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Abstract

We report experimental and theoretical studies on the magnetic moment and hyperfine field of
Cu impurity in an antiferromagnetic Cr host. Employing time-differential perturbed angular
distribution (TDPAD) spectroscopy, the saturation hyperfine field, By(0), of >Cu has been
found to be —4.2 T. From the temperature dependence of the hyperfine field measured in the
range 35-350 K we find an indication of paramagnetic short-range spin correlation revealed by
the observation of a large Bps above Tn. Our ab initio calculations using density functional
theory (DFT) show a small induced magnetic moment of ~0.18 up and a net hyperfine field of
—7.4 T at the Cu site. The theoretical Byt value agrees with the experimental observation when
scaled by the ratio R = ¢ (exp)/ucr(calc) between the measured and calculated magnetic

moments of Cr.

1. Introduction

Investigations of the magnetic hyperfine field, Byy, for differ-
ent probes in ferromagnetic and antiferromagnetic materials,
which provides microscopic information on magnetic inter-
actions in solids, continues to be an important branch of ex-
perimental and theoretical research. Experimentally, over the
past decades, extensive measurements have been performed for
many different probe nuclei in elemental ferromagnets, e.g. Fe,
Co, Ni, and Gd. In general, the magnitude of Bys has been
found to scale with the host magnetic moment, ., showing a
simple relation: Bps = Ap, where A is the probe-dependent
hyperfine field constant. In comparison, only a few measure-
ments have been made in antiferromagnetic materials. As such,
a similar correlation between the hyperfine field and the mag-
netic moment has not been established in antiferromagnets. In
this regard, it is desirable to measure the magnetic hyperfine
field for a wider variety of probes in simple antiferromagnets,
e.g. Cr.

Chromium is one of the most interesting elements
of the periodic table because of its unique magnetic
properties [1]. It shows incommensurate spin-density wave
(SDW) antiferromagnetic behaviour with Ty = 311 K,

0953-8984/08/015214+06$30.00

and undergoes an order—order transformation at 123 K due
to a changeover in the orientation of the spins. The
magnetism and SDW behaviour of Cr has been studied using
hyperfine interaction techniques like Mdssbauer spectroscopy
(MS) [2] and time-differential perturbed angular correlation
(TDPAC) [3]. However, measurements have been limited to
only a few probes, e.g. >'Fe, '"”Sn, '''Cd, *’Ru, '“°Rh and
81T [4], mainly due to the unavailability of a larger number
of suitable MS/TDPAC probes and metallurgical problems,
e.g. the low solubility of relevant impurities in Cr. These
experimental difficulties can be overcome by the application
of an y-ray perturbed angular distribution technique (TDPAD)
where a wider variety of nuclear probes can be produced via
a heavy-ion fusion reaction. Furthermore, the probes thus
produced, because of their high kinetic energy, get implanted
at depths >1 um inside the host material, kept immediately
behind the reaction target. The method thus allows an
elegant way of studying the hyperfine field of extremely dilute
(<1 ppm) impurities in different materials, including non-
alloying hosts [5, 6].

In this paper, we present the magnetic hyperfine field
of isolated Cu impurities in an antiferromagnetic Cr host
studied by TDPAD measurements and ab initio calculations

© 2008 IOP Publishing Ltd  Printed in the UK
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within density functional theory (DFT). The experimental
measurements carried out using ®>Cu as a nuclear probe for
the detection of the magnetic hyperfine interaction reveal a
saturation hyperfine field Bps(0) = —4.2 T. The observed
hyperfine field of Cu in Cr, varying weakly with temperature,
does not vanish at 7Ty but persists beyond 350 K, suggesting
the presence of strong short-range spin correlation in the
paramagnetic phase. From DFT calculations, we find a small
magnetic moment of 0.18 up and a total hyperfine field of
B/ = —7.4 T at the Cu site. The calculated By agrees with
the experimental value when scaled by the ratio between the
measured and calculated magnetic moments of Cr.

2. Experiment and calculation details

TDPAD experiments were carried out at the TIFR/BARC 14
UD Pelletron accelerator facility in Mumbai. For the detection
of magnetic interaction we have used the 4 isomer in 62Cy,
with a half-life 77, = 11 ns and a nuclear gyromagnetic
ratio gy = 0.67 [7], as the nuclear probe. The ®Cu nuclei
were produced via the heavy-ion reaction *>Cr('2C, pn)®>Cu
by bombarding a 40 MeV pulsed '>C beam onto a disc of
commercially available high-purity (99.99%) Cr metal. The
©2Cu atoms thus produced get implanted within the thick Cr
host with a typical concentration of less than 1 ppm. The life-
time decay spectra for the 349.5 keV y-ray from the 41 isomer
in 2Cu were recorded by two high-purity germanium (HpGe)
detectors with a time resolution of &7 ns at 350 keV. The
detectors were kept at an angle of +135° with respect to the
beam direction. The measurements were performed at different
temperatures ranging from 35 to 350 K in an external magnetic
field By of 1-3 T applied perpendicular to the beam—detector
plane.

The y-ray angular distributions are perturbed by the
hyperfine interaction between the nuclear magnetic moment
of the isomeric state and the effective magnetic field Ber =
Bexi+ Bhy, causing Larmor precession of the nuclear spin which
results in a time-dependent modulation of the y-ray intensity
for each detector. From the background subtracted normalized
counts N (0, t) of each detector, the spin rotation spectra R(?),
defined as [5, 6]

_ [N(135°,1) = N(=135°1)]

R(t) = (1
[N(135°,¢t) + N(—135°,1)]
were constructed. These were fitted by the function [5, 6]
R(t) = (=3/4) A, e /™ sinQurt — ¢) )

to extract the amplitude A,, the Larmor precession frequency
wr, and the nuclear relaxation time tn. The hyperfine field Bys
at ©2Cu nuclei was then calculated from the relation Aw; =
gNMN Begr. The phase factor ¢ in equation (2) accounts for any
change in the initial orientation of the nuclear spin which can
arise due to finite bending of the incoming '?C beam in the
applied magnetic field.

Complementary to the TDPAD experiments, we per-
formed ab initio calculations within the framework of density

functional theory [8, 9] to study the magnetic moment and hy-
perfine field of the Cu impurity in the Cr matrix. The cal-
culations were performed using the all-electron full-potential
linearized augmented plane wave (FP-LAPW) method, as im-
plemented in the WIEN2k package [10-13]. In this method,
the unit cell is divided into two regions: (i) non-overlapping
muffin-tin spheres of radius Ryt around each atom and (ii) the
remaining interstitial region. For the wave functions inside the
atomic spheres, a linear combination of radial function times
spherical harmonics are used, while in the interstitial region a
plane wave expansion is used. In our calculations, we have
used Ry values of 2.25 au and 2.35 au for Cr and Cu, re-
spectively. The maximum multipolarity, /, for the waves in-
side the atomic sphere was restricted to [, = 10. The
wave functions in the interstitial region were expanded in plane
waves with a cutoff of kmax = 7.5/Rmit = 3.33 au™!. The
charge density was Fourier expanded up t0 Gpa = 14 4/Ryd.
For the exchange correlation potential, we used the Perdew—
Burke-Ernzerhof (PBE) formalism of the generalized gradi-
ent approximation (GGA) [14]. Before calculating the mag-
netic properties of Cu in Cr, a series of calculations were per-
formed for pure Cr to reproduce some of its physical prop-
erties, which served as a reference for the case studied here.
For the impurity case, we used a cubic supercell consisting of
27 body-centered cubic (bcc) chromium unit cells (3 x 3 x 3)
having 54 atoms: 53 Cr + 1 Cu, representing an alloy of com-
position Cug 0135Crg9s15. In such a unit cell there are eight
non-equivalent atoms with lattice positions Cr0/Cu (0, 0, 0);
Crl(l/6, 1/6, 1/6), Cr2(1/3, 0, 0), Cr3(1/3, 1/3, 0),
Cr4(1/2, 1/6, 1/6),Cr5(1/3, 1/3, 1/3),Cr6(1/2, 1/2, 1/6)
and Cr7(1/2, 1/2, 1/2). The labels for Cr atoms are arranged
according to their distance from the origin/impurity, with Crl
being the closest and Cr7 the furthest. Because of the inho-
mogeneous environment due to the presence of the impurity,
the internal forces on the atoms become non-zero,which need
to be minimized. This was achieved by allowing the atoms to
relax to new positions such that the force reduces to less than
1 mRyd au™!. In order to find the equilibrium lattice parame-
ter of the unit cell, the energy of the supercell was calculated
for different volumes and the results were fitted to the Birch—
Murnaghan equation of state [13]. All calculations were per-
formed with initial magnetic structure being antiferromagnetic,
with Cr moments of atoms 0, 2, 3, 5 taken to be positive and
1, 4, 6 and 7 taken to be negative. For sampling the Brillouin
zone, a k-mesh with 35 special k-points in the irreducible zone
(IBZ) was used in the case of supercell calculation while, for
the bece structure of pure Cr, a finer mesh with 120 k-points
was taken. It must be mentioned here that calculations were
also performed using a smaller (2 x 2 x 2) supercell with 16
atoms per unit cell, which is equivalent to an impurity con-
centration of 1/16 = 0.0625. The results, especially for Cu
impurity, were found to be slightly different from those ob-
tained for the larger (3 x 3 x 3) supercell, indicating a strong
influence of the impurity—impurity interaction. Later, for dis-
cussion and comparison with the low-concentration (<1 ppm)
experimental data obtained from our TDPAD measurements,
we shall restrict ourselves to results obtained from the 3 x 3 x 3
supercell.
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Figure 1. Typical spin rotation spectra of ®Cu in Cr at different
temperatures measured in an external magnetic field Bey, = 2 T. The
solid lines are fits to equation (2) (see text) with parameters shown in
table 1.

3. Results and discussion

Figure 1 shows some typical spin rotation spectra for >Cu in
Cr at different temperatures measured in an external field of
2 T. The spectra measured at all temperatures show a single
frequency with high amplitude, A, ~ 0.1, which indicates that
most of the Cu probe atoms produced by the heavy-ion reaction
occupy a unique lattice site, most likely to be substitutional.
Taking account of the positive sign of the A, coefficient [15],
the observed sense of rotation in our R(¢) spectra implies that
the effective field Begr acting on the Cu nuclei is negative. From
the observed w;, the effective hyperfine field By at 35 K
was estimated to be —2.2 T, which in turn yielded a hyperfine
field By = —4.2 T. For further confirmation of the sign of
the hyperfine field, measurements were also carried out as a
function of applied field strength. Figure 2 shows the room-
temperature spectra recorded at different external fields. With
increasing Bex, w; was found to decrease from 108.4 MHz
at 1 T to 36.1 MHz at 3 T. The derived B as a function of
applied field is shown in figure 3 (see inset). It can be seen that
B decreases linearly with applied field strength, which proves
that the hyperfine field of Cu in Cr is indeed negative. The
data extrapolated to Bexy = 0 yielded By = —4.3 T. Figure 3
displays the variation in Bps as a function of temperature
measured at By = 2 T. With increasing temperature, the
By value was found to decrease from —4.2 T at 35 K to

Hext=2T I

R(t)

Hext=3T
0.1

|

|
0 20 40 60 80

Time(ns)

100

Figure 2. Spin rotation spectra of ®>Cu in Cr at 293 K and different
applied fields.
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Figure 3. Temperature variation of magnetic hyperfine field By for
©2Cu in Cr. The dotted line is an extrapolation of the experimental
data to By = 0. The inset shows the variation in the effective field
Beit = Byt + Bey seen by the ©2Cu probe nuclei at different applied
fields.

—3.2 T at 350 K. The hyperfine field results for ®>Cu in Cr are
summarized in table 1. Extrapolating to T = 0, the saturation
hyperfine field Bps(0) for Cu in Cr comes out at —4.2 T,
which is consistent with the value obtained from external
field data. In general, the hyperfine field of a probe nucleus
in ferroferromagnetic and antiferromagnetic materials closely
follows the temperature dependence of the host magnetization
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Figure 4. Total energy as a function of unit cell volume for
antiferromagnetic Cr (+) and Cug 935Cr.0515 alloy (e) corresponding
to the 3 x 3 x 3 supercell discussed in the text. The dashed and solid
lines are Murnaghan fits.

Table 1. Summary of magnetic hyperfine interaction parameters for
2Cu in Cr measured in an external field of 2 T.

Temp. (K) A, o, Mrads™") B (T) By (T)
350 0.122)  38.5(17) —122) —3.2(2)
330 0.132) 48.1(15) —1.6(2) —3.6(2)
290 0.102) 57.8(14) —1.82) —3.8(2)
220 0.112) 64.2(12) —2.0(1) —4.0(2)
118 0.102)  67.4(10) —2.1(1)  —4.1(1)

35 0.11(2)  70.6(9) —22(1)  —42(1)

(sublattice magnetization in the case of antiferromagnets) and
is expected to vanish just above the ordering temperature 7,
(or Ty). In contrast, the Bu(T) of %2Cu deviates from the
temperature dependence of the Cr magnetic moment reported
from neutron diffraction measurements [1]. The observed By
of Cu in Cr, rather than vanishing at 7y = 311 K, persists
beyond 350 K. The high By value observed above Ty suggests
an apparent increase in the Ty value, presumably due to strong
short-range spin correlations. Our data, extrapolated to By =
0, yield a transition temperature of ~400 K. It is worthwhile
mentioning that a similar enhancement of 7y has been reported
for thin films of Cr in which the hyperfine field of "''Cd was
observed to persist beyond 500 K [16].

It is instructive to compare the hyperfine field results
of Cu in antiferromagnetic Cr and a ferromagnetic host like
Fe, Co and Ni. The magnetic hyperfine fields of Cu in Fe,
Co and Ni have been remeasured to be 17, 13.1 and 4.1 T,
respectively [22]. The data are in good agreement with the
theoretical estimates made from self-consistent KKR—Greens
function calculations [23]. It has been found that the Cu
impurity in these ferromagnetic hosts has negligible induced
magnetic moment [23-26] and that the hyperfine field arising
mainly from the conduction electron polarization (CEP) is
linearly proportional to the host magnetic moment: By =
Ap(host) with A ~ 8 T/up [22]. Applying this relation
to antiferromagnetic Cr with an ordered magnetic moment of
0.62 pg [1], the By of Cu in Cr is expected to be ~5 T, which
is consistent with our experimental result.
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Figure 5. Atom and spin projected density of states (LDOS) of:

(a) Cr in pure Cr and (b) Cr and Cu atoms in Cug ;35Cr 9515 alloy
corresponding to the 3 x 3 x 3 supercell (see text). The solid lines
are the total DOS while the dotted lines correspond to the d-DOS of
the respective atoms.

Coming to the theoretical calculations, figure 4 shows
the variation in total energy as a function of unit cell
volume for CuCr. The data fitted to Murnaghan equation
of state implemented within the WIEN2k program [13]
yielded the equilibrium Ilattice constant of pure Cr as
5.440 au, in agreement with the results reported from earlier
calculations [17, 18]. For the CuCr alloy our calculation
yielded an equilibrium lattice constant of 5.410 au. Figure 5
shows the spin-resolved density of states (DOS) of pure Cr
and CuCr alloy. For pure Cr, our local density of states
(LDOS), exhibiting a pseudo-gap structure with Fermi energy
Er located within the gap, are consistent with band structures
previously reported in the literature [19-21]. The calculated
magnetic moment of Cr at the equilibrium lattice constant
comes out to be 1.19 pup, in agreement with the results
of previous calculations [17, 18]. The calculated magnetic
moment, however, is significantly higher than the experimental
value [1]. Cottenier et al [17] have shown that the magnetic
moment of Cr in the antiferromagnetic phase is quite sensitive
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Table 2. Summary of calculated properties: supercell lattice constant (a (au)), magnetic moment (1 (g)) and hyperfine fields (By (kG)) in
pure Cr and CuCr alloy. The numbers within square brackets are the corresponding values obtained from 2 x 2 x 2 supercell calculation.

Host a m B¢ B B

Cr(Pure) 16.321 1.19 -21.9 —220.3 +198.4

CuinCr 16229 Cr(lnn) +1.30[1.10]  —34.4[-29.6] —240.2[—190.0] +205.8[+160.4]
Cr(2nn) —1.20[—1.01] —5.0[—11.9] +220.0[+185.6] —225.0[—197.5]
Cr(3nn)  —1.17[=0.94] +21.4[+17.8] +215.1[+173.3] —193.7[—155.5]
Cr(4nn)  +1.19[—0.84] —20.1[+16.8] —221.9[+134.0] +201.8[—117.2]
Cr(5nn) —1.16 +12.8 +206.8 —193.9
Cr(6nn)  +1.15 -3.9 —210.8 +206.9
Cr(7nn) +1.14 —8.6 —206.4 +193.9
Cu(imp)  +0.18[4+0.10] —74.1[-56.3] —21.4[—10.7] —52.7[—45.6]

to the exchange correlation potential that was used. While
GGA overestimates the magnetic moment with respect to
the experimental value, the LDA is unable to find a stable
antiferromagnetic (AF) ground state for Cr [19-21]. In the
case of CuCr alloy represented by the 3 x 3 x 3 supercell,
although the LDOS plots of Cr are qualitatively similar to that
of pure Cr, one can see subtle differences, e.g. a slight shift
of the d-band closer to Er. The LDOS of Cu with majority
weight coming from the d-band show a small resonance near
Er arising from the hybridization of Cu-d and Cr-d states. For
the CuCr alloy, the magnetic moments calculated for the Cu
impurity and different near-neighbour Cr atoms are listed in
table 2. Looking at table 2, it can be noticed that the Cu
atom possesses a small induced magnetic moment of ~0.18 g
parallel to the Crl moment. In addition, we notice a small
perturbation of the Cr magnetic moment. In particular, the
Cr atoms closest to the Cu impurity show a slightly higher
magnetic moment compared to the value in pure Cr.

Next we turn to the hyperfine field of Cu in Cr. The
hyperfine field generally has contributions from dipolar, orbital
and Fermi contact interactions. For the case studied here,
because of the cubic point symmetry, the orbital and dipolar
fields are negligibly small. The dominant contribution
to the hyperfine field thus arises from the Fermi contact
interaction, which depends on the s-electron spin density at the
nucleus n°(0) and was calculated using the scalar relativistic
formula [27] implemented in WIEN2k. The results are shown
in table 2. The net hyperfine field of Cu in Cr comes out to
be —7.4 T, comprising a sizable core polarization field By™
of —2.2 T and a valence electron contribution BY& = —5.4 T.
The calculated hyperfine field of Cu in Cr turns out to be higher
than the experimental value. Since the transferred hyperfine
field at the Cu site is proportional to the magnetic moment on
the neighbouring Cr atoms, the higher theoretical value of Bys
may be due to the larger magnetic moment of Cr predicted from
DFT calculations. Recently, Hashemifar et al [18] calculated
the magnetic moment and hyperfine field of a number of
impurities in Cr and found the Cr moment and the impurity
hyperfine fields to be higher than the experimental values.
However, they found good agreement between the theoretical
and experimental By values after scaling the valence hyperfine
field BIZ;’J by the ratio R = pucr(exp)/umcr(calc) between the
measured and calculated magnetic moments of Cr. In general,
both B{™® and B are proportional to the magnetic moment

1 of the neighbouring magnetic atoms. The scaling law used
by Hashemifar therefore is valid only when B ™ is much
smaller compared to B}‘l’fl. For our case of Cu in Cr, because
of the non-negligible core hyperfine field B ™ it is more
appropriate to scale the calculated total hyperfine field by the
correction factor R. Applying the above argument and using
the value of the ordered magnetic moment of Cr, ¢ (exp) =
0.62 up, reported from neutron diffraction measurements [1],
the corrected theoretical hyperfine field of Cu in Cr is estimated
to be —3.9 T, which is close to the value obtained from our

TDPAD measurements.

4. Conclusion

In conclusion, we have performed experimental and theoretical
studies on the magnetic moment and the hyperfine field of
Cu impurity in an antiferromagnetic Cr host. From TDPAD
measurements using ®’Cu nuclei as a probe, the saturation
hyperfine field of Cu in Cr has been found to be —4.2 T.
As an interesting feature, we find indications of strong short-
range spin correlation above the Néel temperature Ty =
311 K, reflected by the observation of a large hyperfine field
at Cu even at 350 K. Our ab initio calculations using density
functional theory (DFT) reveal a small induced magnetic
moment of ~0.18 up and a net hyperfine field of —7.4 T
at the Cu site. The calculated By shows good agreement
with the experimental results when scaled by the ratio R =
wer(exp)/iucer(cale) between the experimental and theoretical
moment values of Cr.
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