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Stability of the nanomartensitic phase in ultrathin Fe films on Cu(100)
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The stability of the bee-like “nanomartensitic” (NM) phase in epitaxial Fe films grown layer by layer on
Cu(100) is characterized by variable-temperature scanning tunneling microscopy. While 3 monolayer (ML)
films are found to be completely NM at least up to 340 K, films 4 and 5 ML thick are pseudomorphic fcc but
show a transition to the NM phase induced by hydrogen adsorption. A statistical mechanical description of
these transitions, in particular of the surface H distribution in the region of fcc-NM phase coexistence, is used
to estimate the free-energy difference AF™~™M in dependence of thickness and temperature: The continuously
increasing stability of the NM phase with decreasing thickness, qualitatively reflected in the decreasing H,
doses required to stabilize it (=100 L, =0.5 L, and none for 5, 4, and 3 ML films), is explained by finite-
thickness terms in the energy balance which are detectable already in 5 ML films but can overcome the
fce-stabilizing lattice mismatch terms only in films less than 4 ML thick. Furthermore it is found that the NM
phase, like bulk bcc Fe, becomes more stable with decreasing temperature. However, below 200 K the relative
stability is almost temperature independent, i.e., phase changes between fcc and NM can still be fully con-
trolled by hydrogen adsorption but hardly by temperature variation. These results are discussed in terms of
finite-thickness modifications to current zero-temperature and finite-temperature models of bulk Fe, in particu-
lar that by Hasegawa and Pettifor [H. Hasegawa and D. G. Pettifor, Phys. Rev. Lett. 50, 130 (1983)], which

emphasizes the importance of the magnetic free energy for the phase stability of Fe.
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I. INTRODUCTION

Phase stability and phase transitions are essential for the
design of functional materials. In Fe and its alloys one type
of functionality is given by the direct relation of crystal
structure (fcc, bet, or bee) and ferromagnetic properties, an-
other by temperature-dependent displacive (ferroelastic)
transitions between these phases, giving rise to various mag-
netoelastic (e.g., magnetic shape memory effect in Fe-Pd
alloys') and thermoelastic (e.g., tunable thermal-expansion
coefficients in Fe-Ni alloys) functionalities. In recent years it
became apparent that similar transitions are relevant also in
ultrathin Fe films but in different and unexpected ways. The
bulk ground-state structure of Fe is bce, while the fcc phase
is marginally more stable [by less than 1 meV/atom (Ref. 2)]
only in a temperature window between 1185 and 1667 K. It
is further known that, by virtue of near perfect lattice match-
ing, the Fe fcc phase can be stabilized at low temperatures in
films grown on Cu(100) single crystals, as long as they are
less than about 11 monolayers (ML) thick.>* Surprisingly,
however, there is also a lower thickness limit for the stability
of the fcc phase: Films less than 5 ML thick form a nanomar-
tensitic (NM) phase>° (Fig. 1) whose distinctly bee-like char-
acter provides a natural explanation for their strong ferro-
magnetism with Curie temperatures up to 380 K in 3 ML
films.” However, there is no clear picture yet of what stabi-
lizes the NM phase, provoking fundamental questions re-
garding the nature of (finite temperature) phase stability in
Fe nanostructures with large surface-to-volume ratios. An-
swering these questions is relevant as even the origin of the
phase stability in bulk Fe remains controversial, e.g.,
whether phonon® or magnon® contributions to the free energy
are more important. Understanding phase stability in nano-
scale Fe is particularly relevant for potential applications
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aiming at the microscopic manipulation of magnetic proper-
ties, such as magnetic patterning, exploiting phase changes
in ultrathin metastable fcc Fe films by ion irradiation.!'”

The main themes of this paper are the temperature and
thickness dependent stability of the NM phase relative to the
fcc phase. It turns out that temperature-dependent measure-
ments alone are insufficient as H contamination is difficult to
avoid completely even under ultrahigh-vacuum conditions,
requiring the introduction of H coverage as an additional
parameter. Rather than being an additional complication,
however, H adsorption provides a useful additional thermo-
dynamic degree of freedom to probe the phase stability. The
fact that surface H plays an important role for the magnetic
and structural properties of this system has been shown by
Vollmer and Kirschner,!! who find a correlated increase in
the film magnetization and appearance of a film fraction with
increased interlayer distance on exposing 4 ML Fe/Cu(100)
films to very small H, doses.

The NM structure forms by shear deformation of the fcc
lattice in alternating directions (cf. Fig. 1),'> which is accom-
panied by an increase in the interlayer distance by about
5—6 %.*!3 This large increase corresponds to a modest de-
crease in the interatomic distance between Fe atoms in adja-
cent layers by about 2% from fcc [0.253 nm (Ref. 4)] to bee
(0.248 nm) values.'> Based on experimental evidence and
theoretical predictions it can be assumed that the shear de-
formation is by and large equal in all Fe layers except the
interface monolayer, which is less sheared: Even films only 2
ML thick show at least locally the ideal NM structure in
scanning tunneling microscope (STM) images.!> First-
principles calculations® of 3 ML films show equal shear
angles of the two topmost layers, a significantly less sheared
interface Fe layer, and a weakly sheared Cu interface layer.

The NM phase differs from typical bulk Fe martensitic
phases by an extremely high density of twin boundaries
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FIG. 1. (Color online) Top view of the nanomartensitic crystal
structure in Fe/Cu(100) films in comparison to fcc(100) and
bee(110). The respective body-centered unit cells, seen edge on, are
outlined and the atoms constituting them rendered solid while the
remaining atoms are rendered transparent. Shown on the left-hand
side are the fcc substrate lattice directions. The alternating shear
angle = ¢ of the ideal NM structure is =~14° although structures
with inhomogeneous ¢ =~ 5-15° may occur at elevated temperatures
(cf. Sec. IIT A). The shear angle of the ideal bcc structure is 19.5°.

(where the shear angle ¢ changes its sign), corresponding to
a zigzag period of the NM structure of typically n=6 atom
rows as shown in Fig. 1 with a small variation in n=4-5 in
3 ML films (e.g., Fig. 2) and n=6 in 4 ML films leading to
characteristic (1 Xn) fractional-order spots in low-energy
electron-diffraction patterns.* In the 5-ML NM phase first
described in this paper, (cf. Sec. III D) n seems to be even a
little higher. This twinning appears to be an interface effect
trading off the energy loss due to the extremely high density
of boundaries by the considerably lowered Fe-Cu interface
energy, since no Fe atom has to be translated too far from its
fcc position. Since interface mismatch is relevant only for
very thin films, already in 6 ML films variants with the same
local structure as the NM phase but with a much lower twin
boundary density appear (=8 atom rows between
boundaries).!>!'* For a complete description, this direct com-
petitor of the NM and bcc phase is important, but is never-
theless excluded from the scope of this paper.

As a second difference to bulk Fe martensite, the strain in
the NM phase in fcc[011] direction (cf. Fig. 1) necessary to
match the interrow distance with that of the Cu substrate in
that direction is much higher (=10%) (Ref. 15) than the
residual strain in typical martensitic Fe phases, where most
of the strain due to structural mismatch between fcc and bee
is relieved by forming dislocations at the interfaces. By way
of contrast, the NM structure attempts to match both local
bce symmetry and global fcc symmetry simultaneously with-
out introducing such high energy defects, which bears some
resemblance to “adaptive” phases in bulk crystals, which are
thought to appear as intermediate “microtwinned” phases in
bulk phase transitions.'¢

The following sections describe the experimental results
for 3 and 4 ML films followed by a separate section dedi-
cated to the statistical thermodynamics of the H induced
fcc-NM phase transition in the H/Fe/Cu(100) system, which
is most useful for the description of 4 ML films. All results
regarding 5 ML films are combined in the subsequent and
last results section. In the discussion section, these thickness
and temperature-dependent results are generalized with the
goal to find correspondences and differences to bulk Fe in
order to convey a broader perspective besides the immediate
surface science related issues.
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FIG. 2. STM images of 3 ML films at 340 K. (a) Overview
image at —10 mV/1 nA sample voltage/current. Terraces separated
by monatomic steps (white lines marked by arrows at image border)
are brought to same level. The image contrast of this and all other
images in this paper is rather high, about 50 p.m. between black and
white. Therefore 4 ML islands and 3 ML holes appear completely
white and black, respectively. The film is completely nanomarten-
sitic except in small regions at step edges where the film is locally
4 ML thick (large arrows in lower part of image). Each =1 nm
wide stripe corresponds to a reflection-twin pair typically 45 atom
rows wide (zigzag period) in the (b) atomically resolved image
(-1 mV/5 nA). Local shear angles with respect to fcc(110) direc-
tions are indicated.

II. EXPERIMENTAL

The experiments were carried out using a variable-
temperature STM in an ultrahigh-vacuum (UHV) chamber
with a base pressure below 1 X 107'® mbar. Sample tempera-
tures in the STM were set between 130 and 340 K using a
counterheated flow cryostat operated with liquid nitrogen
and connected to the sample holder via a cold finger or by a
heating element inside the sample holder. The temperature
was measured either using a diode thermometer in the cold
finger clamping block or by using a resistance thermometer
inside the sample holder. In all cases the temperature drop
between thermometer and sample was approximately cor-
rected resulting in a temperature accuracy of about 10% of
the difference to the STM base temperature of 300 K for
temperatures below 300 K and 20% for temperatures above
300 K. Heating and cooling rates were in the range of 1-3
K/min during imaging except noted otherwise, rates for tem-
perature changes over larger temperature intervals without
imaging typically 5-10 K/min.
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The Cu(100) samples were cleaned by sputtering with 5
keV Ar* ions followed by annealing to typically 770 K. The
Fe films were grown at 300 K substrate temperature by
evaporation from Fe wire heated by electron bombardment
with the sample in the STM. The growth rate was typically
0.1-0.3 ML/min. The thickness was checked intermittently
by STM with the tip fully withdrawn during deposition.

H dosing was done by increasing the H, partial pressure
in the entire chamber for a few minutes. The H, dose values
in this paper are given in Langmuir units, /X p X ¢, with ion
gauge reading p in units of 107 torr, dosing time ¢ in sec-
onds, and a correction factor f=2.5*0.5 for H, relative to
N,. To correct for the unavoidable H, dosing due to the
residual H, pressure in the chamber, the H, partial pressure
was measured by a quadrupole mass spectrometer calibrated
using the ion gauge. The uncertainty of the total H, dose at
the time of measurement is therefore given by the precision
of the ion gauge and the uncertainty of f and is estimated to
50%.

III. RESULTS
A. 3 ML films

Three ML films have been imaged with atomic resolution
at 80 K in previous works,>!? characterizing the groundstate
structure in excellent agreement with first-principles
calculations.® By way of contrast, the 3 ML experiments pre-
sented here focus on the finite temperature structure at up to
340 K. At this temperature, H, desorption from the NM Fe
surface is fast enough to reduce the residual H contamination
to a very low level.!' As shown in Fig. 2(a) the entire film
surface shows the nanomartensitic reconstruction. In Fig.
2(a) each “stripe” typ. ten-nm-long and 1-2-nm-wide repre-
sents a five-atom-rows-wide NM reflection-twin pair. This
type of contrast is mainly due to a slightly increased apparent
height of one of the two reflection twins of the NM structure
and presumably the consequence of a slightly noncylindrical
symmetry of the tunneling tip apex.

The ideal NM shear angle of 14° known from 80 K im-
ages of 3 ML films,’ is seen also in the images at 340 K, but
only locally, while the most likely angles in an ensemble of
five images such as that in Fig. 2(b) acquired between 300
and 340 K are in the 8—10° range. In particular near bound-
aries between rotational domains, where a mismatch between
zigzag and straight atom rows occurs, the shear angle is dis-
tinctly reduced [e.g., upper left quadrant in Fig. 2(b)]. It
seems that in regions sufficiently far away from such fcc-
stabilizing defects, the ideal NM structure forms even at 340
K. Since, however, the density of rotational domain bound-
aries is very high [cf. Fig. 2(a)], ideal NM regions are rare,
leading to a reduced shear angle on average. This
temperature-dependent reduction of the shear angle on aver-
age, which should have an effect on the interlayer distance
assuming a hard-sphere model, may be compared to an en-
ergy dependent low-energy electron-diffraction (LEED 1/V,
single scattering) analysis by Zharnikov et al.'>!7 On raising
the temperatures above 200 K, the energy dependent inten-
sity (I/V) curves show an increase in the small signal at the
position for the fcc interlayer distance (176 eV) relative to
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(a) 4.0ML, 260K (b)

FIG. 3. (Color online) STM images of a mildly annealed (330
K) 4 ML film imaged at 260 K with a residual H surface coverage
of a few percent. (a) Overview image (-1 V/1 nA) with high im-
age contrast (cf. caption Fig. 2). The NM phase appears brighter
than the fcc phase. (b) Result of a level based segmentation show-
ing NM regions white, fcc regions black, and 3 ML holes and 5 ML
islands gray. (c) High resolution detail (~1 mV/5 nA) of the area
marked by the rectangle in (a). Vertical stripes are individual atom
rows; the atoms in the rows are not resolved due to a diatomic tip.
The insets simulate this effect by a near vertical blurring of the
schematic surface model shown underneath by one interatomic dis-
tance. The two orthogonal domains are outlined. The small black
spots are individual O and C atoms (small circle), the larger ones
due to embedded Cu (large circle, cf. text).

the peak for the increased interlayer distance of the NM
phase (145 eV), which is fully reversible. Inspection of the
1/V curves'? at 153 and 343 K shows that this increase in the
176 eV value could be interpreted as a broadening of the 145
eV peak toward higher energies, which is qualitatively ex-
pected for incoherent scattering from a structure with a cer-
tain variation in the interlayer distance toward smaller
values.

B. 4 ML films

Four ML Fe films as grown at 300 K are predominantly
fce, but can be partially nanomartensitic depending on the
preparation conditions.!? In this work it is found that the NM
fraction strongly increases on reducing the temperature by as
little as 40 K (Fig. 3). In this section it will be shown that
this somewhat ill-defined transition behavior is caused
mainly by two separate “ingredients:” (1) the presence of
surface H in the single-digit percent range stabilizing the NM
phase and (2) the strongly temperature-dependent stability of
this phase.
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FIG. 4. (Color online) Nanomartensitic fraction in 4 ML films in
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dependence of H, dose at different temperatures. Lines are curve
fits based on the statistical mechanical model (Sec. III C). The 250
and 280 K curves show significant temperature-dependent onset
delays (arrows).

In contrast to 3 ML films, the average shear angle of the
4-ML NM phase is quite close to 14° [see Fig. 3(c) and Ref.
12] even at 300 K. The fraction of the film that is nanomar-
tensitic fyy is quantified by an image segmentation algo-
rithm based on the different apparent heights of the NM and
fcc phases due to their different interlayer distances as exem-
plified in Fig. 3(b). The NM phase always shows a small
density of dark spots [large circle in Fig. 3(c)], which are a
few times larger than the apparent size of individual surface
impurity atoms. These are small fcc regions forming prefer-
entially near small islands of embedded Cu and can show an
increased density of the residual C and O contamination at-
oms (typ. =5% coverage averaged over entire film surface),
which tend to avoid the NM phase. The segmentation algo-
rithm includes these islands in the NM film fraction to make
it more robust with respect to variations in image quality.
Monolayer holes and islands are excluded, i.e., fy=1 if all
4 ML parts of the film are NM irrespective of the structure of
3 ML holes (always NM) and 5 ML islands (fcc or NM).

To completely desorb any residual H, the films were
heated to or slightly above 350 K. The minimum annealing
temperature and time is given by the requirement that the
NM fraction is less than 10% after cooling to 150 K indicat-
ing a H coverage of less than about 1%. Above 350 K the
formation of small holes!® in the films starts, which initiate
the transformation toward more three-dimensional-like Fe
films covered by Cu, and care has to be taken to keep their
density low (typically less than a few holes per um?). Note
that the formation of these holes at low temperatures does
not imply significant Cu diffusion to the surface, which re-
quires higher temperatures to become efficient!® and can be
checked directly by STM exploiting the distinct image con-
trast between Cu and Fe.!?

Subsequently, the NM fraction fy,; was determined in de-
pendence of H, dose D and temperature T by performing
constant-temperature dosing experiments fyy(D) |7 (Fig. 4).
The shape of these curves is very linear, which will be rel-
evant for the atomistic description of the transition process in
the next section. Most notably, their average slope is very
temperature dependent above 200 K but almost temperature
independent below. The curves also match the increase in the
film magnetization in dependence of H, dose seen by Voll-
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FIG. 5. (Color online) Nanomartensitic fraction in 4 ML films in
dependence of temperature. The actual H, dose D for each indi-
vidual point indicated in the graphs is the initial dose D; increased
by the unavoidable H, dose due to the residual H, partial pressure.
Lines indicate sequential measurements with the direction indicated
by arrows. (a) Dosing 0.21 L at 250 K or 0.34 L at 280 K, respec-
tively, on well annealed films (cf. text) and cooling to the respective
measurement temperature. (b) Starting at low temperatures with a
certain initial H, dose, the films are heated, stopping before signifi-
cant H, desorption starts. Heating rate of the lower curve is higher
than normal (5-10 K/min, cf. Sec. II) minimizing background H,
adsorption. (¢) Temperature cycle starting just below 320 K. Three
STM images of the sequence illustrate the rapidly increasing NM
fraction on cooling (-1 V, 0.1 nA, bright NM areas are outlined by
white lines).

mer and Kirschner,!! showing that the NM phase is the origin
of the film magnetization responsible for Curie temperatures
above 300 K.’

To rule out a temperature-dependent sticking coefficient,
which could result in similar temperature dependence, also
constant-coverage experiments fNM(T)|@H were performed.
In the first type of experiment, each cycle is started by ad-
sorbing hydrogen on the annealed film at a fixed temperature
T, (e.g., 250 K) prior to cooling to the measurement tem-
perature T to determine fyy(7) [Fig. 5(a)]. Each cycle is
finished by annealing again to prepare for the next measure-
ment with the same 7|, but different 7. This rather tedious
procedure guarantees that the effective H coverage Oy for
each measurement point is equal, even if the sticking coeffi-
cient depends on temperature and residual H, adsorbs during
cooling down to 7. However, no significant inconsistencies
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FIG. 6. Schematic top view of Fe films with coexisting
H-induced NM phase and (2X2)p4g surface reconstructed fcc
phase.! The two arrows symbolize the processes associated to the
two energy parameters AE, and AFT~NM of the statistical me-
chanical model. AE, is the gain in adsorption energy if one H atom
is transferred from an fcc site to a NM site. AF~NM ig the average
free energy per Fe atom necessary to change the fcc phase to the
NM phase. The number of H atoms shown approximately represent
to the local H coverages Oy ¢ and Oy y on a 4 ML film at 200 K
[cf. Fig. 7(b)].

between constant-coverage and constant-temperature experi-
ments (Fig. 4) have been found. In a second group of experi-
ments, a film exposed to a defined dose at 150 K and a film
with a small residual H coverage (from incomplete anneal-
ing) starting at 130 K were heated to probe the reverse tran-
sition [Fig. 5(b)]. These curves necessarily suffer from un-
wanted adsorption of residual H, gas in the chamber, i.e., are
not exactly at constant coverage. Nevertheless, comparison
with the cooling curves in Fig. 5(a) reveals a significant hys-
teresis, i.e., the reverse transition NM — fcc takes place about
50 K higher. Note that the phase transition, i.e., the decrease
in the NM fraction on heating between 250 and 300 K is not
related to H, desorption, which becomes relevant on the time
scale of the experiment only above 300 K. This can be di-
rectly seen in the temperature cycle experiment at rather
large H coverage starting in the state of desorbing H, [Fig.
5(c)]. In the initial phase the film was heated until the NM
fraction decreases slowly due to H, desorption, which occurs
close to 320 K. On cooling, the NM fraction immediately
stopped to decrease and started to increase at a high rate
below 300 K. Of course, in this case (and for the film with
residual H coverage) the initial dose is only approximately
known and is determined a posteriori in the course of the
quantification procedure in the next section.

C. Statistical thermodynamics of 4 ML H/Fe/Cu(100) films

Clearly, the H coverage Oy correlates with the NM frac-
tion fxy, but how is this exact correlation maintained? The
weakly convex shape of the fyy(D) curves (Fig. 4) shows
that hydrogen does not adsorb predominantly on the NM
phase, which would result in a distinctly concave shape. This
implies that after dissociative adsorption, the hydrogen at-
oms must diffuse to the NM regions of the film to promote
their growth, held there by a small adsorption energy differ-
ence AE, (Fig. 6). In every two-level system the population
of the lower energy level (adsorption sites on NM phase)
drops with increasing temperature while the population of
the higher energy level (adsorption sites on the fcc phase) is
raised. Since there must be a minimum H coverage on the
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NM phase to stabilize it, a temperature-dependent threshold
dose must and does exist (onset delays in the 250 and 280 K
curves in Fig. 4) which provides a measure of the energy
difference AE,.

The phase stability is now quantified by determining the
average Helmholtz free-energy difference AF™ ™M per Fe
atom between the fcc and NM phase from the observed
Jam(D) and fam(T) curves. To describe the system, an aug-
mented version of the classic Langmuir-McLean segregation
model?” is used. Segregation usually deals with impurity at-
oms coming from the bulk and segregating on a fixed num-
ber of attracting surface sites. Here, H atoms coming from a
variable number of fcc surface sites s; segregate on a variable
number of attracting NM surface sites s,. The increase in sy,
by the fcc-NM phase transition increases the film energy by
dAF©~NM yith the film thickness d in ML. Therefore the
total energy & relative to an fcc film with the same number of
H atoms on it may be approximated as

& = myAE + spdAFNM(T q) (1)

with the number of H atoms on the NM and fcc fraction, ny,
and ny, respectively. H atom and adsorption site numbers are
constrained by the conservation relations for the total H atom
number n and the total surface Fe atom number s,

S=8y+2s, n=ny+n;. (2)

Factor 2 is due to the assumption that H atoms occupy pre-
dominantly rhomblike sites of the reconstructed fcc
surface,'” which are very similar to the adsorption sites on
the NM phase (cf. Fig. 6).

The equilibrium configuration, i.e., the H atom number on
the NM phase n;, and the NM adsorption sites s, minimizing
the H configuration related free energy, is determined by
finding the maximum term of the lattice partition function for
noninteracting H atoms with the degeneracies, i.e., the num-
ber of possible H configurations for fixed sy, and ny, written as
binomial coefficients

Z= 2 E (Sf ) (Sb )e—s(nb,sb,T,d)/kBT 3)
ng

Sy Ny ny

To determine the free energy of the entire system, the loga-
rithm of Z is evaluated by replacing it by the logarithm of its
maximum term (cf., e.g., Ref. 21). Maximizing the body of
the sum in Eq. (3) with respect to the two degrees of freedom
s, and ny, obeying Eq. (2), leads to two equations fully de-
termining the local H coverages on the NM and fcc phase
Opnm=np/s, and Oy . =n¢/ (2s5), respectively,

H,NM _ - ®H,NM e_AEA/kBT, (4)
2('-DH,fcc 1- 2®H,fcc

1 - ®H,NM _ _dAFfCCHNM/kBT‘ (5)

(1 - 2®H,fCC)1/2 -

The first equation is the well-known Langmuir-McLean seg-
regation isotherm. The second results from the freedom of
the NM phase to change its size. Since Eqgs. (4) and (5) are
valid independent of the total H coverage @y, an increase in
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FIG. 7. (Color online) (a) Free-energy difference AFfc~NM(T)
for 4 ML films calculated from the fyy(7,D) values measured at
constant-temperature (const.-T, Fig. 4) and (near) constant coverage
(const.-®y, symbols as in Fig. 5). Note that the energy scale carries
an uncertainty of a factor of 2 (cf. text). (b) Corresponding calcu-
lated local H coverages on the NM and fcc phases shown for the
forward fcc— NM transition only. The lines are guides to the eye.

Oy leads to an increase in the NM fraction fy=sy/ s accord-
ing to

Oy =famOuam + (1 = fan) O - (6)

Since @y cannot be measured directly, it is estimated by a
second-order adsorption law

Ou(D) = 2 ™)

+DS,R

for dissociative adsorption of H, molecules with an initial
sticking probability of §,=0.1 approximately known from 6
ML Fe/Cu(100) experiments.!> This is six to eight times
higher than on low index bcc Fe surfaces?” and slightly
smaller than on the Fe/Rh(100) ultrathin film system
(0.1-0.3),%3 which contains Fe in a tetragonal state between
fce and bee.?* R=1.87 ML/L is a constant factor for 300 K
H,-gas temperature. The correct adsorption law, taking into
account different local H coverages on the two phases, devi-
ates only little (<10%) from Eq. (7) for the rather low cov-
erages in the experiments.

Equations (4)—(7) are then used to fit the uptake curves
fam(D) (Fig. 4) with one parameter AF™~NM(T) for each
curve and a common, i.e., temperature-independent param-
eter AE, mainly determined by the onset delays in the
fam(D) curves above 200 K. The resulting AE, of =
—40 meV is consistent with thermal-desorption spectroscopy
experiments by Egawa et al.?’> showing two H, desorption
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peaks separated by only 15-30 K. The same AE, is used to
directly calculate AF'~NM(T) values from each of the
Sam(T,D) values of the (near) constant-coverage experi-
ments (Fig. 5), accounting for the actual dose including
background-H, adsorption. For the two experiments, where
the exact initial dose is not known (open symbols in Figs. 5
and 7), the initial dose is treated as an additional fit param-
eter, and is determined by matching the resulting
AFfe=NM(T) curves to those from experiments with known
initial doses (closed symbols).

Eventually all experimental fyv(7,D) values collapse
onto one AF®~NM(T) curve (Fig. 7), which reflects the ten-
dency already present in the raw data, i.e., no significant
change below 200 K, and a distinct temperature dependence
above. Evidently, the assumption that the system can reach
its thermal equilibrium is not exactly fulfilled, and the equi-
librium values have to be estimated by averaging heating and
cooling curves. Such a hysteresis is not unusual for phase
transitions in Fe, although it is much smaller than in fcc-bee
transitions in bulk Fe alloy systems, where it is rather of the
order of hundreds of kelvin.?® The corresponding tempera-
ture dependence of Oy [Fig. 7(b)] is similar but less
strong than that of AF™~NM gince not only the total number
of H atoms, but also their configuration entropy determines
the NM fraction that can form.

This quantification procedure, however, carries a scale un-
certainty as the uncertainty of the actual H coverage, mainly
determined by the uncertainty of the product DS, in Eq. (7),
adds up to a factor of two (both in direction of larger and
smaller values). Additional uncertainties due to the approxi-
mations in Eq. (1) may be assessed by comparison with cal-
culations of the similar H/Fe(110) system by Jiang and
Carter?” and Cremaschi er al.:*® (1) the splitting of the total
energy & into two terms in Eq. (1), i.e., the separability of H
surface chemistry and Fe “bulk™ physics, is strictly valid
only if the electronic structure of the film is not influenced
too much by the presence of the H atoms on the surface, i.e.,
if the film thickness is high and the surface coverage low.
The bonding of H to the surface Fe(110) atoms is “quite
covalent, involving primarily... Fe 4sp electrons™’ with a
rather small charge transfer of the order of 0.1 electrons.
Even at @y =1, the near Fermi-surface d-electron band struc-
ture and the surface exchange splitting is not dramatically
changed.”’ Since the H coverage on the NM surface is in the
range of 0.15-0.45 and the deeper Fe layers unaffected, the
overall influence of the adsorbed H on the film except that of
local bonding should therefore be negligible. (2) With the
exception of site competition, the H atoms are assumed to be
noninteracting. In the H/Fe(110) calculation,?” repulsion of
about 23 meV/H atom is found only for ®@yx=1, while it is
negligible for ®3=0.5 in ordered H adsorption structures. In
addition, the experimental AE, effectively includes repul-
sion at least on average. (3) Vibrational contributions to the
partition function [Eq. (3)], which may be included as en-
tropy terms in AE,, i.e., as a temperature dependence of
AE,, are neglected. This is acceptable since, in particular in
the presence of H, the fcc Fe phase reconstructs, forming
adsorption sites on the fcc phase that differ very little from
those on the NM phase'” (cf. Fig. 6). In the H/Fe(110) sys-
tem, the stretch vibration frequencies of threefold-hollow-
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FIG. 8. (Color online) 5 ML films after exposure to large H,
doses. (a) Overview and atomically resolved STM images of a film
grown at 300 K, adsorption of 110 L H, at 200 K, and reheating to
260 K (-1 V, 0.1 nA and —1 mV, 5 nA, respectively). The local
shear angle of 15° is indicated. The period of the NM reconstruction
is about six to seven atom rows. (b) NM fraction in dependence of
H, dose for three different temperatures. (c) NM fraction during a
temperature cycle starting just below 290 K. (d) Schematic top view
of H, adsorption at near saturation H coverage (=0.5 on fcc, =1 on
NM phase).

and bridge-type adsorption sites differ only by about 1%.2"-?

Modeling the adsorbed H atom as a three-dimensional har-
monic oscillator to get an impression what effect a 1% dif-
ference of vibrational frequencies would have on AE, in the
considered 100-300 K temperature interval results in only
about 0.1 meV per 100 K, which shows that the temperature
dependence of AE, cannot be very important.

D. 5 ML films

Five ML films do not form a NM phase even in the H
contaminated as-grown form. However, it does form after
exposure to high H, doses, i.e., with a nearly H saturated
film surface (Fig. 8). The H, doses needed for a certain NM
fraction fy, may change substantially depending on the den-
sity of monatomic holes (exact film thickness), annealing
procedure, and history of thermal cycling of the already H
covered film, e.g., annealed films require even higher doses
to form the NM phase. Therefore only data from as-grown
films with 4.9+0.1 ML thickness are shown in Fig. 8(b).
This indicates that the NM phase in 5 ML films is close to
the point where even saturation H coverage can no longer
stabilize the NM phase. This correlates again strongly with
the magneto-optical Kerr effect measurements by Vollmer
and Kirschner,!! which show that the films can be made fully
ferromagnetic up to 5 ML thickness by growth in a H, at-
mosphere of about 10~ mbar.
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The high H, doses D necessary and the rather linear in-
crease in the NM fraction with D can be understood in terms
of second-order adsorption on a nearly H saturated surface,
i.e., if the effective sticking coefficient is proportional to the
very low number of H-vacancy pairs on the fcc surface as
sketched in Fig. 8(d). As in the 4 ML system, the growing
NM phase with its higher capacity for H atoms will remove
H atoms from the fcc regions, leaving ®y ;.. and the number
of adsorption sites proportional to (1/2—0y s)* almost con-
stant.

Appearance of the 5-ML NM phase [Fig. 8(a)] and quali-
tative temperature dependence [Figs. 8(b) and 8(c)] are al-
most exactly the same as for the 4 ML films. The experiment
in Fig. 8(c) is similar to the temperature cycle experiment
with 4 ML films, i.e., initially the sample was held at a tem-
perature where the NM fraction decreases slowly due to H,
desorption before cooling the sample at a rate of 1-3 K/min.
Below 270 K the NM fraction increased but became again
almost temperature independent below =200 K. On heating
there was little change until 280 K where the NM phase
started to disappear due to H, desorption rather abruptly,
about 30 K earlier compared to 4 ML films. This is related to
the fact that the temperature where efficient H, desorption
starts is distinctly lower in 5 ML films because the second-
order H, desorption rate (proportional to @%”CC) is 25-100
times higher in 5 ML films than in 4 ML films due to the
5-10 times higher H coverage on the NM and fcc surface,
respectively. Nevertheless, the hysteresis of the reversible
transition seems to be larger than in 4 ML films. The de-
crease in fyy due to an increase in AF M a5 in 4 ML
films seems not to be observable in 5 ML films.

Exact quantitative evaluation such as that done for the 4
ML films is not easily possible for various reasons, some of
them mentioned above. An estimate for AFfc~NM however,
can be obtained from the observation that full H coverage
(ny/s,=1) is just enough to tip the balance from fcc to NM,
ie, e=~0 in Eq. (1), resulting in AF*~M=~_AE,/d
=8 meV per atom.

IV. DISCUSSION

This section serves to consolidate the thickness and
temperature-dependent experimental results acknowledging
that there should be an increasing correspondence to bulk Fe
with increasing film thickness. A semiquantitative theory of
the phase stability in bulk Fe has been proposed by Hase-
gawa and Pettifor,” which is based entirely on magnetic con-
tributions to the free-energy difference between the phases,
neglecting vibrational contributions. The theory of Fe
magnetism?”3° used in this model attempts to reconcile the
band theory of itinerant magnetism with the presence of
magnetic on-site correlation, which naturally leads to two
types of magnetic ordering: (1) the formation of average “lo-
cal” magnetic moments (on-site correlation) (2) whose direc-
tion varies from site to site for 7>>0 (long-range ordering).
The magnetic moment itself stabilizes the bce phase (cf.,
e.g., Ref. 31) and is essentially temperature independent be-
cause of the large exchange splitting of the order of 1 eV or
10 000 K.?° The energy gained by long-range magnetic or-
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dering of the local moments is one magnitude smaller and
the related entropy difference between the disordered fcc and
the ordered bcc phase describes the temperature dependence
in the Fe phase diagram® (cf. Sec. IV B).

Both aspects of the magnetic structure may be modified in
nanoscale systems. For instance, changes in the temperature-
independent phase stability may indicate surface modified
(local) magnetic moments while changes in the temperature-
dependent stability may be caused by surface modified long-
range magnetic order. In the following subsections possible
manifestations of this close relationship between magnetism
and structure in the thickness and temperature-dependent
film stability are pointed out.

A. Thickness dependence

In order to see to what extent ultrathin films correspond to
or differ from bulk Fe, the groundstate energy difference
between bulk Fe and ultrathin Fe films, Eg,(d) — Epy. may
be partitioned into a deformation energy Ej, necessary to
convert the respective bulk structure (bcc or fce) into its
usually strained ultrathin film version, and a thickness depen-
dent term y/d with a combined surface-interface energy 7y
accounting for all finite-thickness effects,

Egim(d) = Epy + Ep + yld. (8)

In the following, 7y is assumed to be thickness independent,
which is exact only in absence of surface-interface interac-
tion, and the d~! dependence represents the increasing weight
of the surface and interface energies with decreasing thick-
ness. However, if surface and interface interact, y can de-
pend on thickness and should therefore be considered with
caution when used for the description of films less than 5 ML
thick.%

For the phase stability only energy differences to the fcc
phase are relevant; in particular the known ground-state en-
ergy difference of bulk Fe AES "¢~50-57
meV/atom, >3 the relative deformation energy AENSX
=Ep—Eyx¢, and the relative surface-interface energy
AnyfeemX =X _yfec for X=bcc or NM. Interlayer distances
from a multiple-scattering low-energy electron-diffraction
(Tensor-LEED-1/V) analysis of 6 ML fcc films* indicate that
the structures of bulk fcc Fe and the “bulk” of pseudomor-
phic fcc films are essentially identical (estimated strain en-
ergy in fcc films =1 meV/atom) and therefore EtD”%O is
assumed.

In Fe films with the ideal bcc structure, Elz)cc is zero by
definition, and Ay/°~" mainly determined by the substan-
tial lattice mismatch between fcc(100) Cu and bee(110) Fe,
i.e., the total film energy

AEfcc—‘bcc — AE{iﬁk—»bcc + A,yfcc—>bCC/d (9)

film

must become larger with decreasing thickness [Fig. 9(a)].
Below a certain critical thickness, fcc films are more stable.
Clean bcc films on Cu(100) form spontaneously above about
11 ML thickness,>’ but since it is possible to trigger the
transition to the relaxed bcc phase by ion bombardment al-
ready in 8 ML fcc films,'? this limit is probably closer to 6
ML thickness, although this is an educated guess only.

PHYSICAL REVIEW B 80, 235403 (2009)

(a) § 2 (b)
be 5
LY U
d (ML) d (ML)
o0
%
ey
toJ
0| B¢ 0| 4
8 EgM 3
s
Efi z | —

FIG. 9. (Color online) Illustration of the estimated bcc and NM
ground-state energies relative to the fcc phase in dependence of
thickness d. Positive values indicate a stable fcc phase. (a) Films
with bee structure: The finite-thickness correction Ay¢—b¢/d to
the bulk value AE[S"* is positive due to the interface lattice mis-
match, which stabilizes the fcc phase below a critical thickness,
which is assumed to be around 6 ML (cf. text). (b) Films with the
NM structure are stable because the sequence of stability in depen-
dence of film thickness is reversed, i.e., the finite-thickness correc-
tion Ayfc—NM;j is negative, stabilizing the NM phase for d=<4.
The values for bulk Fe and a fictitious, infinitely thick NM film are
separated by the deformation energy E[N,M.

In NM films the deformation term EgM is certainly impor-
tant as the NM phase is strongly strained and contains a high
density of twin boundaries. Most remarkably, the experimen-
tal results in the previous sections show that the groundstate
energy difference

AEfCCHNM — AE&S;bOC + EgM+ A,nyCHNM/d (10)

film

becomes smaller with decreasing thickness. In particular,
AERNM(3) must be negative, since in 3 ML films the NM
phase is more stable than the fcc phase (Fig. 2). First-
principles calculations® indicate that the NM phase is stable
with respect to the FM fcc phase by 13 meV. If there exists
an antiferromagnetic or spin-density wave structure that is
more stable than the ferromagnetic fcc structure (but still less
stable than the NM structure), AESS"(3) would be some-
what above —13 meV. The experiments described here pro-
vide approximate numbers for the ground-state values
AEESM4) ~0 and AEESNM(5)~+8 meV/atom. More-
over, it has been shown previously'? that in 6 ML films only
a (1 X2) surface reconstruction can be induced by massive
H, dosing, but no NM phase appears, i.e., the 6 ML ground-
state value of the NM phase must be even larger than that of
the 5 ML films. The sequence of ground-state energy differ-
ences matching these values is sketched in Fig. 9(b) for
Ayfec™NM=~_150 meV and E)NM=~85 meV/atom. Since
these values depend on the rather crude approximation for
AERNM(5) and the assumption that Ay~ is thickness
independent, they cannot be very precise either but are nev-
ertheless useful to test whether the model of a deformed bcc
phase is reasonable or not.

For this purpose, the deformation energy EgM is com-
pared to the sum of elastic strain and twin boundary energies.
Twin boundary energies in Fe are generally very small; of
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the order of 5 meV per boundary atom>* or one third of this
value on average per film atom for the NM structure shown
in Fig. 1. If the density of boundaries is as high as in the NM
phase, the value maybe much higher (twin boundary
repulsion'®), but even then it can only be a smaller fraction
of the total deformation energy. Therefore the estimated
EEM% 85 meV/atom should be only a little larger than the
strain energy necessary to change the bcc structure to the
local NM structure: An expansion of the strain energy to
second and third order using experimental elastic constants
of bee Fe, which under- or overestimate the true value, re-
spectively, limits the possible range to 40-80 meV."?
First-principles®! and semiempirical®® results for the bct unit
cell approximating the NM unit cell best (lattice-parameter
ratio ¢/a=1.15) are 60 and 70 meV/atom, respectively. Ac-
cepting 60 meV/atom as a likely value for the elastic strain
energy, the remaining 25 meV/atom for the twin boundary
energy, complementing EgMz 85 meV, is very high, but
given the abovementioned uncertainties, the agreement is ac-
ceptable for the purpose to demonstrate the consistency of
the description of the NM phase as a deformed bcc phase.

The negative sign of the total surface-interface term
Ayc=NM implies the presence of a negative surface-
interface contribution that is in absolute numbers larger than
the certainly positive fcc-NM lattice mismatch term, al-
though the latter should not be very large given the equal
interface atom density and the absence of unfavorable on-top
atom stacking situations. It has been shown in a detailed
first-principles analysis of the 34 transition-metal surfaces®®
that the surface energies are substantially lowered due to
magnetism in particular for Cr, Mn, Fe, and Co surfaces
accompanied by enhanced surface magnetic moments. Given
the large surface magnetic moments suggested by spin-
polarized appearance potential spectroscopy,>’ which are
even larger than those of the bec(110) surface, it is plausible
that the bee-like NM phase could have a lower surface en-
ergy than the (surface reconstructed) fcc surface, providing a
possible explanation for the negative Ay/c—NM,

Another finite-thickness contribution to the relative stabil-
ity of the NM phase may arise if the fcc phase becomes less
stable with decreasing thickness: As shown by Asada and
Bliigel,®® the increasing difficulty (frustration) to realize a
magnetically compensated (every spin-up has a spin-down
partner) bilayer-antiferromagnetic structure “AABB” in ultra-
thin fcc Fe films, e.g., with an uneven number of layers d or
d<4, may destabilize the fcc phase at low thicknesses and
therefore may also increase the relative stability of the NM
phase in the thickness region below 6 ML thickness.

B. Temperature dependence

In the Hasegawa-Pettifor model of Fe phase stability,’ the
slope of the AF™—"(T) curve is related to the magnetic
entropy difference AS™ ¢ between the phases according to
S=—dF/dT at zero pressure. If both phases are magnetically
ordered or both are disordered, e.g., Fe above its Curie tem-
perature, AS™— is small and AF™ ¢~ therefore near con-
stant. In the simplified “minimum model” shown in Fig.
10(b) it is further assumed that at the critical temperatures
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FIG. 10. Illustrations to the temperature-dependent phase stabil-
ity in Fe. (a) Gibbs free-energy difference of bulk Fe at 1 atm by
Kaufman, Clougherty, and Weiss.” The inset shows the curve en-
larged in the temperature region between 130 and 300 K with the
same axis ratio as in Fig. 7 to facilitate direct comparison. (b) Sim-
plified dependence of (normalized) entropy, internal energy, and
free-energy differences AS, AU, and AF if phase stability is deter-
mined only by magnetic contributions.

the magnetic order parameter jumps abruptly from minimum
to maximum value and that the basic relation F=U-TS
holds. This linearized picture approximates the experimental
free-energy difference between the fcc and bec phases? of
bulk Fe around 7. depicted in Fig. 10(a) quite well. Note
that the difference between Helmholtz and Gibbs free ener-
gies AFfc=bec and AGe—be respectively, at atmospheric
pressure is negligibly small.

The inset in Fig. 10(a) shows a change of the bulk free-
energy difference AG™—"¢ by about 9 meV per atom be-
tween 130 and 300 K, i.e., a slope of the order of 50 ueV/K
per atom in the region where the fcc phase is magnetically
disordered and the bcc phase ordered. If ultrathin films be-
have thermodynamically like bulk Fe, a similar temperature
dependence of the stability of the NM phase relative to the
fcc phase may be expected. The experimental results de-
picted in Fig. 7(a) show that this hypothesis can only partly
be confirmed by experiment. While in 4 ML films above 200
K the slope in fact is of the order of 50 weV/K (with an
uncertainty of a factor of 2, cf. Sec. III C), the slope de-
creases rapidly below 200 K, which has the consequence that
well annealed 4 ML films free of H cannot be converted to
the NM phase even at 130 K.

Generally, ultrathin films differ from bulk Fe by their
critical temperatures, which in the most simple picture of
bulk-terminated thin films should be lower due to the lack of
exchange partners at their surfaces.’® The fcc surface, how-
ever, is reconstructed forming local bee-like configurations!?
(cf. Fig. 6) and is ferromagnetic’” up to a remarkably high
Curie temperature of T¢ g..(s) =250-280 K.3!140 Deeper
layers show antiferromagnetic or spin-density wave
order®¥40 up to a Néel temperature of Ty j.~200 K.>4
Since bulk fcc Fe shows antiferromagnetic tendencies only at
~60 K (Ref. 41) it must be the ferromagnetic surface and
possibly also the Fe-Cu interface that stabilize magnetic or-
der in the deeper layers of the ultrathin fcc Fe films.*? Since
the H stabilized 4-ML NM phase is ferromagnetic at least up
to =300 K in ultrahigh vacuum and even up to =350 K
provided sufficient high H, partial pressure,'' below
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~200 K both fcc and NM phase show magnetic long-range
order and the magnetic entropy difference between the
phases becomes very small. If the total entropy is dominated
by magnetic entropy as suggested by Hasegawa and
Pettifor,” the free-energy difference AF™~™M myst become
temperature independent below 200 K as illustrated in Fig.
10(b) and experimentally observed in the 4 ML and 5 ML
films (Figs. 7 and 8).

Finally the temperature dependence of 3 ML films is
briefly discussed; in particular the observed reduction of the
shear angle around 300 K (cf. Sec. IIT A). These films are
special as they are the thickest films forming the NM phase
spontaneously without the help of H, and the thinnest films
which may still be considered as relatively undisturbed by
Cu due to interface intermixing.'>** A combination of the
thickness and temperature dependence in Figs. 9(b) and
10(b), respectively, for Ty =200 K suggests the possibil-
ity of a NM-fcc phase transition around 400 K, which is right
at the limit of thermal destruction of the films due to Cu
diffusion to the film surface'® and therefore difficult to ac-
cess. At least up to 340 K no separate fcc phase has been
seen in this work; only NM regions with a lower shear angle
(cf. Fig. 2), suggesting the possibility of a more continuous
NM — fcc phase transition with a gradual decrease in the
shear angle starting near rotational domain boundaries. On
the other hand, the H induced transition in 4 ML films is
clearly first order with separate fcc and NM regions. How-
ever, to be able to answer this question with confidence,
detailed knowledge of the shape of the fcc-NM transition
path is necessary, which may be additionally modified by
intermixed Cu and surface H. For instance, first-principles
calculations® suggest that 3 ML films differ from 4 ML films
insofar as the 3-ML structure with the lowest energy, re-
stricted to fcc symmetry, is ferromagnetic. The general insta-
bility of these solutions®3 (energy maximum) would para-
doxically imply that there is no barrier between NM and fcc
phase, rendering easier enforced deformations of the NM
phase toward the fcc phase as they occur in the vicinity of
rotational domain boundaries in 3 ML films [cf. Fig. 2(b)].

V. SUMMARY

The experiments presented provide detailed information
on the thickness, temperature, and H coverage dependent sta-
bility of the bcc-like NM phase in 3-5 ML Fe films grown
layer by layer on Cu(100) at 300 K. Three ML films are fully
NM at least up to 340 K, although deviations from the ideal
NM structure (smaller shear angle on average) are visible at
this temperature. Clean, annealed 4 ML films are fcc in the
entire temperature range considered (130-340 K), but a near
reversible first-order transition to the NM phase occurs at
rather low H coverage. Five ML films become NM at very
high H, doses, i.e., near saturation H coverage. To obtain a
more quantitative picture, the amount of H on the Fe film
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surface needed to stabilize the NM phase is used to estimate
the free-energy difference AF™“~™M(T) using a statistical
mechanical description of the temperature-dependent interac-
tion between surface H bonding and Fe film phase transition.

Empirically, the thickness dependent phase stability is de-
scribed by separating AF™~%¢(T) or AF©~NM(T) into a
bulk and a finite-thickness term. For the relative stability of
bece films, this finite-thickness term is dominated by the lat-
tice mismatch between fcc(100) substrate and bee(110) film
and therefore positive, i.e., fcc stabilizing. NM films are also
bce-like but match the fee(100) substrate much better. There-
fore, as the continuous increase in the stability of the NM
phase with decreasing thickness shows, lattice mismatch can
only be a minor contribution to the finite-thickness energy in
this case, which is now dominated by intrinsic (not substrate
related), negative terms stabilizing the NM phase. Their ori-
gin may be either a lower surface energy of the NM structure
due to enhanced surface magnetism>®3” and/or a higher en-
ergy of the fcc phase due to frustration effects of the layer-
wise antiferromagnetic (or spin-density wave) order in very
thin fcc films (<6 ML).3® The curious sequence of stability
of bee(110), fee(100), and bee-like NM phases with decreas-
ing film thickness is then explained as the successive opera-
tion of two finite-thickness effects of different strength, first
film-substrate lattice mismatch stabilizing the fcc phase be-
low 11 ML, second the weaker intrinsic finite-thickness
terms stabilizing the NM phase below 5 ML thickness.

Furthermore it is found that the NM phase becomes more
stable by lowering the temperature, similar to bulk becc Fe.
However, this is true only above 200 K while no significant
further increase in the NM stability can be seen on cooling
below 200 K in 4 and 5 ML films. This effect is correlated
with the high critical temperatures in (surface reconstructed)
ultrathin fcc Fe films of 200 K (Néel temperature) and 250—
280 K (surface Curie temperature).>*> Such a correlation of
long-range magnetic order and phase stability is required by
theories’ of Fe phase stability, which are based mainly on the
magnetic free energy, i.e, if both fcc and NM phase show
long-range magnetic order, irrespective of the type of order,
the magnetic entropy difference and by that the temperature
dependence of the phase stability must become very small.

These results demonstrate that the stability of the NM
phase is characterized by significant intrinsic finite-thickness
effects while some correspondence to bulk bcc Fe remains
even in films less than 5 ML thick. Although ultrathin films
are probably the only systems which are simple enough to
sort out these phenomena, they should nevertheless be rel-
evant also for more complex finite Fe systems such as free
nanoparticles.**
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