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Positive muons as probes in ferromagnetic metals™

A. B. Denison®), H. Graf’), W. Kiindig and P. F. Meier

Physik-Institut der Universitat Zurich, Zirich, Switzerland

(17. VII. 1979)

Abstract. A comprehensive account of wSR (muon spin rotation) experiments in ferromagnetic
metals performed at SIN is given. The wSR technique is described, and the contributions to the local
magnetic field at a positive muon in magnetic metals are discussed. Measurements in Co, Gd, Dy, Fe,
and Ni are reported and the observed frequencies and relaxation rates as a function of temperature and
external applied field are analyzed. In particular, the determination of the stopping site of the muon
and the resulting hyperfine field values are discussed.

I. Introduction

The advent of the new generation of high intensity intermediate energy
accelerators, the so-called meson factories, allows solid state physicists to use the
muon as a microscopic probe to study magnetic and electronic properties of
matter.

If spin polarized muons are stopped in a solid, the muon spin will precess with
the Larmor frequency in the local magnetic field. An important feature of the
muon used in solid state experiments is its parity-violating decay with a mean
lifetime of 2.2 ws into a positron and two neutrinos with the positron emitted
preferentially along the muon spin direction. By detecting the time-dependent
angular correlation pattern of the decay positron, the precession of the muon spin
can be observed. Thus the muon spin rotation (wSR) technique measures the local
field directly. The first wSR experiment was performed in 1957 by Garwin,
Lederman, and Weinrich [1]. In this famous experiment the parity-violation in
both the # —» pn+wv, and the u — e+v, +v, decays was shown. Applications to
solid state physics were scarce until about 1970, but since that time the SR has.
developed into a powerful tool in solid state physics. Although the method is
limited by the few existing meson factories the number of experiments reported
has increased markedly. The general status of wSR research today is summarized
in a review article by Brewer and Crowe [2], and more recently in the Proceedings
of the First International Topical Meeting on Muon Spin Rotation [3] held in
1978 in Rorschach, (Switzerland).

In the present work a comprehensive survey is made of systematic uSR
studies on a set of ferromagnetic metals performed at the Swiss Institute for
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Nuclear Research (SIN). After an introduction to the wSR technique and a
description of our apparatus, experiments on the ferromagnetic transition metals
Fe, Co, Ni and the ferromagnetic rare earth metals Gd and Dy are described. The
fundamental contributions to the measured local fields are investigated and
considered in terms of each substance studied. In particular, the experiments have
demonstrated the importance of the magnetic dipolar fields. The results give
useful information on the interstitial magnetization (spin density). In some cases it
was possible to uniquely determine the interstitial muon stopping site. From the
measured relaxation behaviour, one may learn about muon diffusion and the
influence of defects. This is of importance to the related problem of hydrogen
diffusion in metals, since the muon in many ways behaves as a light proton. In the
concluding section the results of the various ferromagnetic metals are compared
and a discussion is given concerning the questions yet to be answered in the
understanding of the muon’s interaction with its host.

II. The pSR-technique

To the best of present-day knowledge the muon is nothing but a heavy
electron. Some of its properties are [4]:

mass m,, = 105.6595 MeV/c?*=206.7687 m, =0.1126098 m,
spin I =3

lifetime 7, =2.19713 us

magnetic moment p, =4.49047x1072° J/T = 3.183340 p,

g-factor g, =2x1.0011662

gyromagnetic ratio y,/27 =135.5374 MHz/T = 13.55374 MHz/kG.

The main decay modes of the negative muon and its positive antiparticle are:

n —e +y,+v,
pt—et+i, +u,.

The negative muon will be captured by the atoms in a solid. The X-rays
emitted in cascading down through the various shells give mainly information on
atomic and nuclear properties. Since the negative muon loses a large fraction of
its polarization during the cascade, its value to investigate local fields related with
solid state properties is limited. The positive muon, repelled by the positive ion
cores will probe preferentially interstitial lattice sites. In the following discussion
only the positive muon will be considered.

Under the assumption of the two-component neutrino theory, where only V
and A interactions are present, the B-spectrum of the muon decay is described in
detail in Ref. 5. To a good approximation (neglecting the electron rest mass
compared to its momentum, p, = mc, and small QED corrections), one may write
for the angular correlation of the parity violating muon decay

2 PR
dW(e, ¢, t)=-——(3 2¢) [1—% cos 6] exp (—t/7,) d€) de dt, (1)
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Figure 1

B-spectrum of the positrons emitted in the muon decay (dW/de). A(e) is the energy-dependent
asymmetry. A(e_) is the asymmetry if all the positrons above the cut-off energy ¢, are detected.

where 6 is the angle between the positron momentum and the muon spin. £ is the
positron energy in units of its maximum possible energy (¢ =E/E,,,). The
maximum kinetic energy is

m,c?

Emax =—r—— o (1 -
5 M
The only change of the above angular correlation formula (1) in the case of the
.~ -decay is a change in the sign of the cosine term.

The energy spectrum obtained by integration of equation (1) is given by:

mc

m,

) =52.320 MeV. (2)

dW(e)=(6e>—4¢>) de (3)
and is plotted in Fig. 1. The asymmetry
A(e)=—(1-2¢)/(3—2¢) (4)

is strongly energy-dependent as is also shown in Fig. 1. At e=1 (E =E,,,) the
asymmetry A is equal to one indicating that ‘all’ the positrons are emitted in the
muon spin direction. This follows from the simple argument that at E=E_, the
two neutrinos are emitted exactly in the opposite direction to the positron. Due to
angular momentum conservation and the positive helicity of the positron it is
easily shown that the positron is emitted in the muon spin direction. For energies
below £ =3 the positrons are preferentially emitted in the muon spin backward
direction (A <0). If all the positrons are detected one gets by the integration of
equation (1) over ¢

dw(6) = fq—r— (1+1cos 0) dQ. (5)
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By appropriate absorbers between the target and the positron detectors it is
possible to eliminate the low energy positrons. This will increase the measured
asymmetry, but decrease the counting rate. The asymmetry A(e.) plotted as a
function of the low energy positron cut-off ¢, is shown in Fig. 1.

To efficiently use the valuable beam time it is important to optimize the
statistical accuracy of the measurements by eliminating the low energy positrons
by appropriate absorbers. This statistical problem will be treated in Appendix A.

The polarized muons are produced by the pion decay

"= u +v, (1,.=26.03ns, m_=139.569 MeV/c?).

The pion lifetime corresponds to a mean free path at p, =200 MeV/c (v=0.82 ¢)
of 6.4 m. In the pion rest system the muons have a momentum of 29.790 MeV/c
corresponding to a kinetic energy of 4.1192 MeV. It is seen that in the pion
rest-system the muons are 100% longitudinally polarized (see Fig. 2). The
neutrino v, has a negative helicity. Momentum and angular momentum conserva-
tion require that the muon is 100% backward polarized.

The experiments described here were performed in the muon beam at the
Swiss Institute for Nuclear Research (SIN). The pions produced by the 590 MeV

—

H* BEAM

TARGET

DEGRADER

Figure 2
The upper part of the figure illustrates the =+ and p* decay. In the center the angular distribution
patterns of the decay positrons with respect to the w™ spin are shown for the case that only positrons
at the maximum energy are registered (left) and for the case that all the positrons are detected (right).
In the lower part a simplified diagram of the counter and target arrangement is shown. :
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proton beam decay in flight in the so-called muon channel, an 8 m long 12 cm
diameter 50 kG superconducting solenoid. The muons accepted by the solenoid
are emitted in the pion rest frame under an angle ¢ of approximately 0 or 7 with
respect to the pion momentum. The muons emitted in the forward direction
(¢ =0) are backward polarized and vice versa. The momenta of the for- and
backward polarized muons in the laboratory frame of reference are:

—m2 :
e e * (mic*+ phe?)2. (6)
For a typical pion momentum of p,=200MeV/c one gets for the resulting
backward polarized muon a momentum of 209.37 MeV/c, for the forward
polarized muons a momentum of 105.26 MeV/c. In the experiment described, the
forward polarized muons are used. This is partially due to the smaller stopping
range and the reduced straggling of the muons in the target. Due to kinematic
depolarization and the finite angular resolution the experimentally determined
muon polarization is reduced to roughly 80%.

In a typical uSR experiment the polarized positive muons are stopped in the
material to be investigated (Fig. 2), and the time dependent angular correlation
pattern W(#, t) is measured. A clock (e.g. a time to amplitude converter) is started
as the muon enters the target and stopped when the decay positron is detected in
a second scintillator array. In the short time of thermalization (~10""s) the
muon maintains its polarization. If a magnetic field B is applied perpendicular to
the 1nitial muon polarization the muon spin precesses with the Larmor frequency
w/27 =g, Be/(4mm,)=vy,B/2w and one may write for the experimental time
dependent counting rate

N(6, t) = Notexp (—t/7, )1+ A 4P(t) cos (6 + wt)]+ b}, (7)

where b is the background, N, a normalization constant and A.; an effective
anisotropy. P(t) is a transverse relaxation function. In the examples discussed here
the relaxation function may be written in the simplified form P(t) =exp (—#/T,),
where T, is the transverse relaxation time known from magnetic resonance.

The effective anisotropy constant, A.g, takes into account the reduction of
the anisotropy due to geometrical effects and unmeasured fast depolarization
effects. For these sample dependent fast depolarization effects (time scale
<1077 s) a satisfactory explanation has not been found. Impurities, crystal defects,
field inhomogeneities, and muonium formation in the initial stage may be respon-
sible for the fast depolarization.

Figure 3 shows an example of a wSR spectrum measured in polycrystalline
copper in an external field of 506 G. The measured points were fitted to equation
(7). Superimposed on the exponential muon decay one observes an oscillation in
the positron counting rate due to the Larmor precession.

In the following some of the technical details of the wSR facility will be
described (see Fig. 4).

The forward polarized muons are slowed down in the degrader so that most
of them are stopped in the target to be investigated. As degrader material,
polyethylene and a variable amount of water in a cylindrical piston arrangement
are used. The water degrader can be set externally for maximum u stop rate in
the target.
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Figure 3
1SR spectrum of Cu in transverse magnetic field of 506 G. The oscillations superimposed on the
exponential muon decay are due to the muon spin precession. The line plotted corresponds to the least
square fit to equation (7).

As detectors, plastic scintillators NE 102 and NE 111 mounted via light pipes
on XP 2020 and AVP 56 multipliers are used. The light pipes (about 120 cm) and
various magnetic shielding tubes were used to reduce the influence of the
magnetic field on the multipliers.

The magnetic field is generated by a pair of Helmholtz coils with a rating of
6 kG at 70 kW. The field homogeneity was checked with a Hall probe and found
to be better than 10™* in a volume of 12X 12X 12 mm>. The long term stability of
the power supply was specified (at 6 kG) to be 1x107*. The ripple specified as
5%107* could be reduced with correction coils. A pick-up coil together with a
feedback circuit was used to generate the ripple compensation current. For fields

[
TARGET CRYOSTAT
/BI B|2
o -
T "'\' """ R
BEAM-AXIS 6CM VARIABLE
WATER DEGRADER
o LMHOLTZ COLL
COLLIMATOR WITH
POLYETHYLEN INSERTS
_—
I0OCM
Figure 4

Schematic diagram of the wSR apparatus. The field produced by the Helmholtz coils is perpendicular
to the figure.
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Block diagram of the wSR electronics. B1, B2, R, and M are muon counters, E1 and E2 the forward
positron counters, and P, and P, the perpendicular positron counters.

below 200 G a small current stabilized power supply was used. The current and
thus the field is monitored with a digital voltmeter measuring the voltage drop
over a 500 A shunt. The field was calibrated with an NMR probe above 1 kG.
Stray fields and the earth field are compensated by the use of 6 square coils of the
dimension 1x 1 m? mounted on the sides of a 1 m® cube. The present Hall probe
arrangement allows a zero field setting within +5 mG.

Figure 5 shows a simplified schematic of the electronics. The detectors B,
B,, R and M register an incoming muon, the detectors E, and E, the positrons
emitted in the forward direction, and P; and P, positrons emitted in the
perpendicular direction (6 =90°). For the exact timing, constant fraction dis-
criminators (CF) are used. As clock, a time to amplitude converter (TAC) is
used. By the routing unit the forward and perpendicular spectrum is routed to the
corresponding memory section of a PDP computer. Great care is taken for the
detected positrons to be properly correlated with the corresponding muons. Some
of the coincidences formed are:

INC: B,-B,-R-M =incoming muon

IST: INC-E,-E,-P,-P,=incoming stopped muons

EF: B,-B,-M:R-P,-P,-E,-E,=forward electron (positron)
EP: B, B,-M-R-E,-E,P,-P,=perpendicular electron

ER: B, B, R-M-E,-E,-P,-P,=backward (riickwirts) electon

The incoming muons (INC) produce in the pile-up gate a 6 ws busy signal
which will reset the TAC if a second muon is detected during this time. The logic
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is tested with pulsers simulating the muon and positron pulses. The time-scale is
calibrated with a quartz-controlled 500 MHz TAC calibrator. Time zero is
obtained by observing muons passing through the muon and positron detectors.
These straight through pulses show a time resolution of 0.9 ns FWHM. This time
resolution corresponds to an upper frequency limit of 550 MHz or a maximum
magnetic field to observe the muon precession of ~40kG. The frequency range
can easily be checked by measuring the ‘free’ muonium in quartz [2]. The free
muonium frequency corresponding to the Larmor precession of the Mu atom is
esssentially given by the large magnetic moment of the electron, wy,,=
3(v12+ v53) = 1.394 MHz B[G]. Control measurements show that. Mu-frequencies
up to 550 MHz can be detected. A program written in machine language allows
on-line Fourier transformations and various controls during the measurements.
Measurements can be done in various cryostats and ovens from 4 K to 1300 K.

III. The muon, a microscopic probe of magnetism

After thermalization by ionization processes the fate of the polarized muon
depends critically on whether muonium (u"e™ = Mu) is formed or not.

In the hydrogenlike ‘atom’ muonium, the muon will precess in the hyperfine
field produced by the electron at the muon site. The observed uwSR precession
frequencies measure directly the hyperfine interaction. In solids this gives infor-
mation about the electronic environment.-A good example is the existence of two
muonium states observed in the semiconductor silicon [6]. In other materials the
muonium may participate in chemical bonding. The muonium formation seems to
be restricted to a few insulators and semiconductors.

In metals muonium has not been found. This is attributed to the screening of
the muon charge by the conduction electrons. The bare muon will probe the local
magnetic field B, at interstitial and in some cases at substitutional sites.

In ferro- and antiferromagnetic materials described here the local field may
be written as

B, =B..+Bg,+ By (8)
For ferromagnets the dipolar field is sometimes written as
Buy= B+ By + Bl ©)

where Bext is the external field, B,.,,, = NM is the shape dependent demagnetlz-
ing field (M = bulk magnetization density), B, = (411-/3)M is the Lorentz field in a
domain (M, =saturation magnetization densuy) B! aip 18 the dipolar field from the
dipoles within the Lorentz sphere, and B, is the hyperfine field (see Fig. 6). For
an unmagnetized sample in zero external field B.,, and B, are zero. The
hyperfine field (Fermi contact field) which is of interest for solid state physics is
mainly due to the polarized conduction electron density at the muon site (R, ).

8

? I‘L%pspin(ﬁp.) (10)

is thus obtained from the measured field B, and the calculated field Bj;,. A
prerequisite for such a calculation is the knowledge of the muon site. As will be

Bys=—
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LORENTZ
SPHERE

Figure 6
The field at a muon site in a ferromagnet may be written as ﬁu =B
origin of the first three terms is shown. B}, and B, are due to the atomic dipoles within the
Lorentz-sphere and the polarized conduction electron at the muon site, respectively.

ext T Baem + Br + Bl + By The

shown it was possible in several cases to determine the stopping site directly from
SR measurements.
Measurements in a magnetic material will give 3 quantities of interest

1) The field B, at the site of the muon
2) The relaxation time
3) The asymmetry A4 extrapolated to time t=0.

The measurements were performed on powder, polycrystalline and single
crystal materials as a function of temperature, orientation and external field. At a
first glance one might expect that the muon precession in zero external field is,
due to the statistical distribution of the local field directions, not observable. This
is true for # =90° or at right angles to the beam polarization (Fig. 2). For 6 =0°
(180)° it is easily seen that the muon precessing around any of the local field axes
will after integer multiples of the Larmor period always point in the beam
direction. Thus the maximum of the positron counting rate will always be
observed in multiples of the Larmor time, independent of the arbitrary field
direction. The asymmetry observed in a ferromagnetic powder sample in zero
external field is reduced to % of the value measured for a non-magnetic sample in
a transverse field. Figure 7 shows as an example the uSR spectrum observed in a
Co single crystal at zero field.

In the following, the various contributions to B, will be discussed [7].

The hyperfine field, By«(R,) results from the interaction with the polarized
conduction electron cloud around the muon at site R, and is given by

B, (R,)= I d*rD,(F— R, )M,(F). (11)
Here M(F) is the conduction electron magnetization and
1 2 1
x 3 X

The first term in (12) transforms as a spherical harmonic of order 2. Therefore,
for a spherically symmetric screening cloud, only the second term contributes to
the hyperfine field. This yields the contact field

Bu(R,)=5aM(R,). (10)
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1SR spectrum of the Co single crystal at 4 K in zero external field. From the fit of this time spectrum
|B,| and T, were obtained.

Other contributions may arise from the non-spherical parts of the screening cloud.
They would give rise to a pseudo-dipolar field contribution to the hyperfine field
since they have the same symmetry properties as the dipolar field discussed below
but are of short range only.

The dipolar interaction with all magnetic moments () localized at the lattice
sites m gives rise to the dipolar field By, (R, ):

Buipa(R,) = ), Dy (i — R, ), (1), (13)

where D;; is given by equation (12) except that we may neglect here the contact
terms since the w™* is assumed to avoid the occupied lattice sites .

If the direction of the localized magnetic moments varies periodically in
space, as is the case for an antiferromagnetic or helical spin arrangement, the sum
(13) over an infinite lattice is convergent. The dipolar field at the muon may then
be obtained by extending the sum over the lattice sites i of the sample to a sum
over an infinite lattice. The calculation of the latter sum is discussed in Appendix
B. Thus for the case of the zero field measurement in Dy which has a helical spin
structure for temperatures between 85 K and 179 K the local field is

B, (R,)=Bap(R,)+Bu(R,) | (14

with B, and By given by equations (10) and (13).

For a ferromagnetic alignment of the localized moments, the dipolar sum (13)
over an infinite lattice is only conditionally convergent. For a finite sample, this
means that the sum is shape dependent. The usual procedure is first to sum over
all dipoles within a volume () around R, and to replace the sum over the
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remaining volume V —{() by an integration:

Bdip,i (Ru) = Z 'Dij(ﬁ'l _ﬁu)ﬂj(m)

mel)
N
Vikoa

The first part results in a contribution ff[ﬁp(ﬁw 1), the residual dipolar field, which
depends on the lattice structure, the muon site, and the volume (). By partial
integration the second part is transformed into two surface integrals. The value
from the inner surface is dependent on the volume () and is called the Lorentz
field BL(Q) If this volume is chosen to be a sphere around R (as will be the case
in the actual calculations of Bihp performed in Appendix B), the value of the
Lorentz field is

B, =—M,, (16)

where M, is the magnetization of the single domain in which the muon is located.
By symmetry, for a spherical {) volume the residual dipolar field sum Bd,p(R Q)
is independent of () if the radius of the sphere is chosen large enough. The
integral from the outer surface depends on the state of magnetization of the
sample. For zero net magnetization, the contributions from the differently aligned
domains cancel each other. If an external field is present, we obtain the shape-
dependent demagnetization field B, (V, Bext) For ferromagnetic materials, the
dipolar field interaction of the muon with the localized moments of the sample
can thus be split into the contributions:

ﬁmp(ﬁ ) = B’£1i1;(ﬁ ) +§L+§dem 9)

The values of the residual dipolar field, Bdtp(R ), are further discussed in
Appendix B for various lattice structures and muon sites R Here we just note
that Bd,p(R ) can be expressed as

B:lip,i(Rp.) = E:j(Rp,)“‘p (17)

where the dipolar tensor E; (I-é ) is symmetric and traceless. This implies that the
residual dipolar field is zero if the magnetic moments have an arrangement which
is of cubic symmetry with respect to R This applies to both octahedral and
tetrahedral interstitial sites (as well as to substltutxonal sites) in fcc lattices.

IV. uSR in cobalt

The transition metal Co is ferromagnetic below the Curie temperature
T-=1395 K. Co has the hexagonal-closed-packed (hcp) structure below 690 K
and the face-centered-cubic (fcc) structure above 690 K. Since in polycrystalline
Co both phases may coexist, only single crystal samples were used. The saturation
magnetization densities measured [8, 9] and extrapolated to 0 K have been found
to be 1415 G for the hcp and 1446 G for the fcc phase. The corresponding
magnetic moments are 1.71uf and 1.75u%. Below 500K the easy axis of
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magnetization is the hexagonal axis. In the range from 500 K to 600 K the spin
direction changes slowly from the c-axis into the basal plane [10].

1. Measurements

Basically, three types of measurements have been made on single crystal
cobalt: (a) precession frequency measurements of the muon as a function of
temperature in zero external field, (b) a separate experiment to determine the sign
of the local magnetic field at the muon site, and (c) the external magnetic field
dependence of the local magnetic field at room temperature and at 875 K. In all
measurements the depolarization time is obtained in the fit to the time histogram.
For the zero field measurements an oriented ellipsoidal single crystal 12 mm long
and 8 mm in diameter was used. The external field measurements were performed
on an 8 mm diameter single crystal sphere. Preliminary results of these measure-
ments were reported earlier [11].

(a) Zero field measurements

Figure 8 shows the effective magnetic field, |B,, |, as a function of temperature
in zero external field. These measurements must be interpreted in three tempera-
ture regions. The low temperature region below 450 K shows with increasing
temperature a smooth decrease in the absolute local field |B,| from 315G to
100 G. The signal disappears at 520 K probably due to field inhomogeneities in
the sample, but returns again at 550 K. From 550 K to 680 K the local field
increases continuously from 180 G to 400 G. The muon frequency shows a jump
from 400 to 740 G, indicating a local field discontinuity at 690 K, the temperature
for the crystal structure change. From this point to the highest temperature
measured the muon frequency remains approximately constant.

The depolarization time is represented in Fig. 9 as a function of temperature.
The depolarization time at 4K is about 0.8 us and remains approximately
constant up to 350 K. This time decreases to an almost unobservably short value
in the spin rotation region and then increases to 1.2 us at 100 K. The observed

12 T T T T T
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» Co —a— —Se-—0_ _
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= 8 [ -1600
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> | o
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TEMPERATURE (K]

Figure 8
Temperature dependence of the SR precession frequency for single crystal Co in zero external field.
The errors of the points are smaller than the plotted points, except at T = 550 K. The right-hand scale
gives the absolute value of the local field B, corresponding to the wSR frequency.
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Figure 9
Temperature dependence of the depolarization time for the SR signal in Co single crystal. Near
§ 50K the depolarization time becomes very short, probably due to field inhomogeneities. The dashed
line indicates the general trend.

decrease of the depolarization time in the spin rotation region is probably due to
field inhomogeneities in the sample.

The asymmetry Az was found to be 0.10+0.04 independent of temperature.
The reduction from the expected value of =0.25 is mainly due to background
effects resulting from muons stopped in the dewar (oven) walls.

(b) Sign determination of B, in cobalt

In order to understand the contributions to the resultant local magnetic field
in Co it is necessary to determine the sign of B,. The alteration of the local field
brought about by an external field above the saturation value was hampered by
technical problems. The rather small spherical sample requires an external field
for saturation ((4#/3)M,) in excess of 6 kG. In addition to the fact that this field
exceeds the limit of our Helmholtz magnet pair, this high field causes a significant
energy dependent bending of the decay positron trajectories, which results in a
considerable decrease in counting rates.

The sign of B, may be determined directly by measuring the sense of the
muon precession when an external field is applied. The precession direction can
be obtained by analysing the relative phase of the signals produced by the decay
positrons in the two scintillator counters forward and perpendicular to the beam
direction (see Fig. 4). In zero external field the muon precession is not observed in
the perpendicular detector since the average field in the unmagnetized sample is
zero. With the application of an external field, however, the fraction of domains
magnetized along the external field will increase and a larger fraction of the
muons stopped in the sample will precess about a given direction resulting in a
signal observable in the perpendicular counter.

A phase determination requires an exact knowledge of zero time in the
forward and perpendicular detector. In order to partially circumvent this problem
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of determination of the zero time directly a non-magnetic reference sample was
used for comparison. _

In this experiment the reference signals were obtained at high temperatures
from the walls of the oven containing the sample. At lower temperatures
non-magnetic materials were used in place of the cobalt sample. In order to
minimize inaccuracies due to the poorly known zero time the reference frequency
was adjusted to be close to the frequency of the muon in cobalt. In the high
temperature region (875 K) an applied field of 1kG was used to produce the
reference signal. At the low and intermediate temperatures (673 K and 293 K) a
field of 4.5 kG was used which clearly separated the cobalt signal from muons
stopped outside the sample. For these measurements it is necessary to orient the
crystal so that the cobalt spins are perpendicular to the incoming muon polariza-
tion. The results of the fitting procedure for the Co and reference signal are given
in Table I. In each temperature region the fitted phases were compared as
Oco = Oco(forw.) — O (perp.) and 8, = 0, (forw.)— 0 (perp.). The ratio r=
8colbres 18 +1 for B, in the same direction as the magnetization and —1 for B,
oppositely directed. Table I shows that at 293 K B,, is negative with respect to the
bulk magnetization. In both the fcc and hep phases above the spin rotation region
the muons are observed to precess with the same sense as those of the reference,
i.e. B,>0. Various arguments may be advanced to explain the deviation of r
from 1. The errors given in Table I include only fitting errors due to statistics, but
no systematic errors such as crystal orientation, frequency difference effects
between the Co and reference, differing positron trajectories in different fields etc.
It is believed that the results of the sign determination of B, in the various
temperature regions may be accepted with a rather high confidence level. Addi-

tional substantiation of these signs will come from other experiments described
below.

(c) External field dependencies

The external field dependence of the muon precession frequency was meas-
ured in both the hcp and fcc phases. The hcp measurements were made at room
temperature and the fcc measurements at 875 K. The results of these measure-
ments are shown in Fig. 10. Four different cases were investigated: (1) The local
field in the fcc phase was found to be independent of the external field applied
along a random direction. (2) B, is also independent of the external field when
the external field is applied along the c-axis in the hcp phase. (3) B, shows a
strong external-field dependence, however, when the external field is applied
perpendicular to the c-axis in the hcp phase. (4) With the external field applied at
an angle of 45° to the c-axis B, increases with a smaller slope. The striking result
that for case (1) and (2) B, is independent of B.,, and that B, depends on the
angle between B,,, and the c-axis in the hcp phase will be discussed below.

2. Discussion

(a) Muon site and hyperfine fields

The relevant information to be obtained from the data is the site of the
stopped muon and the various contributions to the local field which the muon
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Figure 10
External field dependence of the local field B, for a spherical single crystal of Co. For the two cases, i)
the cubic high-temperature phase (T =875 K) and, ii) for B,,, parallel to the c-axis, (= 0°), at room
temperature, one observes that the local field B, is independent of B_,, below saturation. For B,,,
perpendicular (® = 90°) and ® = 45° with respect to the c-axis, B,, increases with B,,,. The lines drawn
for these two angles represent a fit through the data points with the result that K, =
+(4.8+0.3)x 10° erg/cm® under the assumption that the octahedral site is the stopping site and
K,=(5.7+0.3)x 10° erg/cm> for an assumed tetrahedral site.

sees. The difficulty is that these two questions are interrelated and one must try to
solve the problem such that a consistent picture develops. Recall that in the
absence of an external field the field at the muon site is given as

I
Bu=?“Ms+Bg,ip+Bhf. (9)

The saturation magnetization was calculated as M, = p(T)o,, where o, is the
saturation magnetization per unit mass at 0 K and the temperature T, and p(T) is
the sample density. The density as a function of temperature has been calculated

from known lattice parameters [12, 13]. To a good approximation one gets for
T<290K:

a(T)=(2.5014+0.56074x1077T?) A
c(T)=(4.0583+0.15672x107°T2) A
and for T>290K:

a(T)=(2.4980+2.5939x 10T +6.6289 x 10~°T2
+1.4328x107 T3 A

c(T)=(4.0523+6.3357x 107 5T+1.0448 x 108 T?>
+1.2004x 10" 2T3) A.

The magnetization o, is well represented by
o =1446(1. —1.9%x107'°T> G (19)
between 0 K and 700 K.

(18)
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For a light particle, there are two natural interstitial sites in an hcp crystal,
the tetrahedral and octahedral sites (see Fig. 15). It is also possible that the u™ is
trapped at a cobalt vacancy. Therefore the dipole field B;,, was calculated for the
tetrahedral and the octahedral interstitial sites as well as the substitutional site
from equdtion (B14) using the above values for ¢ and a as a function of
temperature. For an arbitrary spin direction @ with respect to the c-axis

Bjp(0) = u(sin@ E i +cosf E k). (20)

This implies that in the temperature range 0 K to 500 K the dipole field is parallel
to the c-axis. However, in the region of spin reorientation (500 K—600K) 6
changes and both x and z components must be considered. The values of 6 were
obtained from neutron measurements [10] and were used in the calculation of the
local dipole field. Above 600 K the magnetization and dipole fields lie in the basal
plane of the hcp crystal.

The hyperfine field depends on the signs of the measured local field B, and
the site dependent dipolar field Bd,p, (Bys=B, —B,—Bl,). In Fig. 11 the
hyperfine field is plotted for the various possible site and field combinations. The
dipole fields, Bl;,, for the three possible sites (octahedral interstitial, tetrahedral
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Figure 11
Calculated hyperfine field as a function of _temperature for the various possible muon stopping sites
combined with the assumed direction of Bu with respect to the magnetization, pos1t1ve (+) for B
parallel and negative (—) for B antiparallel to M. Under the assumption that B, varies smoothly w1th
temperature and follows approxunately the Co magnetization curve, the figure suggests the octahedral
site is occupied with B, negative at low temperature, and positive above the spin rotation region.
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interstitial, and substitutional) are calculated and together with the Lorentz field
are combined with B, under the assumption of a positive (+) or negative (—)
direction of B, with respect to the direction of bulk magnetization. If the
assumption is made that B,;, the hyperfine field at the site of the muon should at
least vary in a smooth manner then only two combinations are possible below
690 K, namely: the octahedral site under the condition that the sign of B, is
negative at low temperatures and becomes positive above the spin rotation, or the
tetrahedral site under the assumption that B, is positive below the spin rotation
region and becomes negative above the transition. One might argue that the
octahedral case is more plausible since the hyperfine field follows the magnetiza-
tion curve rather well while for the tetrahedral case there is an unexplained
increase in the absolute value of the hyperfine field with temperature. Further, the
discontinuous change in the hyperfine field across the structural phase transition,
which exists for both site possibilities is smaller for the octahedral case than that
for the tetrahedral case.

The designation of the muon site is open to some question based on the
results of the precession frequency alone and for this reason the experiment to
determine the sign of B, through the precession sense was performed. The results
shown in Table I show rather convincingly that the muon is precessing in cobalt in
the opposite direction to that of the reference sample in the temperature region
between 0 K and 500 K. For this to occur the local field B, is opposite to the bulk
magnetization and hence opposite to the Lorentz field. Under the assumption that
the hyperfine field should vary smoothly the only possibility for the muon site is
the octahedral site.

In the fcc phase above T =690 K, the site symmetry of the stopped muon can
only allow a zero dipolar field. Therefore, one may obtain the hyperfine field
directly as B,;= B BL

F_1)gure 12 summarizes the various contributions to the hyperﬁne field (Bhf
B — B —Bs,). By is negative and shows an unexplained large jump of 6% at the
hcp-fcc phase transition. The discontinuity of the Lorentz field (including the
density corrections [12, 13] accounts for only 1.8%. In addition to the large
discontinuity at the phase transition B, varies in the hcp phase more strongly
with temperature than the saturation magnetization. The hyperfine field measured
via the uSR technique may be compared with neutron diffraction experiments
[14, 15], which measure the distributions of the magnetic moments. From these
measurements it is known that the spin density in the region between the cobalt
atoms is indeed negative. In the hcp phase the magnetic form factors do not
change with temperature [14] whereas in the fcc phase there is a possibility that
the spin density at a site near the cobalt does change with temperature [16]. The
exact nature of the spin distribution across the phase change is not known
although it is clear from the magnetic moment measurements that some redis-
tribution must take place. The presence of the positively charged muon may cause
additional modifications in the spin density across the phase change.

(b) External field dependence

The internal field within a magnetic domain as a function of applied field is a
result of the interplay between the various contributions to the total magnetic
energy in the system. The relevant quantities in Co are the demagnetization
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Figure 12
The temperature dependence of the measured local field B, and the contributions to B, in Co. The
Lorentz field B; and the dipolar field B/, were calculated as described in the text. The figure shows

= di
the projection of B, along the local magnetization direction. The hyperfine field B,; was computed
from the measured values. The easy axis of magnetization changes in the temperature range 500 K to
600 K. A structural phase-change from hcp to fcc occurs at 690 K. The sign of the field components is
defined with respect to the local magnetization, M,, direction. Note the different scales for the various
field components.

energy E,.,,, the energy of a domain in an external field E.,,, and the anisotropy
energy E,.;

Etot = Edem + Eext + Eani' (21)

The competition between the external field and the anisotropy energy determines
the angle 6 which the spin takes in the crystal and thus effects the internal field.
The demagnetization energy per unit volume is equal to —3NM?. For a sphere
N =4m/3. The magnetic energy, E.,,, per unit volume for an external field B, is
given as —MB,,, for a given domain. The anisotropy energy has its origin in the
spin-orbit interaction in which the orbital angular momentum reflects the sym-
metry of the atomic site in the crystal [17]. Generally the anisotropy energy can
be written Y, K, sin®" 0. For cobalt in the hcp phase it is sufficient to use

E,.;=K, sin? 8 + K, sin* 6. (22)
The spin direction is determined by minimizing the potential energy for each

domain considered. In the absence of an external field this results in § =0° for the
temperature region 0 K to 520K, # =90° in the temperature region 600 K to
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690K, and sin”> § =—K,/2K, in the spin rotation region between 500K and
600 K.

For measurements of hcp cobalt in the external field; it is necessary to
consider the domain structure of cobalt. The size and direction of domains is
again dictated by a minimization of the total energy. The particular case for hcp
cobalt has been considered by Birss and Martin [18] using Néel’s theory of phases
[19]. Cobalt possesses a twofold magnetic symmetry because of the atomic
arrangement at low and intermediate temperatures so that the magnetic directions
are always parallel or antiparallel to the easy axis (c-axis) of magnetization. One
may denote « as the fraction of the cobalt sample for which the domains lie parallel
to the c-axis, then (1—a) is the fraction of domains antiparallel. As mentioned,
the minimum energy may be obtained by minimizing the energy separately in
both domains. Considering equation (21) and assuming that an external field is
applied at an angle ®; with respect to the c-axis of a given domain (i =1, 2) one
may minimize the energy with respect to the spin angle 6; obtaining

(2K, + NM?)sin 6, + 4K, sin® §, — MB_,, sin ®, =0 (23)
or in the case of cobalt, where K; » K,
sin 6, = (MB,,, sin ®,)/(2K, + NM?). (24)

Also for cobalt ®, =7 —®, so that §, =, =0 and the total energy of the system
may be written with the following contributions:

Egem =3N{[aM, sin 0 +(1—a)M, sin 6 +[aM, cos 6 —(1—a)M, cos 0T}
E=—aM.B,_,cos (®—0)+(1—a)M,B,,, cos (P+0) (25)
E..i=a(K, sin® 6 + K, sin* 8) + (1 — a)(K, sin” 8 + K, sin* 0).

The condition for minimization with respect to a gives |
2a—1= (B, cos ®)/(NM, cos 6). (26)

Once the angle 6 is known for a given external magnetic field the local field
B,, in either domain can be calculated. Figure 13 shows the various field
contributions with the resulting field given as

B, =Byt Baem + B+ By + Bl (8)

The net magnetization (B,.,,=—NM) is a vector sum of the magnetization from
each domain. The hyperfine fields are assumed to be parallel to M, in either
domain. Under these conditions the local field components for the two domains
(+, —) may be written as

4
Bi =B, sin®—NM, sin 0 -I-?w]\/[s sin 6 + B, sin 6 + B 5;(0)

27
B' =B, cos ®— NM,(2a—1) cos 0 @7)

4
+ (?" M, cos 8+ B, cos 6 +B;,'i'p(0)).

Using equation (26) it is observed that the first two terms in B, are zero, thus
guaranteeing that the field B, = B.,,+ Ba.m is perpendicular to the c-axis. For a
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Flgure 13

The various fields contributing to B, in an ellipsoidal single crystal of Co. The external field B,,, is at
an angle ® with respect to the c- axis (easy axis). The internal field is: B, =B +Bdem =B_.—NM,

ext ext

where M is propomonal to the vector sum of the moments aM and (1— a)M from the two possible
domains. As shown in the text B. ine 18 perpendicular to the c-axis. On the right-hand side the
contributions to B = BM+Bmt+B "hp+B are shown for one domain. B, is assumed to be parallel (or
antiparallel) to the domain magnetization.

sphere (N =4m/3) equation (27) gives

B, =B,,,sin ®+ By;sin 0 + Bj5(0)
Ao (27a)
Bl = i(—é— M, cos 6 + B, cos 0 +B3'i‘p(6)) :

This equation combined with the dipolar field calculations (see Appendix B) and
equation (24) gives with u, the effective magnetic moment,

4 2
B2 = (;M + By+ pE, )

4
3

The behaviour of B, with external field is clearly dependent on the type of site
occupied (E};) and the anisotropy constant K,. Figure 10 shows the experimen-
tally observed B,, as a function of externally applied field for ® = 0°, 45°, and 90°.
A fit to the data assuming the octahedral interstitial site is occupied gives a value
of K;=(4.8+0.3)x10°ergcm™ for the field applied at 90° to the c-axis in the
hcp crystal, whereas, for the assumption of the tetrahedral site a value of
K,=(5.8+£0.3)x10° ergs cm" is obtained. The fit to the data for the field applied
at 45° to the c-axis agrees with the respective value of K; assumed correct from
the 90° fit. Published values [20, 21, 22, 23] at room temperature vary somewhat,
but as indicated in Table II are near the value 4.8x10°ergs/cm®. The value
5.8x10°erg/cm® is outside the range of measured values. The external field
measurements, therefore, give additional verification that the muon is sitting at
the octahedral site in the hcp crystal.

{[(2K1+3p,ExxM )/(ZK1 I\J"S)] B.,. sin (I)}z. (28)
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Table II
Comparison of various literature values of the anisotropy K, with the uSR values of K, under the

assumption of the tetrahedral (octahedral) interstitial site. The comparison gives additional evidence
for the octahedral site.

K, [erg/cm?] Method Reference
5.3x10° Torque 19
4.3x10°% Torque 20
4.4x10° Torque 21
5.2x10° Magnetization 22
4.8x106 average 19-22

(4.8+0.3)x 10° 1SR (oct.)
(5.8+£0.3)x 108 SR (tet.)

The results for the fcc phase measurements indicating an independence of
external field below 2.5 kG are to be expected since the B, contribution is zero.
If the local dipole contribution is zero then B Bt,,xt+Bdem+Bhf+BL At exter-
nal fields below saturation the first two terms cancel each other and therefore the
internal field is determined solely by B; and By,. [If the external field is greater
than NM, the internal field is affected.] For the cylindrical sample used the value
of N is 1.72.

3. Conclusions

a) In the interpretation of the wSR results in cobalt it has been shown that
the contribution to the local field from the local electronic magnetic dipoles must
be taken into account. Calculations giving the correct Bj;, indicate that the
electronic dipoles may be considered as localized.

b) Through the consideration of the local field contributions the muon site
has been determined to be the octahedral interstitial site. This result represents
the first unambiguous site determination for a free muon in a solid. From the
results of these experiments it cannot be established whether the muon diffuses
among the identical octahedral interstitial sites or is trapped on one.

c) From the external field measurements it is seen that the wSR method may
be used to determine the magnetic anistropy energy coefficients K;. The value of
K, in hcp cobalt at room temperature is found to be 4.8+0.3 X 10° erg/cm>.

d) The hyperfine field has been determined in this study as a function of
temperature (Fig. 12). In cobalt an unexplained large discontinuity has been
observed at the crystal phase transition. Additionally, it has been observed that
the hyperfine field does not follow the internal magnetization. These effects which
may be partially due to the perturbation by the muon itself are highly interesting
and are further discussed in Section IX.

V. uSR studies in gadolinium

Gadolinium is a rare earth metal which crystallizes in the hcp structure.
Below the Curie point, To=292K, Gd is ferromagnetic with a saturation
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magnetization density [24] at 0 K of 2010 G. The magnetic moment of Gd has
been measured by neutron diffraction [25] and found to be 7.55 ug at 4.2 K. The
increase of 0.55 ug over that expected for S=Z has its origin in the exhange
interaction with the polarized conduction electrons. The spin direction for temp-
eratures above 230 K is along the c-axis. Below 230 K the easy axis of magnetiza-
tion makes an angle 0 with the c-axis. There is considerable discrepancy in the
literature [26, 27, 28, 29] as to the temperature-dependent angle 6. Previous meas-
urements with uSR in Gd have been reported as a function of temperature and
magnetic field [30]. In the interpretation of their results the influence of the local
dipole field was not considered. As is clear from the case previously discussed
with cobalt the influence of the local electronic dipoles on the field B, must be
taken into account. Preliminary results of the SIN measurements on Gd were
reported earlier [31].

1. Measurements

The wSR measurements were made on a polycrystalline Gd sample in zero
external field between 25 and 300 K. The sample used was a 15 g disk which was
annealed at 1435 K for about one hour in an argon atmosphere. The annealing
which was repeated several times between the measurements had the effect of
1ncreas1ng the asymmetry. In Fig. 14 the results of the measurements of the muon
precession frequency as a function of temperature are shown. Clearly, |B | does
not follow the magnetization curve as was also the case with Co. This somewhat
complicated relationship of local field as a function of temperature shows a
continuous increase in local field from 55 K to 170K and a rather sharp dip at
225 K near the temperature for which the spins become aligned along the c-axis.

The depolarization time remains essentially constant over the entire tempera-
ture range measured with a value near 0.10 us. The asymmetry measured was
also independent of temperature with a value of A.s=8+1%.
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Figure 14

The absolute value of the measured local field B, vs. temperature in zero external field for
polycrystalline Gd. The line drawn through the points serves as a guide to the eye.
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2. Interpretation and discussion

In order to explain the observed temperature dependence of B, we must
again consider the various field contributions responsible for the total internal
field in the absence of an external magnetic field i.e.

B, =B, + B+ By (29)

B, is given as usual as (47/3)M,(T), where the known magnetization curve has
been corrected for thermal expansion using the known temperature dependence
of the lattice constants [32, 33]. The values at 0K are a=3.628 A and c=
5.795 A. In the hcp lattice the muon may stop at the octahedral or tetrahedral
interstitial sites or may reside at a Gd vacancy.

The hcp structure of Gd is represented in Fig. 15 showing the possible
interstitial sites. It is necessary to calculate the dipole field tensor, Ej;, for these
sites. The values may be obtained by using equation (B14), where again the
temperature-dependence of a and ¢ have been taken into account.

The complicated behaviour of the observed B, with temperature must have
its origin in the dipole field, Bj;,, and in particular on the manner in which this
field changes with the spin direction. The spins rotate from the c-axis at 230 K into
a cone about the c-axis with varying angle 6 as a function of temperature. Corner
et al. [27] have expressed this anisotropy through the energy E,,; as

E...= K, sin®* 6 + K, sin* § + K, sin® 6. (30)
The dipole field By, transforms with spin direction as (see equation (B4))
B, =uE..(sin 6,0, -2 cos ). (31)

The value of w is given as 7.55 ug(M,(T)/M,(0)). In both the tetrahedral and
octahedral interstitial sites as well as at the Gd vacancy site E;, =—2E,.. In
determining the stop site of the muon, the fact that the dipole contribution Bj;,

Figure 15
Dipolar fields at the tetrahedral and octahedral interstitial site in the hcp Gd lattice at 0 K. The Gd
moments make an angle of 8 = 30° with respect to the c-axis. The fields at the two sites are parallel to
each other but not parallel to the Gd moments.:
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The field X =B, — B, = B,;+ B, is plotted as a function of temperature for three possible stopping
sites (a, b and c) and for B, >0 and B, <0. From neutron diffraction and torque measurements it is
known that 8 =0 for T >230 K. With this boundary condition and the assumption that X should vary
in a continuous manner with temperature, it follows from these figures that the octahedral site must be
the stopping site with B, > 0. The crosses on the curves for T>230K are for the uSR data with the
boundary condition 6 = 0°. From the curves corresponding to the octahedral site with B, >0 the angle
6 is determined.
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transforms differently with 6 than either B, or B,; was used. Combining these
latter two fields a vector X was formed:

X =B, +By | (32)
which transforms under 6 as

X =X(sin 6, 0, cos ). (33)
Using equations (9, 31-33) one gets:

B2 =X*+2X_,E..(1—3 cos? )+ u’E/2(1+3 cos* 0). (34)

This equation can be solved graphically by assuming a given stop site (E..(R.,))
and generating a set of curves X (T) with 6 as a parameter and using the measured
values of B, (T). Such sets of curves are shown in Fig. 16. Since the sign of B, (T)
in the polycrystalline sample cannot be determined, combinations using both plus
and minus B, (T) are considered. If one assumes that the complicated structure of
B, asa functlon of temperature arises from the variation of B, with 6, then the
quantlty X= B — B4, (8)= By;+ B, should vary in a smooth manner. An attempt
is made to draw a smooth curve through these generated curves which will then
give the spin angle 6. The boundary condition is used that the experimental X(T)
must follow the generated curve for 6 =0° between the temperatures 230 K and
the Curie point where it is known the spins are aligned along the c-axis. For the
choice of the octahedral site and B, >0, for all temperatures a smooth curve can be
drawn, whereas, for other sites and signs of B, such a curve is impossible,
therefore showing the octahedral site with B, >0 is the muon site. Further, from
this curve one can determine the cant angles 0, over the entire temperature range.
It is observed that the spin angle at 0K is 6§ =30°+3°. The angles 6 (T)
determined from the wSR measurements along with those determined by neutron
diffraction [28] and torque measurements [26, 27, 29] are shown in Fig. 17. Figure

| 1
0 50 100 150 200 250 300
TEMPERATURE [K]

Figure 17
Plot of the angle between the magnetization and the c-axis as a function of temperature as extracted
from SR measurements (solid line). Indicated are also the values from neutron diffraction (@) (Ref.
28) and torque measurements (A) (Ref. 26) and (-—-) (Ref. 29).
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X, T)=B L= B 4ip(0) plotted against temperature. The angles 6(T), and therefore B aip(0), have
been determined from the smooth fit of X indicated in Fig. 16a. The points with error bars are
determined from the measured B, (T). The fact that the points are found to fall so well on the smooth
X(0, T) curve indicates the model used, under the assumption of the muon stopping at the octahedral
interstitial site with B, >0, is reasonable.

18 shows a separate plot of X(6, T) versus temperature using the angles obtained
from Fig. 17, where the actual measured values of B, (T) with the experimental
error have been reinserted into equation (34). It is seen that the data fall quite
well on the smooth curve X (6, T) predicted under the assumption that the muon
is in the octahedral site and that we have correctly accounted for the'local field
contributions.

Once the correct values of X(T) have been established, the hyperﬁne field
B, may be obtained as B.=X- B, where B, is given by (4#/3)M,(T). Figure 19
shows B, as a function of temperature together with the normalized magnetiza-
tion curve. This deviation will be discussed further in Section IX.

0 | | 1 |
(0] 100 200 300
TEMPERATURE [K]
Figure 19

The extracted hyperfine field B, at the octahedral site in Gd is plotted as a function of temperature.
The dashed curve is the magnetization data of reference [24] normalized to B, (T =0K). The
hyperfine field is in this representation definitely below the magnetization curve. The hyperfine field is
opposite (negative) to the local magnetization.
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3. Conclusions

a) In the analysis of the Gd wSR data the importance of the dipole field By,
contribution to the local field has been shown. The calculated local field which
changes with the spin rotation angle 6 between 0K and 230K predicts the
observed B, and therefore provides a means of obtaining 6 from the uSR
measurements. Further, the dipole calculation which correctly predicts the ob-
served B,, has been made under the assumption that the Gd magnetic moments
are localized with the value 7.55 pug(M,(T)/M.(0)).

b) Based on the correct analysis of the local field, the site of the muon has
been shown in this polycrystalline sample to be the octahedral interstititial site.

c) The hyperfine field B,; has been determined as a function of temperature

and is shown to deviate from the normalized magnetization curve. The value for
B, at 0K is —6.98+0.10 kG.

VL. uSR in dysprosium

Dysprosium is a rare earth metal with rather interesting magnetic properties.
Between Ty =178 K and T, =85 K, Dy is a helical antiferromagnet [34]. For this
temperature range the spins lie in the basal plane of the hcp lattice with the axis
of the helix parallel to the hexagonal axis. In this antiferromagnetic state the helix
angle o, between the ferromagnetically ordered planes, is temperature-dependent,
varying between 43° just below Ty to 26° at 90K [35].

Below 85 K a discontinuous orthorhombic distortion occurs [36, 37] with a
corresponding magnetic phase change to a ferromagnetic state. The spins are then
found to lie again in the basal plane along the orthorhombic a axis [38, 39]. The
magnetic moment has been measured to be 10.2 u§ and the saturation magneti-
zation at 0 K to be 2995 G [40].

In an earlier work [41] wSR measurements in Dy were reported. A drastic
change in the amplitude and the relaxation time was observed in an external field
as the sample was taken from the paramagnetic to the antiferromagnetic state. No
measurements of the local field were performed, however. Preliminary results of
the uSR measurements at SIN in Dy were reported earlier [42].

1. uSR measurements

The measurements were performed on an annealed polycrystalline disk with
a diameter of 25 mm and a thickness of 5 mm. The results of the measurements of
B, as a function of temperature are shown in Fig. 20. Signals are seen in both the
antiferromagnetic and ferromagnetic states and within the accuracy of measure-
ment vary in a continuous manner through the Curie temperature. The local field
in the ferromagnetic state remains fairly constant. The asymmetry A, and the
depolarization time T,, have been determined and found to be essentially
temperature-independent. The measured asymmetries are small (~0.03) and the
relaxation time short, never longer than 200 ns.
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Figure 20
Temperature dependence of the local field B, for Dy in zero external field. T, is the Curie
temperature, Ty the Néel temperature. The spin structures in the ferro- and helical antiferromagnetic
phases are indicated. Within experimental errors of about 1% no change of B, is seen at T.

2. Discussion and results

In the absence of an external field the internal field may be expressed as the
sum of the hyperfine field and the total dipole field

B, =B+ By, ®)

In the ferromagnetic material one may consider B, to be composed of two
components, the Lorentz field B;, and Bj);, the contribution due to magnetic
dipoles within the Lorentz sphere. In the ferromagnetic phase B}, = w(T)E,,. An
exact calculation (see Appendix B) is needed to obtain E,, using the three
orthorhombic lattice constants a, b, and ¢ [36,37]. It is assumed the spins lie
along the a direction. The localized moment w(T) was taken to be
10.2 up(M,(T)/M,(0)). The values of M, (T) were obtained from o(T) [40]
corrected for density using the known lattice constants [33]. To a good approxi-
mation

M,(T)=2995(1.0—-1.51x107°T% G (35)

from 0K to 85 K.

For the case of the helical antiferromagnet it is necessary to calculate
B4, = u(T)E,, as a single sum of dipole contributions over the crystal using
equation (B4). The Ewald sum method which is optimized for convergence is
described in Appendix B. The E_, which depend on the interplane turn angle «,
are calculated for the correct ratio c¢/a =1.58 for the three possible muon stop
sites in this hcp phase. The results of this calculation for the octahedral and
tetrahedral interstitial site and the Dy substitutional site are shown in Fig. 40. The
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Figure 21

The calculated dipole fields B,;, in Dy under the assumption of three muon stop sites (octahedral
interstititial, tetrahedral interstitial and Dy substitutional site). Although deviations do occur (~ 1 kG)
the general shape of the curves with temperature are similar and the relative differences are small. It
was not possible to determine experimentally which of these sites was occupied. It should be noted
that in the ferromagnetic case By, was obtained as the sum of separately calculated B/;, and B,
whereas, in the antiferromagnetic phase a single Ewald sum giving B, directly was made.

interplane turn angle can be well represented by
a(T)=14.6+0.101T+0.0003272.

The magnetic moment in the antiferromagnetic phase is determined from w(T)=
10.2ug(M,(T)/M,(0)), where the ratio M.,(T)/M,(0) was obtained from
Barg (T)/Byg (0) where By (T) is the measured hyperfine field at the nucleus as
determined by Mossbauer data [43].

The results of the dipole field calculations By, for the three possible muon
stop sites are shown in Fig. 21. It is of interest to note that the calculated dipole
fields vary in an almost continuous manner across the phase change, although a
discontinuity of 4% does exist for the calculated tetrahedral interstitial site case.
Additionally, it is observed the dipole fields for the three sites do not differ greatly
from one another.

Under the present experimental accuracy it is impossible to state definitely
which calculated dipolar field as a function of temperature best fits the data. Since
the muon has been shown to stop in the octahedral interstitial site in hcp Co and
Gd, it is tempting to choose the octahedral interstitial site as the pw™ stop site in
Dy as well.

Assuming equation 8, B,; may be extracted as the difference between B, and
B, Figure 22 shows By, so obtained under the assumption of the octahedral site
for both positive and negative B,, with respect to M,. Since the calculated B;, for
the three possible stop sites do not differ significantly, the B,; under the assump-
tion of the tetrahedral interstitial site or the Dy substitutional site have not been
represented. However, the curves for these sites appear quite similar. Under the
assumption that B, <0, a large hyperfine field exists at 0 K (=25.35 kG) which has
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The resulting hyperfine field in Dy, B, = +B, — By, as a function of temperature. The curve shown is
relatively insensitive to which particular B, is used (i.e. octahedral or tetrahedral interstitional site or
substitutional site). For the case of a negative B, a rather large negative B, exists at 0 K, whereas, for
a choice of a positive B, the hyperfine field is near zero over the entire measured temperature range.

the general form of the magnetization curve. For a B, >0 a much smaller
hyperfine field is calculated which, within experimental accuracy can be consi-
dered temperature-independent and near zero (1 kG).

3. Conclusions

In the consideration of the wSR measurements on Dy the following conclu-
sions may be drawn.

a) The muon precession frequency was observed in the anti-ferromagnetic
phase of Dy. This represents the first observation of wSR in an antiferromagnetic
metal.

b) The fact that the muon precession was observed in the antiferromagnetic
phase can only be explained if the muon is not diffusing through the lattice.

c) A continuous variation of the muon precession frequency occurs across
the magnetic and structural phase transition. Such an observation implies a
continuous change in the local magnetic field across this transition region. This
rather startling fact is, however, born out in the calculation of the local dipole
fields as well.

d) It is not possible on the basis of these measurements to state unequivoc-
ally the particular stopping site of the muon. The dipole fields B, have been
calculated for the tetrahedral and octahedral interstitial sites as well as for the
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substitutional site. The difference in the local fields so calculated are not appreci-
ably greater than the accuracy of the measurements. A preference might be
argued for the octahedral site based on an expected similarity with the hcp
materials Gd and Co where the stopping site of the muon is known.

e) The results of the hyperfine field in Dy as a function of temperature are
shown in Fig. 22. Since it was not possible in this experiment to determine the
sign of B, both possibilities must be considered. The hyperfine field so obtained is
relatively independent of the particular stop site of the muon because of the
insensitivity of By, on the particular site relative to the measurement uncertain-
ties.

In order to determine the sign of B, it will be necessary to perform an
experiment on a single crystal of Dy and measure the precession sense of the
muon when the sample is placed in an external magnetic field.

VII. 1SR in a-iron-

The transition metal Fe crystallizes in a body-centered cubic structure below
1183 K and is ferromagnetic below T.=1044 K. The saturation magnetization
has been determined at 0K to be M,(0)=1750G and the magnetic moment
found to be 2.217 ug[44]. The easy axis of magnetization is the (100) direction.
In the bcc lattice there are again two interstitial sites, the octahedral and the
tetrahedral sites (see Fig. 23), where the surrounding ions are arranged in a
tetragonal symmetry. This implies that in general there are three magnetically
inequivalent octahedral sites. With the magnetization along the easy axis the
dipolar fields at two of the octahedral sites are equal and have the value —9.3 kG

@ oct, + 185kG
@ oct. - 9256
@D tet. - 52k6
® tet. + 28kG

Figure 23
Dipolar fields at the tetrahedral and octahedral interstitial sites in «-Fe at 0 K magnetized along [001].
A muon diffusing rapidly between the octahedral (tetrahedral) sites will average the dipolar fields to
Zero.
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whereas, at the third site B}, =+18.5kG (see Appendix B). If the muons are
stopped at octahedral sites one therefore expects to observe two distinct frequen-
cies in the wSR spectrum. The same argument applies to the tetrahedral sites with
different values for Bj;,. _

The first .SR measurements in Fe performed by Foy et al. [45] and shortly
thereafter by Gurevich et al. [46] showed a single muon frequency. It was
therefore concluded that the p™ diffuses rapidly among the interstitial sites and
averages the different dipolar field contributions to zero. It was hoped to be able
to observe the localization of the u™ at lower temperatures and to obtain
information on the diffusion of the muon in iron. These ideas prompted various
SR experiments in Fe [47, 48, 49]. The early measurements at SIN have been
published in Ref. 47. Here we report on new data which cover the whole
temperature region up to 1000 K.

1. uSR measurements in a-iron

The results of the observation of B, as a function of temperature in the
absence of an external field are shown in Fig. 24. In the earliest measurements
two single crystal samples were used ([J in Fig. 24). In the high temperature
region, above room temperature, a small single crystal ellipsoid was used. Below
room temperature the measurements were first made on a 4 cm long single crystal
cylindrical sample. Both single crystals were of unknown purity. The signal
became very broad and difficult to observe below about 180 K. The later
measurements were made on polycrystalline rods of higher purity (99.997%) (@)
in Fig. 24), and the signals could then be observed down to 40 K. A careful search
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Figure 24

Temperature dependence of the wSR frequency and local field |B, | for Fe in zero external field. Only
one frequency is observed over the entire temperature range measured. The ((J) represent single
crystal measurements and the (@) represent measurements from a high purity (99.997%) polycrystal-
line rod. Measurements on single crystals showed only a broad signal below 180 K which is probably
responsible for the deviation seen below 180 K.
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Figure 25
Sign determination at the local field B,, in Fe. The observation that above saturation (B;) the uSR
frequency decreases with B, indicates that the internal field B, is negative, i.e. opposite to the bulk
magnetization.

for the uSR frequency below 40 K revealed no result. Even at 4 K no signals
could be detected. )

In order to obtain the sign of the local muon field B,, measurements were
made on the single crystal sample in an external field. The results of these
measurements at room temperature are represented in Fig. 25. At an applied field
of 590 G the value of B, begins to decrease, becoming zero for B,,, equal to 4 kG
after which the field at the muon increases in absolute value with increasing
applied field. These results indicate that the field B, at zero applied field must be
negatively oriented with respect to the domain magnetization M.

The results of the temperature dependence of the depolarization rate for the
high purity rods are shown in Fig. 26. For the overlapping temperature range
these results are in agreement with earlier measurements on the single crystal
[47]. The data show a strong temperature dependence yielding shorter depolariza-
tion times as the temperature is lowered until below 100 K the times are shorter
than 50 ns.

2. Interpretation and discussion of results

The fact that in zero external field only one muon precession frequency is
observed indicates that the muons are diffusing rapidly and thus averaging the
dipole fields to zero.

With Bg;,, =0 one obtains from equation (8)
B, =B..—NM+B,+B,;=B,(0)+B..— NM, ' (36)

where B . (0) is the local field measured in the absence of an external field. Below
saturatlon the last two terms cancel and one is left with B =B . (0). With
increasing external field the bulk magnetxzatlon M will mcrease up to the
- saturation magnetization I\/Is. ‘The field B}L will change with Bext above saturation
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Figure 26
Depolarization rate as a function of temperature for the uSR signal in a high purity (99.997%)
polycrystalline iron rod.

according to B, =B (0)+I§ext B., where B, = NM, is the saturation field. The
decrease of |B,, Tfor B, <B..<4 kG can only be interpreted by a negative B For
values of B.,.>4kG the local field B is parallel to B...

The hyperfine field is obtained as before in the absence of an external field
and effective dipole field by subtracting the Lorentz field from the observed B,,.
B; is determined from (47/3)M(T), where the magnetization M(T) has been
corrected for density as a function of temperature [33]. Figure 27 shows the
hyperﬁne field together with the normalized magnetization. The hyperfine field 1s

=—11{2:|:0 2kG at T=0K. The figure illustrates again the characteristic
dev1at10n of the hyperfine field from the normalized magnetization as a function
of temperature. In this representation B, in iron falls below the magnetization
curve. Possible explanations for this deviation are considered in Section IX.

The observation of a single wSR frequency could be explained by the
assumption that the muon becomes trapped at the Fe substitutional sites, which
are magnetically equivalent to one another and for which the local dipole field
B/, is zero on symmetry grounds. However, this explanation is excluded on the
basis of the strongly temperature-dependent relaxation times and the disappear-
ence of the signal at low temperatures.

The temperature dependence of the depolarization rate is shown in Fig. 26.
The overall behaviour is in agreement with other investigations [48, 50]. If the
muon diffuses rapidly as indicated by the observation of the single precession
frequency then the depolarization can be described in the so-called motional
narrowing limit. Under this condition the depolarization can be represented over
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Figure 27
Hyperfine field B, determined from the wSR data for a-Fe. The single crystal ((J) and polycrystalline
(@) data fall (except the small deviations discussed in Fig. 25) on the same line which is noticeably

below the magnetization curve normalized at 0 K. the hyperfine field at 0 K thus determined is
B (0K)=-11.2+0.2 kG.

the entire temperature region measured as

P(T)= P, exp (—At), (37)
where A the depolarization rate is given by
A=v.Bii,T. (38)

with vy, being the gyromagnetic ratio of the free muon and where the correlation
time 7, represents the residence time for the diffusing muon. If one is interested in
attaining the temperature dependence of 7. and therefore information about
diffusion, it is necessary to normalize to a given Bj;,. Since the dipole fields are
proportional to magnetization, the T,(=A"!)-values must be normalized by the
factor (M(T)/M(0))*. Figure 28 shows the temperature dependence of the cor-
rected T,.

If the assumption is made that the depolarization times are comtrolled by
some activated process, then the Arrhenius plot (Fig. 28) allows the activation
energies to be obtained. The fit to the data in Fig. 28 gives for the high
temperature region (T>650K) E,=124+35meV and for the temperature
region between 80 K and 350 K the activation energy given is E, =30+10 meV.
In the lowest temperature region it is difficult to define an activation energy from
the three points although it is clear that an effective activation would be quite
small.

A determination of an exact mechanism for diffusion at this stage appears
difficult and at best speculative. It has been shown [50] the results are quite
sample dependent, and the purity and sample preparation seem to be important.
Further measurements on well characterized samples are presently being carried
out and these results should shed light on the diffusion problem in iron.
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Temperature dependence of the relaxation time T, for Fe (corrected depolarization time). In this
Arrhenius plot three temperature regions corresponding to different activation energies can be
distinguished. '

3. Conclusions

a) A single muon precession frequency for a given temperature was observed
over the entire temperature region measured. The form of this curve as function
of temperature roughly follows the magnetization curve.

b) Measurements of B, as a function of an externally applied magnetic field
have shown the internal field B, is negative, or directed antiparallel to the
domain magnetization.

c) The hyperfine field at 0K is B,;=-11.2+0.2kG. The characteristic
deviation from the normalized magnetization curve appears again.

d) Since only one muon frequency is observed over a broad temperature
range it is concluded that the muon is diffusing among interstitial sites rapidly
enough to average the expected dipolar fields to zero.

e) The relaxation time T, shows a strong dependence on temperature,
becoming quite short (<50 ns) at low temperatures. There is no complete picture
of the mechanisms leading to the depolarization of the muon. It seems clear that the
diffusion of the muon is important. Different diffusion mechanisms (trapping,
detrapping, tunneling etc.) are probably responsible for the observed behaviour.
The fact that different samples show different results indicates that impurities and
sample preparation are important. :

VIIL. p SR in nickel

Nickel, a transition metal, crystallizes in the face-centered cubic structure
over the entire temperature range of the solid. The Curie temperature has been
measured to be 631.0 K and the magnetic moment to be 0.616 ug [44]. The
saturation magnetization at 0 K is 528 G. The easy axes of magnetization are
along the cubic diagonals. In fcc nickel the octahedral and tetrahedral interstitial
sites as well as the Ni substitutional sites (see Fig. 29) have zero local dipole fields
due to symmetry.

The first wSR signals in Ni were detected at SREL [45] and further
measurements followed at Dubna [46, 51] and Berkeley [52, 53]. More complete
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Figure 29

Face centered cubic lattice showing the octahedral (O) and tetrahedral (A) interstitial sites. In contrast

to the bec lattice (Fig. 23) these interstitial sites have cubic symmetry and thus a vanishing dipolar
field.

measurements have been made at SIN examining both precession frequency and
depolarization time [49] as a function of temperature as well as external field
measurements on a single crystal, and these results are reported here.

1. wSR measurements in nickel

The results of the temperature dependence of the muon precession frequency
in zero field are shown in Fig. 30. The measurements were made on single
crystal ((CJ) in Fig. 30) and polycrystalline samples ((@) in Fig. 30). More than one
polycrystalline sample was used which did not appear to affect the muon fre-
quency as the rather continuous behaviour of the results show. Signals could be
observed down to 4 K. .

For the external field measurements a spherical sample of diameter 2.2 cm
was used, which was fabricated to high precision using electroerosion. As in iron,
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Figure 30

Temperature dependence of the wSR frequency for single crystal ({J) and polycrystalline (@) Ni. The
right-hand scale gives the absolute value of the local field B,,.



498

A. B. Denison, etal. H.P. A.
I 1 T 1
3 - -
Ni.
T=293K
S2f -
=5
=
a ) T
I+ I .
|
|
|
Bg
| Jl | |
0 | 2 3
Figure 31

Local field |B,| as a function of external field B,,,
B, = (47/3)M, the uSR frequency starts to increase with B
positive, i.e. in the direction of the bulk magnetization.

for a single crystal Ni sphere. At the saturation
thus indicating that the internal field B,, is

ext?

the behaviour of the local field B, with the application of an external field yields
information as to the sign of the local field with respect to the domain magnetiza-
tion. The results of these measurements are shown in Fig. 31. Clearly, B,
increases as the external field becomes larger than the saturation field, B,. The
value of B, determined from the function of the linear extrapolation of the high
and low external field regions is 2050+ 13 G.

Figure 32 shows the measured depolarization time, T,, as a function of
temperature. The measurements were made on high purity polycrystalline foils. In
the range 4 K to 300 K the depolarization times are temperature-independent
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foils.



Vol. 52, 1979  Positive muons as probes in ferromagnetic metals 499

with a value near 1 us. As the temperature is raised from 300 K to 550K the
relaxation time increases reaching 4.6 us at 550 K. Above 550 K the depolariza-
tion rate appears constant.

2. Interpretation and discussion of wSR in Ni

~ The hyperfine field as a function of temperature (Fig. 33) has been calculated
from the zero field data shown in Fig. 30 as

where the saturation magnetization was again corrected for density [33]. The
hyperfine field thus obtained at 0 K is B,(0)=—0.707+0.010 kG.

In Fig. 33 the hyperfine field B,;(T) is compared with the normalized
magnetization curve ((M,(T)). The figure indicates again that the hyperfine field is
not proportional to the magnetization. It should be noted in the case of Ni the
deviation of the hyperfine field, in contrast to the other ferromagnetic materials
studied, is in the positive direction from the normalized magnetization.

The fact that the measured B, is increased when an external field greater
than the saturation value, B;, is applied, shows that the internal field B, and the
domain magnetization M, have the same direction. The Bg- value obtained, 2050+
13 G, is in excellent agreement with - expected for an ideal spherical sample
((47/3)M, (293 K) =2048 G).

The temperature dependence of T, (Fig. 32) can be divided into two
regions. In the low temperature region, T<300 K, the measurements give a
depolarization time of 1.0 ws. A radiation damage study [55] indicated that the
absolute value of this depolarization time could be shortened by a factor of three.

0.8 T T T |
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Figure 33

Hyperfine field determined from wSR data in Ni. The hyperfine field at 0K is By,=
—0.707+0.010 kG. The bulk magnetization curve M,(T) normalized at 0K is definitely below B, in
this representation.
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Temperature dependence of the inverse correlation time in Ni. The straight line is a fit to the
Arrhenius law.

The observed T,’s are probably resulting from inhomogeneous broadening in the
sample over this temperature range. In the high temperature range, T >350K,
the value of the depolarization time is most probably determined by motional
narrowing. In Ni the electronic dipole fields from the normal interstitial and
substitutional sites are zero so the perturbing fields producing relaxation have
their origin in impurities or defects. If a fit is made to the relaxation function [56]

P(t) =Py exp {—2c*7Z(exp (—t/7.) +t/7.— 1)} (40)

over the temperature range 350 K< T <550 K, and the assumption is made that
o is constant and the correlation time 7, is governed by an activated process
(1. = T,e"E/*D) then one obtains with o =0.81 us™' the correlation time as a
function of temperature as shown in Fig. 34. The temperature dependence of 7. is

given with an activation energy of 173+7 meV with the pre-exponential factor
T = 10 (8-4=0.05)¢ [54]

3. Conclusions

a) The temperature-dependent behaviour of the muon precession data gen-
erally exhibits the magnetization behaviour. At T=0K, B, is 1.5kG and for
higher temperatures the value of B, gradually decreases until at the Curie point
(631 K) the field is zero.

b) The application of an external field of strength greater than that of the
saturation field showed an increase in B, indicating the local field and the
magnetization are in the same direction. The value of B;, the saturation field, is
equal to that expected for the spherical sample.



Vol. 52, 1979  Positive muons as probes in ferromagnetic metals 501

c) At T=0K the hyperfine field is negative with a value —0.707+0.010 kG.
A comparison of By; with the normalized magnetization shows a positive devia-
tion of the hyperfine field from the magnetization. This result is opposite to that
obtained for all the other ferromagnetic metals measured.

d) The observed temperature dependence of T, may be explained by the
motional narrowing phenomenon. The activation energy in the intermediate
temperature range is E, =173+7 meV.

IX. Hyperfine fields

In the previous sections it has been shown how it is possible to analyze the
various contributions to the measured local field B,. This section is devoted to a
discussion of the hyperfine field B,;. The resulting values for B,; are first
compared to the information obtained from neutron scattering data (IX.1). Then
various theoretical models for B,; are critically examined (IX.2) and the observed
temperature dependencies B, (T) are discussed (IX.3).

Based on the interpretation of the wSR data in the various ferromagnets
which lead to the conclusions that the muon is sitting at the octahedral site in Co
and Gd, and that the residual dipolar field B/;, vanishes in Ni and Fe, the
following values are obtained for the hyperfine fields extrapolated to T=0K:

Fe -11.1+0.2kG

Co —6.1+0.2kG

Ni -0.71+0.01 kG

Gd -6.9+0.2kG

Dy -0.7 or -25.2+1.0kG,

where the two values for Dy correspond to the two possible signs for B,..

The obvious common feature of these values is their negative sign which
means that the magnetization densities at the muon are in opposite direction to
the averaged magnetization densities in the unit cell. Such a negative value is
in agreement with other experiments at dilute non-magnetic impurities in
ferromagnetic metals which generally show negative hyperfine fields for small
valence Z of the impurity and positive ones for high Z. This feature was explained
by the Daniel-Friedel model [57]. Before outlining this model the information on
the magnetization density as obtained from neutron scattering data is discussed.

1. Information from neutron scattering data

Via the magnetic -interaction, neutrons probe the magnetlzatlon M in fer-
romagnetlc crystals. The magnetic 1nteract10n is given by —fy - B(rN) where the
fy is the magnetic moment operator and B the field at the neutron site -
Whereas the magnetization M(7) in the magnetic unit cell is expected to exhibit a
simple space dependence, the variation of B(7) may be qulte complicated. The
Fourier transform of B(7), however, can easily be expressed in terms of M

B(k) =4mw(M(K)—k(k - M(K)) (41)
since k-B(k)=0 and EXH(E) =0.
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Figure 35

Magnetic moment distribution in the (100) plane in Ni obtained from polarized neutron Bragg
scattering (Ref. 59).

Using polarized neutron beams the magnetic scattering amplitude has been
determined by Bragg scattering in ferromagnetic Fe [58], Ni [59], Co [14], and
Gd [25]. The results for the transition metals have been reviewed by Shull [60].
The magnetization distribution can be determined as a Fourier series expansion of
the magnetic Bragg reflection amplitudes. In Fig. 35 the results [59] are shown for
the (111) plane in Ni and in Fig. 36 for Fe [60]. The Fourier series give accurate

-

Figure 36
Model of the magnetization distribution in the bce unit cell of Fe (Ref. 60). The very large positive
magnetization around the atoms is not shown.
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results for the distribution in the region near the lattice sites, but converges too
slowly to give information in the interstitial region since only a finite number
(about 30) of Bragg reflections could be measured. By averaging the magnetiza-
tion over regjons of space, the effects due to finite resolution were minimized. In
Ni the resulting value of the magnetization in the interstitial region is M,=
—0.0085 up/A>. For Fe the values are M, =+0.0085+0.0068 pgz/A> for the
octahedral site and M, =—0.0136+0.0043 uz/A> at the tetrahedral site [61]. At
the octahedral site hcp Co one obtains M, = —0.020 ug/A>. An alternative way of
analyzing the neutron scattering data is to fit the measured magnetic form factor
to a free-atom 3d spin form factor and a constant term. This constant term
corresponds to a uniform contribution of the magnetization with values
—0.018 ug/A2 for Fe [58], —0.0092 pg/A2 for Ni [59] and —0.025+0.006 pg/A3
for Co [14].

The qualitative result from all the neutron scattering data is the indication
that a distribution M,(7¥— R;) of positive magnetization is localized around each
atom superimposed on a constant negative background M,. The localized dis-
tribution is nearly spherically symmetric for Co, and shows asymmetries along the
[110] direction in Ni and along the [100] directions in Fe. This picture helps to
clarify the origin of the various contributions to the local field B, at a muon,
which have been discussed in Section III. If the charge of the muon would not
change the electronic environment the constant term M, would give rise to a
contact field

Bu="" M, @)
which is sometimes referred to as the ambient hyperfine field. The interaction
with the localized moments can be described by the dipolar interaction with
moments (i(1) localized at the lattice sites m, and where the Lorentz field is given
by the average of (4#/3)(M,+ M,) which is proportional to the saturation mag-
netization M..

The screening of the muon charge leads to an appreciable distortion of the
local electronic structure. Whereas, in simple metals the screening can be ex-
pected to arise from a rearrangement of s-like conduction electron states, in
transition metals an additional contribution may arise from a distortion of the
d-wave functions. It is also conceivable that the presence of the u* then even
changes the magnetic properties of the neighbouring ions. A microscopic theory
accounting for these effects is difficult. Some first steps in that direction have been
made [62, 63, 64] without, however, covering all aspects. It has to be mentioned
that already in the undisturbed case a microscopic theory meets great difficulties.
Although band structure calculations give results which are in good agreement
with the measurements for the magnetization distribution around the ions, they
are very uncertain in prediction for the interstitial region. As an example we refer
to Harmon and Freeman [65] who indicate a value of —0.002 pg/A3 for the
magnetization at the octahedral site in Gd, where the small value of M, is
obtained as the difference between 0.043 for the spin-up and 0.045 for the
spin-down density. This has to be compared to the experimental value of
—0.037 pug/A3. Accounting for the additional presence of an impurity makes a
first-principle calculation a formidable task. Any theory which aims at an ab initio



504 A. B. Denison, et al. H.P. A.

determination of the hyperfine field has first to be tested in the undisturbed case,
where it is not only sufficient that good eigenvalues and energy bands are
reproduced but also that eigenfunctions are obtained. These wave functions are,
however, much more sensitive to approximations. Therefore we concentrate in
the following on simplified models where the influence of different physical
mechanisms on spin densities at impurities can be investigated.

2. Model calculations for By

The best known model for hyperfine fields at dilute nonmagnetic impurities
in ferromagnetic metals is that of Daniel and Friedel [57] who assume a
homogeneous free electron gas with a positive spin polarization. Simulating the
electrostatic potential of the impurity by a square-well potential whose depth
depends on the impurity valence charge Z, the spin densities at the impurity are
calculated. Negative hyperfine fields result for small Z and positive ones for high
Z. Although most applications of this model have dealt with substitutional
impurities, it is equally well applicable to interstitial impurities. Another model
for hyperfine fields was proposed by Blandin and Campbell [66] who, instead of
assuming an a-priori spin polarized electron gas, considered explicitly the interac-
tion between the localized moments of the host and the conduction electrons
giving rise to an inhomogeneous spin polarization. Recently, a generalized model
has been developed [67] which contains both the models of Daniel and Friedel
and of Blandin and Campbell as limiting cases. The model has been applied [68]
to a calculation of the hyperfine fields at muons in Gd and Dy.

Previous calculations [69] of the spin density at muons in ferromagnetic
metals started from an electron gas with a homogeneous band splitting deter-
mined from the background magnetization density M, measured with neutron
scattering. The charge screening of the muon then leads to an enhanced magneti-
zation M which has the same sign as M,. As has been pointed out [68] such a
treatment is inadequate since the background density M, cannot be attributed to
a homogeneous conduction electron polarization. This is evident in the case of Gd
where the mean conduction electron spin density is positive (+0.55 ug/atom)
while M, is negative.

The model developed in Ref. 67 starts from free conduction electrons which
interact with the moments S localized at the lattice sites # through an effective
s —d or s —f exchange interaction

H.,=-2J03-S8(F—R,) (43)

with interaction energy J and where () denotes the atomic volume. This interac-
tion is simulated by a spin dependent potential

W,.(F) = —aJ S, )Z 5(F—R.) (44)

where o ==+1 according to the spin projection of the conduction electrons. The
average value of W, is given by

W, =—0J{(S,). (45)
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This gives rise to a homogeneous spin density
Any=J(S,)z(Ep) | (46)

with z(Eg) denoting the density of states at the Fermi energy. To fix the exchange
interaction it is assumed that An, accounts for the excess moment of the
magnetization which is 0.55 (0.2) ug for Gd (Dy). The model then gives an
unperturbed hyperfine field (ambient field) Bp;=—0.96 kG at the octahedral
interstitial site in Gd, and Bp;=—0.68 kG for Dy. Thus for both metals the
positive average conduction electron magnetization is locally reversed to a nega-
tive value. The reason for this is the oscillatory behaviour of the spin densities
induced by the interaction (44) as is well known from the RKKY theory.

Introducing now a muon at r =0 with a screened electrostatic potential V(r)
we have the total potential V(r)+ W, (r), where

dQ)
LA S A) (47)

4
This averaging over angles allows the application of potential scattering theory in
a simple way. It is convenient to split up the total potential into a contribution

V() =V({)+0(r—Ry)W,, (48)

which consists of the screened electrostatic potential of the muon with range R,
and the averaged exchange potential of the magnetic ions and into a contribution

—— Z,
67 (=-015)(0 T ;5
where the sum extends over all shells s of radius R, from the u™ and where Z
denotes the number of ions on shell s. ¢?(r) vanishes for r <R, and falls to zero
as r becomes large. The potential V{ is treated without approximation by
calculating the phase shifts §3(k) and the enhancement factor Eg(k) which gives
the density of the wave-functions at the origin. The influence of ¢(r) is then
taken into account in the distorted wave Born approximation with the result [67]

3~ R)-0(r—Ry), (49

E° (k)= E§(k) exp {*% Lm dr®? (r) sin (2kr + ZSg(k))}. (50)

The contribution of the scattering states to the spin density at the origin is then
given by

An(0)=—1‘-/:kzk E+(k)~——1‘-/- Y. E(k). (51)
<kt k<kg

The results [68] of the model for the hyperfine fields at the muon are
summarized in Table III. The screening potential V(r) has been approximated by a

Table III
Calculated hyperfine fields at the muon
Gd Dy
octahedral site -2.7kG -1.5kG

tet_rahedral site -3.9kG -2.5kG



506 A. B. Denison, etal.  H. P. A.

square-well potential to allow the use of the DWBA. The values are obtained by
summing over 40 shells, the nearest-neighbour shell contributes typically 70% of
the total value. The unperturbed values are enhanced by a factor of 2 —3 which is
considerably less than the enhancements obtained in those model calculations [69]
which started from a homogeneous electron spin-density. In addition to the
distortions due to the muon charge, in the present case one also has distortions
due to the inhomogeneous potential [44] which clearly show up in the negative
hyperfine fields in the undisturbed case.

The model has not yet been applied to a calculation of the muon hyperfine
field in transition metals where the assumption of a localized exchange interaction
between local moments and conduction electrons is much more questionable than
in the rare-earth metals. A nice feature of the model, however, is that is predicts
the change in the hyperfine field upon a change in the magnetic structure, which is
of relevance for Dy as has been pointed out in Section VI.

The change from the ferromagnetic to the helical spin arrangement can be
accounted for by an appropriate decomposition of the contributions of the spin
moments of shells in equation (8). The resulting change of B,; in Dy has been
calculated as a function of the turn angle « of the helix (see Fig. 37). Changing «
from 0° to 26° gives only a reduction of 3% in B,,. The small size of this effect is
partly due to the overwhelming contribution of the first neighbour shells and
partly due to the compensation of the positive and negative contributions of outer
shells. This gives an explanation for the observation that measured local fields B,
in Dy did not change appreciably at the phase transition from the ferro- to the
antiferromagnetic state. The limited accuracy of the data, however, does not allow
to draw further conclusions. More detailed experiments on Dy would be of great
help.

1,0

RELATIVE CHANGE

0° 40° 80°
ANGLE

Figure 37
Relative change of the hyperfine fields in Dy as a function of the helix turn angle. Ths solid line refers
to the octahedral interstitial site, the dashed line to the tetrahedral site.
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3. Temperature-dependence of B

In the Sections IV-VIII, where the uSR experiments in the various fer-
romagnetic metals have been analyzed, it has been shown that the temperature-
dependence of the extracted hyperfine field B,(T) follows, on the whole, the
temperature-dependent saturation magnetization M,(T). There are, however sys-
tematic deviations in the temperature-dependence which will now be discussed.
As with the negative sign of the hyperfine field this feature is again not particular
to the muon impurity, but is observed quite generally at various dilute non-
magnetic impurities in ferromagnetic metals. As an example we refer to recent
measurements [70] of By(T) at Ga, Ge, and As impurities in Co by perturbed
angular correlation techniques.

Both the Daniel-Friedel [57] and Blandin—Campbell [66] models lead to a
proportionality between B, and M,. The theory discussed in IX.2, however,
exhibits a non-linear dependence of the hyperfine field on the host magnetization.
In the framework of this model it is assumed that the temperature-dependence of
the localized moment (S, ) is given by that of M,(T):

(5. (T))=(S.(T = M, (T)/M,(0). (52)

An inspection of the expression for the enhancement factor, equation (50), shows
that the temperature-dependent exchange potential @ occurs in the exponential.
The spin density at the muon then is proportional to M, (T) only if it is allowed to
linearize expression (50). This is the case close to the Curie temperature. In
general, however, the temperature dependence of An(0) does not scale with
M;(T). This has been calculated [67] for Gd with the result shown in Fig. 38. The
theoretical result agrees qualitatively with the experiment (see Fig. 19). In view of
the assumptions of a free electron gas, these results seem satisfactory.

A discussion of the temperature dependence also has to include an investiga-
tion of the influence of lattice vibrations. The analysis of the various contributions
to the local field B, in Section III was based on a calculation of the residual
dipolar field B};, arising from local moments (& at rigid lattice sites. While the
thermal expansion of the lattice was accounted for, the oscillations of the ions and

-Bps [kG]

R T TS S A NN U N |
OU 5 1.

/T,

Figure 38
Temperature dependence of the calculated hyperfine field for a positive muon at an octahedral
interstitial site in gadolinium. The dashed line is the host magnetization normalized to B,(T=0K)=
—2.75 kG. This figure should be compared with Fig. 19.



508 A. B. Denison, et al. H. P A.

of the muon around their equilibrium sites have been neglected. A justification
has been given in Ref. 7 based on the fact that the value of B}, averaged over a
spherically symmetric probability distribution of the muon or the ions coincides
exactly with the value for pointlike magnetic moments. The transferred hyperfine
field B,,, however, may be influenced by the lattice vibrations [71]. In the
framework of the model discussed in IX.2 the interaction (43) actually depends on
the instantaneous positions of the ions. Since the muon precession frequency is
very low compared to phonon frequencies one has to average the interaction
potential W, over the phonon fluctuations. This gives rise to a reduction of the
spin-dependent potential by a Debye-Waller factor and may be responsible for
the peculiar temperature-dependence of Bi.

X. Summary

It is of interest to review the wSR results in this set of ferromagnetic metals
1.e. the transition metals Fe, Co, Ni and the rare earth Gd and Dy. It appears
through the systematic study of these materials that a consistent picture of the
major interactions with muons on the atomic scale exists. At the same time,
various questions such as the mobility of the muon and the manner in which it
influences its own environment are left still unanswered.

In all of these metals the muon remains as a bare particle without binding to
an electron. As such the muon probes the internal fields. As has been shown both
the sign and magnitude of the local field, B,, can be obtained. The sign, which
gives the direction of the local field with respect to the domain magnetization, has
been determined in the case of Fe and Ni by observing the muon precession
frequency when an external field is applied above the saturation value, and in the
case of Co by observing the precession sense of the muon. The local field B, is
given by

EM =§ext+§dem+§L+§éip+§hfs (8)

where the various contributions have been defined in the main text. The contribu-
tion, By, the hyperfine field, arises from the spin polarization of the conduction
electrons and represents the quantity of main physical importance. Table IV
summarizes the results from the measurements showing the relative strength of
the various contributions to the magnetic field at the site of the muon.

The existence of the dipole fields and the ability to calculate this contribution
to the local field have been shown to be important. For the case of Gd and Co an
understanding of the origin of the dipole field and its dependence on local spin
direction allowed the unique determination of the muon stop site. Further the
calculation of the total dipole field in Dy was in good agreement with observation
over both ferromagnetic and antiferromagnetic phases. The fact that the meas-
ured local field does not change discontinuously across the magnetic phase
transition is in agreement with the calculated dipole fields. It is noteworthy that
the data may be explained using the dipole calculations under the assumptions
of localized dipole moments.

The role of diffusion of the muon has been shown to affect drastically the
measured local fields. As extreme cases one may compare the results in Fe with
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those for Dy. In the case of iron the motion of the muon averages out the
different dipole fields expected for a stationary muon. In contrast, the fact that a
muon precession signal is observed in antiferromagnetic Dy can only be explained
if the muon remains localized at a given site. It has been shown particularly for Fe
and Ni that the purity and preparation of a sample influences diffusion. At the
present time it is not possible to predict the diffusion behaviour of a muon in a
given substance. Various theories and models exist which attempt to explain the
observations but, a true understanding of the mechanisms by which a muon moves
in a material together with the temperature dependence still remains one of the
major unanswered questions in wSR work.

The measurement and interpretation of the hyperfine field, B,, is particularly
important because of the possibility of measuring interstitial magnetization.
Magnetic metals are of special value when considering this question since the
origin of the field is the magnetism of the conduction electrons. The muon as an
impurity, however, modifies the charge and spin density in its own neighbour-
hood. A prerequisite to the extraction of the natural interstitial magnetization is
an understanding of the spin enhancement factor due to the muon itself. Theoreti-
cal models have been proposed to account for this perturbations and while the
picture is clearing somewhat, this remains one of the problems to be solved.
Nonetheless, a knowledge of the origin of B, at the muon site is at the core of
understanding the interaction of the muon with its environment and as such
should encourage further experiments and theoretical studies.

In summary, it appears that the muon can be used to probe the magnetic
environment on the atomic scale and therefore can be used as a tool to study
electron spin densities and magnetic ordering phenomena. In the last three or four
years good progress was made in understanding muons in ferromagnets, and now
the muon may be used as a microscopic probe in the study of magnetization.
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Appendix A

In order to increase the statistical accuracy of the measurements it is
advantageous to eliminate the low energy positrons. By doing this the counting
rate will decrease but the desired asymmetry will increase. A best situation exists
whereby the maximum information may be obtained in the shortest time.

The distribution of positrons decaying into a given solid angle as a function of
energy (¢ = E/E,,,) is given in equation (1). Integrating this equation from a
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lower cutoff ¢, to the maximum energy ¢ =1, the asymmetry is given as
A(e.) =(1+2el—3e2)/3—6e2 +3¢0), (A1)

which is shown in Fig. 1.

For the measurement it is the statistical accuracy of the asymmetry parameter
which is important. The statistical error of the asymmetry given as a function of
the cutoff energy is

= () = [ =262+ /(NS /(G + o2~ e9), (A2)

where N is the number of muon stops in the target and Q/44 the solid angle of
the positron detector. This function shows a flat minimum at a cut-off energy of
g. =0.735. An absorber for positrons with energy below g, would allow to
decrease AA/A for a given counting time by 23%, compared to a measurement
without the absorber. Or, the time required to get the same accuracy using an
absorber will decrease by 41%.

In the actual SR experiment the target size, the relaxation-time T, and the

effective asymmetry all have to be considered. The spectrum is usually described
by

Y =c(1+A.gexp (—1/T,) cos wt) exp (—t/7,). (A3)

For practical purposes the time t,44, to determine an asymmetry with relative
error of AA/A =0.1 was calculated as a function of the absorber and target
thickness. The error calculation applied to equation (A3) gives

t100 = F(T, D)(1 +27JT2)/{nm £ r*[1—exp (—t/7, —2t/T2)]}. (A4)
4

The function F(T, D) is plotted in Fig. 39 for T=1, 4, 7, and 10 g/cm® target
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Figure 39

The function F(T, D) used to estimate an optimal positron absorber thickness D in order to decrease
the measuring time in a wSR experiment. T is the target thickness.
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thickness as a function of the absorber thickness D. n is the muon stop rate per
gram, m the target mass, ({)/47) the B -detector solid angle, r = A.g/Aca. IS the
reduction factor for the asymmetry due to ‘fast’ depolarization, background,
multiple lines etc., and t the measuring time of the exponential decay curve. For
the positron range the formula used is R(g/cm?)=0.89+0.533E—0.0038E* with
E in MeV. For a typical case we can estimate the measuring time t,q,, for
n=10°g's™', m=10g, (Y4n)=0.1, r=0.06, T2=0217,, t=1,, T=4g/cm’.
From Fig. 39 one finds the ‘ideal’ absorber to be D =12 g/fcm® (F(T, D) =1160).
These values require a measuring time of t,q,, =32 min.

Appendix B

In this Appendix the evaluation of the dipolar field tensors introduced in
Section III is discussed and results for various lattice structures and muon sites are
presented.

Let us first consider a magnetic structure where the direction of the localized
magnetic moments varies periodically in space:

w; () = p; cos (P - i+ ). (B1)
Then, the sum
Baipi(R,) = X, Dy (i — R, )y (1) (B2)

over an infinite lattice is convergent and the dipolar field at the muon may be
obtained by extending the sum over the lattice points of the sample to a sum over
an infinite lattice, provided that the period p satifies |f| L > 1 where L is a typical
dimension of the magnetic domain where (B1) applies. Since the direction of By,
in (B2) varies from one unit cell to the next it is preferable to calculate the real
and imaginary parts of the lattice periodic quantity

Baipa(R,) exp (=i - R,) = Ey(R,; P)u;, . (B3)
where the dipolar tensor E is given by

E;(7; p) =2, Dy(i—7) exp [ip - (1 = 7)), (B4

For helical structures, this sum converges slowly and an Ewald method is required
to achieve rapid numerical convergence. The procedure has been discussed in
Ref. 7 and only the results will be summarized here. Splitting the sum into a
summation over the direct and one over the reciprocal lattice:

E,(7; p) = E§"(7; )+ E5°(F; p) (BS)
one has

E§*(7; p) = 2. Fy(—7) exp [ip - (7 — )]. (B6)
with

F,;(%) = D;(X)[erfc (Gx)+ 7 "*(2Gx +3G>x%) exp (— G*x?)], (B7)
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where D;; is given by
D;(X) = (3x,x; — 8,;x)/x° (B8)

and where erfc denotes the complementary error function. The sum over recip-
rocal lattice vectors g is

>, = N ~ - > > = - -
E;(F; p)=%; L Dy(—p) exp [~ ig- 7~ (§—§*/4G”] (BY)
g

with

~

Dy(F) =7 (kly~318,) (B10)

By an appropriate choice of the arbitrary parameter G rapid convergence of each
of the sums (B6) and (B9) can be achieved.

In Fig. 40 we plot the calculated dipolar tensor component E,, for a hcp
structure for both the tetrahedral and octahedral interstitial sites and the substitu-
tional site as a function of the turn angle of the magnetization from one layer to
the next. This particular case applies to the helical structure of Dy in the
temperature region 85 K<T<178 K where the vector p introduced in (B1)
points along the hexagonal (z) axis. For zero angle E,, is given by

40 N
E.(p=0)= 3V + B,

(B11)
where N/V =4/(\/§ ca®) for an hcp lattice and where E., =—E.,/2 is given by
(B14).

As discussed in Section III, for a ferromagnetic alignment of the localized
moments, the dipolar sum over an infinite lattice is only conditionally convergent.
One can treat the shape-dependent parts separately, being left with a summation

1 I | i 1
8l
TET.SITE
7k -
6k -
SUB.SITE
5 2= z
2]
o 4 | N
X hcp
w
3 c¢ra=158 B
21 .
OCT. SITE
1k ]
o 1 | 1 1 |
0° 60° 120° 180°
ANGLE
Fig. 40

Dipolar field tensor E,, for the tetrahedral and octahedral interstitial sites and the substitutional site
in the helical structure of hcp Dy.
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™ subst. site

15 16 17
c/a

Figure 41

Dipolar field tensor components E’, plotted as a function of the c/a ratio for the tetrahedral
and octahedral interstitial sites and the substitutional site in the hcp lattice.

over the dipole moments within the Lorentz volume () which is chosen here to be
a sphere. Then, the residual dipolar field tensor is given by

i N o .
Ejy(7)= ) Fy(m—7) v Y D;(g)exp[—ig-F—g*/4G?], (B12)

g#0

where F and D are given by (B7) and (B10). This formula applies for interstitial
sites 7# m. The formula for a substitutional site reads

N « -~
E(subst)= ) Fi,-(rﬁ)+v Y. D;(8) exp (— g2/4G?). (B13)
M #0 §+0

For the hcp lattice the dipolar tensors E., =—2E, =-2E_ for the tet-
rahedral, the octahedral, and the substitutional sites are shown in Fig. 41 as a
function of the c/a ratio. In the range 1.46<c/a <1.72 E,, may be approximated
within an accuracy of 2x107* by the following polynomials

E!, (oct)=[—18.28886—3.45220(c/a)+22.89155(c/a)?
—11.25132(c/a)*+1.65186(c/a)*]la >,
E’_(tet) =[461.04497 — 1063.78637(c/a) +907.14506(c/a)?
—340.76642(c/a)*+47.99015(c/a)*]a 3,
E!, (subst) = t— 18.89859+51.80966(c/a) —44.87532(c/a)?
+15.70153(c/a)?®—2.02592(c/a)*] a~>.

For the bcc lattice both the octahedral and tetrahedral interstitial site have
tetragonal symmetry. Hence there are three inequivalent octahedral (tetrahedral)

(B14)
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interstitial sites with non-vanishing components of E’ given by
oct. site: E5;=—2E;, =—-2E},=21.414/a’
tetr. site: Ej;=—2E;, =—2E;,=-6.073/a>,

where a is the cubic lattice constant.

As an example Gd(hcp) and Fe(bcc) are considered (see Figs. 15, 23). For Gd
one gets at 0 K with the parameters a =3.628 A, ¢/a=1.5973, u=7.55 ug, and
for 6 =30° (angle between the c-axis and the magnetic Gd-moments)

Bji,(oct)=(0.277,0,—0.961) x 658 G
B, (tet) =(0.277,0,—0.961) X 20 G (B16)
B/ (sub)=(0.277,0,—0.961) X217 G

For Fe one gets at 0K (a=2.872 A, n=2.21pu%) for a magnetization along
[001], for the sites with the tetragonal axis along [001]

Bl (oct) = +18.52 kG

B17
B/yp(tet) =—5.25 kG, (B17)
and for the sites with the tetragonal axis along [100] and [010]
B/ip(oct) =—9.26 kG
VP (B18)

B (tet) = +2.63 kG.

For Fe magnetized along [111] the dipolar fields at the two sites are
perpendicular to the direction of magnetization with magnitudes:

Bjip(oct) =13.10 kG

B19
Bl (tet)=3.72kG. (B19)
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