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Fe foils with single-crystal-like texture for hyperfine interaction studies:
Anisotropy of the hyperfine field in Fe
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1-pum-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
199y, 191,198y, and 1°°Au. 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 0] and[110] orientations of the magnetization "
—-B[%=—0.073(8) T,—0.003(6) T, and-0.016(9) T, respectively.

DOI: 10.1103/PhysRevB.68.014402 PACS nuntder76.60.Jx, 75.50.Bb, 76.60.Gv, 76.8Q.

[. INTRODUCTION Afield where these single-crystalline foils may be particu-
larly useful is the dependence of the hyperfine field on the
For a long time about Jem-thick, coldrolled, polycrys- crystallographic orientation of the magnetization. Presum-
talline Fe or Ni foils were the standard samples for nuclea@bly due to its smallness, this anisotropy has not been ob-
magnetic resonance on oriented nu({NMR_ON) experi_ served before, to our knpwledge. A realistic ?dea of the ex-
ments. Many nuclear magnetic moments of unstable isotopdected order of magnitude can be obtained from the
and many impurity hyperfine fields were determined using@nisotropy of the magnetic moment of Fe and Ni, which is of

those samples? In contrast to single crystals, the polycrys- the order of X107, . . .
talline foils are cheap, easy to produce, and allow the pro- In this context, single-crystalline foils offer the following

duction of radioactive impurities by neutron activation or 2dvantages: The demagnetization field in bulk single crystals
recoil implantation is in general different for different orientations of the mag-

It is well known that in these foils the crystallographic netization, if the sample shape andfor the position of the

axes are not randomly oriented, but are more or less ali ne%robe nuclei within the sample are not perfectly symmetric.
y ' INFhe estimation of this “anisotropy” of the demagnetization

along certain directions. This texture depends sensitively Ogg|q ropresents a source of error, which is absent in the case
details of the coldrolling and annealing during the preparays thin foils, where the demagnetization field is negligible.
tion of th.e foils. It is also known that a suitable chq|ce of the Moreover, the inhomogeneous broadening of the magnetic
preparation parameters can lead to an almost uniform alignesonance is often smaller in polycrystalline foils than in
ment of the crystallographic axes. This effect has been use@y|k single crystals. This may be due to difficulties in the
for example, to producél00) oriented Ni substrates for ep- surface preparation of the single crystals or to the spread of
itaxial film growth of highT superconducters. the demagnetization field in nonellipsoidal samples. In any
For hyperfine interaction studies the polycrystalline naturecase, a small linewidth is decisive, since the quadrupole
and the texture of the samples is without significance as longplittings in Fe and Ni are so small that they readily disap-
as the hyperfine interaction is independent of the angle bgear within the inhomogeneous broadening of the resonance.
tween the magnetization and the crystallographic axes. HowHowever, they must be resolved for a precise determination
ever, the electric field gradietEFG), which is in cubic Fe of the magnetic resonance frequency.
and Ni a spin-orbit effect, was recently shown to depend A further feature of the hyperfine interaction in thin Fe
strongly on this anglé.Moreover, due to the anisotropy of foils emerged in the course of the experiments: Evidence was
the orbital moment, even the magnetic hyperfine field found that, in addition to the spin-orbit-induced EFG, a
should depend on the direction of the magnetization, alStrain-induced EFG was generated by the different thermal

though this anisotropy is expected to be very small in Cubié:onstrict.ion of the Fe foil and the Cu sample holder during
lattice symmetry. the cooling down of the sample to very low temperatures.

: : This complex of problems—the use of single-crystalline foils
The idea was, therefore, to produceuin-thick polycrys- X S g !
talline Fe foils with a single-crystal-like alignment of the to determine the hyperfine interaction, the anisotropy of the

X ; : ) . yperfine field, and the strain-induced EFG—was investi-
crystallographic axes to combine the uniform orientation o : . . L .
. . X X ated via the magnetic and electric hyperfine interactions of
the crystallographic axes in single crystals with the thinnes

9 19 198 199 H i P H
and the less elaborate sample preparation of coldrolled foils. Ar, 2Pt A, and 1*°Au impurities in these foils.

In the following we will refer to such polycrystalline foils Il. PREPARATION OF SINGLE-CRYSTALLINE FOILS

with very sharp texture shortly as single-crystalline foils as

opposed to bulk single crystals and ordinary polycrystalline Dilute Fe alloys were prepared by melting Fe (purity
foils. >99.999%) with the desired amount of the impurity element
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TABLE I. Angular spreadfull width of half-maximum) of the
texture of various dilute Fe alloys. The error 88 is of the order
of 1°.

Ir(0.01at.%)Fe| rolling direction

Alloy ApB (deg Alloy AB (deg

Au(0.01%Fe 54 R©0.2%Fe 8.0
P10.1%Fe 8.4 N{0.1%Fe 9.6
Ir(0.01%Fe 6.5 Col%)Fe 12.0
040.1%Fe 7.0 pure Fe 10.4

after
rolling:

effect is also illustrated in Fig. 2, where the pole figures of a
pure Fe foil are showrii) The thickness of the samples had
after to be reduced during the rolling by at least a factor of 100 to
annealing: obtain a sufficiently strong texture before the annealifig.
@ The foils should be annealed only after the final thickness is
+ reached: The rolling of annealed foils distinctly reduced the
@ @ already achieved sharpness of the textuie). During the
° annealing the sharpness of the texture approaches a limit that
depends on the texture before the annealing. The used tem-
perature and duration of the annealing were well sufficient to
reach this limit. Annealing for longer times or at higher tem-
FIG. 1. Pole figure of the F&L10) reflex of an 1(0.01-at.%Fe  peratures led to no significant improvement of the texture.
single-crystalline foil before and after the final annealing. The pat- No efforts were undertaken to increase the grain size, for
tern with four peaks under 45° to the plane normal is characteristiexample, by prolonged annealing, since for hyperfine inter-
for a(100) plane. The sharpness of the pattern is a direct measure ¢{ction studies only the uniform orientation of the crystallo-
the sharpness of the texture. graphic axes is decisive.
. Lo Several attempts to produce single-crystalline Ni foils in
in an electron beam furnace in high vacuum. the same way failed. The produced Ni foils were clearly
Single-crystalline foils with very sharp texture were pro- eyired, but the texture had several different components
duced in the following way: About 1-mm-thick pieces of the 54 \as not sharp. In this context the thickness of the foils
dilute alloy were sandwiched by 0.5-mm-thick stainless steegeemS to be important: Ni foils that were rolled down to
plates and rolled down to a thickness of abouttth. The

thickness reduction per rolling pass was of the order of 5%.

The rolling direction was held constant. After the rolling the pure Fe rolling direction

foils were annealed for-4 h at~850°C in high vacuum

(<10 " mbar), and subsequently slowlyover ~4 h)

cooled down to room temperature. All experiments described

below were performed on such foils. after
The texture of the foils was characterized by pole figures. rolling:

Figure 1 shows the pole figures for afi0i01 at. %Fe alloy.

The foil plane proved to be &00 plane with the[110]

directions in the plane parallel and perpendicular to the roll-

ing direction. The orientation of the crystallographic axes

was not perfectly uniform. The respective angular spread can

be characterized by the full width of half-maximutg

across one of the peaks of the pole figure. For the example

shown in Fig. 1,AB was about 6.5° after the annealing of

the foil. after
Figure 1 also illustrates the effect of the annealing: A annealing:

distinct, but still rather irregular texture is already present

before the annealing. Its distinctness is decisive for the

sharpness of the texture after the annealing.
For the final sharpness of the texture, the following points

proved to be important{ii) Heavy impurities, even in rela-

tively small concentrations, promote the sharpness of the tex-

ture. This can be seen from Table |, whex@ is listed for

various alloysA g is distinctly larger in pure Fe foils or foils FIG. 2. (110 pole figure of a pure Fe single-crystalline foil

with 3d impurities than in foils with 8l impurities. This  before and after the final annealing.
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10-um thickness showed a moderately uniform texture aftesubresonances. The resonance between the magnetic sub-
the annealing, and about 1@am-thick Ni tapes with sharp Statesm) and|m+ 1) is given by
texture are commercially available.
Vmmt+1= Vm— Avg(m+1/2). 2
lll. EXPERIMENTAL TECHNIQUES The subresonance_between the most populated sublevels
=] and m=(l—1) is referred to as the, resonance, the
The radioactive probe nuclei were produced by neutrorsubresonance betweemn=(1—1) andm=(l—2) as thev,
irradiation of the single-crystalline Fe foils, either at the Mu- resonance, and so on.
nich FRM | reactor for 10 d by % 10" n/(cn?s) or at the The magnetic resonance frequeney and the subreso-
research reactor in ich for 26 d by 1.8<10**n/(cns). In  nance separatioa v, are related to the hyperfine field and
the first case six %8 mn¥ pieces of the foils were used, in the EFG by
the latter case only one piece. After the irradiation the foils
were annealed fol h at ~700°C to heal out the lattice _|9MN

damage due to the irradiation. vm=| "~ (Burt KBex], ®3)
The impurity concentrations were 0.01-at.% Ir for the ex-

periment on*¥4r, 0.1-at.% P*°%Pt isotopically enriched to eQV, . 3

5.7%) for the experiment ofi*Pt, and 0.01-at.% Au and 0.1 Avg= h 2121 (4

at.% Pt(unenriched for the experiment ort®®Au and*°Au.

The respective spreads in the texture were abay@  Hereg is the nucleaqg factor, uy is the nuclear magneton,

=6.5°, 8.4°, and 7.4°. Byr is the hyperfine fieldBey is the external magnetic field,
The hyperfine interaction was measured by NMR-ON.K is a parameter that describes Knight shift and diamagnetic

This NMR technique uses as the signal the anisotropic emisshielding,eQis the nuclear quadrupole moment, and, is

sion of they radiation from oriented radioactive probe nu- thez'z’ component of the EFG tensa’. denotes the direc-

clei: The NMR-ON spectrum is the anisotropy recorded as tion of the magnetization.

a function of the applied rf frequenéyDue to the radiative If the subresonance structure of the resonance is clearly

detection of the resonance, NMR-ON is very sensitive andresolved,v,, and Av, can be determined directly from the

therefore, well suited to investigate the hyperfine interactioNMR-ON spectrum. If the inhomogeneous broadening of the

at impurity atoms and the nuclear moments of unstable isoresonance is larger than the quadrupole splitting, the quadru-

topes. pole splitting can be determined by modulated adiabatic fast
To orient the nuclei, the foils were soft soldered with Galnpassage on oriented nucl®APON).2° This technique uses

to a Cu sample holder, mounted into *#e-*He-dilution  an adiabatic fast passage of two rf fields with fixed frequency

refrigerator, and cooled down to about 10 mK. The temperaseparatiom v. The vy anisotropy after this “modulated pas-

ture was measured by a separ&f€oCo(hcp) nuclear ori- sage” is recorded as a function afy. This MAPON spec-

entation thermometer on the sample holder. A magnetic fieltrum is, apart from a prefactor, the integral over the distribu-

of up to 1.7 T could be applied by a superconducting magnetion P(Avq) of the quadrupole splitting. For more details to

Four Ge detectors were placed at 0°, 90°, 180°, and 270the MAPON technique we refer to Refs. 8—10.

with respect to the magnetic field to measure thanisot- The dependence &f,,, on the direction of the magneti-

ropy. In most cases the count rate ratio zation allows to separate different contributions to the EFG.

The spin-orbit-induced part d¥,,,, is in lowest-order per-

e=[W(0°)+W(180°) J/[W(90°) +W(270°]—1 (1) turbation theory of the following forf:

was analyzed. Vi?i?)-k Vi?;z)( a)z(a)zl-i- a§a§+ aga)z( . 5)
The sample was mounted in such a way that the magnetig,, «,, anda, are the directional cosines between the di-
field was applied either along one of th&00] directions  rection of the magnetization and the cubic axeg andz. If
within the foil plane([100] geometry, or along one of the there is a lattice distortion with axial symmetry along the
[110] directions within the foil plang[110] geometry, or  axis, there is an additional contribution ¥.,, of the form
along the/100] direction perpendicular to the foil plane (90° _
geometry. The sample-plane normal pointed to the 90° de- VIS(3/2a2—1/2), (6)
tector in[100] and[110] geometries, and to the 0° detector dis - o )
in 90° geometry. These are the nominal orientations. DeviaVNereVz; is the principal component of the respective EFG.
tions arose from the angular spread of the crystallographic T0 analyze the anisotropy avq in this work, the fol-
orientations around the rolling direction, which can be charlowing parametrization oA v proved to be convenient: The
acterized byA 8, and from the unavoidable misalignment of SPin-orbit-induced part o v was described by its values
the sample relative to the magnetic field, which was less thafer [100] and[110] orientation of the magnetization, v, **

3¢, andA 5. The lattice-distortion-induced part dfvg was
In Fe the electric hyperfine interaction is much smaIIerdeschribed by its value far orientation of the magnetization,
IS

than the magnetic hyperfine interaction. The NMR spectrumi v5”. Thez axis of the lattice distortion was assumed to be
of an isotope with nuclear spihconsists of 2 equidistant perpendicular to the plane of the sample foil.[f00] and
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[110] geometry the magnetization remains within {1©0 :

plane of the foil(xy plane. Equationg5) and(6) then imply 1.0 ¢go-—¢--°¢ .
the following dependence of the quadrupole splitting on the !
angle # between the magnetization and {i€0] direction:

1

1

¢ soldered on Cu
Avg(0)=Av5%%cog(20) + Avh Tsir?(26) - 12A 13 0.5
@

In the 90° geometry the magnetization also remains within a
(100 plane, but now thexz plane, which is perpendicular to 0.0 L —eo : [110] geometry
the sample plane. The quadrupole splitting is then given as a ’
function of the angled between the magnetization and the 1.0 F [%®1rFe i
[100] direction within the sample plane by —

¢ -+ :[100] geometry

Avg(0)=Av5%%cog(26)+Av5 Tsir?(26)

+Av3T3/2sirf(6) - 1/2]. (8)
soldered on Fe

IV. EXPERIMENTAL RESULTS

0.0 1 1 1 1 L.

. . . ) 0O 0.05 0.1 0.15 02 025
In a first experiment[experiment (c)], the single- Boy (T)
X

crystalline foils were soldered directly onto the sample

holder and measurements were performed.00] and[110] FIG. 3. ArFe: Magnetization curves ifL00] and[110] geom-
geometries. In a second experiméexperiment I(c)], these etries without(top) and with (bottom) thick Fe crystal between foil
measurements were repeated on a newly prepared set of fodad Cu sample holder. The anisotropy of the 468 keV transition
and additional measurements were performed in a 90° geomvas analyzed.

etry. Finally[experiment I{i)], one of the foils was soldered

on a thick Fe crystal which was in turn soldered on thesplitting should change the sign and become twice as large
sample holder. In this configuration measurements were peihen the sample is magnetized perpendicular to its plane in
formed in[100] and[110] geometries. the 90° geometry.

This set of measurements became necessary for the fol- The Fe single-crystal disk between the foil and the sample
lowing reason: In the experiment(c), AvrE1%/AH%  holder in the experiment(il) was 0.51 mm thick and 10 mm

=0.724(14) was observed, wheread Vglo]/A ool in diameter. Its plane was @00 plane as the plane of the
=0.643(8) was known from experiments &#ir and*®9r in foil, and its crystgllographlc axes within the plane were also
Fe single crystalé.To explain this discrepancy by a devia- @lways oriented in the same way as those of the foil. Only
tion of the actual from the nominal orientation of the One 4<4-mn¥ foil was placed in the center of the single-
magnetization—either due to an erroneous orientation of thrystal disk to minimize the asymmetry in the demagnetiza-
foils or due to the presence of texture components that aréon field. _

not visible in the pole figures—the deviation would had to be !N the 90° geometry a special sample holder was used that
of the order of 10° in each geometry. This was rather im_face_d_ the magne_uc field instead of being parallt_al to it. In
probable. addition, a special®®CoCo(hcp) nuclear orientation ther-

Therefore, the following hypothesis was developed: Themometer was used withaxis perpendicular to the thermom-
cooling down of the Fe foils on the Cu sample holder |eads§9ter plane to ensure that the magnetic field and the magneti-
due to the different thermal expansion coefficients of Fe andation of the thermometer are always parallel.

Cu, to a lattice distortion with symmetry axis perpendicular
to the foil plane, which in turn induces an EFG with princi-
pal axis perpendicular to the plane. For IrFe the respective The orientation of the magnetization by the magnetic field
strain-induced contribution to the quadrupole splitting haswvas monitored via the respective increase of $hanisot-

the same sign as the spin-orbit-induced quadrupole splittingopy. Figure 3 shows the respective magnetization curves for
and brings the ratia\ v %A 5% closer to 1. For some [100] and[110] geometries. The quantiti/in Fig. 3 is the
reason this effect is much smaller for bulk Fe crystals. attenuation of they anisotropye with respect to the expected

The additional measurements tested this hypothesis in twealue for complete orientation of the magnetization.
ways: First, if the discrepancy between the quadrupole split- The orientation along the magnetic field saturated at al-
tings in foils and bulk single crystals is due to the thermalmost zero field if100] geometry and at about 0.06 T in the
constriction of the sample holder, it should be removed by110] geometry, in accordance with the magnetic anisotropy
the Fe crystal between the foils and the sample holder. Seenergy of Fe. If the thick Fe crystal was used as the substrate,
ond, if an additional EFG with symmetry axis perpendicularthe saturation was shifted towards higher fields, in accor-
to the foil plane is present, its contribution to the quadrupoledance with a demagnetization field of about 0.1 T. All

A. ¥3rFe

1. y anisotropy measurements
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T ' : T At 1.7 T, where the MAPON measurement in the 90°
L - soldered on Cu | geometry was performed, the normalized count rates in 0°
1.2 "R 90° geometry o ; o ;
¢ ~e and 90° could be described 8y= 64(7)° and arattenuation
- : AW factor f=0.479). The largeattenuation makes the determi-
S 10F—~ KN a ] nation of # somewhat ambiguous, since it shows that at least
o v in part of the sample strongly different orientations of the
= e magnetization were present. Neverthele8s,64(7)° was
= o8 | . | used for the interpretation of the measured quadrupole split-
e - 1921 Fe ting, assuming that most of the MAPON signal came from a
= — fraction of probe nuclei with relatively uniform magnetiza-
*---s: W(0°) tion behavior, whereas the anisotropy from the rest of the
0.6 ] sample largely canceled out. This assumption was supported
—e: W(90°) by the amplitudes of the MAPON signal in the 0° and 90°
L L L L detectors, which showed that the signal came from nuclei
0 0.5 1 1.5 with #>55°, and by the relatively small width of the
Bext (T) MAPON spectrum, which precluded a large spread in the
N orientation of the relevant probe nuclei.
FIG. 4. **4rFe, 90° geometry: Count raté468 keV transition The rotation of the magnetization out of the sample plane

in the 0° and 90° detectors as a function of the magnetic field. The,.oceeded distinctly faster than calculated. At 1.7 T, for ex-
ratgs are norr_nahzed to 1 for isotropjcemission. The temperature ample,0="50.4° is predicted, if the magnetic field is applied
varied only slightly between 11.7 and 13.7 mK. exactly perpendicular to the foil plane, ameg=47.0° for a
realistic misorientation of 2.5°. It is not clear why the per-
NMR-ON and MAPON measurements [100] and [110] pendicular orientation was less disfavored than expected.
geometries were performed well above the respective saturdhe presence of the Qucp) thermometer at the other side of
tion fields. the sample holder, the formation of a favorable domain struc-
In 90° geometry a magnetic field of 2.2 T is necessary tdure, or the lattice distortion along the sample normal may
overcome the demagnetization field and orient the magnethave played a role.
zation perpendicular to the foil plane. But the maximum
available field was only 1.7 T. Therefore, the orientation was
incomplete, and the direction of the magnetization had to be Figure 5 shows as an example the NMR-ON and MAPON
determined via they anisotropy. spectra in thd100] geometry atB.,=0.1 T of the experi-

Figure 4 shows the normalized count rates in the 0° andent kc). The NMR-ON spectrum shows an only partially

90° detectors as a function of the magnetic field. To underresolved subresonance structure. Its shape can be well de-

stand this magnetization curve, it is useful to recall that théscril_)ed by the superposition Qf the first five subresonalnges,.if
magnetic field is applied perpendicular to the foil plane to-the inhomogeneous broadening of the quadrupole splitting is

wards the 0° detector, and that f&r the ¥ emission par- taken into account, which broadens thg resonance much

. . L ; more than thes, and v5 resonances.
allel to the orientation axis Is reduced by_roughly twice Fhe Figure 5 also illustrates the importance of the MAPON
amount by which it is enhanced perpendicular to the orien

. ; technique: In principle the information on the quadrupole
tation axis.. _ o splitting is already contained in the NMR-ON spectrum. But

In zero field they anisotropy was very small, pointing t0 jis gerivation can be problematic, if the spectrum shape is
a rather random distribution of the orientation of the magneyready rather involved. The direct determination of the
tization. The application of a small field led to a relatively quadrupole splitting by MAPON establishes the quadrupolar
complete in-plane orientation of the magnetization towards)rigin of the shape of the NMR-ON spectrum, and avoids the
the 90° detector: About 75% of the anisotropy which is  need to make assumptions on the distribution gf
expected for this orientation were reached at 0.15 T. This The quadrupole splittings that were deduced from the
was probably due to a small in-plane component of the magNMR-ON and MAPON spectra were in some cases slightly
netic field, which resulted from a slightly imperfect orienta- different. For exampleA vo=—1.132(6) MHz was deduced
tion of the sample holder, especially with respect to rotationgrom the MAPON data of Fig. 5, whereaf\ vo=
within the detector plane. —1.186(12) MHz was deduced from the NMR-ON data.

With increasing field the magnetization was rotated out ofThis may point to the presence of regions with slightly dif-
the plane towards the 0° detector. Accordingly, in the magferent quadrupole splittings that are differently weighted by
netization curve the roles of the 90° and 0° detectors arghe NMR-ON and MAPON techniques. Or the extraction of
successively interchanged. The relative size of the normakhe quadrupole interaction from NMR-ON spectra with
ized count rates in the 0° and 90° detectors can be used tarongly overlapping subresonances is not as accurate as sug-
determine the direction of the magnetization. For examplegested by the results of theast squaredit.
the angled between the magnetization and the foil plane is Consequently, the MAPON result was regarded as the
45°, if the count rates in both detectors are equal. This wamore reliable value and adopted as the final result for the
the case at a field of about 1.35 T. qguadrupole splitting. However, the NMR-ON spectrum was

2. NMR-ON measurements
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soldered on Cu Bet =0.1T
001 | [100] geometry | 0.005 [ M || [100] ]
on Cu
3
0.000 .
4 Bo=0.1T ]
v ext
0.00 - 0.010 | m .
Y Us Uy Vg U Y ‘ M| [110]
A L L L A L 0.005 | on Cu A
500 502 504 506 508 510
Frequency (MHz) 0.000 f s A .
0.05 FT T T T T :ZT g A b
= IQZIrE B, =0.3T
o = 0.005 | M || [100]
g 0.04 2 on Fe
8
— 0.000 .
0.03 | . <=1° ' v, f y
0 05 1 15 2 I 0.010 | * Be =0.3T
Av (MHz) M| [110]
- on Fe ]
FIG. 5. ®4rFe, experiment (c), [100] geometry,Bq,=0.1 T. 0.005
Top: NMR-ON spectrum. Frequency modulation bandwidtf, 0.000 ]
=+0.15 MHz, T=42(5) mK. Bottom: MAPON spectrum. .‘ . .
MAPON sweep from 510 to 496 MHz in 0.05 s. The dashed lines in 500 505 510

the NMR-ON spectrum are the individual subresonances. The
dashed line in the MAPON spectrum is its first derivative, which is
proportional toP(Avg). The y anisotropies of the 308-, 316-, and
468-keV transitions were combined to improve the statistics.

Frequency (MHz)

FIG. 6. **ArFe, experiments (£) and 1I(i): NMR-ON spectra in
[100] and[110] geometries. The arrows mark the positionqf.

interpreted with the quadrupole splitting as a free parameter . N o
to ensure that the average quadrupole splitting as it is seen gbat the hypothesis of an additional strain-induced EFG was
the NMR-ON technique is used to determing. essentially confirmedi) The distinct reduction of the quad-

Care was taken to optimize the amplitudes of theand ~ fupole splittings by the thick Fe crystal is in line with the
vs resonances by an appropriate choice of the rf power an@xpected removal of the additional EFGi) The smallest
the temperature. In particular, the temperature was relativelguadrupole splitting was observed in 90° geometry. This is
high (between 40 and 70 mKko ensure a sufficient popula- in line with the expected sign change of the strain-induced
tion of the respective sublevels. Sineg, is exactly in the part of the quadrupole splitting in this geometry.
middle between these subresonances, and since they are alsoWe also note that the inhomogeneous broadening of the
the least broadened by the inhomogeneous broadening of tlggiadrupole splitting is larger in tHe.00] geometry than in
quadrupole splitting, they are especially important for a reli-the [110] geometry. This has also been observed in bulk
able determination of,,. single crystal$.

Figure 6 shows some of the NMR-ON spectra[ 0] To obtainAvq, a Gaussian distribution of the quadrupole
and [110] geometries, with and without a thick Fe crystal splitting was assumed and the center of the distribution was
between the sample holder and the foil. It demonstrates thditted to the MAPON data. The results of all MAPON mea-
there is a very small but distinct difference in the magneticsurements are listed in Table III.
hyperfine splitting between the 00] and[110] orientations
of the magnetization. The measuregfs in [100] and[110] TABLE Il. ®3rFe: Magnetic resonance frequencies[00]
geometries are listed and compared in Table II. If all resultsdnd[llo] geometries.
are combined, the following anisotropy ef, is obtained:

B L1100] L1110] 11001 [110]
[100] _ [110]_ _ ext m n m m
v v =+0.213) MHz. Experiment  (T) (MHz) (MHz) (MHz)
I(c) 0.1 503.32723 503.11314)  0.21427)
3. MAPON measurements e 0.1 5033787 503.07125  0.30237)
Figure 7 shows some of the MAPON spectra[ ir00], 1G) 0.2 503.1187) 502.84329) 0.27047)
[110], and 90° geometries, with and without a thick Fe crys-» 0.3 502.75519) 502.46511) 0.29022)

tal between the sample holder and the foil. It demonstrates
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0.03 | M| [100]
on Cu
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FIG. 8. *¥rFe: Quadrupole splitting as a function of the angle
between the magnetization and f#00] direction within the foil
plane. Solid line:V$=0. Dashed line:V¥$#0, magnetization
within the foil plane. Dotted linev% 0, magnetization within one
of the other(100 planes. The data points are the observed quadru-
pole splittings.

splitting was measured at two different magnetic fields. The
agreement of the respective results confirmed that the mag-
netization was completely oriented. Only in the experiment
I(c) in the[100] geometry slightly different quadrupole split-
tings were obtained at different magnetic fields. The most
probable explanation are inhomogeneities in the strain-
induced EFG that were correlated with inhomogeneities in
the magnetic field dependence of the MAPON signal.
Equationg7) and(8) were used for the quantitative inter-
pretation of the observed quadrupole splittings. To take the

The reproducibility of the results was tested in severalscatter of the crystallographic orientation and a possible mis-

ways: The measurements of the experimeia} vere re-
peated in the experiment(t) on a new sample with essen-
tially the same results. In tHa.10] geometry the quadrupole

TABLE Ill. ®3rFe: Quadrupole splittings ifi100], [110], and

90° geometries.

Experiment Geometry Bey: (T) Avg (MHz)
I(c) [100] 0.005 —1.1028)
” ! 0.1 —1.1326)
! ” 0.3 —1.1858)
ll(c) ” 0.01 —1.14312)
11(i) ” 0.2 —0.9767)
I(c) [110] 0.1 —0.8245)
” ” 0.2 —0.8319)
Il (c) 0.1 —0.8246)
” 0.15 —0.8176)
1) 8 0.2 —0.6563)
! ” 0.3 —0.6664)
Il (c) 90° 0.1 —1.10811)
” § 1.7 —0.52911)

alignment of the foils into accoun®y=4.2(2.1)° was as-
sumed in thg 100] geometry and?=40.8(2.1)° in thg 110]
geometry. In the 90° geometry &.,=1.7 T, 6=64(7)°
was assumed. The three parameters v}
AvEAVE% and Avd® were determined vialeast
squaresfit with the following results:

AV%OO]:_O'QSK]"D MHz,
AvBAVE01=0.65915),
Avd®=+0.33416) MHz.

AvE* AV is in agreement with 0.648), known
from experiments on single-crystal sampté&his shows that
the Fe crystal between the sample holder and the foil com-
pletely removed the discrepancy in the EFG between single-
crystalline foils and bulk single crystals.

Figure 8 illustrates this interpretation of the observed
quadrupole splittings: The anisotropy afrg in the (100
plane is shown withouv% (solid line), when the foils are
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soldered on a thick Fe backing, and witH$, when the foils ' ' ' !

are directly soldered on the Cu sample holder. In the latter 0.00 I s ]
case the quadrupole splitting is simply shifted by )

—1/%1/%5, if the magnetization remains in they plane _o.01 - 1
([100] and[110] geometries, dashed lineOr the shift in the ) M || [100]
quadrupole splitting changes from1/2A v3°to Av3°, if the

magnetization rotates in the plane (90° geometry, dotted -0.02 I Y ]
line). The lines are predicted by the parameter set quoted 0.00 v e

above. The good agreement with the obserdeg,’'s dem-
onstrates the consistency of this description.

It should be noted thak Vgs was determined in two inde-
pendent ways: By the different quadrupole splittings with
and without Fe crystal between the foil and the sample -0.01 M| [100]
holder, and by the different quadrupole splittings for in-plane
and out-of-plane orientation of the magnetization. The first f
method determines only the difference betwaer},® on the Vm ¢
Cu sample holder an'czt\vd's on the Fe crystal, the latter 0.00 ‘
method determinea v%s on the Cu sample holder directly.
The fact that a consistent description of the data could be -0.02 | .
obtained with one value foAvgS shows that there was no M| [110]
residual strain-induced EFG, if the foils were soldered on the _0.04 L 1
Fe crystal. ’ . , . ,

It should also be noted that the quadrupole splitting in the 318 319 320 321
90° geometry is relatively insensitive t8 as long asé
>45°, Thus, even if the error in the determinationfohad
been underestimated, this would not much affect the final FIG. 9. 1*PtFe: NMR-ON spectra in thg00] and[110] geom-
results. etries at Bg=0.1 T. Agy==0.1 MHz (top and bottorh or

In view of the distinct modification of the electric hyper- =0.075 MHz (middle). T=18 mK (top), 24 mK (middle), and 15
fine interaction, the question arises whether the magnetic hynK (bottom.
perfine splitting is also modified by the lattice distortion of

the foils on the Cu sample holder. The respective breaking of The two resonances were best separated ir €] ge-

the cubic lattice symmetry may indeed cause additional spinometry. The intensity ratio between the and v; reso-
dipole or orbital contrlbutlo_ns to the hyper_fmg flek_j that arenances),/1,=0.263), was inperfect agreement with the
of the same or_der of magnitude as the intrinsic anisotropy Oéxpected ratio. For the; resonancels/1,~ —0.05 was ex-
the hyperfine field. However, these contributions do not varyected, which explains the absence of a significant signal
with the direction of the magnetization within the samplefom this subresonance. Theast squaredit analysis of the
plane. Therefore, they do not affect the determination of theynmr-ON spectrum yieldedw,,=320.044(12) MHz,A v
Intrinsic anisotropy. =+0.822(14) MHz, T,=0.28(3) MHz, and T,
=0.70(4) MHz.T';, andI' are the inhomogeneous broad-
enings ofv,, andAvq, respectively.

The experiments on'®Pt,'%Au, and '°°Au were per- In the [100] geometry ther, resonance was less clearly
formed before the'®drFe experiment. Therefore, the effect separated, since the quadrupole splitting was broadened by
of the Cu sample holder was not known, the foils were di-more than 200% and the, resonance extended beyond the
rectly soldered to the sample holder, and measurements werg resonance. To improve the precision of the determination
performed only iM100] and[110] geometries. Nevertheless, of v, a small part of the spectrum around theresonance
since the in-plane anisotropy of the magnetic hyperfine splitwas measured again with improved statistics and frequency
ting is not affected by the lattice distortion, and since theresolution. The middle part of Fig. 9 shows this spectrum.
intrinsic quadrupole splittings were known from experimentsThe least squares fit analysis of both spectra
on single-crystal samplest;*— »5*% and Av3® could be  yielded vy,=320.052(10) MHz, Avo=+0.54(5) MHz,
deduced. I',=0.20(3) MHz, and’o=1.26(7) MHz.

Figure 9 shows thé®Pt NMR-ON spectra if100] and In the [110] geometry this interpretation of the resonance
[110] geometries. They could be well described by the sustructure was confirmed by a MAPON measurement. The
perposition of a broad and a narrow resonance. The res®dAPON spectrum is shown in Fig. 10. Its analysis yielded
nances were interpreted as thgresonance, which is addi- Avq=+0.818(24) MHz andl'3=0.91(8) MHz, which is
tionally broadened by the inhomogeneous broadening of thi# reasonable agreement with the NMR-ON results.
quadrupole splitting, and the, resonance, which is broad-  The intrinsic quadrupole splittings are known
ened only by the inhomogeneous broadening of the magnetitom an experiment on a single-crystal sample:
hyperfine splitting, since,= v, for | (**¥Pt)=3/2. A= +0.13(5) MHz andA »}*%= +0.300(11) MHz*?

Ae

Frequency (MHz)

B. 'PtFe
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FIG. 12. ®®AuFe: MAPON spectrum if100] geometry at
Bex=0.1 T. MAPON sweep from 256.9 to 261.9 MHz in 0.2 s.

FIG. 10. PtFe: MAPON spectrum in thEl10] geometry at
Bex=0.1 T. MAPON sweep from 316.8 to 323.4 MHz in 0.2 s.

The difference to the quadrupole splittings in the single-pole splittings in terms oA v of *%%Au, the more often used
crystalline foils corresponds to isotope for hyperfine interaction studies on Au: According to
Avg(*BAU)/ A vo( 1°°Au) =0.6275),' the quoted Avg's
correspond toAv o( *°®Au) = —0.660(10) MHz in the[100]
geometry andAv o( °®Au) = —0.484(8) MHz in the[110]
geometry.

In the [100] geometry these results were confirmed by a
MAPON measurement oh®®Au. The MAPON spectrum is
shown in Fig. 12. Its analysis yielded\vq(°%Au)

—0.653(6) MHz, in good agreement with the NMR-ON
result.

The intrinsic quadrupole splittings are known from a pre-
vious '%AuFe experiment on a single-crystal sample:
AvE%%=—0.608(18) MHz, Av}*=—0.399(10) MHz*®
If these data are compared W|th the quadrupole splittings in
the single-crystalline foils,

Avd®=—1.046) MHz.

The anisotropy of the magnetic hyperfine splitting is

00— 00— 1+ 0.01(2) MHz.

C. 19819 \uFe

For 29u (1 =3/2) the subresonance structure was clearly_
resolved. Figure 11 shows the NMR-ON spectraRu in
[100] and[110] geometries.

The least squaredit analysis of the NMR-ON spectra
yielded the following hyperfine splitting frequen-
cies at Bgy=0.1T: v,=166.536(14) MHz andAvqg
=-1.052(14) MHz in the [100] geometry, vy,
=166.503(11) MHz andAvg=—0.772(11) MHz in the

: \ Av3(*%%Au) = +0.14430) MHz
[110] geometry. For convenience we also give the quadru-
is obtained. The anisotropy of the magnetic hyperfine split-

T ' ' ting is
0.01 | M || [100] . (vl2001— 1101y (199 ) = +0.032) MHz.
4 000 [ % 1 V. DISCUSSION
A. Strain-induced EFG
—o001 F s i Using Q( *%Au) = +0.640(19) b® Q(***Pt)=—0.87(4)
T b} and VIX*%(IrFe)= —4.02(5)x 10'° V/cm?,* the follow-
005 (199, 'pa| Um 7 ing p(rjincipal components of the strain-induced EFG are ob-
— l tained:
M [ [110] AuFe: VI8=+0.378) x 10° Vicm?,
w
< .
PtFe: VI®=+0.997)x 10 V/cn?,
0.00 [ 8
L)
IrFe: V5= +1.367)x 10 Vvicm?.
15‘;4 16I6 1618 These are small EFGs. They correspond to changes in the

population numbers of thedsorbitals of the order of 10°.

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

Frequency (MHz)

FIG. 11. *°AuFe: NMR-ON spectra if100] and[110] geom-
etries atBg,=0.1 T. Agy==x0.25 MHz. T=35(2) mK in the
[100] geometry and 1(@) mK in the [110] geometry.
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(i) The deviation of the quadrupole splitting in single- hyperfine field and the anisotropy of the spin-dipole field.
crystalline foils from the quadrupole splitting in single crys- The effect provides additional information on the modifica-
tals is about the same if1.00] and [110] geometries but tion of the electronic structure by the spin-orbit coupling.
changes the sign if the sample is magnetized perpendicular fohe 5d impurities in Fe, which have also been studied via
the foil plane. This points to an additional EFG in the single-the local orbital moment and the spin-orbit EF&,become
crystalline foils with symmetry axis perpendicular to the foil @n experimentally particularly well-studied set of systems in
plane. this respect.

(i) A thick Fe crystal between the foils and the sample The contribution of the local orbital moment to the hyper-
holder completely removes the additional EFG. This showdine field of the 3 impurities in Fe is of the order of 10
that the origin of the effect lies outside of the foils. T.*??However, in a perturbative treatment of the spin-orbit

(ii ) An order of magnitude estimate is possible within thecoupling, in cubic lattice symmetry the orbital moment is
point charge model: The relative length changes betweel$otropic in first order. The dependence on the direction of
room temperature @5 K are 8l/1=—2.04x 102 for Fe the magnetization arises only in third ordéfhis introduces
and 81/l = — 3.24x 102 for Cu® If the Fe foils undergo the @n additional factor §/\W)?, where the spin-orbit coupling
same length change as the Cu sample holder, an in-plarférengthé is of the order of 0.4 eV for thedelements and
strain of 5l/1=—1.2x 1072 is the result. According to the the bandwidthWis of the order of 5 eV.

Poisson ratio of Fey=0.37, this should be accompanied by ~ For a realistic estimate of the_orders of magn_itude, _mode_:l
a tensile strain perpendicular to the sample planél¢f=  calculations were performed using the expressions given in
+1.4x 10~ 3.2 Within the point charge model this tetragonal the Appendix. The partial densities of states of thukiBpu-
distortion of the bcc lattice leads to an EFG of abew@.5 ~ 'ities in Fe were taken from Ref. 11, where they had been
X103 (1— y..)Ze/a3. Y Taking (1 v..) =50 for the Stern-  Obtained by the full-potential linearized augmented plane-
heimer antishielding factdf, Z=4 for the effective charge, Wave method using a supercell with one impurity and seven
a=2.86 A for the lattice constant, and taking into accountF® atoms£ and(r —~) were taken from Ref. 23, where they
that the EFGs in noncubic group Wlland Vilib elements had been calculated for the free atom. _

are by about a factor of 2 larger than the estimates within ~ According to these calculations, the following orders of
the point charge modé?, we predict Vgizs: 4106 magnltgde are to be.expected: The third-order contribution to
X 10° V/em2. This is consistent with the observed order of N€ orbital moment is of the order of several percent of the
magnitude and the sign 8. In passing we note that mag- f|rst-prder contnbgnon. .Its anisotropy is of'the order of 10%,
netostrictive strains are o;ZIy of the order of Foto 10-%. leading to a relative anisotropy of the orbital moment of the

They are, therefore, negligible in the present context. order of several 10°. The respective anisotropy of the or-

The thi : . _pital hyperfine field is of the order of 0.1 T. It is thus a

e thickness of the sample certainly favors the relaXatlor[]:)otential source of the observed anisotropy of the hyperfine
of the induced lattice distortion. However, we have no quang
titative explanation why the distortion is almost completely Aithou h the anisotrobv of the orbital moment is ver
relaxed in the bulk single crystals but not in the single- 9 Py Y

. : . small in cubic lattice symmetry, its study is of general inter-

crystalline foils. Accordingly, we also do not know the actual . L - .
. . o ; . . est, since it is thought to be the main source of the magnetic
distortion of the lattice in the single-crystalline foils. It may . .
: nisotropy energy and the magnetostriciéh.
well be smaller than calculated on the basis of the thermal The second potential source of the anisotropy of the h
constrictions of Fe and Cu, and it may be sensitive to details erfine field is tﬁe <pin-dioole fielB... . which arFi)s),/es from y
of the sample preparation and the soldering procedur . > Spin-cipot dip .
dis .~ the noncubic spin distribution around the nucleus. It is

Therefore, the quoteW,, should not be regarded as an in-

trinsic property of the respective impurity host svstem closely related toV,:,,, which arises from the noncubic
property P purity y : charge distribution. If the contributions of the spin-up) (

electrons and the spin-down X electrons are distinguished,
B. Anisotropy of the hyperfine field this relation can be expressed in the following ways:
The following anisotropies of the hyperfine field can be
deduced from the observed magnetic hyperfine splitting fre-
guencies:

Blip=—0.0644/]

7'z

Blip=+0.0644/},,, 9)
AuFe: BE?-Bl%=-0.0169) T, whereV,,, is expressed in 26 V/iem? andBg;, in T.
In cubic lattice symmetry both the noncubic spin and the
PtFe: B Bl%=—0.0036) T, noncubic charge distributions are spin-orbit effects. They
arise in second-order perturbation theory and depend already
IrEe: BLl'(:JO]_ BHFlo]: -0.0738) T. in this order strongly on the direction of the magnetization.

The latter feature explains wHg;, is important for the an-
Compared with the total hyperfine field, the anisotropies arésotropy ofByg, but negligible for the much larger isotropic
only 5.4(6)x10 4 for IrFe, 0.2(5)X10 % for PtFe, and part of Bye.
2.0(11)x 10" * for AuFe. The order of magnitude of the anisotropy B, can be
The anisotropy of the hyperfine field is a spin-orbit effect. estimated via Eq(9): For the & impurities in Fe the anisot-
The two main contributions are the anisotropy of the orbitalropy of V3, ,, is in the range 0.1-1%10' V/cm?. Accord-
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ingly, the anisotropy oBy;, is expected to be in the range 28): In several NMR-ON experiments a more or less distinct
0.005-0.1 T. This also agrees with the magnitude of the obtwo-peak structure of the resonance spectrum was observed.
served anisotropies. This was interpreted either as a quadrupole splitting, or, since

Information onBy;,, provides a more detailed picture of the structure could be made to disappear by annealing of the
the noncubic charge distribution, since it allows the divisionsample, as a defect-associated structure of the magnetic hy-
into a spin-up and a spin-down part via E§). Unfortu-  perfine splitting. Our experiments suggest that the resonance
nately, only the anisotropic part &g, is accessible to the Structure was indeed of quadrupolar origin, and that the dis-
experiment, and only the combined anisotropy of the spin@ppearence of the structure was due to a change in the strain-
dipole field and the orbital field is actually measured. induced EFG.

C. Single-crystalline foils for hyperfine interaction studies ACKNOWLEDGMENTS
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provides argloolexgmple for this kind of application. APPENDIX: ANISOTROPY OF THE ORBITAL
Taking  Avg™('%4r)=-0.987(14) MHz  from  this  HYPERFINE FIELD IN THIRD-ORDER PERTURBATION
work,  1(*Ar)=4,  ApE%(*88r) = -6.93(6) MHzZ® THEORY

Q(*®4r)=+0.484(6) b and I(*®r)=1, we derive

192 — ‘h e ali ;
Q(*%4r) = +1.93(4) b, which is slightly smaller than previ- it effects at heavy impurities in ferromagnetic metals has
ously assume®®

. . _..._been derived. The formalism combines the treatment of the
In order to measure only the intrinsic hyperfine splitting

: in-orbit coupling in perturbation theory with the tight-
and to obtain results that are comparable to the results aif Ping b y ¢

h ) X b id that the th inding model and the neglect of the spin-orbit coupling in
other experiments, attention must be paid that the thermape oqt 1t allows one to express spin-orbit effects in terms
constriction of the sample holder does not introduce an ad-

of the spin-orbit coupling strength and the local density of
ditional strain-induced EFG. We have demonstrated that thi§tates o?lthe ;ystelﬁ Iw?thout sgpin—orbit coupling Th(leyap—

kind of strain can be avoided, for example, by a thick Fe,,ach cannot replacab initio calculations, but it repro-

backing c.)f the foils. . . . . duces the basic properties of the effect and gives some in-
The slight scatter in the orientation of the crystallographlcsight into the underlying physics.

axes will lead to deviations from the nominal crystallo- In Ref. 11 the formalism has been applied to the orbital
graphlc orientation of the. magnetization. HOW‘?Ve’: the "®moment and the spin-orbit EFG. Here we give the expression
sulting error in the hyperfine splitting frequencies is small.

F le. if m&G=7° and S ) ’ for the orbital moment in third-order perturbation theory.
or example, if we assumkf=7° and a misorientation of ;g is the first anisotropic contribution to the orbital mo-

the foils relative to the magnetic field of less than 3°, themen; since the first-order contribution is isotropic in cubic

mean square angular deviation from the nominal orientatiofy e symmetry, and all even-order contributions vafish.

of the magnetization is less than 5°. If the anisotropy of the jgjng the notation of Ref. 11, the third-order contribution
respective hyperfine splitting is of the form of E®), this 5 the orbital moment can be expressed in the following
corresponds to an error of less than 3% of the anisotropy. ¢qm:

The strain-induced EFG does not need to be only a dis-
turbance for the determination of the intrinsic EFG. It repre- er
sents also a possibility of tuning the EFG, which might be <|z'>(3):§3f > > cirQsir(ede, (A1)
useful for the determination of quadrupole moments by stw ijkl
NMR-ON and MAPON in special cases. For example, in our
experiments the EFG of PtFe was increased by more than Qjii’(e)= — (U/m)Im[G{(e) Gj(e)Gi(e) Gl (e)],
100% by the strain-induced EFG. It should be possible to (A2)
vary the magnitude of the additional EFG via the substrate of
the foils. The technique may also be used to introduce a
small EFG with well-defined symmetry axis into nonmag-
netic cubic host foils.

Quadrupole splittings from previous NMR-ON experi- The superscripts, t, u, andv denote the spin direction](
ments on conventional polycrystalline foils are difficult to and| for spin-up and spin-downthe subscripts, j, k, and|
interpret, since usually neither the texture nor the strain oflenote the orbital character &nde for t,;, and e, orbitalg
the samples were investigated. of the involved electron orbitals. The input of EgAl) are

For example, in the past controversial results were obthe spin-orbit coupling strength and the local partial den-
tained for the quadrupole splitting df'PtFe (Refs. 27 and  sities of statep(e) at the impurity.

In Ref. 11 a simple Green'’s function formalism for spin-

Gi(e)="P|

f pi(e)de’l—iwp?(e), (A3)
(e—e’)
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fepgfjtktff(e')de/ is the contribution from the admixture Equation(Al) was applied to various realistic densities of
of .Sf ., and ! orbitals by the spin-orbit coupling. The in- States. The fpllowmg general qbservatlons were made: _

dividual contributions are weighted by tleg}’ coefficients. (i) The third-order contribution to the orbital moment is
The 16 different nonvanishing coefficients are given by smaller than the first-order contribution by a factor of the

order of 10¢/W)2.

ctTeTtTeT =4-2F(a), (ii) The anisotropy of the third-order contribution is of the
order of 10% or less. One main reason for the small anisot-
Clte =2F(a), ropy can be understood from thg" coefficients of Eg.

(A4). FortheT 177 and the| | | | contributions theey orbit-

als have somewhat more weight fot|[100] and thet,,
orbitals for M|[111]. Just the reverse is true for the | |

and the| | 1| contributions. Due to these opposite trends, the
anisotropies of the individual contributions largely cancel
each other.

(i) The sensitivity of(l,,)® to band structure details is
comparable to that of the spin-orbit EREHowever, due to
the mentioned large cancellation between the individual con-
tributions, the anisotropy dff ,/)(® is distinctly more sensi-

clyt '=1/4,
Cli =2+ 2F (a), (A4)
cliel =2F(a),
il =2~ F(a)

clli=2-3F(a),

clilt =1/ tive. For example, in the & series from ReFe to AuFe,
it ’ (1,0 — (1, )11 changes the sign four times, whereas

chll— It {1,,)® changes the sign only two times.
ikl ikl Within the tight-binding approach the orbital hyperfine

chlll= —¢clTit field can be derived from the orbital moment by the follow-
1kl k- ing expression:

F(a)=3(a§a)2,+ a§a§+ agai ) (A5)
The dependence of thqutkﬁ"“s on the direction of the mag- BoP=12.52r 3\(l,), (AB)

netization determines the anisotropy,, @y, anda, are the
directional cosines of the magnetization with respect to the
cubic axesF(a)=0 for M|[100], =3/4 for M[[110], and  where(r ~3) is expressed in units of the Bohr radius @Bf

=1 for M||[111]. inT.
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