PHYSICAL REVIEW B VOLUME 55, NUMBER 17 1 MAY 1997-|

Spin-resolved photoemission oin situ sputtered iron and iron-yttrium alloys
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Spin-resolved photoemission spectra of amorphous Fe-Y alloys have been obtained and compared with both
those of pure Fe and with theoretical electronic structure calculations. The thin iron and alloy films were
prepared byn situ sputtering, and the spectra were obtained using 110-eV photons from the UK Synchrotron
Facility. From secondary electron spin hysteresis loopggYhg Starts to order ferromagnetically well before
the lowest temperature accessible with our equiprieht K), but Fe,Y 5 shows no polarization down to this
temperature. Although the spin-integrated photoemission spectrum of the valence baggY gf Sleows little
difference from that of pure Fe, the spin-resolved spectra are significantly differgg¥.,falso exhibits a
reduced valence band polarizatiét¥% compared with iron, and contrary to predictions, the majority spin
states of FgY 40 dominate at the Fermi edge. No evidence is found for strong ferromagnetism. Unexpectedly,
the 1-eV secondary electron polarization of§¥e, (7%) is found to be low compared with the valence band
polarization, an effect that may be due to a negative moment on the yt{i80163-18207)03017-9

[. INTRODUCTION loys, as in all previous SRPE experimental work on these
materials’~® the amorphous alloys were in the form of rib-
Amorphous alloys based on iron and yttrium are particu-bons produced by melt spinning. The samples were then
larly interesting from a fundamental point of view as a rangetransferred to a UHV chamber where they were mounted
of Fe-Fe spin interactions are predicted across the composinto a specially designed sample holder for the measure-
tion range! In addition, they are of interest to theorists asments. The preparation technique and the transportation of
they serve as models for transition-metal—rare-earth alloythe samples meant that extensive cleaning was required, and
without the complications that arise from a large localizéd 4 it was found that the carbon contamination levels could only
moment. Recently, there has been a surge in activity amonige minimized rather than reduced to undetectable levels.
the theoretical community and a number of reports of theThis latter is a well-documented finding by several
spin-dependent electronic structure of amorphous a||0y§r()ups?_11 For amorphous alloys, a broader composition
have appeared in the literature® These predictions can now range is usually accessible using sputtering rather than melt
be tested in a very direct manner using spin-resolved photospinning owing to the much higher quenching rate of the
emission(SRPH. The structural, electronic, and magnetic sputtering technique. Aim situ sputter preparation technique
properties of Fe-Y alloys in particular have been predictedyas therefore a highly desirable goal. As a result, we have
by Yu and Kakehashiand by Becker and HafnérThese prepared two representative samples of Fe-Y alloys, as well
latter authors predict chemical short-range order for all comas pure Fe, byn situ sputtering, with the aims of gaining an
positions and that the local topology at short distances isnsight into their electronic and magnetic structure and of

very similar in both the crystalline and glassy phases. Sevtesting some of the theoretical predictions discussed above.
eral notable features emerged from the calculations. For ex-

ample, at Fe concentrations of greater than 80% competing

ferromagnetic and antiferromagnetic spin interactions lead to Il EXPERIMENT

a predicted coexistence of positive and negative Fe moments.

The Y atoms carry small negative moments that persist even The spin-polarized photoemission work reported here was

into the Fe-rich regime. With increasing Y concentration, theperformed on station 6.1 of the Synchrotron Radiation

valence band of the alloys narrows and the systems approadource(SRS at Daresbury Laboratory. The station, which is

a transition from weak to strong ferromagnetism. Though notlesigned for UHV(base pressure>210 1% mbap photo-

reporting the fundamental electronic structure of Fe-Y alloysemission work over the photon energy range 80-180 eV,

in the depth of the Hafner study, the findings of Yu andwas modified for this spin-resolved work by the incorpora-

KakehastHi are broadly similar to those outlined above, aparttion of a small hemispherical energy analyzer and “micro-

from predictions for alloys with a very high iron content, i.e., Mott” polarimeter. This equipment is described in detail

>90% Fe. elsewherd?!® An effective Sherman function of 0.12 was
In our previous experimental studies on amorphous alestablished for the polarimetéoperating at 20 kV with an
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energy window of 400 ¥ by assuming that the 20 eV sec- situ magneto-optical Kerr effect measurements showi¢d
ondary electron polarization of Fe is 27%. that it could be magnetized to saturation by passing a small

From an experimental point of view, sputter-grown mate-current through the insulated coil and) that it exhibits
rials present a number of challenges because samples f@00% remanence. After depositigonto the shiny side of
study by spin-polarized electron spectroscopy should ideallyhe ribbon, the whole sample plate was transferred from the
exhibit a large remanent magnetization dtwminimize any  preparation chamber to the adjoining main chamber in a ma-
stray magnetic fieldsthey should be formed into closed neuver taking only a few minutes and without compromising
loops, the magnetization direction of which can easily bethe system vacuum. A-20 V sample bias was applied to
reversed. Cooling of the samples is also desirable in mangnsure that only those electrons originating in the sample
instances. These critical requirements may be why experiwere detected.
mental investigations, as opposed to theoretical calculations,
of the spin-dependent electronic structure of amorphous ma-
terials are rare.

In order to achieve these objectives and to make possible Figure 1 shows a reproducible set of four hysteresis loops
the study of a range of materials in a single run withoutobtained from the spin asymmetry of 1 eV secondary elec-
breaking the vacuum, a preparation chamfiirse pressure trons following excitation by 110 eV photons. The four dia-
3%x10 %% mbap was attached to the main chamber, and agrams arg@) Co,;B,5 ribbon substrate at room temperature
manipulator end piece and sample holder were specially dgRT), (b) FeyYso(~50 A)/Co,-B,; at low temperaturé114
signed(experimental details will be published elsewHére K), (c) FeyY 4o(~50 A)/Co,;B,; at room temperature, and
The thin film samples were prepared by cosputtering on aid) Fes,Y 4(~50 A)/Co,-B,5 at low temperaturél14 K).
amorphous alloy substrat€o,,B,5) that was already formed Figure Xa) clearly shows that the GgB,; substrate can
into a closed loop with an attached magnetizing coil. Thebe magnetized to saturation at room temperature with an
exchange interaction between the substrate and the sputterpplied current smaller than 100 mighe magnetic field at
grown film then ensures that an easily achievable field ighis current is about 0.1 Oe for the three-turn coil ysé&the
required for the magnetization reversal. Dynamic sampleéemanence ratio is close to 100% and the polarization is
cooling was achieved using liquid nitrogen. The composi-~20%. Upon room-temperature sputter deposition of ap-
tions FgY,_, of two samples were obtained by choosing theproximately 50 A of FgyY 4o, the polarization was found to
deposition rates of each target and found txb®.41+0.06  reduce to close to zero. However, as the temperature of the
and 0.60-0.06, respectively, from the relative intensities of sample plate was reduced to the lowest value accessible with
the Fe:3/Y:4p photoemission intensities with 140 eV pho- our equipment, around 114 K, a cleat-¥ % polarization
tons using the cross sections reported by Yeh and Lin8lau. signal emerged. This result again demonstrates the utility of
The film thicknesses were estimated using a crystal oscillateemploying the “internal field(~10" Oe)” of the magnetic
positioned approximately 3 cm behind and slightly above thesubstrate to magnetize thin films as bulk iron-yttrium alloys
sample position. No Co core-level peaks were visible afteare normally only magnetized with very high external fields
sample depositions. (10°-1C 0e).181° As expected, the low-temperature hyster-

Although the thinness and chemical reactivity of the Fe-Yesis loop of FgyY 4o Shows almost the same coercive field as
films grown in this study precluded direct experimental con-that of the substrate, but it exhibits a reduced polarization.
firmation of their amorphous nature, Coeyal. have shown However, it is important to note that any domain structure
by x-ray diffraction that thicker sputter-grown films of present in the CgB,; substrate may be mirrored in the Fe-Y
Fe Y, , (x=0.32—0.88 are amorphou$’ film. Van Zandtet al. have demonstrated that substrate do-

The substrate ribbon was made by melt spinning, @xd main features are visible in Fe overlayers up to 25-30 A

lll. RESULTS
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FIG. 2. Spin-integrated energy distribution curd&DC’s) of FIG. 3. Valence-band photoelectron spin-polarization spectra of

pure Fe and RgY 4, both obtained at a photon energy of 110 eV. pure Fe and RgY 4, (photon energy 110 eV
The dots are experimental results, and the line is the theoretical
EDC of Fa-Y 3 by Becker and Hafne(Ref. 1. there are significant deviations in the near-Fermi-edge re-
gion.
thick. Indeed, they have used this effect to enhance very- Figure 3 shows the valence-band spin-polarization spectra
low-contrast scanning electron microscopy with polarizationof Fe,,Y ,, and of pure Fe excited with 110 eV photons. The
analysis(SEMPA) images™’ polarization of Fe was measured at room temperature, while
Although we cannot exclude the possibility of a hysteresighat of Fg,Y 4, was obtained at 114 K. The polarization spec-
contribution associated with the remanence of blocked supetrum of Fe shows a broad peak at around 3 eV and a shallow
paramagnetic Fe precipitatésthe shape of the observed minimum at about 1 eV. Though the polarization spectrum
hysteresis loop supports the presence of a dominant ferr@f the Fg,Y 4, has a similar profile to that of pure Fe, there
magnetic phase. The results also exclude the possibility thafre also significant differences, the most pronounced of
the material is polycrystalline kg 4, for which a Curie tem-  which is that over the full range measured the observed po-
perature of~550 K is expected>**In contrast, a polariza- |arization of the alloy is much smaller than that of Fe. In
tion signal was not observed for the Y-rich allpyee Fig. addition, the polarization spectrum of J&¥,, shows evi-
1(b)], showing that the FgY 5o alloy is either in a paramag- dence of a new peak at about 0.4 eV binding energy and a
netic or an antiferromagnetic state for temperatures fromapidly diminishing polarization nedg; . This latter is prob-
room temperature down to 114 K. ably due to a shiffcompared with Feof the peak of the
Figure 2 shows the spin-integrated energy distributiorminority spin states to higher binding energies, resulting in
curves(EDC’s) of Fey,Y 49 and Fe, both obtained at a photon greater occupation.
energy of 110 eV. The alloy spectra were collected over a The spin-resolved EDC'’s of Fe and ¥4, are shown in
narrower energy range than that of Fe to shorten the collecsig. 4(a), and the experimental spin-resolved EDC’s of
tion time and minimize the effects of oxidation. However, FesoY 4o are compared with the theoretical spin resolved
the chosen energy range is expected to reflect the main fegDC’s of amorphous ReY 43 (Ref. 1) in Fig. 4(b). In both of
tures of the valence band. As the d 4ross section is much these figures, the estimated experimental errors are compa-
smaller than the Fe @ cross section at the photon energy rable to the size of the data points. From Fida)4 the
used[Y(0.037/Fe(4.02~10"7 (Ref. 18], the EDC of Fe-Y  majority-spin spectrum of Fe exhibits a weak maxima
is expected to be dominated by the Fe states. It is interestinground~3 eV in addition to a main peak at1.0 eV. The
that the spin-integrated EDC’s of Fe ands§¥%,, are very  minority-spin spectrum has only a single peak-&t.0 eV.
similar, both exhibiting a peak at1 eV binding energy. The This indicates an effective exchange splitting-e2 eV for
x-ray photoemission spectrXPS) of amorphous F8Yes  pure Fe, consistent with the values of $@2 eV (Ref. §
and FegY, have been reported by Tenhovetal® and  and~2.0 eV (Ref. 29 reported for polycrystalline iron. The
Conell et al*—in both cases, the spectra obtained alsoFe spectra in Fig. @) also have a very similar profile to
showed a maximum intensity at 1 eV binding energy.those of evaporated polycrystalline BeFor FyY 4, the
Clearly, it is difficult to discern the possible differences of separation of the majority-spin states and the minority-spin

the irond band in pure Fe and Fe-Y amorphous alloys fromstates is clearly much smaller, implying reduced effective
spin-integrated measurements. The solid line in Fig. 2 is thexchange splitting.

calculated EDC of RgY ,; (from Becker and Hafnéy con-

voluted with an instrumental broadening function of 0.6 eV IV. DISCUSSION
and shifted by 0.2 eV in order to align the Fermi edge with
the experimental points. The calculated and experimental re-
sults are in reasonable agreement up to 3 eV binding energy The 1 eV secondary electron polarizations of Fe and
before loss processes make a comparison difficult. HoweveFe;,Y 4o are displayed in Table I, along with the average

A. Secondary electron polarization
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FIG. 4. (a) Spin-resolved EDC's of pure Fe andgg®,, and(b)
comparison of the experimental EDC’s of¢5€,, and the theoret-
ical spin-resolved EDC's of kgY 43 by Becker and HafngiRef. 1).

polarization of the valence bariy B) photoemission calcu-
lated from the spin-resolved EDC’s shown in Figa4 Also

included in the table are those values for Fe reported in th
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were constant. ThBgdP\g ratio is therefore independent of
the choice of sample, substrate, and Sherman function.

Considering the Fe data first, we note that the secondary
electron polarization shows the expected behavior for transi-
tion metals or alloy¥"?®in that the 1 eV secondary electrons
have an electron polarization significantly higher than that of
the average VB polarizatiofan effect due to spin-dependent
transport of the secondary electrons with less than 10 eV
kinetic energy. In contrast, the 1 eV secondary electrons of
FesoY 40 have both much lower absolute polarization than
that of Fe and a lower value than that of the valence band of
FesoY 40- Given the well-behaved electron emission from
iron, the low values for RQY 4, (recorded under identical
experimental conditionscannot be attributed to instrumental
effects, such as spin precession of low kinetic-energy elec-
trons due to stray fields.

Although the moderate energ{l0—20 eV secondary
electron polarization is often equated with the mean valence
band polarization, these are quite different quantities and the
polarizations obtained may differ for a number of reasons. In
the context of this study, the most important of these are
cross section effects. As discussed above, at 110 eV photon
energy the valence band photoemission of Fe-Y is dominated
by the Fe 3 electrons rather than being a true reflection of
both the Fe- and Y-based density of states. The secondary
electron cascade region involves much lower-energy transi-
tions from spin-dependent filled states to empty states that
may also be polarized. Transitions from i 4tates will now
be far more prominent as the Y contribution is no longer
suppressed by a low cross section; in addition, contributions
from s and p electrons may also be significant. If Y in
Fe,oY 4o does exhibit negative moments, as predicted by
Becker and Hafnef~—0.4ug (Ref. 1)], this factor will be
important in determining the absolute value of the low-
energy secondary electron polarization.

A diminution rather than an enhancement of polarization
at very low secondary electron energies has been observed
previously for gadolinium deposited on(M.0).2”-? This re-
sult was rationalized by assuming that, in addition to scatter-
ing into the available conduction band stafes either spin
character, very low-energy minority-spin electrons can also
scatter into the fully polarized vacant Gd 4tate that lies
gpproximately 1 eV above the vacuum level. Comparable

literature. When considering the data obtained in this studyy,cant states are not available in Fe(aithough complexi-

it is important to note that both the secondary electron anies i the character of empty conduction band states could
the valence band values for each material were obtained q@ad to similar effects suggesting that the small magnitude
the same sample, the Fe ang¥,, films were grown on the  of the 1 eV secondary electron polarization in Fe-Y is due
same substrate, and the polarimeter operating conditionsrimarily to negative moments on the Y atoms.

TABLE I. 1 eV secondary electron and average valence band polarizdfions

Photon Temperature

Sample P1ev sE Pvs energy(eV) (K) Ref.

Fe 44+2 34+2 110 RT This work
Fe(100 45+5 60 RT 31
Fe(100 46 500 RT 32

Fe polycrystalline 252 1256 RT 8

Fe polycrystalline 34 260 RT 25
FesoY 40 7+1 14+1 110 114 This work
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B. Valence band photoemission of the surface and near-surface regions. Yet it is the elec-

Consider first the average valence band polarization iffonic structure of these that is probed by the electron spec-
Table I. One interesting feature is the reduction in polarizalfoScopic techniques used in this paper. Experimentally, of
tion of pure Fe observed on changing from soft x-ray radiaC0Urse; ;tructural or compositional inhomogeneities, _such as
tion [110 and 260 eV(Ref. 25] to Mg K [1256 eV(Ref. & MiX of iron clusters and Fe-Y, may also be present in these
8)] radiation. The measurement reported by Sinkatial?®>  sputter-grown alloy films and these could give rise to the
was determined by spin-polarized photoemission using 26@bserved valence band photoemission; however, the second-
eV photons and is similar to the value obtained in this studyary electron behavior is not consistent with this.

(110 e\). That of See and Klebandtfobtained using Mg The reduced average spin polarization of the valence band
K« radiation, is significantly smaller. Although some of the emission of Fg,Y 4, compared with Fe is in accordance with
difference will, no doubt, be due to Sherman function uncerthe alloy exhibiting both a smaller exchange splittifap
tainties, two effects, the cross section and the probing deptpredicted by theoryand a smaller Fe atom magnetic mo-
dependences on electron kinetic energy, are proposed to Ieent than in pure metal. However, the dominance of the
primarily responsible for this result. majority-spin carriers at the Fermi edge is clearly contrary to

The photon energy dependence of the cross sections @{irrent theories and calculations of the surface and near-
iron 3d and 4 electrons is given by Yeh and Lindatiand  surface spin-resolved DOS would be very valuable in resolv-
from their values we obtair,g/034=0.012, 0.022, and 0.21 ing this anomaly. Sample inhomogeneity may be playing a
for 110, 260, and 1254 eV photons, respectively. If the 4 e with Fe-rich regions important for the polarization be-
electrons are essentially unpolarized, the calculated and Otﬁ'avior, but this is not believed to be a major factor as the

servetq trlends are lnlag_reedment. If melec:[cr(()jnsfare in fac;c spin-resolved bands are distinctly different from those of
negatively  spin polarized, as suggested rom neu rorE)olycrystalline Fe and the low-energy secondary electron po-

. 9 . . - _
scattering’ and Comptqn scattering experimerttshe influ Aarization suggests an environment very different from that
ence of the cross section effect will be further enhanced. Of Fe

higher FeP,z for photoemission using soft x rays as op-

posed to MgK « radiation is also expected if there is a mo-

ment enhancement at the surface of the sample because the

probing depth of soft x-ray photoemission is much smaller V. SUMMARY

than that of x-ray photoemission. Evidence for surface mo-

ment enhancement has recently been presented by Sinkovic Spin-resolved photoemission spectra have been measured

etal® from in situ sputtered Fe and Fe-Y alloys. From secondary
The experimental spin-resolved EDC's of 5%, [Fig.  electron spin hysteresis loops,s5€4o, but not Fg,Fe;q, was

4(b)] show different features from those calculated forfound to order ferromagnetically at the lowest temperature

Fes;Y 43, the closest alloy composition for which theoretical accessible in our equipment;114 K. The spin-integrated

results are available. Broadening of the theoretical density ofalence band photoemission spectrum of g, shows little

states(DOS) of amorphous FgY,; (Ref. ) by a 0.6 eV difference from that of pure Fe; however, the mean valence

instrumental function to simulate finite experimental resolu-hand polarization and the secondary electron polarizations of

tion effects allows(with minor reservationsa direct cOm-  the two materials are very different. Contrary to calculated

parison of the theoretical and experimental dptae Fig. spin-resolved DOS, the majority-spin electrons of,¥a,

4(b)]. The theoretical work suggests that increasing the Yyominate the photoemission at the Fermi edge. The 1 eV

concentration in Fe-Y alloys leads to diminishing band Spl't'secondary electron polarization of J5¢,, was found to be

ting and narrowmgal_—k_)and widths and, in the Y-rich r€9IME, giminished rather than enhanced relative to the mean valence
approaches a transition from weak to strong ferromagnetism.

The theoreticalspin-esolved EDC's off. (Ref. D each 2 i3 0% LA, L8 Sloe e e o e e,
show only a single peak together with low-intensity shoul- Y ' P

ders, and the minority states clearly dominate aro@rd of spin-resolved photoemission measurements in testing the-

Experimentally, the majority-spin photoelectrons do not de_oretical calculations of amorphous magnetic alloys. Further-

crease rapidly in intensity & is approached—indeed, they MOre: the successful combination iof situ sputtering and
are still dominant aE; as clearly shown in Figs. 3 andab. spin-resolved electron spectroscopy measurements opens the

The discrepancy cannot be resolved by poor energy resoly¥ay for a broad range of experimental investigations of the
tion as convoluting the theoretical predictions tw 2 eV spin-dependent electronic structure of magnetic amorphous

resolution function still results in a predicted negative polar-all0ys and granular materials.

ization atE; .
The disagreement between the spin-resolved experimental
and theoretical EDC’s is essentially a discrepancy in the ACKNOWLEDGMENTS

bonding and antibonding band splitting, a property related to

the local structure of the amorphous state. This discrepancy The authors gratefully acknowledge the support provided
may have arisen because model structures of idealized, hby the EPSRC. Additional financial assistance for Y. B. Xu

mogeneous, amorphous materials are of necessity used from both the ORS and the University of Leeds is also ac-
theoretical work, and these will certainly differ to some ex-knowledged. Finally, our special thanks go to M. Dowling,

tent from the “true” bulk structure. In addition, the bulk A. L. Mitchell, and D. Teehan for their contributions and J.

structure may not be a suitable model of the atomic structur&urton and P. Hector for their skilled technical support.



55 SPIN-RESOLVED PHOTOEMISSION Ofn situ. . . 11 447

1C. Becker and J. Hafner, Phys. Rev5B, 3913(1994. 173. M. D. Coey, D. Givord, A. Lieard, and J. P. Rebouillat, J.

2M. Yu and Y. Kakehashi, J. Phys. Condens. MatBr5071 Phys. F11, 2707(1981).
(1996. 183, J. Croat and J. F. Herbst, J. Appl. Ph§8, 2294(1982.

3D. Spisak, C. Becker, and J. Hafner, Phys. Rev5B 11616  °J. Chappert, J. M. D. Coey, A. lnard, and J. P. Rebouillat, J.
(1995. Phys. F11, 2727(198J.

4H. J. Nowak, O. K. Anderson, T. Fujiwara, O. Jepson, and P20T, vanzandt, R. Browning, and M. Landolt, J. Appl. Ph¥$,
Vargas, Phys. Rev. B4, 3577(1991). 1564 (19912).

5A. M. Bratkovsky and A. V. Smirnov, J. Phys. Condens. Matter 2*K. O'Grady and R. W. ChantrelStudies of Magnetic Properties
5, 3203(1993. of Fine Particles(Elsevier, Amsterdam, 1992p. 93.

6H. Tanaka, S. Takayama, M. Hasegawa, T. Fukunaga, U. Mi#2S. Ishio, M. Fujikura, T. Ishii, and M. Takahashi, J. Magn. Magn.
zutani, A. Fujita, and K. Fukamichi, Phys. Rev. &, 2671 Mater. 60, 236 (1986.
(1993. 23M. Tenhover, D. Lukco, and W. L. Johnson, J. Non-Cryst. Solids

"H. Hopster, R. Kurzawa, R. Raue, W. Q. Schmitt, G. Guntherodt, 61&62, 1049(1984).
K. H. Walker, and H. J. Guntherodt, J. Phys8%; L11 (1985. 24G. A. N. Connell, S.-J. Oh, J. Allen, and R. Allen, J. Non-Cryst.
8A. K. See and L. E. Klebanoff, J. Appl. Phy&9, 4796(1996. Solids61&62, 1061(1984).
9Y. B. Xu, C. G. H. Walker, D. Greig, E. A. Seddon, I. W. Kirk- 258, sinkovic, E. Shekel, and S. L. Hulbert, Phys. Rev.5B
man, F. M. Quinn, and J. A. D. Matthew, J. Phys. Condens. R8696(1995.

Matter 8, 1567 (1996. 26H. Hopster, Phys. Rev. B6, 2325(1987.
103, Unguris, D. T. Pierce, A. Galejs, and R. J. Celotta, Phys. Rev?’H. Tang, T. G. Walker, H. Hopster, D. P. Pappas, D. Weller, and
Lett. 49, 72 (1982. J. C. Scott, J. Magn. Magn. Matet21, 205 (1993.
11Th. Paul and H. Neddermeyer, J. Physl3; 79 (1985. 28, Tang, T. G. Walker, H. Hopster, D. P. Pappas, D. Weller, and
12| 'w. Kirkman, E. A. Seddon, and F. M. Quinmnpublished J. C. Scott, Phys. Rev. B7, 5047(1993.
BF. M. Quinn, E. A. Seddon, and I. W. Kirkman, Rev. Sci. In- 2°H. A. Mook and C. G. Shull, J. Appl. Phy87, 1034(1966.
strum. 66, 1564(1995. 30M. J. Cooper, D. Laundy, D. A. Cardwell, D. N. Timms, and R.
1p. R. Penn, S. P. Apell, and S. M. Girvin, Phys. Rev. L&8, S. Holt, Phys. Rev. B4, 5984(1986.
518(1985. 31E. Kisker, W. Gudat, and K. Schroder, Solid State Comnaidh.
15y, B. Xu, D. Greig, C. G. H. Walker, E. A. Seddon, and J. A. D. 591 (1982.
Matthew (unpublishegl 32R. Allenspach, M. Taborelli, M. Landolt, and H. C. Siegmann,

163, J. Yeh and I. Lindau, At. Data Nucl. Data Tab&% 1 (1985. Phys. Rev. Lett56, 953(1986.



