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Fe foils with single-crystal-like texture for hyperfine interaction studies:
Anisotropy of the hyperfine field in Fe

G. Seewald, E. Zech, E. Hagn, and H.-J. Ko¨rner
Physik-Department, Technische Universita¨t München, D-85748 Garching, Germany
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1-mm-thin polycrystalline Fe foils with sharp biaxial texture were produced. The importance of various
preparation parameters for the sharpness of the texture was investigated. The use of the foils for nuclear
magnetic resonance on oriented nuclei and modulated adiabatic fast passage on oriented nuclei measurements
of the magnetic and electric hyperfine interactions of impurities in Fe was demonstrated by measurements on
192Ir, 191Pt,198Au, and 199Au. In particular, it was found that a strain-induced electric field gradient can arise
from the cooling down of the foils on the Cu sample holder. This additional electric field gradient could be
avoided by a thick Fe crystal between the foils and the sample holder. The magnetic hyperfine fields of Ir, Pt,
and Au in Fe were shown to differ between the@100# and @110# orientations of the magnetization byBHF

[100]

2BHF
[110]520.073(8) T,20.003(6) T, and20.016(9) T, respectively.

DOI: 10.1103/PhysRevB.68.014402 PACS number~s!: 76.60.Jx, 75.50.Bb, 76.60.Gv, 76.80.1y
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I. INTRODUCTION

For a long time about 1-mm-thick, coldrolled, polycrys-
talline Fe or Ni foils were the standard samples for nucl
magnetic resonance on oriented nuclei~NMR-ON! experi-
ments. Many nuclear magnetic moments of unstable isoto
and many impurity hyperfine fields were determined us
those samples.1,2 In contrast to single crystals, the polycry
talline foils are cheap, easy to produce, and allow the p
duction of radioactive impurities by neutron activation
recoil implantation.

It is well known that in these foils the crystallograph
axes are not randomly oriented, but are more or less alig
along certain directions. This texture depends sensitively
details of the coldrolling and annealing during the prepa
tion of the foils. It is also known that a suitable choice of t
preparation parameters can lead to an almost uniform al
ment of the crystallographic axes. This effect has been u
for example, to produce~100! oriented Ni substrates for ep
itaxial film growth of high-Tc superconducters.3

For hyperfine interaction studies the polycrystalline nat
and the texture of the samples is without significance as l
as the hyperfine interaction is independent of the angle
tween the magnetization and the crystallographic axes. H
ever, the electric field gradient~EFG!, which is in cubic Fe
and Ni a spin-orbit effect, was recently shown to depe
strongly on this angle.4 Moreover, due to the anisotropy o
the orbital moment,5 even the magnetic hyperfine fiel
should depend on the direction of the magnetization,
though this anisotropy is expected to be very small in cu
lattice symmetry.

The idea was, therefore, to produce 1-mm-thick polycrys-
talline Fe foils with a single-crystal-like alignment of th
crystallographic axes to combine the uniform orientation
the crystallographic axes in single crystals with the thinn
and the less elaborate sample preparation of coldrolled f
In the following we will refer to such polycrystalline foils
with very sharp texture shortly as single-crystalline foils
opposed to bulk single crystals and ordinary polycrystall
foils.
0163-1829/2003/68~1!/014402~13!/$20.00 68 0144
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A field where these single-crystalline foils may be partic
larly useful is the dependence of the hyperfine field on
crystallographic orientation of the magnetization. Presu
ably due to its smallness, this anisotropy has not been
served before, to our knowledge. A realistic idea of the
pected order of magnitude can be obtained from
anisotropy of the magnetic moment of Fe and Ni, which is
the order of 131024.6

In this context, single-crystalline foils offer the followin
advantages: The demagnetization field in bulk single crys
is in general different for different orientations of the ma
netization, if the sample shape and/or the position of
probe nuclei within the sample are not perfectly symmet
The estimation of this ‘‘anisotropy’’ of the demagnetizatio
field represents a source of error, which is absent in the c
of thin foils, where the demagnetization field is negligib
Moreover, the inhomogeneous broadening of the magn
resonance is often smaller in polycrystalline foils than
bulk single crystals. This may be due to difficulties in th
surface preparation of the single crystals or to the sprea
the demagnetization field in nonellipsoidal samples. In a
case, a small linewidth is decisive, since the quadrup
splittings in Fe and Ni are so small that they readily disa
pear within the inhomogeneous broadening of the resona
However, they must be resolved for a precise determina
of the magnetic resonance frequency.

A further feature of the hyperfine interaction in thin F
foils emerged in the course of the experiments: Evidence
found that, in addition to the spin-orbit-induced EFG,
strain-induced EFG was generated by the different ther
constriction of the Fe foil and the Cu sample holder duri
the cooling down of the sample to very low temperatur
This complex of problems—the use of single-crystalline fo
to determine the hyperfine interaction, the anisotropy of
hyperfine field, and the strain-induced EFG—was inve
gated via the magnetic and electric hyperfine interactions
192Ir, 191Pt,198Au, and 199Au impurities in these foils.

II. PREPARATION OF SINGLE-CRYSTALLINE FOILS

Dilute Fe alloys were prepared by melting Fe (pur
.99.999%) with the desired amount of the impurity eleme
©2003 The American Physical Society02-1
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in an electron beam furnace in high vacuum.
Single-crystalline foils with very sharp texture were pr

duced in the following way: About 1-mm-thick pieces of th
dilute alloy were sandwiched by 0.5-mm-thick stainless st
plates and rolled down to a thickness of about 1mm. The
thickness reduction per rolling pass was of the order of 5
The rolling direction was held constant. After the rolling th
foils were annealed for;4 h at ;850 °C in high vacuum
(,1027 mbar), and subsequently slowly~over ;4 h)
cooled down to room temperature. All experiments descri
below were performed on such foils.

The texture of the foils was characterized by pole figure7

Figure 1 shows the pole figures for an Ir~0.01 at. %!Fe alloy.
The foil plane proved to be a~100! plane with the@110#
directions in the plane parallel and perpendicular to the r
ing direction. The orientation of the crystallographic ax
was not perfectly uniform. The respective angular spread
be characterized by the full width of half-maximumDb
across one of the peaks of the pole figure. For the exam
shown in Fig. 1,Db was about 6.5° after the annealing
the foil.

Figure 1 also illustrates the effect of the annealing:
distinct, but still rather irregular texture is already prese
before the annealing. Its distinctness is decisive for
sharpness of the texture after the annealing.

For the final sharpness of the texture, the following poi
proved to be important:~i! Heavy impurities, even in rela
tively small concentrations, promote the sharpness of the
ture. This can be seen from Table I, whereDb is listed for
various alloys:Db is distinctly larger in pure Fe foils or foils
with 3d impurities than in foils with 5d impurities. This

FIG. 1. Pole figure of the Fe~110! reflex of an Ir~0.01-at.%!Fe
single-crystalline foil before and after the final annealing. The p
tern with four peaks under 45° to the plane normal is character
for a ~100! plane. The sharpness of the pattern is a direct measu
the sharpness of the texture.
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effect is also illustrated in Fig. 2, where the pole figures o
pure Fe foil are shown.~ii ! The thickness of the samples ha
to be reduced during the rolling by at least a factor of 100
obtain a sufficiently strong texture before the annealing.~iii !
The foils should be annealed only after the final thicknes
reached: The rolling of annealed foils distinctly reduced
already achieved sharpness of the texture.~iv! During the
annealing the sharpness of the texture approaches a limit
depends on the texture before the annealing. The used
perature and duration of the annealing were well sufficien
reach this limit. Annealing for longer times or at higher tem
peratures led to no significant improvement of the texture

No efforts were undertaken to increase the grain size,
example, by prolonged annealing, since for hyperfine in
action studies only the uniform orientation of the crystal
graphic axes is decisive.

Several attempts to produce single-crystalline Ni foils
the same way failed. The produced Ni foils were clea
textured, but the texture had several different compone
and was not sharp. In this context the thickness of the f
seems to be important: Ni foils that were rolled down

t-
ic
of

TABLE I. Angular spread~full width of half-maximum! of the
texture of various dilute Fe alloys. The error ofDb is of the order
of 1°.

Alloy Db ~deg! Alloy Db ~deg!

Au~0.01%!Fe 5.4 Ru~0.2%!Fe 8.0
Pt~0.1%!Fe 8.4 Ni~0.1%!Fe 9.6
Ir~0.01%!Fe 6.5 Co~1%!Fe 12.0
Os~0.1%!Fe 7.0 pure Fe 10.4

FIG. 2. ~110! pole figure of a pure Fe single-crystalline fo
before and after the final annealing.
2-2
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10-mm thickness showed a moderately uniform texture a
the annealing, and about 100-mm-thick Ni tapes with sharp
texture are commercially available.

III. EXPERIMENTAL TECHNIQUES

The radioactive probe nuclei were produced by neut
irradiation of the single-crystalline Fe foils, either at the M
nich FRM I reactor for 10 d by 731013 n/(cm2 s) or at the
research reactor in Ju¨lich for 26 d by 1.831014 n/(cm2 s). In
the first case six 438 mm2 pieces of the foils were used, i
the latter case only one piece. After the irradiation the fo
were annealed for 1 h at ;700 °C to heal out the lattice
damage due to the irradiation.

The impurity concentrations were 0.01-at.% Ir for the e
periment on192Ir, 0.1-at.% Pt~190Pt isotopically enriched to
5.7%! for the experiment on191Pt, and 0.01-at.% Au and 0.
at.% Pt~unenriched! for the experiment on198Au and199Au.
The respective spreads in the texture were aboutDb
56.5°, 8.4°, and 7.4°.

The hyperfine interaction was measured by NMR-O
This NMR technique uses as the signal the anisotropic em
sion of theg radiation from oriented radioactive probe n
clei: The NMR-ON spectrum is theg anisotropy recorded a
a function of the applied rf frequency.1 Due to the radiative
detection of the resonance, NMR-ON is very sensitive a
therefore, well suited to investigate the hyperfine interact
at impurity atoms and the nuclear moments of unstable
topes.

To orient the nuclei, the foils were soft soldered with Ga
to a Cu sample holder, mounted into a3He-4He-dilution
refrigerator, and cooled down to about 10 mK. The tempe
ture was measured by a separate60CoCo(hcp) nuclear ori-
entation thermometer on the sample holder. A magnetic fi
of up to 1.7 T could be applied by a superconducting mag
Four Ge detectors were placed at 0°, 90°, 180°, and 2
with respect to the magnetic field to measure theg anisot-
ropy. In most cases the count rate ratio

e5@W~0°!1W~180°!#/@W~90°!1W~270°!#21 ~1!

was analyzed.
The sample was mounted in such a way that the magn

field was applied either along one of the@100# directions
within the foil plane~@100# geometry!, or along one of the
@110# directions within the foil plane~@110# geometry!, or
along the@100# direction perpendicular to the foil plane (90
geometry!. The sample-plane normal pointed to the 90° d
tector in @100# and @110# geometries, and to the 0° detect
in 90° geometry. These are the nominal orientations. De
tions arose from the angular spread of the crystallograp
orientations around the rolling direction, which can be ch
acterized byDb, and from the unavoidable misalignment
the sample relative to the magnetic field, which was less t
3°.

In Fe the electric hyperfine interaction is much smal
than the magnetic hyperfine interaction. The NMR spectr
of an isotope with nuclear spinI consists of 2I equidistant
01440
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subresonances. The resonance between the magnetic
statesum& and um11& is given by

nm,m115nm2DnQ~m11/2!. ~2!

The subresonance between the most populated sublevem
5I and m5(I 21) is referred to as then1 resonance, the
subresonance betweenm5(I 21) andm5(I 22) as then2
resonance, and so on.

The magnetic resonance frequencynm and the subreso
nance separationDnQ are related to the hyperfine field an
the EFG by

nm5UgmN

h
~BHF1KBext!U, ~3!

DnQ5
eQVz8z8

h

3

2I ~2I 21!
. ~4!

Hereg is the nuclearg factor, mN is the nuclear magneton
BHF is the hyperfine field,Bext is the external magnetic field
K is a parameter that describes Knight shift and diamagn
shielding,eQ is the nuclear quadrupole moment, andVz8z8 is
the z8z8 component of the EFG tensor.z8 denotes the direc-
tion of the magnetization.

If the subresonance structure of the resonance is cle
resolved,nm and DnQ can be determined directly from th
NMR-ON spectrum. If the inhomogeneous broadening of
resonance is larger than the quadrupole splitting, the qua
pole splitting can be determined by modulated adiabatic
passage on oriented nuclei~MAPON!.8,9 This technique uses
an adiabatic fast passage of two rf fields with fixed frequen
separationDn. Theg anisotropy after this ‘‘modulated pas
sage’’ is recorded as a function ofDn. This MAPON spec-
trum is, apart from a prefactor, the integral over the distrib
tion P(DnQ) of the quadrupole splitting. For more details
the MAPON technique we refer to Refs. 8–10.

The dependence ofVz8z8 on the direction of the magneti
zation allows to separate different contributions to the EF
The spin-orbit-induced part ofVz8z8 is in lowest-order per-
turbation theory of the following form11:

Vz8z8
so(0)

1Vz8z8
so(2)

~ax
2ay

21ay
2az

21az
2ax

2!. ~5!

ax , ay , andaz are the directional cosines between the
rection of the magnetization and the cubic axesx, y, andz. If
there is a lattice distortion with axial symmetry along thez
axis, there is an additional contribution toVz8z8 of the form

Vzz
dis~3/2az

221/2!, ~6!

whereVzz
dis is the principal component of the respective EF

To analyze the anisotropy ofDnQ in this work, the fol-
lowing parametrization ofDnQ proved to be convenient: Th
spin-orbit-induced part ofDnQ was described by its value
for @100# and@110# orientation of the magnetization,DnQ

[100]

andDnQ
[110] . The lattice-distortion-induced part ofDnQ was

described by its value forz orientation of the magnetization
DnQ

dis. Thez axis of the lattice distortion was assumed to
perpendicular to the plane of the sample foil. In@100# and
2-3
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@110# geometry the magnetization remains within the~100!
plane of the foil~xy plane!. Equations~5! and~6! then imply
the following dependence of the quadrupole splitting on
angleu between the magnetization and the@100# direction:

DnQ~u!5DnQ
[100]cos2~2u!1DnQ

[110]sin2~2u!21/2DnQ
dis.

~7!

In the 90° geometry the magnetization also remains with
~100! plane, but now thexz plane, which is perpendicular t
the sample plane. The quadrupole splitting is then given
function of the angleu between the magnetization and th
@100# direction within the sample plane by

DnQ~u!5DnQ
[100]cos2~2u!1DnQ

[110]sin2~2u!

1DnQ
dis@3/2 sin2~u!21/2#. ~8!

IV. EXPERIMENTAL RESULTS

A. 192IrFe

In a first experiment @experiment I~c!#, the single-
crystalline foils were soldered directly onto the samp
holder and measurements were performed in@100# and@110#
geometries. In a second experiment@experiment II~c!#, these
measurements were repeated on a newly prepared set of
and additional measurements were performed in a 90° ge
etry. Finally @experiment II~i!#, one of the foils was soldere
on a thick Fe crystal which was in turn soldered on t
sample holder. In this configuration measurements were
formed in @100# and @110# geometries.

This set of measurements became necessary for the
lowing reason: In the experiment I~c!, DnQ

[110]/DnQ
[100]

50.724(14) was observed, whereasDnQ
[110]/DnQ

[100]

50.643(8) was known from experiments on188Ir and189Ir in
Fe single crystals.4 To explain this discrepancy by a devia
tion of the actual from the nominal orientation of th
magnetization—either due to an erroneous orientation of
foils or due to the presence of texture components that
not visible in the pole figures—the deviation would had to
of the order of 10° in each geometry. This was rather i
probable.

Therefore, the following hypothesis was developed: T
cooling down of the Fe foils on the Cu sample holder lea
due to the different thermal expansion coefficients of Fe
Cu, to a lattice distortion with symmetry axis perpendicu
to the foil plane, which in turn induces an EFG with princ
pal axis perpendicular to the plane. For IrFe the respec
strain-induced contribution to the quadrupole splitting h
the same sign as the spin-orbit-induced quadrupole split
and brings the ratioDnQ

[110]/DnQ
[100] closer to 1. For some

reason this effect is much smaller for bulk Fe crystals.
The additional measurements tested this hypothesis in

ways: First, if the discrepancy between the quadrupole s
tings in foils and bulk single crystals is due to the therm
constriction of the sample holder, it should be removed
the Fe crystal between the foils and the sample holder. S
ond, if an additional EFG with symmetry axis perpendicu
to the foil plane is present, its contribution to the quadrup
01440
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splitting should change the sign and become twice as la
when the sample is magnetized perpendicular to its plan
the 90° geometry.

The Fe single-crystal disk between the foil and the sam
holder in the experiment II~i! was 0.51 mm thick and 10 mm
in diameter. Its plane was a~100! plane as the plane of th
foil, and its crystallographic axes within the plane were a
always oriented in the same way as those of the foil. O
one 434-mm2 foil was placed in the center of the single
crystal disk to minimize the asymmetry in the demagneti
tion field.

In the 90° geometry a special sample holder was used
faced the magnetic field instead of being parallel to it.
addition, a special60CoCo(hcp) nuclear orientation the
mometer was used withc axis perpendicular to the thermom
eter plane to ensure that the magnetic field and the mag
zation of the thermometer are always parallel.

1. g anisotropy measurements

The orientation of the magnetization by the magnetic fi
was monitored via the respective increase of theg anisot-
ropy. Figure 3 shows the respective magnetization curves
@100# and @110# geometries. The quantityf in Fig. 3 is the
attenuation of theg anisotropye with respect to the expecte
value for complete orientation of the magnetization.

The orientation along the magnetic field saturated at
most zero field in@100# geometry and at about 0.06 T in th
@110# geometry, in accordance with the magnetic anisotro
energy of Fe. If the thick Fe crystal was used as the subst
the saturation was shifted towards higher fields, in acc
dance with a demagnetization field of about 0.1 T. A

FIG. 3. 192IrFe: Magnetization curves in@100# and@110# geom-
etries without~top! and with~bottom! thick Fe crystal between foil
and Cu sample holder. Theg anisotropy of the 468 keV transition
was analyzed.
2-4
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NMR-ON and MAPON measurements in@100# and @110#
geometries were performed well above the respective sa
tion fields.

In 90° geometry a magnetic field of 2.2 T is necessary
overcome the demagnetization field and orient the magn
zation perpendicular to the foil plane. But the maximu
available field was only 1.7 T. Therefore, the orientation w
incomplete, and the direction of the magnetization had to
determined via theg anisotropy.

Figure 4 shows the normalized count rates in the 0°
90° detectors as a function of the magnetic field. To und
stand this magnetization curve, it is useful to recall that
magnetic field is applied perpendicular to the foil plane
wards the 0° detector, and that for192Ir the g emission par-
allel to the orientation axis is reduced by roughly twice t
amount by which it is enhanced perpendicular to the ori
tation axis.

In zero field theg anisotropy was very small, pointing t
a rather random distribution of the orientation of the mag
tization. The application of a small field led to a relative
complete in-plane orientation of the magnetization towa
the 90° detector: About 75% of theg anisotropy which is
expected for this orientation were reached at 0.15 T. T
was probably due to a small in-plane component of the m
netic field, which resulted from a slightly imperfect orient
tion of the sample holder, especially with respect to rotatio
within the detector plane.

With increasing field the magnetization was rotated ou
the plane towards the 0° detector. Accordingly, in the m
netization curve the roles of the 90° and 0° detectors
successively interchanged. The relative size of the norm
ized count rates in the 0° and 90° detectors can be use
determine the direction of the magnetization. For exam
the angleu between the magnetization and the foil plane
45°, if the count rates in both detectors are equal. This
the case at a field of about 1.35 T.

FIG. 4. 192IrFe, 90° geometry: Count rates~468 keV transition!
in the 0° and 90° detectors as a function of the magnetic field.
rates are normalized to 1 for isotropicg emission. The temperatur
varied only slightly between 11.7 and 13.7 mK.
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At 1.7 T, where the MAPON measurement in the 9
geometry was performed, the normalized count rates in
and 90° could be described byu564(7)° and anattenuation
factor f 50.47(9). The largeattenuation makes the determ
nation ofu somewhat ambiguous, since it shows that at le
in part of the sample strongly different orientations of t
magnetization were present. Nevertheless,u564(7)° was
used for the interpretation of the measured quadrupole s
ting, assuming that most of the MAPON signal came from
fraction of probe nuclei with relatively uniform magnetiza
tion behavior, whereas theg anisotropy from the rest of the
sample largely canceled out. This assumption was suppo
by the amplitudes of the MAPON signal in the 0° and 9
detectors, which showed that the signal came from nu
with u.55°, and by the relatively small width of th
MAPON spectrum, which precluded a large spread in
orientation of the relevant probe nuclei.

The rotation of the magnetization out of the sample pla
proceeded distinctly faster than calculated. At 1.7 T, for e
ample,u550.4° is predicted, if the magnetic field is applie
exactly perpendicular to the foil plane, andu547.0° for a
realistic misorientation of 2.5°. It is not clear why the pe
pendicular orientation was less disfavored than expec
The presence of the Co~hcp! thermometer at the other side o
the sample holder, the formation of a favorable domain str
ture, or the lattice distortion along the sample normal m
have played a role.

2. NMR-ON measurements

Figure 5 shows as an example the NMR-ON and MAPO
spectra in the@100# geometry atBext50.1 T of the experi-
ment I~c!. The NMR-ON spectrum shows an only partial
resolved subresonance structure. Its shape can be wel
scribed by the superposition of the first five subresonance
the inhomogeneous broadening of the quadrupole splittin
taken into account, which broadens then1 resonance much
more than then4 andn5 resonances.

Figure 5 also illustrates the importance of the MAPO
technique: In principle the information on the quadrupo
splitting is already contained in the NMR-ON spectrum. B
its derivation can be problematic, if the spectrum shape
already rather involved. The direct determination of t
quadrupole splitting by MAPON establishes the quadrupo
origin of the shape of the NMR-ON spectrum, and avoids
need to make assumptions on the distribution ofnm .

The quadrupole splittings that were deduced from
NMR-ON and MAPON spectra were in some cases sligh
different. For example,DnQ521.132(6) MHz was deduced
from the MAPON data of Fig. 5, whereasDnQ5
21.186(12) MHz was deduced from the NMR-ON da
This may point to the presence of regions with slightly d
ferent quadrupole splittings that are differently weighted
the NMR-ON and MAPON techniques. Or the extraction
the quadrupole interaction from NMR-ON spectra wi
strongly overlapping subresonances is not as accurate as
gested by the results of theleast squaresfit.

Consequently, the MAPON result was regarded as
more reliable value and adopted as the final result for
quadrupole splitting. However, the NMR-ON spectrum w

e
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interpreted with the quadrupole splitting as a free parame
to ensure that the average quadrupole splitting as it is see
the NMR-ON technique is used to determinenm .

Care was taken to optimize the amplitudes of then4 and
n5 resonances by an appropriate choice of the rf power
the temperature. In particular, the temperature was relati
high ~between 40 and 70 mK! to ensure a sufficient popula
tion of the respective sublevels. Sincenm is exactly in the
middle between these subresonances, and since they are
the least broadened by the inhomogeneous broadening o
quadrupole splitting, they are especially important for a re
able determination ofnm .

Figure 6 shows some of the NMR-ON spectra in@100#
and @110# geometries, with and without a thick Fe cryst
between the sample holder and the foil. It demonstrates
there is a very small but distinct difference in the magne
hyperfine splitting between the@100# and @110# orientations
of the magnetization. The measurednm’s in @100# and @110#
geometries are listed and compared in Table II. If all resu
are combined, the following anisotropy ofnm is obtained:

nm
[100]2nm

[110]510.27~3! MHz.

3. MAPON measurements

Figure 7 shows some of the MAPON spectra in@100#,
@110#, and 90° geometries, with and without a thick Fe cry
tal between the sample holder and the foil. It demonstra

FIG. 5. 192IrFe, experiment I~c!, @100# geometry,Bext50.1 T.
Top: NMR-ON spectrum. Frequency modulation bandwidthDFM

560.15 MHz, T542(5) mK. Bottom: MAPON spectrum
MAPON sweep from 510 to 496 MHz in 0.05 s. The dashed lines
the NMR-ON spectrum are the individual subresonances.
dashed line in the MAPON spectrum is its first derivative, which
proportional toP(DnQ). Theg anisotropies of the 308-, 316-, an
468-keV transitions were combined to improve the statistics.
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that the hypothesis of an additional strain-induced EFG w
essentially confirmed:~i! The distinct reduction of the quad
rupole splittings by the thick Fe crystal is in line with th
expected removal of the additional EFG.~ii ! The smallest
quadrupole splitting was observed in 90° geometry. This
in line with the expected sign change of the strain-induc
part of the quadrupole splitting in this geometry.

We also note that the inhomogeneous broadening of
quadrupole splitting is larger in the@100# geometry than in
the @110# geometry. This has also been observed in b
single crystals.4

To obtainDnQ , a Gaussian distribution of the quadrupo
splitting was assumed and the center of the distribution w
fitted to the MAPON data. The results of all MAPON me
surements are listed in Table III.

n
e

FIG. 6. 192IrFe, experiments II~c! and II~i!: NMR-ON spectra in
@100# and @110# geometries. The arrows mark the position ofnm .

TABLE II. 192IrFe: Magnetic resonance frequencies in@100#
and @110# geometries.

Experiment
Bext

~T!
nm

[100]

~MHz!
nm

[110]

~MHz!
nm

[100]2nm
[110]

~MHz!

I~c! 0.1 503.327~23! 503.113~14! 0.214~27!

II ~c! 0.1 503.373~27! 503.071~25! 0.302~37!

II ~i! 0.2 503.113~37! 502.843~29! 0.270~47!

’’ 0.3 502.755~19! 502.465~11! 0.290~22!
2-6
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The reproducibility of the results was tested in seve
ways: The measurements of the experiment I~c! were re-
peated in the experiment II~c! on a new sample with essen
tially the same results. In the@110# geometry the quadrupol

FIG. 7. 192IrFe, experiments II~c! and II~i!: MAPON spectra in
@100#, @110#, and 90° geometries.

TABLE III. 192IrFe: Quadrupole splittings in@100#, @110#, and
90° geometries.

Experiment Geometry Bext ~T! DnQ ~MHz!

I~c! @100# 0.005 21.102~8!

’’ ’’ 0.1 21.132~6!

’’ ’’ 0.3 21.185~8!

II ~c! ’’ 0.01 21.143~12!

II ~i! ’’ 0.2 20.976~7!

I~c! @110# 0.1 20.824~5!

’’ ’’ 0.2 20.831~9!

II ~c! ’’ 0.1 20.824~6!

’’ ’’ 0.15 20.817~6!

II ~i! ’’ 0.2 20.656~3!

’’ ’’ 0.3 20.666~4!

II ~c! 90° 0.1 21.108~11!

’’ ’’ 1.7 20.529~11!
01440
l

splitting was measured at two different magnetic fields. T
agreement of the respective results confirmed that the m
netization was completely oriented. Only in the experime
I~c! in the @100# geometry slightly different quadrupole spli
tings were obtained at different magnetic fields. The m
probable explanation are inhomogeneities in the stra
induced EFG that were correlated with inhomogeneities
the magnetic field dependence of the MAPON signal.

Equations~7! and~8! were used for the quantitative inte
pretation of the observed quadrupole splittings. To take
scatter of the crystallographic orientation and a possible m
alignment of the foils into account,u54.2(2.1)° was as-
sumed in the@100# geometry andu540.8(2.1)° in the@110#
geometry. In the 90° geometry atBext51.7 T, u564(7)°
was assumed. The three parametersDnQ

[100] ,
DnQ

[110]/DnQ
[100] , and DnQ

dis were determined vialeast
squaresfit with the following results:

DnQ
[100]520.987~14! MHz,

DnQ
[110]/DnQ

[100]50.659~15!,

DnQ
dis510.334~16! MHz.

DnQ
[110]/DnQ

[100] is in agreement with 0.643~8!, known
from experiments on single-crystal samples.4 This shows that
the Fe crystal between the sample holder and the foil co
pletely removed the discrepancy in the EFG between sin
crystalline foils and bulk single crystals.

Figure 8 illustrates this interpretation of the observ
quadrupole splittings: The anisotropy ofDnQ in the ~100!
plane is shown withoutVzz

dis ~solid line!, when the foils are

FIG. 8. 192IrFe: Quadrupole splitting as a function of the ang
between the magnetization and the@100# direction within the foil
plane. Solid line:Vzz

dis50. Dashed line:Vzz
disÞ0, magnetization

within the foil plane. Dotted line:Vzz
disÞ0, magnetization within one

of the other~100! planes. The data points are the observed quad
pole splittings.
2-7
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soldered on a thick Fe backing, and withVzz
dis, when the foils

are directly soldered on the Cu sample holder. In the la
case the quadrupole splitting is simply shifted by
21/2DnQ

dis, if the magnetization remains in thexy plane
~@100# and@110# geometries, dashed line!. Or the shift in the
quadrupole splitting changes from21/2DnQ

dis to DnQ
dis, if the

magnetization rotates in thexz plane (90° geometry, dotte
line!. The lines are predicted by the parameter set quo
above. The good agreement with the observedDnQ’s dem-
onstrates the consistency of this description.

It should be noted thatDnQ
dis was determined in two inde

pendent ways: By the different quadrupole splittings w
and without Fe crystal between the foil and the sam
holder, and by the different quadrupole splittings for in-pla
and out-of-plane orientation of the magnetization. The fi
method determines only the difference betweenDnQ

dis on the
Cu sample holder andDnQ

dis on the Fe crystal, the latte
method determinesDnQ

dis on the Cu sample holder directly
The fact that a consistent description of the data could
obtained with one value forDnQ

dis shows that there was n
residual strain-induced EFG, if the foils were soldered on
Fe crystal.

It should also be noted that the quadrupole splitting in
90° geometry is relatively insensitive tou as long asu
.45°. Thus, even if the error in the determination ofu had
been underestimated, this would not much affect the fi
results.

In view of the distinct modification of the electric hype
fine interaction, the question arises whether the magnetic
perfine splitting is also modified by the lattice distortion
the foils on the Cu sample holder. The respective breakin
the cubic lattice symmetry may indeed cause additional s
dipole or orbital contributions to the hyperfine field that a
of the same order of magnitude as the intrinsic anisotrop
the hyperfine field. However, these contributions do not v
with the direction of the magnetization within the samp
plane. Therefore, they do not affect the determination of
intrinsic anisotropy.

B. 191PtFe

The experiments on191Pt,198Au, and 199Au were per-
formed before the192IrFe experiment. Therefore, the effe
of the Cu sample holder was not known, the foils were
rectly soldered to the sample holder, and measurements
performed only in@100# and@110# geometries. Nevertheles
since the in-plane anisotropy of the magnetic hyperfine sp
ting is not affected by the lattice distortion, and since t
intrinsic quadrupole splittings were known from experime
on single-crystal samples,nm

[100]2nm
[110] and DnQ

dis could be
deduced.

Figure 9 shows the191Pt NMR-ON spectra in@100# and
@110# geometries. They could be well described by the
perposition of a broad and a narrow resonance. The r
nances were interpreted as then1 resonance, which is addi
tionally broadened by the inhomogeneous broadening of
quadrupole splitting, and then2 resonance, which is broad
ened only by the inhomogeneous broadening of the magn
hyperfine splitting, sincen25nm for I ( 191Pt)53/2.
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The two resonances were best separated in the@110# ge-
ometry. The intensity ratio between then2 and n1 reso-
nances,I 2 /I 150.26(3), was inperfect agreement with the
expected ratio. For then3 resonance,I 3 /I 1'20.05 was ex-
pected, which explains the absence of a significant sig
from this subresonance. Theleast squaresfit analysis of the
NMR-ON spectrum yielded:nm5320.044(12) MHz,DnQ
510.822(14) MHz, Gm50.28(3) MHz, and GQ
50.70(4) MHz. Gm andGQ are the inhomogeneous broa
enings ofnm andDnQ , respectively.

In the @100# geometry then2 resonance was less clear
separated, since the quadrupole splitting was broadene
more than 200% and then1 resonance extended beyond t
n2 resonance. To improve the precision of the determinat
of nm , a small part of the spectrum around then2 resonance
was measured again with improved statistics and freque
resolution. The middle part of Fig. 9 shows this spectru
The least squares fit analysis of both spectra
yielded nm5320.052(10) MHz, DnQ510.54(5) MHz,
Gm50.20(3) MHz, andGQ51.26(7) MHz.

In the @110# geometry this interpretation of the resonan
structure was confirmed by a MAPON measurement. T
MAPON spectrum is shown in Fig. 10. Its analysis yield
DnQ510.818(24) MHz andGQ50.91(8) MHz, which is
in reasonable agreement with the NMR-ON results.

The intrinsic quadrupole splittings are know
from an experiment on a single-crystal samp
DnQ

[100]510.13(5) MHz andDnQ
[110]510.300(11) MHz.12

FIG. 9. 191PtFe: NMR-ON spectra in the@100# and@110# geom-
etries at Bext50.1 T. DFM560.1 MHz ~top and bottom! or
60.075 MHz ~middle!. T518 mK ~top!, 24 mK ~middle!, and 15
mK ~bottom!.
2-8
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The difference to the quadrupole splittings in the sing
crystalline foils corresponds to

DnQ
dis521.04~6! MHz.

The anisotropy of the magnetic hyperfine splitting is

nm
[100]2nm

[110]510.01~2! MHz.

C. 198,199AuFe

For 199Au (I 53/2) the subresonance structure was clea
resolved. Figure 11 shows the NMR-ON spectra of199Au in
@100# and @110# geometries.

The least squaresfit analysis of the NMR-ON spectra
yielded the following hyperfine splitting frequen
cies at Bext50.1 T: nm5166.536(14) MHz and DnQ
521.052(14) MHz in the @100# geometry, nm
5166.503(11) MHz andDnQ520.772(11) MHz in the
@110# geometry. For convenience we also give the quad

FIG. 10. 191PtFe: MAPON spectrum in the@110# geometry at
Bext50.1 T. MAPON sweep from 316.8 to 323.4 MHz in 0.2 s.

FIG. 11. 199AuFe: NMR-ON spectra in@100# and @110# geom-
etries at Bext50.1 T. DFM560.25 MHz. T535(2) mK in the
@100# geometry and 17~1! mK in the @110# geometry.
01440
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pole splittings in terms ofDnQ of 198Au, the more often used
isotope for hyperfine interaction studies on Au: According
DnQ( 198Au)/DnQ( 199Au)50.627(5),10 the quotedDnQ’s
correspond toDnQ( 198Au)520.660(10) MHz in the@100#
geometry andDnQ( 198Au)520.484(8) MHz in the@110#
geometry.

In the @100# geometry these results were confirmed by
MAPON measurement on198Au. The MAPON spectrum is
shown in Fig. 12. Its analysis yieldedDnQ( 198Au)
520.653(6) MHz, in good agreement with the NMR-O
result.

The intrinsic quadrupole splittings are known from a pr
vious 198AuFe experiment on a single-crystal samp
DnQ

[100]520.608(18) MHz, DnQ
[110]520.399(10) MHz.13

If these data are compared with the quadrupole splitting
the single-crystalline foils,

DnQ
dis~ 198Au!510.144~30! MHz

is obtained. The anisotropy of the magnetic hyperfine sp
ting is

~nm
[100]2nm

[110]!~ 199Au!510.03~2! MHz.

V. DISCUSSION

A. Strain-induced EFG

Using Q( 198Au)510.640(19) b,10 Q( 191Pt)520.87(4)
b,14 and Vzz

[100](IrFe)524.02(5)31016 V/cm2,4 the follow-
ing principal components of the strain-induced EFG are
tained:

AuFe: Vzz
dis510.37~8!31016 V/cm2,

PtFe: Vzz
dis510.99~7!31016 V/cm2,

IrFe: Vzz
dis511.36~7!31016 V/cm2.

These are small EFGs. They correspond to changes in
population numbers of the 5d orbitals of the order of 1023.4

The following findings supported the hypothesis that t
compression of the Fe foils due to the different thermal c
traction of the sample holder caused an additional stra
induced EFG.

FIG. 12. 198AuFe: MAPON spectrum in@100# geometry at
Bext50.1 T. MAPON sweep from 256.9 to 261.9 MHz in 0.2 s.
2-9
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~i! The deviation of the quadrupole splitting in singl
crystalline foils from the quadrupole splitting in single cry
tals is about the same in@100# and @110# geometries but
changes the sign if the sample is magnetized perpendicul
the foil plane. This points to an additional EFG in the sing
crystalline foils with symmetry axis perpendicular to the fo
plane.

~ii ! A thick Fe crystal between the foils and the samp
holder completely removes the additional EFG. This sho
that the origin of the effect lies outside of the foils.

~iii ! An order of magnitude estimate is possible within t
point charge model: The relative length changes betw
room temperature and 5 K are d l / l 522.0431023 for Fe
andd l / l 523.2431023 for Cu.15 If the Fe foils undergo the
same length change as the Cu sample holder, an in-p
strain of d l / l 521.231023 is the result. According to the
Poisson ratio of Fe,n50.37, this should be accompanied b
a tensile strain perpendicular to the sample plane ofd l / l 5
11.431023.16 Within the point charge model this tetragon
distortion of the bcc lattice leads to an EFG of about22.5
31023 (12g`)Ze/a3.17 Taking (12g`)550 for the Stern-
heimer antishielding factor,18 Z54 for the effective charge
a52.86 Å for the lattice constant, and taking into accou
that the EFGs in noncubic group VIIb and VIIIb elements
are by about a factor of22 larger than the estimates withi
the point charge model,19 we predict Vzz

dis510.6
31016 V/cm2. This is consistent with the observed order
magnitude and the sign ofVzz

dis. In passing we note that mag
netostrictive strains are only of the order of 1025 to 1024.
They are, therefore, negligible in the present context.

The thickness of the sample certainly favors the relaxa
of the induced lattice distortion. However, we have no qu
titative explanation why the distortion is almost complete
relaxed in the bulk single crystals but not in the sing
crystalline foils. Accordingly, we also do not know the actu
distortion of the lattice in the single-crystalline foils. It ma
well be smaller than calculated on the basis of the ther
constrictions of Fe and Cu, and it may be sensitive to det
of the sample preparation and the soldering proced
Therefore, the quotedVzz

dis should not be regarded as an i
trinsic property of the respective impurity host system.

B. Anisotropy of the hyperfine field

The following anisotropies of the hyperfine field can
deduced from the observed magnetic hyperfine splitting
quencies:

AuFe: BHF
[100]2BHF

[110]520.016~9! T,

PtFe: BHF
[100]2BHF

[110]520.003~6! T,

IrFe: BHF
[100]2BHF

[110]520.073~8! T.

Compared with the total hyperfine field, the anisotropies
only 5.4(6)31024 for IrFe, 0.2(5)31024 for PtFe, and
2.0(11)31024 for AuFe.

The anisotropy of the hyperfine field is a spin-orbit effe
The two main contributions are the anisotropy of the orb
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hyperfine field and the anisotropy of the spin-dipole fie
The effect provides additional information on the modific
tion of the electronic structure by the spin-orbit couplin
The 5d impurities in Fe, which have also been studied v
the local orbital moment and the spin-orbit EFG,4,20 become
an experimentally particularly well-studied set of systems
this respect.

The contribution of the local orbital moment to the hype
fine field of the 5d impurities in Fe is of the order of 10
T.21,22 However, in a perturbative treatment of the spin-or
coupling, in cubic lattice symmetry the orbital moment
isotropic in first order. The dependence on the direction
the magnetization arises only in third order.5 This introduces
an additional factor (j/W)2, where the spin-orbit coupling
strengthj is of the order of 0.4 eV for the 5d elements and
the bandwidthW is of the order of 5 eV.

For a realistic estimate of the orders of magnitude, mo
calculations were performed using the expressions give
the Appendix. The partial densities of states of the 5d impu-
rities in Fe were taken from Ref. 11, where they had be
obtained by the full-potential linearized augmented pla
wave method using a supercell with one impurity and se
Fe atoms.j and^r 23& were taken from Ref. 23, where the
had been calculated for the free atom.

According to these calculations, the following orders
magnitude are to be expected: The third-order contribution
the orbital moment is of the order of several percent of
first-order contribution. Its anisotropy is of the order of 10%
leading to a relative anisotropy of the orbital moment of t
order of several 1023. The respective anisotropy of the o
bital hyperfine field is of the order of 0.1 T. It is thus
potential source of the observed anisotropy of the hyper
field.

Although the anisotropy of the orbital moment is ve
small in cubic lattice symmetry, its study is of general inte
est, since it is thought to be the main source of the magn
anisotropy energy and the magnetostriction.5,24

The second potential source of the anisotropy of the
perfine field is the spin-dipole fieldBdip , which arises from
the noncubic spin distribution around the nucleus. It
closely related toVz8z8 , which arises from the noncubi
charge distribution. If the contributions of the spin-up (↑)
electrons and the spin-down (↓) electrons are distinguished
this relation can be expressed in the following ways:

Bdip
↑ 520.0644Vz8z8

↑ ,

Bdip
↓ 510.0644Vz8z8

↓ , ~9!

whereVz8z8 is expressed in 1016 V/cm2 andBdip in T.
In cubic lattice symmetry both the noncubic spin and t

noncubic charge distributions are spin-orbit effects. Th
arise in second-order perturbation theory and depend alre
in this order strongly on the direction of the magnetizatio
The latter feature explains whyBdip is important for the an-
isotropy ofBHF, but negligible for the much larger isotropi
part of BHF.

The order of magnitude of the anisotropy ofBdip can be
estimated via Eq.~9!: For the 5d impurities in Fe the anisot-
ropy of Vz8z8

so is in the range 0.1–1.531016 V/cm2. Accord-
2-10
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Fe FOILS WITH SINGLE-CRYSTAL-LIKE TEXTURE . . . PHYSICAL REVIEW B 68, 014402 ~2003!
ingly, the anisotropy ofBdip is expected to be in the rang
0.005–0.1 T. This also agrees with the magnitude of the
served anisotropies.

Information onBdip provides a more detailed picture o
the noncubic charge distribution, since it allows the divisi
into a spin-up and a spin-down part via Eq.~9!. Unfortu-
nately, only the anisotropic part ofBdip is accessible to the
experiment, and only the combined anisotropy of the sp
dipole field and the orbital field is actually measured.

C. Single-crystalline foils for hyperfine interaction studies

The use of single-crystalline foils will enable the study
spin-orbit EFGs and their anisotropy, defect-associa
EFGs, nuclear quadrupole moments, and the anisotrop
the hyperfine field in cases where the impurity elemen
best introduced by alloying or by recoil implantation.

The determination of the quadrupole moment of192Ir,
an isotope which is easily produced by neutron activati
provides an example for this kind of applicatio
Taking DnQ

[100]( 192Ir) 520.987(14) MHz from this

work, I ( 192Ir) 54, DnQ
[100]( 188Ir) 526.93(6) MHz,25

Q( 188Ir) 510.484(6) b,26 and I ( 188Ir) 51, we derive
Q( 192Ir) 511.93(4) b, which is slightly smaller than prev
ously assumed.26

In order to measure only the intrinsic hyperfine splitti
and to obtain results that are comparable to the result
other experiments, attention must be paid that the ther
constriction of the sample holder does not introduce an
ditional strain-induced EFG. We have demonstrated that
kind of strain can be avoided, for example, by a thick
backing of the foils.

The slight scatter in the orientation of the crystallograp
axes will lead to deviations from the nominal crystall
graphic orientation of the magnetization. However, the
sulting error in the hyperfine splitting frequencies is sma
For example, if we assumeDb57° and a misorientation o
the foils relative to the magnetic field of less than 3°, t
mean square angular deviation from the nominal orienta
of the magnetization is less than 5°. If the anisotropy of
respective hyperfine splitting is of the form of Eq.~5!, this
corresponds to an error of less than 3% of the anisotrop

The strain-induced EFG does not need to be only a
turbance for the determination of the intrinsic EFG. It rep
sents also a possibility of tuning the EFG, which might
useful for the determination of quadrupole moments
NMR-ON and MAPON in special cases. For example, in o
experiments the EFG of PtFe was increased by more
100% by the strain-induced EFG. It should be possible
vary the magnitude of the additional EFG via the substrate
the foils. The technique may also be used to introduc
small EFG with well-defined symmetry axis into nonma
netic cubic host foils.

Quadrupole splittings from previous NMR-ON expe
ments on conventional polycrystalline foils are difficult
interpret, since usually neither the texture nor the strain
the samples were investigated.

For example, in the past controversial results were
tained for the quadrupole splitting of191PtFe~Refs. 27 and
01440
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28!: In several NMR-ON experiments a more or less distin
two-peak structure of the resonance spectrum was obser
This was interpreted either as a quadrupole splitting, or, si
the structure could be made to disappear by annealing of
sample, as a defect-associated structure of the magnetic
perfine splitting. Our experiments suggest that the resona
structure was indeed of quadrupolar origin, and that the
appearence of the structure was due to a change in the st
induced EFG.
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APPENDIX: ANISOTROPY OF THE ORBITAL
HYPERFINE FIELD IN THIRD-ORDER PERTURBATION

THEORY

In Ref. 11 a simple Green’s function formalism for spi
orbit effects at heavy impurities in ferromagnetic metals h
been derived. The formalism combines the treatment of
spin-orbit coupling in perturbation theory with the tigh
binding model and the neglect of the spin-orbit coupling
the host. It allows one to express spin-orbit effects in ter
of the spin-orbit coupling strength and the local density
states of the system without spin-orbit coupling. The a
proach cannot replaceab initio calculations, but it repro-
duces the basic properties of the effect and gives some
sight into the underlying physics.

In Ref. 11 the formalism has been applied to the orb
moment and the spin-orbit EFG. Here we give the express
for the orbital moment in third-order perturbation theor
This is the first anisotropic contribution to the orbital m
ment, since the first-order contribution is isotropic in cub
lattice symmetry, and all even-order contributions vanish.5,11

Using the notation of Ref. 11, the third-order contributio
to the orbital moment can be expressed in the follow
form:

^ l z8&
(3)5j3EeF

(
stuv

(
i jkl

ci jkl
stuvV i jkl

stuv~e!de, ~A1!

V i jkl
stuv~e!52~1/p!Im@Gi

s~e!Gj
t~e!Gk

u~e!Gl
v~e!#,

~A2!

Gi
s~e!5PF E r i

s~e8!

~e2e8!
de8G2 ipr i

s~e!, ~A3!

The superscriptss, t, u, andv denote the spin direction (↑
and↓ for spin-up and spin-down!, the subscriptsi, j, k, andl
denote the orbital character (t ande for t2g andeg orbitals!
of the involved electron orbitals. The input of Eq.~A1! are
the spin-orbit coupling strengthj and the local partial den
sities of statesr i

s(e) at the impurity.
2-11
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*eFV i jkl
stuv(e8)de8 is the contribution from the admixtur

of i
s , j

t , k
u , and l

v orbitals by the spin-orbit coupling. The in
dividual contributions are weighted by theci jkl

stuv coefficients.
The 16 different nonvanishing coefficients are given by

ctete
↑↑↑↑5422F~a!,

cttte
↑↑↑↑52F~a!,

ctttt
↑↑↑↑51/4,

ctete
↑↑↓↑5212F~a!, ~A4!

cetet
↑↑↓↑52F~a!,

cttet
↑↑↓↑522F~a!,

cttte
↑↑↓↑5223F~a!,

ctttt
↑↑↓↑51/2,

ci jkl
↓↓↓↓52ci jkl

↑↑↑↑ ,

ci jkl
↓↓↑↓52ci jkl

↑↑↓↑ ,

F~a!53~ax
2ay

21ay
2az

21az
2ax

2!. ~A5!

The dependence of theci jkl
stuv’s on the direction of the mag

netization determines the anisotropy.ax , ay , andaz are the
directional cosines of the magnetization with respect to
cubic axes.F(a)50 for M i@100#, 53/4 for M i@110#, and
51 for M i@111#.
ch
F.
a,

rd

ys

01440
e

Equation~A1! was applied to various realistic densities
states. The following general observations were made:

~i! The third-order contribution to the orbital moment
smaller than the first-order contribution by a factor of t
order of 10(j/W)2.

~ii ! The anisotropy of the third-order contribution is of th
order of 10% or less. One main reason for the small anis
ropy can be understood from theci jkl

stuv coefficients of Eq.
~A4!. For the↑↑↑↑ and the↓↓↓↓ contributions theeg orbit-
als have somewhat more weight forM i@100# and thet2g

orbitals for M i@111#. Just the reverse is true for the↑↑↓↑
and the↓↓↑↓ contributions. Due to these opposite trends,
anisotropies of the individual contributions largely canc
each other.

~iii ! The sensitivity of̂ l z8&
(3) to band structure details i

comparable to that of the spin-orbit EFG.11 However, due to
the mentioned large cancellation between the individual c
tributions, the anisotropy of̂l z8&

(3) is distinctly more sensi-
tive. For example, in the 5d series from ReFe to AuFe
^ l z8&

[100]2^ l z8&
[111] changes the sign four times, where

^ l z8&
(3) changes the sign only two times.

Within the tight-binding approach the orbital hyperfin
field can be derived from the orbital moment by the follow
ing expression:

BHF
orb512.52̂ r 23&^ l z8&, ~A6!

where^r 23& is expressed in units of the Bohr radius andBHF
orb

in T.
el-
v.
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