VOLUME 78, NUMBER 6 PHYSICAL REVIEW LETTERS 10 EBRUARY 1997

k-Space Origin of the Long-Period Oscillation in F&/Cr Multilayers: A Photoemission Study
of Epitaxial Cr Grown on an Fe(100) Whisker

Donggqi Li, J. Pearson, and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439

E. Vescovd, D.-J. Huang, and P. D. Johnsdn
'National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973
2Physics Department, Brookhaven National Laboratory, Upton, New York 11973

B. Heinrich
Physics Department, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada
(Received 22 February 1996

The k-space origin of the long-period (18 A) oscillation in the interlayer magnetic coupling of
Fe/Cr(100) multilayers is investigated by means of angle-resolved photoemission by probing quantum
well (QW) states at the Fermi energy for epitaxial Cr grown on an Fe(100) whisker atC300 he
periodicity of the intensity oscillations of the Cr QW states in the vicinity ofdiderived “lens” feature
of the Fermi surface i$7 = 2 A. Thus the lens is identified as a prime candidate for the origin of the
long period. [S0031-9007(96)02272-7]

PACS numbers: 75.70.Cn, 73.20.Dx, 79.60.Bm

The oscillatory interlayer magnetic coupling in giant the long-period caliper. Van Schilfgaarde and Harrison
magnetoresistance (GMR) multilayers is mediated by th¢l1] attribute it to aliasing, whereby discrete sampling of
energetics of magnetic quantum well (QW) states inthe short period li{ in Fig. 1) at lattice sites yields the
the spacer [1-3]. Electron spectroscopies have bedong period. Mirbtet al. [12] proposed that the relevant
used to probe these states in overlayers on magnet8panning vector is at the Brillouin zone (BZ) center and is
substrates [1,4—7]. The thickness periodicity of theseaccompanied by a symmetry breaking to a CsCl structure
spin-polarized QW states to crogss coincides with  (not marked). Stiles [13] argued that the caliper of the
that of antiferromagnetic coupling [1,4]. The QW statessp-derived N-centered ellipsec(in Fig. 1) provides the
are confined by the spin-dependent band offsets of thkwng-period coupling. Herein we monitor the appearance
magnetic layer [4,8], which determine the strength ofof QW states nea&r that have the sameg; as these
the coupling [9], while itsperiodicity is determined by spanning vectors and the periodicity of their intensity
extremal spanning vectors of the spacer’'s Fermi surfacescillations atEr as a function of Cr thickness of Fe(100).
[10], as in the Ruderman-Kittel-Kasuya-Yosida (RKKY) We find that the intensity aEr oscillates with a period
coupling model [11]. In the present work we focus on the
latter aspect and explore thespace origin of the long-
period (18 A) oscillation of FECr(100) multilayers by
monitoring the emergence of QW states in Cr overlayers
on an Fe(100) whisker. This is of interest because of
the controversies surrounding the long period of Ge
While the short period is universally recognized as
emerging from the nested feature of the Fermi surface,
which also gives rise to the antiferromagnetism of bulk
Cr, the origin of the long period remains elusive. This,
taken with the following facts, heightens interest in
the problem: (i) FECr is a prototypical GMR material
[12-14], (i) most other GMR materials have a shorter
long period of only~12 A, and (i) transition-metal
spacers like Cr have more complex and challenging Fermi
surfaces than the Cu of the {@u prototype most studied
to date theoretically and spectroscopically.

G. 1. Calculated Fermi surface of bulk Cr [11]. The high-

) - |
hThere are §everaltreg|0ns of t(;]'?j tCr Iierml Slu.rfaf[:és:ﬁ\;mmetry points of the surface BZ are indicated by the dashed
whose spanning vectors are candidates to explain thes and on the left. The extremal spanning vectors of the

18-A long period. Koelling [15] suggested that the interest are marked with, b, c, and the experimental, at £,
relatively isotropicd-derived “lens” @ in Fig. 1) provides are marked withd, B, B/, C andD, as discussed in the text.
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of 17 A in the vicinity of the lens4 in Fig. 1), while it — 1T T T 1T T 1
oscillates, if at all, at 2.6 A at the nesting regidm it Cr/Fe(100) |
Fig. 1). This rules out aliasing as the origin of the long hv=59.7eV
period [11] and supports the theoretical identification of 0=12°
thed-derived lens as the region of interest [15]. B .
The experiment is challenging for a number of reasons: |

(i) the relatively flatd bands leave only very narrow energy }
windows nearEr for QW states to exist and to shift with ¢
film thickness [10]; (i) the investigation of QW states «n ! te (A)]
away from the zone center is demanding [15]; (iii) there are g i‘«
multiple bands neaEr, which produce high backgrounds = ‘\ll,
underlying the QW-induced intensity oscillations; and (iv) 5 “.\*\\ 28.8
prerequisite for the identification of QW states is an 5 L 1.\ 245
atomically smooth and flat surface. Room-temperature ~ .'\‘\ 239
(RT) growth of Cr on Fe(100) is known to result in 2 \g‘\ ’
relatively rough films, thus we used an Fe whisker substrate ‘A b 23.4
which is known to be atomically smooth and followed 8 | ‘{‘.“ 20.1
the 300°C growth procedure of Ref. [16]. The Fe(100) = |- i 7 9—
whisker was cleaneth situ with cycles of Ne sputtering — i )
at 25—600C and annealing at 70C. Cr was deposited l 15.9
at a rate of 0.05—0.3 Anin, which was monitored with I 14.6

: . I
a quadrupole mass spectrometer and calibrated with the \ 13.571
photoemission intensities of the Cr and Fp [Rvels, I
assuming an effective mean free path of 5A. The accuracy 12.4
of the absolute thicknesses is estimated as within 30%, 11.3
while the relative thickness in each deposition sequence is | N N 9.1
more reliable due to the stability of the evaporators. Films 2 1 E
grown at this condition are known to grow in a nearly F
perfect layer-by-layer mode, though the first 5-6 A form Binding Energy (CV)

an alloy with Fe [17]. In this work, films of 8-50 A are
discussed to avoid the alloy region. Both the substrate anglG- 2. Spectra of epitaxial Cr films on Fe(100) ar =
the films are well ordered as indicated byx 1 LEED  ~°7 €V andd = 12°.

patterns with the extremely sharp spots characteristic of

Fe whiskers, indicating superior epitaxial growth of Cr.r

The chamber pressure during both the depositions antﬁ
measurements was in the low0~!! Torr range. No

impurity peaks were detected with photoemission for the{hickness—dependent QW states. In the regiorEpf—

substrate and initial Cr growth. 0-0.5 eV, the relative intensities of the peaks vary with

Angle-resolved photoemission was carried out at the. . . . . :
U5 undulator beam line at the National Synchrotron Light(?IIm thickness in @ nonmonotonic fashion. - Although it

Source, Brookhaven National Laboratory. The spectr's difficult to resolve the peaks for all the thicknesses
were mainly taken at 59.7 eV to probe tiederived %ossmly due to limited resolution, the curve fitting of

states, with some at 31.8 eV for comparisons. The enthe spectra reveals that tiig, of the peak at-0.3 eV

erav resolution was-0.15 eV and the anqular resolution shifts with film thickness. For fixed thicknesses, the
9y i NS ANy ; peak exhibits no dispersion with perpendicular momentum
was ~1°. ‘The incident angle of the light was 3%ith hen hy is changed from 59.7 to 31.8 eV, though its
respect to the surface normal. The photoe!ectron para“e\fxtensity decreases. This suggests that the state is two
?)??eg\t/:?;/;?g d tgerg(?\;ﬁ] tr}ﬁ;gggﬁgg??@g V\;?(;/ri ,Elheecdimensional (2D) andi-like. We therefore attribute the
I ' Dy moving the analy y relative intensity changes to the thickness-dependent
sample normal direction in the incident plane. The pho- W states that shift between 0—0.5 eV
toemission intensities are normalized to the backgroung ' '

; ) ) e . Figure 3 shows the intensity variation with the film
intensity at high binding energy. The thickness deF)en'hickgness atEg, as determinedyfrom the intensity at the

dence was measured by sequentially depositing more (#Tr]idpoint of the Fermi edge.k; is given, in units of
before each set of measurements. All measurements WeRe | o

made at ambient temperature. )
Figure 2 shows the thickness dependence at one part of kj = 0.512y/hv — E» — ¢ sing,

the Cr BZ with an emission angle of 32as markedA at  where ¢ is the work function of Cr(100) (4.5 eV) angl
Er on Fig. 1. The peak at 0.95 eV binding enerdy, Y is the electron emission angle from the surface normal.
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mains constant both in binding energy and intensity
roughout the whole thickness range. It is a known
surface state [18] and can serve as a reference for the
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Cr/Fe( IIOO)

| | | | | | |
- hv = 59.;°eV Cr/Fe(100) (a)
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FIG. 3. The intensities aEr vs film thickness ak; = 0.72 35.2
in units of the surface BZ]' X (around the lensA in Fig. 1), 34.6
which yield a periodicity ofl7 = 2 A. Independent thickness
sequences are indicated with different symbols. gﬁg
32.7
_ 32.0
At 12°, ky(Er) = 0.79 = 0.05 A1, i.e.,0.72 = 0.05T X 31.4
in units of the surface BZ, using the Cr lattice parameter 30.8
of 2.88 A. The surface BZ boundakis experimentally 205
determined as.15 = 0.10 A~! from the 2D band disper- 28.8
sions, consistent with the calculated valuelad9 A~!. 282
ky(EF) for the 12 spectra is close to that of tltederived o L 7r6'6

lens feature located &t6-0.7 T X according to different
calculations [10,11,19]. Two independent thickness se- 2 1 EF
quences are plotted in Fig. 3 with different symboils. Itis I T

apparent that the intensity & possesses an oscillatory Bmdmg Energy (CV)
behavior with a period ofl7 = 2 A, i.e., 12 + 1 ML. . . ; : .
This oscillation period coincides with the 18-A long pe- (b)
riod of the magnetic coupling through Cr [20]. The os-
cillatory thickness dependence of the intensity indicates
the existence of QW states that crdgsperiodically with

film thickness. Our results, therefore, identify the vector
across thisd-derived lens & in Fig. 1) or the neck just
outside of it as a viable candidate for the origin of the
long period.

To verify our methodology, we performed similar
measurements during the same sets of deposition$ at 5
off normal, where the nesting vector resides (marked
B in Fig.1). As in Fig. 4(a), the intensities of the
peaks vary in a subtle but systematic manner when
observed on close inspection. For instance, the intensity . L ' '
at 0.3 eV is nonmonotonic with film thickness. This 0.6 0.4 0.2 0
variation is evident in Fig. 4(b) after subtraction of a Binding Energy (eV)
linear background. Similar to the QW state observed altZIG 4. Spectra of epitaxial Cr films on Fe(100) bt
6 =12° th.e state at-0.3 eV is alsq 2D in character 59.7 eV anFcha =5 (g) Original spectra normalized to the
(no dispersion withhw). The intensity atky for_the  packground intensity; (b) after subtracting a linear background.
spectra at 5 (kj = 0.33 = 0.02 A or 0.30 = 0.02 T X)
are shown in Fig. 5. The difference in behavior between
the 5 and 12 spectra for the same deposition indicatesit is not clear if the scatter of several data points is
that the intensity variations in Fig. 3 are not accidentalrelated to aliasing [21] or simply noise, it is evident that,
and suggests that our methodology is feasible. Whilainlike in Fig. 3, there is no well-defined 18-A long period
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havespcharacter. Limited results atv = 31.8 eV (Cin
Fig. 1), however, have not revealed new states wgar
and the change in intensity &t is only about 2% in the
range of 26—-32 A, similar to the error bar of our results for
5°and 12 athy = 59.7 eV. Further studies are warranted
¢ 810 at low photon energies in this part of the BZ.
In conclusion, we observe-QW states in Cr near
L1 Er that possess the periodicity of the oscillatory inter-
layer magnetic coupling. This identifies theederived
lens of the Fermi surface as a region of prime inter-
™ Ci/Re(100) est for the long-period coupling oscillation, although a
hv =59.7 eV _ more completé-space sampling should be fruitful to fur-
0=5.k=03000m X 4 ther evaluate the relationships between QW states and
094 20 30 40 50 magnetic coupling. Our work demonstrates that angle-
t (&) rgsqlveq photoemission pr_ovides a novel me_thodology to
Cr distinguish thek-space origins of different oscillation pe-
FIG. 5. The intensities aEx vs film thickness at = 0.30 riodicities in the interlayer magnetic coupling. This can,
(the nesting regiorB in Fig. 1), in units of the surface B4, X.  in principle, be broadly utilized in studies of the electronic
Independent thickness sequences are indicated with differertructure of GMR multilayers.
symbols. The inset is the Fourier transform which yields & \ye thank Dale Koelling, Eric Fullerton, and C. Thomp-
periodicity of 1.8 = 0.3 ML. . - P .
son for helpful discussions and assistance, and Mark Stiles
for communicating his results prior publication. Work at
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arising from aliasing at the nesting region. In fact, theported by DOE No. DE-AC02-76CH00016.
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