

Gjio(2) = gjio(2) + 8j0o(2) V Goio (2), “4)
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the local Green’s function G, (z) due the charge perturbation
at the origin, is
8000 (Z)

Goos(2) = —,
® o? — gOOG(Z)Veff(Z)

®)

where @ = 7 + 1, goos(2) is the local Green function for the
pure Fe host and

V(@) = Voo + (@ — (2 — &). (6)

Assuming that the screening of the charge difference is
made by the s-p band, the potentials Vj, are self-consistently
determined in such a way that AZ, gives the total charge
difference A Z between host and impurity

AZ = AZy + AZ), (7)

where AZ, is obtained integrating the change in the density
of states Apy,

1
Ap, = ——1 Giiy —giin 8
P ~m E,- (Gjjo(z) — 8jjo(2)) (®)
from the origin up to the Fermi level . So,

1
AZ, = —;Im In [o® — gooo (eF) Vi(ep)]. ©)

Once the potential Vj, is self-consistently found, the local
s-p density of states per spin direction at the impurity site are
calculated by

1
Po(€) = ——Im Goos (2). (10)

The local s-p electron occupation number, n,, is obtained by
integrating the corresponding local density of states up to the
Fermi level sf.

The total magnetic moment (1) at a s-p impurity, given by
mgy = noty — No, i.e.,

1 / °* o 8000 (2)
my=—— Im dz. (11)
T ; -0 o? — gOOa(Z)Ve(;f(Z)
The total magnetic hyperfine field at the impurity site is
By = A(Zimp)mo, (12)

where  A(Zipp) 1is
parameter.

Discussion and results. In order to calculate the local
moments and the magnetic hyperfine fields at a Cu impurity
diluted in Fe we have to fix some parameters. Here, we adopt
a standard paramagnetic s-p density of states extracted from
first-principles calculations [7].

The parameter ¢ which renormalizes the hopping energy,
was chosen o >~ 1 given the ratio between the extension of
the host and impurity s-p wave functions. Keeping fixed

the Fermi-Segre contact coupling

TABLE I. Relative volume variation for each isotopes.

A 59 67 69 71

Sv4 /vge 0.07465 —0.05082 —0.08219 —0.11356
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FIG. 1. (Color online) Self-consistent calculation of hyperfine
fields for Cu isotopes in Fe host incorporating the volume effect
[see Eq. (13)]. The squares represent the experimental data.

these parameters, we self-consistently—through Eq. (9)—
determine the magnetic moment at the Cu impurity site and its
corresponding magnetic hyperfine field.

Once the Cu isotopes have the same charge, the local
hyperfine field should be the same. But the experimental results
show this is not the case. In fact the charges are the same but
the charge densities are not, because of their different volumes.
We have followed the procedure of Daniel and Friedel [2,4]
and incorporated the respective volume of each Cu isotope in
an effective charge AZ’ to be screened,

8 A
AZ =Az -2 (13)

UFe

where §v4 = vp. — véu; Vg and véu are Fe volume and Cu
volume, respectively. The values of §v4/vg. are shown in
Table I.

Now the potentials V;, are self-consistently determined in
such away to give the effective total charge difference AZ'.

The results for the calculated magnetic hyperfine fields
[Egs. (12)and (13)], shown in Fig. 1, are in a very good
agreement with the experimental results.

Using a very simple microscopic model Hamiltonian, we
were able to bring out the isotopic dependence of the hyperfine
field at the impurity in CuFe therefore extending previous
approaches by taking into account the volume of the impurity
in the self-consistency procedure. Rather than considering
nuclear probes as being punctiform, nuclear experimentalists
have now new windows to explore the contribution of the
nuclear volume in the interaction between nuclear probes and
screening host electrons.
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