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Ferromagnetic Order in a Fe(110) Monolayer on W(110) by Mossbauer Spectroscopy
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Ferromagnetic order in Fe(110) monolayers on W(110) was analyzed with the use of conversion-
electron Mdssbauer spectroscopy. The Ag-coated monolayer is ferromagnetic up to 7c(1) =296
K =0.287c(e). The gross shape of Bn(T) resembles that of bulk material. Bnr(0) is reduced to
11.9 0.3 T. In the critical region 275 K= 7 = 295 K, a continuous transition from a magnetic to a
nonmagnetic component takes place. For the uncoated monolayer, the ground-state hyperfine field and
Curie temperature are reduced to By(0) =10% 1 T and 7Tc(1) =210 K=0.20Tc(e=), respectively.

PACS numbers: 75.70.Ak, 75.30.Cr

Ferromagnetic order in a two-dimensional lattice has
been a fascinating problem since Bloch! stated its ab-
sence for the isotropic Heisenberg model, which has been
confirmed rigorously by Mermin and Wagner.? Howev-
er, it had been shown before by Déring?® that long-range
ferromagnetic order can be triggered for the monolayer,
too, by magnetic anisotropies.* As strong crystalline an-
isotropies are present in monolayers,> the physical prob-
lem is magnetic order in an anisotropic monolayer, not in
the isotropic one. Furthermore, it has been shown re-
cently by Yafet, Kwo, and Gyorgy® that the bare dipolar
interactions can induce ferromagnetism in two dimen-
sions.

For the ground state of the ferromagnetic monolayer,
recent band-structure calculations’™® show a general
trend for enhanced ground-state moments. For finite
temperatures, magnetic order is predicted to react much
more sensitively on anisotropies than in three dimen-
sions,>*® and T should be lowered to less than half the
bulk value,'®"!'? in rough agreement with the mean-field
argument'® that T¢ is proportional to the number of
nearest neighbors. For comparison with these results,
only a few experiments are available.

Ferromagnetic monolayers of Co(111) and of Nigs-
Fes>(111), both in a matrix of Cu(111), were analyzed
by torsion oscillation magnetometry.'* Normalized Curie
temperatures 7c(1)/Tc(ee) =0.21 and 0.30, respective-
ly, were in good agreement with theoretical predic-
tions.!! In both cases, J; depended linearly on T, in a
broad temperature range, and J; was along the surface
normal, as a result of strong surface-type anisotropies.
Pescia er al.'>'® used spin-polarized photoemission to
show that monolayers of fcc Co and of fcc y-Fe on
Cu(100) are ferromagnetic up to 400 and 200 K, respec-
tively. Farle and Baberschke!? used electron-spin reso-
nance to analyze a Gd monolayer on W(110), in the
paramagnetic range. They found strong evidence for
transition to ferromagnetism at a surprisingly high tem-
perature, Tc(1)Tc(e0)=0.93. In the present Letter,
Modssbauer spectroscopy is used to give the first study of

monolayer magnetism in bcc a-Fe. Recently stated
ferromagnetism of the free Fe(110) monolayer on
W (110) '® at room temperature could not be confirmed.
Experiments were performed in a UHV system,'®2°
equipped for molecular-beam epitaxy, LEED, Auger-
electron spectroscopy, and magnetic analysis in situ by
conversion-electron Mdgssbauer spectroscopy (CEMS).
Pure 3'Fe(110) films were prepared at 75 =300 K on
clean W(110) surfaces. Film thickness was measured
with use of a quartz-crystal monitor with an accuracy of
4% of one monolayer and is given by the number of bulk
monolayers, D. In agreement with previous work,?! the
first two monolayers were pseudomorphic on W(110),
thus each containing the material of 0.82 monolayers
of bulk Fe(110) (ap.=2.866 A, aw=3.165A, fryw=
—9.4%). Monolayers were analyzed both coated by Ag
and with free surface. For the following analysis, it is
crucial to know whether the first monolayer is completed
before the second one starts to grow. This question has
been answered with use of CEMS, as will be discussed in
detail elsewhere.?? The method can be explained in Fig.

1244 T T T = T T —
T ) |
2 43. !
S ‘ ;
- 4 \
o boadle o
= I [ . i |
o ;_ 1 .~‘ T;
S 1221+ | | 9 ‘ -
. o B i
© A Vo I
x ol VoLl
> 7 \ ,Pi. ef Libd xJ R
SR R S A A S SR SN
— L oo
981 ‘e :
1198 1 ‘ ‘ ‘ ) ‘ j
-6 -4 =2 o 2 L €
VELOCITY / {mmis) ——=

FIG. 1. Mdssbauer spectrum, taken at 295 K, of a Fe(110)
film on W(110), consisting of 1.09 bulk monolayers, coated by
Ag, W(110)/Fe(1.09 ML)/Ag.
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1, which shows the CEMS spectrum measured at 295
K, of a probe W(110)/Fe(1.09 ML)/Ag [D=1.09 bulk
monolayers (ML) 3"Fe on W, coated by Agl, prepared
at Tp =300 K.

The spectrum consists of three components (a), (b),
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FIG. 2. Mossbauer spectra of a pseudomorphic Fe(110)
monolayer coated by Ag, W(110)/Fe(0.82 ML)/Ag, measured
at the given temperatures (left side). Probability density for
hyperfine field distribution and relative contribution vs By for
a two-component fit, respectively (right side).

and (c) with clearly distinct hyperfine fields of 5, 18, and
27 T, respectively. Component (a) can be attributed to
monolayer patches, components (b) and (c), which are
of equal intensity, to the first and the second layer of
double-layer patches. Their intensities, being propor-
tional to (D —0.82 ML), follow a straightforward layer-
by-layer growth model, which thus clearly is estab-
lished for Tp» =300 K.?* Accordingly, samples W (110)/
Fe(0.82 ML)/Ag and W(110)/Fe(0.82 ML)/-(0.82
bulk monolayers coated by Ag or uncoated, respective-
ly), when prepared at 300 K, can be taken as true pseu-
domorphic monolayers, in the limits of D =0.82 & 0.04.
Extended spectra between 90 and 400 K were mea-
sured for one special sample W(110)/Fe(0.82 ML)/Ag.
Spectra in the critical region 263 K <7 <295 K are
shown on the left side of Fig. 2. They were fitted by the
superposition of one six-line Zeeman component and one
single line, as indicated by the fingerprints (left side) or
alternatively by hyperfine field By, and relative contribu-
tion (right side). This fit is justified by an alternative fit
using a continuous hyperfine-field distribution, shown for
comparison, which clearly confirms the two-component
structure of the spectra. The spectrum for 7=263 K is
representative for all low-temperature spectra 7 < 263
K, in that they could be fitted by one single six-line
component, with intensity ratios I;:/,:/3:=(2.7%+0.3):
(0.2£0.1):1 near the theoretical ratio 3:0.14:1 for the
present geometry (grazing incidence near [001], with J,
along [110]). Figure 3 shows hyperfine field By of the
magnetic component (open circles), mean hyperfine By
(filled circles), and relative contribution Dsingle Of the
single line (crosses) versus 7. For low temperatures,
B =Byr decreases with increasing 7 in a similar way as
in bulk material. In the critical region, however, a con-

: T T T T T
A . W 110//082)/ Ag
0=__ o gy N
,r—\\ b
W (110)/ 082/ — ]
o | )
E g ———100%
<t 11
‘| 1
0 ) | . L . -
0 100 200

T/K

FIG. 3. Magnetic hyperfine fields Bn(7") vs temperature for
pseudomorphic Fe(110) monolayers on W(110). Mean values
Bus (filled circles) and By for the magnetic component (open
circles) for the Ag-coated layer [W(110)/Fe(0.82 ML)/Agl.
Bys from extrapolation and T¢c(1) from thermal scan for the
uncoated monolayer (circled crosses).
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tinuous transition from the six-line to the single-line
component takes place. Note the finite value of By near
the critical temperature, Tc(1) =296 £ 1 K, which can
be taken both from the disappearance of By and from
the approach to pginge =1. Measurements with further
samples W(110)/Fe(0.82 ML)/Ag confirmed the results
with respect to Bpg of the main component, in the limits
of accuracy.

Some experiments were done with the uncoated mono-
layer. They are complicated by residual gas adsorption,
even at 3x10 ~!! Torr. Separate preparations had to be
done for each temperature, and By(T') of the free (pseu-
domorphic) monolayer had to be determined by extrapo-
lation to the time just after preparation, as was done pre-
viously for the surface of D =21 ML films.'” Some re-
sults are included in Fig. 3. In addition, we determined
the Curie temperature of the free monolayer by thermal
scanning at a fixed source velocity, as shown in Fig. 4 for
D=0.82 ML. The resulting Curie temperature Tc(1)
=210 K of the uncoated monolayer is included in Fig. 3.
It is remarkable that this T'c(1), the Curie temperature
of the monolayer component, was nearly independent of
the mean film thickness. For D =1.0, we measured
Tc(1) =214 K by the same method! The gross shape of
Bn(T) is the same as for the Ag-coated monolayer. In
the paramagnetic state 7> 210 K, the uncoated mono-
layer shows a quadrupole doublet, in contrast to the Ag-
coated monolayer, which shows a single line above
Tc(1) =296 K. This reflects the lower symmetry of sur-
face atoms in comparison with interface atoms.

For the interpretation of By(T) in Fig. 3, we use the
generally accepted assumption that the thermal structure
of Byr equals that of the magnetization, in contrast to the
local structure, which can be quite different near sur-
faces.'™?3 The gross features of By (T) are the following:

(1) The shape of Byn(T) surprisingly resembles that
for bulk material, in contrast to monolayers of Co and
NiFe(111) on Cu(111) ' and of y-Fe on Cu(100),'¢
where a linear decrease of the magnetization was ob-
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FIG. 4. Thermal scan at e ==*0.15 mm s for an uncoated
pseudomorphic Fe monolayer, W(110)/Fe(0.82 ML)/-.
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served. Supposedly this is connected with the direction
of magnetization, which was along the surface normal
for the latter cases, caused by surface anisotropy,
whereas it remains in the plane for the present mono-
layer. A similar phenomenon was observed in connection
with magnetization switching in oligatomic NiFe(111)
films. '

(2) In the low-temperature region, fitting and extrapo-
lation to T'=0 is problematic for the Ag-coated layer.
Following spin-wave arguments,®'* one might try a
linear extrapolation, resulting in Byr(0) =12.0 T. On the
other hand, one may try a T3 fit, in the spirit of the
general bulklike behavior. Such a fit, using 90 K= T
= 172 K, is included in Fig. 3, resulting in Bp(0) =11.7
T. Summarizing, By,;(0) =11.9+0.3 T can be taken as
a reliable result for the Ag-coated monolayer. For the
free monolayer, only a rough estimate B,(0) =10+ 1T
is possible. The small difference in B,;(0) between the
free and the Ag-coated monolayer is in accordance with
the situation at the free and the Ag-coated surface.'’
Measurements below 90 K are required.

(3) The Curie temperatures, Tc(1) =296 K =0.28
X Tc(e0) for the Ag-coated and T¢(1)=210 K=0.20
X Tc(e0) for the free surface, are in qualitative agree-
ment with a high-temperature series expansion esti-
mate,'!" which gives T¢(1) =0.46T¢(c0) for S=2 and
the present geometry.

(4) A narrow critical region between 270 K and
Tc=296 K is sharply separated from the low-tem-
perature region. Apparently, a qualitative change of
thermal decrease occurs near 270 K. Above 270 K, the
mean hyperfine field By, which can be taken as a mea-
sure of the mean magnetization, is proportional to T¢
— T, which formally can be described by a critical ex-
ponent f=1.0. The key property is given by the gradual
transition of intensity from a magnetic component to a
nonmagnetic single line in combination with a steep de-
crease of By of the magnetic component to a finite value
of 3.5 T when extrapolated to T¢c. It might be connected
with a nucleation from surface steps, in a similar way as
has been observed in the (7x7)<«>(1X1) transition on
Si(111),%* which therefore has been claimed to be of first
order. An alternative interpretation in terms of a super-
paramagnetic collapse can definitely be excluded for the
free monolayer, where the LEED pattern clearly estab-
lishes the translational symmetry, and the independence
of Tc(1) on D up to D=1 ML shows the intrinsic, mi-
croscopic nature of the transition. For the Ag-coated
monolayer, one might speculate whether the translation-
al symmetry might have been disturbed by periodic in-
corporation of Ag from the coating into the pseu-
domorphically strained Fe(110) monolayer, resulting in
10x 10 atoms Fe-monolayer patches, separated or weak-
ly coupled by Ag rows. Several arguments contradict
this superparamagnetic interpretation. (a) A rough esti-
mate of the blocking temperature, from known surface
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anisotropies, 2° results in 60 K, by far too low in compar-
ison with the experiment. (b) The width of the transi-
tion is much narrower than ever observed in standard su-
perparamagnetic systems.?® (c) In standard super-
paramagnetic systems?® the rise of the single line is not
connected with a strong decrease of Bys of the magnetic
components, as in our case. (d) It has been shown that
the first monolayer remains pseudomorphic in a thick
Fe(110) film on W(110) ?7; it can then hardly be expect-
ed that pseudomorphism is released by Ag. Summariz-
ing, the transition, in our opinion, is not superparamag-
netic. Final experimental decision with use of magne-
tometry is in preparation.

(5) There is only apparent contradiction to the state-
ment of Kurzawa er al.'® on ferromagnetism at room
temperature for a free Fe(110) monolayer on W(110) of
“2+0.2 A 22 A equals D=1.1 ML (1.34 pseu-
domorphic layers), roughly the situation of Fig. 1. Half
of the atoms then are in double-layer patches ferromag-
netic at room temperature; apparently it is this double-
layer magnetism which has been seen in the experi-
ment. '8

Summarizing, we have shown that the combination of
Mossbauer spectroscopy with modern sophisticated
methods of epitaxial growth forms an excellent method
for the experimental analysis of monolayer magnetism.
Fe(110) monolayers on W(110), whether uncoated or
coated by Ag, are ferromagnetic with Tc(1) =210 and
296 K, respectively. New phenomena observed in the
critical region remain to be analyzed.
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