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The magnetic ordering and the interlayer exchange coupling in Mn and

Fe/Mn wedge structures grown epitaxially on Fe(001) whisker substrates were

investigated using scanning electron microscopy with polarization analysis

(SEMPA). In bare Mn/Fe(001) samples, the magnetization of the top Mn layer is

collinear with the Fe magnetization, and oscillates between ferromagnetic and

antiferromagnetic alignment as the Mn thickness increases.  The period of the

oscillation is two layers of Mn, consistent with the growth of an antiferromagnetic

Mn wedge. The bare Mn behaves very much like antiferromagnetic Cr, however

the magnetic coupling in the Fe/Mn/Fe(001) sandwich structures is very different.

For Mn thicknesses greater than four layers, the coupling between the top Fe layer

and the Fe whisker substrate is not collinear.  Between 4 to 8 layers of Mn, the

direction of the top Fe in-plane magnetization lies at an angle of 60° to 80°

relative to the magnetization of the Fe substrate.  Beginning at the 9th Mn layer,

the direction of the coupling oscillates, with a 2 layer period, between 90� - φ and

90� + φ, where φ is sample dependent.  Values of φ between 10° to 30° were

observed.
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Introduction

Considerable attention has recently been devoted to the study of the growth, structure [1,

2, 3], and magnetism [4, 5, 6, 7, 8] of ultra-thin Mn on Fe(001) as well as Fe/Mn/Fe exchange

coupled structures [9, 10, 11].  These studies are motivated by the interesting magnetic coupling

phenomena observed when two ferromagnetic layers are separated by a thin, atomically well

ordered spacer [12]. In particular, Fe/Cr/Fe and Fe/Mn/Fe structures are of interest, because the

intermediate spacer layers, Cr or Mn, show antiferromagnetic ordering in the bulk.  In the Cr

system, this magnetic ordering plays an active role in mediating the exchange coupling [13].  In a

bare Cr film on Fe, the magnetization of the top Cr layer continually reverses direction with each

additional layer of material [14]. In Fe/Cr/Fe exchange coupled systems, layer-by-layer

oscillations are observed in the sign of the Fe substrate/overlayer coupling [15]. Meaningful

comparisons between theoretical models and Fe/Cr/Fe coupling experiments are possible

because Fe/Cr multilayers can be fabricated on Fe whiskers with nearly the same atomic scale

precision as assumed in theoretical models.

 The growth of Mn is more challenging. Bulk Mn can form complex crystal structures

with many atoms per unit cell, and can only be stabilized in simple bcc or fcc structures at room

temperature by alloying or epitaxial growth [2].  Epitaxial growth of Mn on Fe was studied by

Kim et al [1] who found that Mn grows on Fe(001) in a strained body centered tetragonal (bct)

structure with lattice parameters: a=0.2866 nm and c=0.3228 nm for thicknesses greater than

four layers of Mn (note: for bcc Fe, a=0.2866 nm). Their data also shows that the distance

between Mn layers is small (about c/2 �0.13 nm) when the film is only two or three layers thick.

For bct Mn, Krüger et al. [16] predict that Mn should order antiferromagnetically and tight

binding calculations suggest the antiferromagnetically aligned surface moments should range

from 2.2 µB to 3.4 µB [17] depending on the antiferromagnetic phase and Mn surface

reconstruction.  The measured room temperature values of the Mn magnetic moment for a thin

film on Fe range from 1.7 µB to 4.5 µB [4, 8], which is larger than the value of 0.6 µB to 1.9 µB

measured for a thin film of Cr on Fe [18].

In this paper, we report on the growth of well-characterized, epitaxial Mn wedges on

Fe(001) whiskers in which the thickness of the Mn film is continuously varied from 0 to 25

layers.  Scanning electron microscopy with polarization analysis (SEMPA) measurements of the

bare Mn wedges show that the direction of the Mn surface moment changes with each additional
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Mn layer added to the film, with odd (even) layers ferromagnetically (antiferromagnetically)

aligned with respect to the underlying Fe whisker’s magnetization.  This observed ordering of

the outermost Mn is consistent with antiferromagnetically ordered Mn ferromagnetically coupled

at the Mn/Fe interface. After Fe is grown on top of the Mn wedge to complete the

Fe/Mn/Fe(001) sandwich, the direction of the magnetization of the top Fe layer is found to be

non-collinear with respect to the underlying Fe whisker magnetization. For greater than eight

layer Mn spacers, the Fe in-plane magnetization oscillates with a two layer period between 90� -

φ and 90� + φ, where φ is sample dependent. Values of φ between 10° and 30° were observed.

This non-collinear magnetization was observed for Mn wedges grown at temperatures ranging

from 50 �C to 250 �C and hence over a variety of growth conditions.  This result is unlike

previous results for Fe/Mn/Fe systems [9] and is not observed in the Fe/Cr/Fe system [14].

Experiment

The experimental procedures used to investigate the Fe/Mn/Fe coupling were similar to

those used in previous SEMPA measurements of the Fe/Au/Fe, Fe/Ag/Fe, and Fe/Cr/Fe systems

[19, 20, 15].  The experiments were performed in an ultrahigh vacuum scanning electron

microscope with a base pressure of 7 x 10-8 Pa.  The magnetic structure of the films was imaged

with SEMPA [21], while the structural order and chemical composition were monitored in situ

using reflection high-energy electron diffraction (RHEED) and scanning Auger spectroscopy,

respectively.

The Fe and Mn films were grown on single crystal Fe(001) whisker substrates.  Iron

whiskers were used since they provide nearly ideal, well characterized, flat substrates with single

atomic steps ~1 µm apart [22].  Whiskers were cleaned by cycles of Ar-ion sputtering and

annealing to 750�C, until Auger spectra indicated that surface contamination (mainly oxygen)

was below the minimum sensitivity of the Auger detector (~0.05 layers).  RHEED patterns from

cleaned and annealed whiskers showed a near perfect arc of sharp diffraction spots indicating the

high quality of the Fe surface [23].  The substrate temperature was measured with a

thermocouple attached to the sample holder.

Manganese was thermally evaporated from a ceramic crucible with typical deposition

rates near 1 layer/min.  Wedge-shaped Mn spacer films were grown by moving a shutter in front

of the Fe whisker during Mn deposition.  The thickness of a typical wedge varied continuously
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from 0 layers to 25 layers over a distance of ~1mm.  Both the quality and the thickness of the Mn

wedges were monitored with spatially resolved RHEED imaging.

Iron was deposited from a high purity rod by electron beam evaporation. The Fe flux was

monitored and controlled by using an aperture with an integrated ion flux monitor, tied to a

closed loop controller.  The controller allowed for 1% flux stability over long periods of time

[24]. RHEED oscillations during Fe homoepitaxy were used to calibrate the flux controller.  The

growth rates for Fe were also typically about 1 layer/min.

Mn growth

Optimal conditions for Mn/Fe(001) growth were determined by evaporating Mn onto a

Fe(001) whisker surface held at a constant temperature while simultaneously measuring the

intensity of the RHEED specular diffraction peak as a function of deposition time. Examples of

RHEED intensity oscillations are shown in Fig. 1 for depositions at 33 ± 2 �C, 100 ± 5 �C,

150 ± 6 �C, 200 ± 7 �C, and 250 ± 8 �C [25].  All these growths from show strong initial RHEED

oscillations for the first two to three layers, which then decay in intensity at a rate that depends

on the growth temperature. The decay at low temperatures (<100 �C) is suggestive of kinetically

roughened growth, where the roughness is due to the limited diffusion of Mn on the surface.  At

higher temperatures, the RHEED oscillations continue to thicker Mn films. The growth at 150�C

consistently exhibited the greatest number of oscillations, routinely at least 20 layers.  The 150�C

growth shown in Fig. 1 has oscillations up to the 23rd layer.  At 200 �C and above, the shape of

the first few RHEED oscillations changes from the rounded peaks observed below 175 �C to

more cusp-like peaks.  In the Cr/Fe system, STM/RHEED comparison experiments indicated that

cusp-like growth is one sign of a true layer-by-layer growth where large islands grow to

complete a full monolayer before the next monolayer begins [22]. While the growth at elevated

temperatures may seem better, Fe/Mn interdiffusion can be a problem.  Walker and Hopster [5]

found interdiffusion of Fe and Mn when samples were annealed above 150�C.  When growing

Fe on Mn, Andrieu et al. [4] reported that Mn migrated up through the Fe overlayers when a

Fe/Mn/Fe system was annealed above 175�C.  Given these constraints, we found our best growth

conditions were for substrate temperatures between 150 �C and 200 �C.
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Further insight into the nature of the Mn growth comes from preliminary STM/RHEED

studies of the Mn/Fe system. STM images suggest that Mn grown at ~160 �C grows in a nearly

layer-by-layer like manner, exhibiting a definite structural change in the Mn growth between the

2nd and 4th layers [26].  Such a structural change may change the electron diffraction conditions

and lead to a sudden drop in the intensity of the RHEED oscillations, as was observed in this

study and by Purcell et al [9] near these film thicknesses.

At all growth temperatures the RHEED diffraction patterns eventually loose intensity and

disappear, indicating a change from a nearly layer by layer growth to rougher growth.  At

elevated temperatures this transition can be rather abrupt. A SEM image of a 200 �C wedge

between the 14th to 18th layers is shown in the inset to Fig. 1.  This picture shows the dramatic

roughening of the growth associated with the abrupt drop in RHEED intensity. This behavior is

suggestive of a Stranski-Krastanov growth mode, in which the first 10-15 layers grow nearly

layer by layer before a transition to 3-dimensional growth occurs [27].  At temperatures away

from the 150 �C – 200 �C good growth conditions, the transition to rough growth, indicated by

the sudden drop in the RHEED spot intensity, occurs for thinner Mn films.

Magnetization measurements

Following the growth of the Mn wedge, the sample was cooled to room temperature, and

the wedge thickness was measured by spatially resolved, scanning RHEED. Sample defects were

used to correlate the scanned RHEED images with SEMPA images acquired later. This method

eliminates any errors due to variations in the deposition rate and allows us to determine the Mn

thickness in the SEMPA measurements to ± 0.1 layers.

The surface magnetization direction of the Mn wedge was then measured by SEMPA.

SEMPA directly measures the magnetization of the outermost 1 nm of the sample. Two

orthogonal magnetization components and the topography are imaged simultaneously and

independently. In the SEMPA images we present in this paper, the component of the

magnetization along the direction of the Fe whisker axis is labeled Mx while My is the

orthogonal, in plane magnetization component.  The direction of the magnetization vector is

θ = tan-1 (My / Mx).  Magnetization that is collinear with the Fe substrate magnetization is

primarily visible in the Mx image where white (black) domains correspond to the components of

the magnetization pointed to the left, i.e., θ = 180° (right, i.e., θ = 0° ). Non-collinear alignment
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between the top film and the substrate is visible in the My image, where white (black) domains

correspond to magnetization in the up, i.e., θ = +90° (down, i.e., θ = -90°) direction.

A SEMPA image of the Mx magnetization from an uncoated Mn wedge, grown at

150 �C, is shown in Fig 2a.  The dominant feature in this image is the contrast arising from the

two domains in the underlying Fe whisker. At remanence the Fe substrate has a domain wall

running the length of the whisker. The opposite domains provide a useful reference check of the

zero of the magnetization, i.e., the Fe whisker magnetization on one side of the domain wall is

equal and opposite to that on the other side of the wall. The magnetization signal from the

substrate decays with increasing Mn coverage.  Superimposed on the decaying Fe contrast are

weak thickness dependent oscillations arising from the reversals in the Mn surface

magnetization.  Other Mn wedges grown between 50 �C and 250 �C show similar magnetization

oscillations.

Line scans showing the Mn thickness dependence of the measured Mx and My

magnetization, for this Mn wedge are shown in Fig. 2b. The initial Mx magnetization from the

bare Fe substrate at the beginning of the Mn wedge decreases rapidly with Mn coverage until the

magnetization is determined solely by the Mn overlayers.  The absence of a My magnetization

component has two possible explanations: The simplest, and we believe most likely, is that the

direction of the magnetization of the bare Mn wedge is solely parallel or antiparallel to the

magnetization of the underlying Fe substrate. Alternatively, non-collinear may be present in the

form of equal numbers of small domains of opposite helicity. If these domains are smaller than

the SEMPA resolution (100 nm for these measurements), then the non-collinear component

would average to zero and the SEMPA measurements would only observe a reduced net

magnetization.

To see the Mn magnetization oscillations more clearly, a decaying exponential was

subtracted from the Mx component; the result is shown in Fig. 2c.  Note that simply subtracting

an exponential is not the best way to extract the Mn polarization signal, especially at low Mn

coverages where it could significantly underestimate the Mn polarization. A more correct

approach, however, requires additional unknown information or assumptions about the Fe and

Mn surface moments, Fe and Mn secondary electron yields, and growth details.

Beginning at the fifth layer, oscillations in the magnetization of the top Mn layer with a

period of two layers are observed in the Mn wedge grown at 150 �C.  (At 250 �C the oscillations
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begin at the 3rd layer.) These oscillations are consistent with layer-by-layer thickness dependent

reversals in the orientation of the magnetization of the top Mn layer, implying that these Mn

layers form (001) ferromagnetic sheets that align antiferromagnetically.  Walker and Hopster [5]

observed similar 2 layer oscillations in the Mn magnetization at thicknesses greater than five

layers of Mn using spin-polarized electron energy loss spectroscopy (SPEELS). Similar

oscillations were also observed by SEMPA for Cr wedges [14]. Figure 2c also shows that the

surface magnetization for odd numbered Mn layers is parallel with the substrate. Assuming the

Mn is antiferromagnetically ordered inside the wedge, the observed ordering of the Mn surface

moment is consistent with ferromagnetic coupling at the Mn/Fe interface, as was previously

suggested by Bouarab et al. [17].

 In addition to the magnetization oscillations with a two layer period that occur after three

Mn layers, additional magnetization changes were also observed in the first couple Mn layers.

Several shallow Mn wedges were grown in order to examine the magnetization of the first few

layers more closely. Figure 2d shows a line scan of the Mx magnetization component (after Fe

background subtraction) from a four layer wedge grown at 175 °C.  A pronounced dip in the

magnetization occurs at a Mn coverage of about 0.8 layers. A second, smaller dip is occasionally

observed at about 1.5 Mn layers. It is difficult to quantify these magnetization changes, however,

since that would require detailed information about the Mn film structure and a more

sophisticated Fe background subtraction model than the simple subtraction of an exponential.

However, these fluctuations are consistently observed in Mn wedges grown across a wide range

of temperatures (50 �C to 250 �C).

The origin of this magnetic fine structure is not well understood, but these observations

are consistent with calculations by Wu and Freeman [28, 29]. Their model predicts that a Mn

submonolayer aligns antiferromagnetically with respect to the Fe, but the full first Mn layer

orders as an in-plane antiferromagnet. For subsequent layers, the ordering becomes

ferromagnetic in-plane with antiferromagnetic ordering between the layers.  Rader et al. [6] and

Dresselhaus et al. [8], using X-ray magnetic circular dichroism (XMCD) and Roth et al. [7]

using spin resolved core level photoemission (SR-XPS) also found evidence for

antiferromagnetic coupling within the first full Mn layer. Andrieu et al [4] found using XMCD

that a single layer of Mn is ferromagnetic and aligns parallel to the Fe substrate.  Note that none

of these other experiments used single crystal Fe whisker substrates.  Instead, the Fe films were
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grown on various substrate materials, suggesting that some of the discrepancies between the

experiments may be related to the different film structures grown on different substrates.  Our

measurements suggest that the magnetic orientation of the first few layers of Mn is highly

sensitive to the exact structure of the Mn grown, which, in turn, is depends on the quality and

crystallographic nature of the underlying Fe.

After the magnetization orientation of the bare Mn wedge was measured, Fe was

evaporated onto the wedge at room temperature and the magnetization of the top Fe layer was

measured with SEMPA.  Magnetization images from five Fe/Mn/Fe wedge sandwich structures

grown at temperatures ranging from 50 �C – 250 �C are shown in Fig. 3.  Despite the wide range

of growth temperatures, different Fe whisker substrates, and different growth conditions, the

SEMPA images all show the same general features.  There are common intrinsic features related

to the nature of the exchange coupling between the Fe layers, as well as sample dependent

extrinsic features like the specific domain configurations, which are related to the local

magnetostatic conditions.  The intrinsic features are best seen in the Mx images, while the My

images highlight the various domain structures.

Several general observations can be made about the exchange coupling observed in the

SEMPA images in Fig. 3. For the first three Mn layers the magnetization of the top Fe layer

points in the same direction as the underlying Fe whisker magnetization.  Thus, for three or

fewer Mn layers, direct or indirect collinear ferromagnetic exchange coupling dominates.   For a

Mn spacer film thicker than four layers the magnetization is no longer collinear. SEMPA images

indicate that most of the magnetization is in the ± My direction, with a small weaker component

in the ± Mx direction.  Between the 5th and 8th Mn layers the coupling direction is somewhat

sample dependent, but for more than eight layers all the wedges show some oscillating coupling

with a period of two Mn layers.

Interpreting the Fe film domain images and quantifying the coupling direction is

somewhat confusing because of the various redundant domain structures that are present. First,

there are two equivalent sets of domains resulting from the two domains present in the Fe

whisker substrate. For purposes of this discussion, we consider only one of the Fe whisker

domains, the top half one in the images, so that θ = 0� (180�) is considered ferromagnetically

(antiferromagnetically) aligned with respect to the underlying Fe whisker magnetization. Second,

when the coupling is non-collinear, two domain orientations with equal exchange coupling
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energies are possible, i. e., the exchange coupling energy at θ is the same as at -θ. Which

direction is favored by a particular domain or set of domains depends on minimizing other

energy contributions, such as magnetostatic and anisotropy. This degeneracy occasionally leads

to a complex domain structure, especially for the thicker part of the Mn wedge, which we will

discuss later.

 The intrinsic thickness dependence of the coupling angle is demonstrated in Fig. 4,

where line scans of the magnetization angle, θ, for Mn grown at 150 �C and 250 °C in Fig. 3 are

shown. For simplicity, the line scans were taken from regions of the sample that did not have the

complex domain structure. These line scans clearly show the ferromagnetic alignment of the Fe

overlayer for the first four layers, and the oscillatory non-collinear alignment for greater than

eight layers. The oscillations are approximately symmetric about θ = 90�, oscillating between

90� - φ for odd Mn layers and 90� + φ for even Mn layer thicknesses. Spacers consisting of odd

(even) numbers of Mn layers are therefore somewhat biased toward ferromagnetic

(antiferromagnetic) alignment with the Fe substrate. The amplitude of the oscillations was

sensitive to sample preparation. Values of φ between 10� and 30° were observed for different

samples and different growth conditions.

The influence of the quality of the Mn growth on the exchange coupling is clearly seen in

the SEMPA images in Fig. 3. The coupling oscillations are most clearly visible for the higher

temperature, 150 �C to 250 °C growths, and are barely occur in the more disordered 50 °C

growth. For the higher temperatures, the oscillations disappear at the thickest Mn coverages near

the onset of very rough, three-dimensional growth.

Another major difference between the different growths in Fig. 3 is the domain structure,

best seen in the My images [30].  The degeneracy between the +θ and –θ coupling orientations

sometimes leads to complex domain patterns that are different for different Fe whisker substrates

and different sputter/anneal/growth cycles. We speculate that the small differences in wedge

structure lead to differences in the local magnetostatic energy, which, in turn, determines the

domain structure.

Higher magnification pictures of the fine-scale domain structures from the wedge grown

at 250 �C are shown in Fig. 5.  The magnetization directions for the different possible domain
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orientations are shown schematically by the arrows in the enlarged My image in Fig. 5. For

clarity, these arrows are tilted by more than the actual magnetization, which only oscillates

between ± 8° for this particular wedge. The domains have a minimum length scales of about

one µm.  The details of how these microdomains form is not known. Note, however, that the

domain length scales and patterns are similar to the surface step densities observed with the STM

for similar whiskers [22], suggesting that the substrate roughness plays a significant role in the

domain formation.

The evolution of the interlayer exchange coupling, measured as Fe was deposited on top

of the Mn wedge, is shown in Fig. 6. This figure displays a series of SEMPA images from the

same Mn wedge, grown at 175 �C, with varying thickness top Fe films. Magnetic contrast in the

top Fe film began to appear after depositing four layers, but only ferromagnetic coupling was

visible and only up to the first four layers of Mn.  As more Fe was added, the coupling through

the thicker parts of the Mn spacer appeared. Coupling through the 17th layer of Mn was only

evident after more than 16 layers of Fe were grown on top of the Mn wedge.  This amount of Fe

needed to see the magnetic coupling was about a factor of two larger than the amount required in

earlier measurements using Cr, Ag, or Au wedges on Fe whiskers. In the Mn/Fe case, more Fe

may be required because the Fe film/Mn wedge interface is rougher and the Fe needs to be

thicker before it becomes sufficiently continuous to become ferromagnetic. This would also

explain why the magnetization in the thicker, rougher part of the wedge requires the most Fe to

become visible. An alternate possibility is that the lack of intralayer coupling in the thinnest Fe

films allows the formation of very small domains that follow all of the Mn surface magnetization

fluctuations. These domains would be smaller than the SEMPA resolution and not visible. In any

case, once the domains became visible, they did not change significantly with increased Fe

coverage. The only significant change was that the transitions between domains became more

abrupt, consistent with an increase in the magnetocrystalline anisotropy for the thicker Fe film.

Discussion

Our exchange coupling results are similar to those of Purcell et al. [9] who used the

longitudinal magneto-optic Kerr effect ex situ to measure hysteresis loops on epitaxially grown

Fe/Mn/Fe(001) whisker samples grown at 50 °C.  At thicknesses greater than seven layers, they

also observed exchange coupling oscillations with a 2 layer period for up to ~15 layers of Mn.
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However, no non-collinear alignment was reported and the measured coupling strength was

much less than they had measured for Fe/Cr/Fe. Non-collinear coupling was observed in the

magneto-optic measurements of Yan et al. [11]. They observed a two layer period in the

coupling strength and 90° coupling, but no thickness dependent oscillations in the coupling angle

at remanence. Krebs et al [31, 32] used in-plane ferromagnetic resonance to study the

CoFe/Mn/CoFe system and only observed non-collinear coupling. They observed oscillatory

coupling with a roughly estimated period of 4 to 5 layers of Mn, which they noted also depended

on the thickness of the Mn interlayer. Non-collinear alignment was also observed by Monchesky,

et al [10] when they added Mn layers to Cr spacer films in Fe/Cr/Fe(001) whisker structures.

The Fe/Mn/Fe(001) coupling is significantly different from what is seen in Fe/Cr/Fe(001)

wedges where the coupling between the Fe layers oscillates between ferromagnetic and

antiferromagnetic with a nearly two layer period [15].  In Fe/Cr/Fe(001) non-collinear alignment

is only observed at the transitions between the ferromagnetic and antiferromagnetic alignment.

At these particular thicknesses, the average bilinear coupling is very small and the biquadratic

coupling dominates. In addition, the direction of the magnetization of the top Fe layer is opposite

to the direction of the Cr layer on top of which the Fe is deposited.  For Mn the top Fe

magnetization, although primarily non-collinear, is canted in the same direction as the

magnetization of the top Mn layer.  This observation along with our measurements of the bare

Mn and Cr wedges is consistent with ferromagnetic coupling at the Fe/Mn interface and

antiferromagnetic coupling for Fe/Cr.

Our observations indicate that non-collinear coupling plays an important role in the

Fe/Mn/Fe system. Slonczewski [33] has suggested several models for non-collinear coupling

which are based on thickness variations in the Mn film.  Rough Mn growth exposes different

antiferromagnetic sublattices to the Fe layers.  Depending upon the length scale of the roughness

and the relative strengths of the intra- and interlayer coupling, a frustration in the alignment of

the ferromagnetic Fe moments can occur.  This frustration can lead to a lower energy state

involving non-collinear coupling between the Fe layers.  In order to differentiate between the

various coupling models it is crucial to have quantitative information about the atomic scale

roughness of the Mn interlayer.  Future STM studies would be very useful for resolving the

origin of the non-collinear magnetic coupling, if they could provide this detailed information

about the growth of Mn on Fe.



Growth and Magnetic Oscillatory Exchange Coupling of Mn/Fe(001) and Fe/Mn/Fe(001)
12

In summary, we have grown high quality, epitaxial Mn layers on Fe(001) whiskers and

using RHEED have found 2-dimensional growth across a wide temperature range; however, the

Mn most nearly ideal growth occurs when the Fe substrate is between 150 °C and– 200 °C.

SEMPA images of the uncovered Mn wedge reveal a top Mn layer magnetization that is

collinear with the Fe substrate magnetization and oscillates between ferromagnetic and

antiferromagnetic alignment with a two layer period. The oscillations are consistent with the

growth of antiferromagnetic Mn that is aligned ferromagnetically with the Fe interface.  When

covered with Fe, SEMPA shows that the magnetic alignment between the top Fe film and the Fe

substrate is non-collinear (i.e., at neither 0, or 180°). In addition, for Mn thicknesses greater than

8 layers, the magnetization of the top Fe overlayer oscillates with a two layer between being

tilted slightly toward ferromagnetic (antiferromagnetic) alignment for odd (even) numbers of Mn

spacer layers. This oscillatory non-collinear coupling appears to be unique to the Fe/Mn/Fe(001)

system.
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Fig 1.  RHEED (0,0) beam intensity oscillations measured during the growth of Mn films on Fe(001) at 33 �C,     

100 �C, 150 �C, 200 �C, and 250 �C.  Oscillations were observed up to 8, 12, 23, 14, and 12 layers of Mn,

respectively.  The peaks in the oscillations correspond to completed Mn layers and were used to convert the

abscissa’s from time to Mn layer thickness. The Mn thickness scale is non-linear due to variations in the

Mn flux rates during evaporation. The inset shows a topographic SEM image of the end of a wedge

between the 14th and 20th layer of Mn grown at 200 �C showing a smooth to rough growth transition.
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  Fig 2. a) SEMPA image of the magnetization (Mx) of a bare Mn wedge grown on a Fe(001) single crystal whisker

substrate at 150 �C.  b) Line scans in both the My and Mx directions of the magnetization of the Mn wedge.

The dashed line is the exponentially decaying Fe background magnetization used to calculate the data for

2c.   c) Data from the Mx line scan of 2b after subtracting the exponential background.  d) SEMPA line

scans of the first three layers of a shallow Mn wedge grown at 175 �C showing the Mx component of the

magnetization.  The Fe background magnetization has been subtracted from this data as in 2c.
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Fig 3. Mx and My components of the magnetization vs. Mn thickness for Mn wedges grown at 50 �C, 100 �C,   

150 �C, 200 �C, and 250 �C.
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Fig 4. Line scans of the magnetization direction from the 150 �C and 250 �C SEMPA data in from Fig. 3. The line

scans were taken from single domain regions avoiding complications due to the complex, degenerate

domain structure.
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Fig 5. High resolution SEMPA images of the Mx and My magnetization components from the thick end of the Mn

wedge grown at 250 �C. The lower magnification image is from the boxed region in the 250 �C image in

Fig. 3. Eight possible domain orientations for the 12th and 13th layers are represented schematically by the

circled arrows.

Mn thickness (layers)
12 13

Mx
10 µm

My

9 11 13 15



Growth and Magnetic Oscillatory Exchange Coupling of Mn/Fe(001) and Fe/Mn/Fe(001)
26



Growth and Magnetic Oscillatory Exchange Coupling of Mn/Fe(001) and Fe/Mn/Fe(001)
27

Fig 6. Mx and My components of the magnetization from a Mn wedge grown at 175 �C for Fe overlayer

thicknesses of 0, 4, 6, 8, 12, 16, and 20 layers. Exactly the same gray scale was used for each image to

facilitate comparison.
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