HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSIC®7, 10E703(2005

(Towards ) Spin-polarized scanning tunneling microscopy of NiFe films
on a chromium (001) single crystal: Growth and electronic structure
of Permalloy

M. Dreyer and J. Lee

Department of Elec. and Comp. Eng., University of Maryland, College Park, Maryland 20742

and Laboratory for Physical Sciences, University of Maryland, 8050 Greenmeade Drive, College Park,
Maryland 20742

C. Krafft
Laboratory for Physical Sciences, University of Maryland, 8050 Greenmeade Drive, College Park,
Maryland 20742

R. Gomez

Department of Elec. and Comp. Eng., University of Maryland, College Park, Maryland 20742

and Laboratory for Physical Sciences, University of Maryland, 8050 Greenmeade Drive, College Park,
Maryland 20742

(Presented on 9 November 2004; published online 10 May )2005

This paper shows spin-polarized tunneling on the terraces of antiferromagnetic ch{@Odum
Details on the morphological and chemical composition are shown as a function of various stages
of surface preparation, and protocols for obtaining0O0L) that reveal spin-polarized contrast are
reported. On the clean crystal the chromium surface state at the Fermi level could be observed. The
spin splitting of the state was measured by using an iron coated tungsten tip. A spin polarization of
10% was observed. The properties of NiFe grown of0CY) measured using nonpolarized
tunneling spectroscopy are also reported. Monolayer thick permalloy grows in Volmer—Weber
mode, exhibiting pyramidal islands oriented along the chrom(iLtg) direction. Spectroscopic data
reveal that NiFe alloying is preserved. ZD05 American Institute of Physics

[DOI: 10.1063/1.1854420

I. INTRODUCTION Despite the ideal qualities of @0J), it is not straight-
. : . . . forward to prepare the surface with a sufficiently low impu-
Spin-polarized scanning tunneling microscdBPSTM, rity level and high crystalline order to make it suitable for

for a recent review see Ref), While potentially pqwerful, s spin-polarized STM. Hence, two of the pragmatic issues are
avery s_ubtle technique to o.bserve thg magnetic structure Qé)e level of surface condition that would allow spin polarized
a material down to the atomic level. It is extremely sensitiveg ), investigations to be carried out and to understand the
to theftexact contljlttlog Of.ttr':e tip and sai_mpllef,l and the res:JhIchorphological and spectroscopic behavior of submonolayer
are often convoluted with nonmagnetic influences on M&y;ca fimg grown on this substrate. Additionally, it is instruc-
electronic structure, such as step edges or submonolayer CO%e to understand the spectroscopy of NiFe of001) using

taminations. Therefore, the SPSTM experiments are Corlﬁonpolarized tips to be able to discriminate between spin-

dECtedt u_nd((ejr uItLaTgP vaCL;um cozd|t|%ns landbotn ){’VEI:; olarized effects and nonpolarized variations in the local
characterized -substrate surfaces. An i0eal substrate 1l ,q,ctance. In this experiment, we seek to address these
studying NiFe films is thg001) surface of single crystal

. : . . ~_issues hy providing detailed protocols for the preparation of
chromium as it offers several important benefits. First yp g P prep

) : . . ’suitable C¢100 f that exhibit spin-polarized t I-
Cr(00)) is a topographic antiferromagnet, i.e., the magnethSula e G100 surfaces that exhibit spin-polarized tunne

o - S ing, as well as to spectroscopically characterize NiFe films
zation lies within the surface plane and changes direction b}Sn CI(100).

180° between adjacent terraces separated by a monoatomic

step. This prqwdes an unambiguous magngtlc packgroynﬁi_ EXPERIMENT

structure to immediately test the magnetic tips. Spin-

polarized tips, for instance, should reveal alternating bright  Our experiments were performed inside a two chamber
and dark contrast as they scan adjacent monolayer steptrahigh vacuum(UHV) system at a base pressyrg<8
terraces. Second, chromium pins the magnetization of thex 107! mbar. One of the chambers was equipped with an
submonolayer NiFe filmgsimilar to Ref. 3, so that even ISE 5 ion gun, two FOCUS electron beam evaporators pre-
ferromagnetically coated tips can be used for imaging. Mordoaded with NijFe,n and iron, respectively. The sample heat-
importantly, the coupling the ultrathin NiFe film with the ers were integrated with the sample holders, along with a
chromium substrate gives a predictable magnetic orientatiothermocouple to precisely measure the temperatures. The
of the NiFe layer. Thus the interpretation of the data, espesecond chamber was connected to the first by a valve and
cially when comparing spectroscopic data derived from spircontained a combined LEED/AESLEED—Iow-energy
polarized and nonpolarized tips, is greatly simplified. electron diffraction; AES—Auger electron spectroscopy
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FIG. 2. Spin-polarized tunneling on ©@01). The chromium surfacéa)

shows monatomic steps which are also reflected as a contrast change in the
dl/dU map, (b) as emphasized by the cross secti@,,.=—250 mV,
Umog=50 mV).

LEED images as well as the uncertainty in the orientation of
the scan piezo with respect to the sample holder. The nitro-
FIG. 1. Several stages of the preparation of the c_hromium crystal showingien contamination was clearly visible in spectroscopic data
(a) oxygen contamination(b) nitrogen contaminatioric(2x2) and p(2 which reveal a peak in thel/du maps at an energy of
x 1) phasé, (c) und led Cr, ar(d) clean chromium.

) phasg, (c) under annealed Cr, ard) clean chromium —-0.2 eV—easily distinguishable from the Cr surface state at

I omi AFM/STMthe Fermi level. Following the procedure of others, we

system as well as an micron room tempera’Fure avoided the N segregation problem by “flash” annealing of
The STM tips were made from tungsten wire by electro-the sample after low energ$00—800 eV sputtering. In our

chemical etching using a KOH solution. It was heated bycase, however, this leads to a structure as shown in Fg. 1

electron beam bombardment in UHV, while keeping the tem_Which despite its roughness is relatively free of nitrogen as

perature high enough to remove oxides and other Cont""m'évident from the disappearance of the N surface state at

nants but without melting the apex. —-0.2 eV. After heating the sample to 600 °C for 15 min we
obtained a flat surface with a low defect/contamination den-
IIl. RESULTS AND DISCUSSION sity [Fig. 1(d)].

The series of STM images in Fig. 1 shows the detailed ~We discovered that the contrast due to spin-polarized
morphological evolution of GP01) at various stages of the tunneling can be observed even on less than optimized
preparation. Figure (&) represents the surface after severalsamples, as long as the crystallographic terraces are free of
cycles of sputtering to remove the native oxide and subsecontamination and the tips are properly coated with spin-
quent heating to anneal the surface. We discovered that tHolarized ferromagnetic material. Following Ref. 1 after
use high energies for the argon ions in a range of 1.5—2 ke¢leaning the tip was coated with nominally 11 nm of Fe ac-
were optimum in removing large amounts of oxide with acording to the calibration of the evaporator. The actual film
reasonable surface damage. In this specific case, the last stélickness at the apex might be well below this estimate. The
involved sputtering for 120 min, followed by heating to tip was then annealed at 285 °C for 20 min. An example of
550 °C for 270 s. The prominent features are beadlike strucSPSTM is shown in Fig. 2 where the surface condition is
tures decorating a relatively flat underlaysimilar to Ref. ~ closest to the one displayed in FigdL Despite the rough-

4). Auger electron spectroscopy showed a significant peak diess of the terraces, it is evident from the STM image that
the oxygen KLL electron energy, which strongly suggests théhe surface comprises several monatomic steps. As an aide to
presence of residual amounts of chromium oxide. The oxidéhe eye, the profile of a small rectangular segment is drawn
peak was completely removed after a few more cycles ofn the accompanying plot. Starting from the left, the profile
sputtering and heating. The removal of oxygen allowedshows two large terraces of more that 50 nm in width, fol-
atomically resolved images of the Cr surface. Figu(e) 1 lowed by a series of closely spaced terraces. The terraces are
shows atomic corrugations that form different surface reconseparated by 1.5 A high steps. This height matches half the
structions. This is due to nitrogen that has been dissolved iheight of a unit cell of Cr. The lower image is the conduc-
the bulk and has migrated towards the surface during théance ordl/dU map of the surface at),;,s=-0.25 V, and
annealing step. As described in Ref. 5, N takes up interstitialvas obtained concurrently with the topographic image. It
sites at the surface leading to various structures, two ofontains the information on spin polarization. Note with care
which are shown in Fig. (b). The image also shows the that most of the steps coincide with a contrast change in the
orientation of the Cr crystal. Thél00 axes was rotated dI/dU map[Fig. 2b)]. The first terrace on the left, for ex-
about 25° counterclockwise with respect to the vertical axesample, has a brighter contrast than the adjacent terrace. This
This was confirmed by a similar value of 30° derived fromis a consequence of the antiferromagnetic character of the Cr
LEED measurements. The slight discrepancy can be exerystal. The contrast change is also evident in the cross sec-
plained by a misalignment of the camera used to record th&on [Fig. 2(c)], where the locations of the topographic steps
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ization against the electronic effects of local atomic arrange-
ment in an alloy such as NiFe. The electronic structure or

60 ; ] ‘ A equivalently the conductandéel/dU) was measured simul-

g 551 | | ERER 7 | taneously with the topography, using a nonmagnetic tungsten
: jg ‘ i ‘ | p f'j\j\ tip. Figure 3b) shows the conductance map at a bias voltage
& 40l ol l | 7( of 0.55 V. The map reveals rich structures on the NiFe is-
S 251\ \\ /\3// L | lands versus the homogeneous background of Cr. This is a
5‘1 3047 \\\__54__3_ ‘ / clear indication that pure Cr remains between the islands,
2 2% i 3 /\ pd 1| and no mixing of Ni or Fe atoms has occurred on the Cr
s HERuaANEEN surface.

10 -05 05 10 The plot on the right side of Fig. 3 shows normalized

0.0
Bias Voltage [V]

dI/dU curves as a function of bias voltage. The black curve
corresponds to clean Cr substrate, while the two other curves
FIG. 3. Growth and electronic structure ofghfie,, on Cr(00D. (a) shows  were taken above the islands marked by “1” and “2” in Fig.
the topography. The NiFe islands are up to 1.2 nm in heighitshows a Th hromium rum show Kk =0V

dl/dU map at a bias voltage of 550 mV. The NiFe islands reveal individuals(b)' e ((j: omiu h Specft um sShows ahpea U%tiasl 0 L Th
structures against the homogeneous background of Cr. The plot shows ndrOrresponaing to the sur.ac.e state at t e Fermi level. The
malized spectra of Cr and the islands marked by “1” and “2ttih spectra 1 and 2 are very similar to the NiFe spectra presented

in Ref. 6. Curve 2 shows a shallow peak né&hg,.=0.9 V

are drawn. Indeed, the line profile of the conductance mawhich indicates the presence of iron in a nickel matrix. In
reveal alternating bright and dark contrast as each mortontrast, curve 1 shows a peak néhf,s=0.5 V which we
atomic step is crossed. The dark contrast marking the Stelpelieve indicates Fe within the NiFe surface. The spectros-
edge is most likely a scan artifact. By comparing the brightCopy reveals that despite the apparent topographical similar-
and dark contrast, we find a value of the spin polarization ofty of the NiFe islands, the physical placement of the Fe
P=10%. This is less than the value Bf=20% previously atoms was diverse. It is clear that the NiFe grown on Cr
reported by othersWe attribute this discrepancy as due to remains in alloy form rather than forming separate Ni and Fe
the less than optimal magnetic/spin structure of the tip aislands. More importantly, these results point to interesting

well as a possible misalignment of the tip magnetization oftias voltages where spin-polarized effects could be observed:
60° with respect to the Cr magnetic moments. the electron hole state at 0.9 eV should show a relatively

Fina”y, we tackle the deposition of NiFe on the clean h|gh Spin pOlarizatiOFIand the state near 0.55 eV, whether or

Cr(001) crystal. We evaporated NiFe at a rate of about 1n0t it turns out to represent Fe within the surface, could show
monolayer per min. A sample with a film thickness of nomi- interesting spin-polarized behavior.

nal 0.5 monolayers is shown in Fig. 3. Permalloy grows in

the Volmer-Weber or island growth mode. The islands ACKNOWLEDGMENT
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