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Scanning Tunneling Spectroscopy of Individual Iron
Atoms on a Permalloy Surface

M. Dreyer, H. Pandana, and R. D. Gomez

Abstract—The topographic and electronic structure of 10-20- tude, the empty iron bulk state should also show some reminis-
nm-thick permalloy films has been investigated under ultrahigh cence at the sample surface. The probability of not having at

vacuum conditions. The films were characterized using Scanning o455t one iron atom within the electronic screening length of the
tunneling microscopy/spectroscopy. Permalloy grows as a poly-

— i —4 —18
crystalline film. The size of the crystallites is in the range of 5-20 Order ofA =5 —10 A [3], [4]is 5.1-107% — 1.8 - 107 for
nm for the permalloy films. The spectroscopic data show a distinct NiggF&. In other words, it is almost certain to find at least one

minority electron state, which can be assigned to the presence of iron atom within a radius of of the tip position. Still, the short

iron in the permalloy surface. It was found that the state notonly — g¢reening length should allow a clear distinction between sur-
decays but also shifts in position when moving the STM tip away .
face and subsurface iron.

from the center position of the iron atoms.

Index Terms—Chemical identification, permalloy, scanning tun-
neling microscopy, scanning tunneling spectroscopy.

Il. EXPERIMENTAL TECHNIQUES
The experiments were performed inside a two chamber UHV
system at a base pressurepgf< 10~1° mbar. The chambers
are separated by a gate valve. One chamber equipped with two
N RECENT years, there has been a growing interest in tBctron beam evaporators and a sample heater is dedicated to
development of spintronics devices [1], where the spin gample preparation; the other is used exclusively for sample
the electrons is exploited for information processing. A crucianalysis and storage. The surface-sensitive analytical tools we
character of an optimized device is the efficient injection afsed were a low-energy electron diffraction (LEED)/Auger
spin-polarized electrons from a highly spin polarized materiglectron spectroscopy (AES) system as well as a combined
into a material showing a long spin coherence time. In additi®TM/atomic force microscope (AFM). The latter instrument
to its magnetic structure, the roughness of the interface and tharild also be operated in magnetic force microscopy (MFM)
spin-polarized density of electron states are important for thisode. For the STM/STS measurements etched tungsten wires
process. Both issues are addressed in this study. were used. The tips were cleaned prior to use by electron beam
In a recent report [2], photoemission data were comparg@éating.
with theoretical calculations of the element specific and spin-re-The silicon substrates were cleaned by flash heating to
solved electronic density of states (DOS) of permalloy. It wai200°C for 30 s and subsequent cooling to room temperature
shown that a charge transfer from the iron to the nickel leadsttpobtain a clean Si (001) surface [5]. The permallbjgoFexo)
a slight enhancement of the majority states at the nickel pofiims were deposited by electron beam evaporation at rates of
tions and pronounced increase of the minority states at the i®1—0.3 nm/s from a NiFeyq precursor. The ultrathin films
positions. Furthermore, the shape and position of the iron miith a thickness of 10—20 nm were then characterimesitu
nority state was found to depend on the iron concentration. lging STM/STS as well as LEED and AES. The STS data were
this study, we employed a scanning tunneling microscopy/speeilected by measuring the first derivative of the current with
troscopy (STM/STS) system to observe this effect on a loo@spect to the bias voltag@l/dUy;as )(Unias) Using a lock-in
scale on the sample surface, although caution must be takenplifier. Typical parameters of the modulation frequency and
when comparing “bulk” calculation with data from a surfacamplitude werefo,q = 1280 kHz andA .4 = 125 mV, re-
sensitive measurement. In the case of permalloy, however, #pgctively. The currenk(U,;.s) was simultaneously recorded.
band structure calculations given in [2] also showed a gap Afl spectroscopic data shown are normalized by the conduc-
about 1 eV atth&-point of the Brillion zone, which is a premisetance, i.e.,(dI/dUy;.s)/(I/Unias). The resulting quantity is
for the observation of possible surface states in STS. Therefaigectly proportional to the local density of electron states
possible changes in the expression of the charge transfer fif8) The bias voltage was applied at the sample. Negative
nickel to iron should be observable as well. Due to its magritias voltage induces tunneling of electrons from the sample
to the tip and vice versa. Consequently, the normalized STS
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Fig. 2. Plot of averaged spectroscopy curves taken at nickel-rich and iron-rich
sites.

Fig. 1. (a) Topography and simultaneously obtained spatially resolved
differential resistance measurements at bias voltages of-(b% V and (c)
+0.7 V of 12-nm-thick polycrystalline permalloy film.

I1l. RESULTS AND DISCUSSION

A typical example of the topography as measured by STM is
displayed in Fig. 1(a). The samples show polycrystalline struc-
ture with a diameter of the individual crystallites ranging from
5-20 nm. The crystallites are randomly oriented, which was
also confirmed by the absence of patterns in the LEED mea-
surements. The observed monatomic step heights are consisten
with step heights expected for fcc nickel crystallites of 1.76,
2.49, and 2.03\ for a (100), (110), and (111) oriented surface,
respectively. The (111) surface was found readily throughout
the surface, while the (110) surface was rarely observed. The
measurements of the local density of states (LDOS) at a fixed
bias voltage were taken simultaneously with the topography by
recording the output voltage of the lock-in amplifier. Two exam-
ples measured at bias voltages-d3.6 and+0.7 V of the same
region of the sample as Fig. 1(a) are shown in Fig. 1(b) and
(1c), respectively. The striking dissimilarity of the two images [-0.2 |

demonstrates the effects of the local density of states. While .
the monatomic steps are the most pronounced feature visible

in the occupied LDOSUyas = —0.6 V), the empty states :
(Ubias = +0.7 V) show numerous white spots that are also |[-o0 |

present on top of flat terraces. We assume that the spots are due

to the enhancement in the empty local density of states arisiaig 3. Topography (top left) and spatially resolved local density of states at

from the iron atoms on the sample surface. Contamination fropd to 1.2 Vin 0.2-V intervals. Length of the marker in the topographic image

other sources can be ruled out, as AES measurements perforfiéd™

subsequently to the STM measurements showed only the signa-

ture of iron and nickel. Furthermore, atomically resolved STMan easily be divided into two categories as shown in Fig. 2.

images taken simultaneously show no sign of surface contafhe plots represent averaged spectra taken at the iron-rich or

nation at the location of the enhanced LDOS. nickel-rich locations on the sample surface. The tip was stabi-
The observed bright regions were further investigated by péized at a bias voltage @f},;.s = —1.3 V and atunneling current

forming STS on top of larger monatomic flat terraces. Usingf I = 500 pA above the sample surface before each measure-

the unoccupied iron state as a marker, the spectroscopy cunvest. The curves show only a small difference in the occupied
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states with a shallow peak aroubfi;,, = —0.6 V and a de- are due to a shift of the energetic position of the iron surface
creased density of states around the Fermi level. The unocstate from 0.5 to about 0.8 eV when moving the STM tip
pied side of the LDOS show a broad peak for iron-rich regiorspproximately 0.5 nm away from the iron location with a slow
atUpas = 0.5 — 1.0 V and a smaller peak at abolit;,s = 1V decay in magnitude.

in the nickel-rich areas. The “nickel-rich” curve agrees well with

what is to be expected from the calculated LDOS shown in [2]. IV. CONCLUSION

The shallow peak found at a bias voltage of 1 V corresponds ©rhis work demonstrates, for the first time, that it is possible to

the empty iron state found in the bulk fordyFe;o permalloy. locate iron atoms in a NiFe&, permalloy surface by means of

On the other hand, the peak in the "iron” curve occurs at a8Ts and opens the possibility for observing individual atoms.

proximately 0.7 V, whichiis at a 'OVYer energy than _predic_tgd b@n the surface of the sample, the displacement of one of the
the;)ry [Z]t. \tNe pr?_str:n_ate that Ir(')erI |r:c a Pr':_:klel matrix eXh'b'Ls I%Iectrons of iron toward the nickel atoms leads to the formation

tsur a;:_e SI a 'Et}, W 'g IS redsrfJonIS| et' or this low energy peak. iy 5 pronounced surface state. This state is easily observable in
erestingly, it can be used for locating iron. STS, and the energy dispersion of that surface state was found.

d In .?rdefr iot examine t.hTI Iatfe:sl depelnc1itenc§ .Of the Ifoclgbs and band structure calculations would be helpful to fully
ensily of stales—especially of the néwly found iron Surtagg, ya stand the observed electronic structure.
state—high spatial resolution spectroscopic data are shown in
Fig. 3, along with topography. The topography of the region
(top left) shows a monatomic step in the upper left corner of 1] G. A Prinz,sci | 282 b. 1660. 1998

. . . . . . A. Prinz, sciencevol. » P , .
a he|ghF of 1.84. The step helght is consistent with an (100) [2] P.E.Mijnarends, S. Sahrakorpi, M. Lindroos, and A. Bansil, “Angle-re-
orientation of the surface. The flat surface shows an average = solved photoemission spectra, electronic structure, and spin-dependent
corrugation of 0.3A. The images of the occupied LDOS in a ;g%t;ering in Ni_«Fe, permalloys,"Phys. Ref. Bvol. 65, p. 075106,
range of the bias voltage ;. = —1.0. o 0'_0 V are shown [3] G. Léndry, Y. Dong, J. Du, X. Xiang, and Q. Xiao, “Interfacial capaci-
in the left column. The monatomic step is visible in as a dark ~ tance effects in magnetic tunneling junction&ppl. Phys. Lettvol. 78,
line. On the terrace itself some dark spots indicate a local | gp-zﬁ01—5053,,2031- dont surt g s and

- - . Zhang, “Spin-dependent surface screening in ferromagnets and mag-
decrease of thg elegtron density. The empty state images ang netic tunnel junctions,Phys. Ref. Letivol. 83, pp. 640-643, 1999.
found on the right side panels. They show the emergence ofs] B.s. Swartzenhuber, Y.-W. Mo, M. W. Webb, and M. G. Lagally, “Scan-
bright regions, which increase in intensity up to a bias voltage nin? tunnfj“f\l/g mi§r95$opl>1/ St:l%esl 07f Strucztgfoall dgggeiggg steps on Si
S ; : surfaces,’J. Vac. Sci. Technol.,Aol. 7, pp. - , .

of abOUtU_blas =0.6V. A_t bla_s voltages above O‘G_V' the bright 6] V. A. Ukraintsev, “Data evaluation technique for electron-tunneling
spots split up to form ring like structures. The ring structures ~ spectroscopy,Phys. Ref. Bvol. 53, p. 11176, 1996.
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