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It is shown that the tetragonally expanded fcc phgd®se ) of room-temperature-grown Fe films on Cu
can be stabilized by hydrogen adsorption up to four monolagMdts) while the uncovered Fe film starts to
transform slightly above 3 ML to the fcc phageghase I). The changes in the magnetic properties are closely
related to the changes in the structure. The phase boundary between the fcc phase Il and the lfjpbas®ase
III') is shifted by 2 ML to lower values upon hydrogen exposure of less than three langmuir after growth at
T~300 K. Growing the Fe films at 300 K under an ldtmosphere of<5x 10 8 mbar results in Fe films,
where a spin reorientation transition at about 6 ML is observed. Starting at about 4—5 ML the Fe films
transforms into the bcc phase. The structural and magnetic properties of these films are found to be very similar
to those observed for low-temperature-gro(@00 K) Fe films.

The puzzling structural and magnetic properties of fcc Fepersist upon hydrogen adsorption while for the reconstruc-
films on CUW001) have been investigated extensively in thetion in phase Il the authors of Ref. 32 observegd(2 X 2)
past:~2° Fe films prepared by molecular-beam epitaxy at—p4g superstructure.
room temperature show a rich variety of structural and mag- In the present study we use the intensity of low-energy
netic phases: At low Fe thickness below three to four monoglectrons reflected from the sample vs beam energy measure-
layers(ML) the Fe film is tetragonally distorteghhase |1 or ments (IV-LEED) and the magneto-optical Kerr-effect
fct phase. The interlayer Fe distance is expanded by 5% to(MOKE) to determine the structural an_d magnetic properties
1.87 A78 At a thickness larger than about 4 ML the inter- Of room-temperaturgrown fct/fcc Fe films on Ci@01) on
layer distance of the Fe film relaxes in its interior nearly to"ydrogen adsorption in the thickness range of the Fe between
the value of ideal cubic symmetfphase I). Only the inter- 0 and 13 ML. After the description of the experimental setup

layer distance of the first two layers remains exparidedr- 1N S€C- |, we show in Sec. Il A that the adsorption of H

allel to the structural change the average magnetization é’;"td;]e.shthse:é::%ﬁ]urzn.og dab4-|:f1|(_a-tchcln(;|r(es|:eo:lllg'qnfrocnr:a]crz:cef'n
the Fe film drops to a value roughly equal to that of 2 ML Fe which 1 pan y ponding ges |

of phase |. Detailed experimert&?! and theoretica?-2° the magnetic phases. This shift of the phase boundary be-

. o ) . tween phase | and Il ieversible i.e., upon desorption of the
investigations indeed revealed that the magnetic moment P N P b

. . . ydrogen the film becomes unstable and switches back into
the first and second layer couple ferromagnetically, while thgy . ¢« structure. In Sec. Il B it is shown that, tddsorption

deeper layers are antiferromagnetically aligned at tempergge,esiply shifts the thickness of the transition between

tures lower than 200 K At a thickness of about 11 ML the phase II and Il from about 10 ML down to 8 ML. Section

fec Fe film transforms into a bee phagehase 111.4'°?"The || ¢ presents the results obtained from room-temperature-

easy axis of magnetization is perpendicular to the surface f%rown Fe films with an K atmosphereluring the growth. In

phase | and Il and switches in plane in the bce phase . Th&ec. 111 we discuss our experimental results on the reversible

Fe film in phase | is reconstructed and shows & (4 su-  hydrogen induced changes at the transition between phase |

perstructure for 2 ML thickness which change to a<(b)  and phase Il. The relevance of, lddsorption vs other prop-

superstructure for larger thicknes$%? In phase Il a (2 erties like surface roughness for the magnetic behavior is

X 1) reconstruction has been found at low temperattifés. discussed in view of the observed differences between low-
For Fe films grown at low temperatur¢$00 K) very  temperature-grown Fe films and room-temperature-grown

different structural and magnetic properties have beeifilms reported in the literature. We conclude in Sec. IV that

reportedt®2028-30-33rhe fct phase extends up to a thicknessH, adsorption strongly affects the magnetic and structural

of about 5 ML33 Above that thickness the Fe film directly properties of ultrathin Fe layers.

transforms into the bcc phase without going through the in-

termediate fcc phase Il observed for the room-temperature-

grown films. The investigation of the magnetic properties I. EXPERIMENT

revealed that the magnetization of the low-temperature-

grown Fe film is perpendicular to the surface for thicknesses Fe films of constant thickness as well as wedgelike

below approximately 6 ML and it is parallel to the surface samples were grown on a @01 single crystal in a

plane for thicker films? molecular-beam epitaxy apparatubase pressure<4
Despite the large interest the Fe(0Q1) system received X 10 ! mbay. In this investigatiorall films were grown at

in the past, up to now little is known about the hydrogenT=293+1 K. The flux of the Fee-beam evaporator was

adsorption on this surface. Hydrogen adsorbs dissociativelgalibrated by means of medium energy electron diffraction

on the fcc F€D01) surface® The reconstructions in phase | (MEED) prior to and after the growth of the wedges. The
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thickness of the single Fe films were controlled directly by
MEED. The growth rate was about 0.8 ML/min at a pressure
of less than &« 10~ mbar during evaporation. The absolute
error in the thickness calibration of the single layers is about
0.2 ML. For the wedges the absolute error in the thickness at
a certain position on the wedge is less than 0.2 ML plus 10%
of the (nomina) thickness at that point. To remove the pos-
sibly adsorbed gas during the deposition of the film prior to
the measurements the sample was annealed to 343 K for
about 5 min. A standard static magneto-optical Kerr-effect
(MOKE) setup has been used to measure the Kerr ellipticity I ;
at light wavelength of\ =670 nm3* For measurements in T S N
the polar Kerr geometry the angle between the incident light 200 250 300
beam and the sample normal was about 6.5°. A dipole mag- energy (eV)

net was mounted at an angle of about 18.5° with respect to

the sample normal parallel to the optical plane. For measure- FIG. 1. Intensity of the specularly scatteredbeam from a
ments in the longitudinal geometry the sample was rotated-ML-thick Fe film on C4001) as a function of the beam energy
such that the angle between incident light beam and anH)r the ‘_‘cle_an” and H-cover(_ed film. Peak positions at 239 and 273
sample normal was about 71.5°. In this geometry the axis of v '€ indicated by dotted lines.

the magnet was nearly parallel to the surface of the sampl@nergy range from 200 to 320 eV which is around the fifth-
In all cases the Kerr ellipticity was measured. The maximumgrder kinematical peak position. The curve for the H-covered
external field which could be reached at the sample wage fiims shows the typical double peak structure with
about 300 Oe. Th¢110) azimuth of the Cu substrate was maxima at about 239 and 273 eV. This double peak structure
aligned parallel to the optical plane of the MOKE setup. js known to be a signature of the tetragonally expanded
A standard LEED optics has been used for taking LEEDphase | as mentioned above. The “clean” surface on the
images at(nearly) normal incidence of the electron beam. gther hand has only a single peak at about 273 eV in this
Measurements of the intensity of a specularly reflected energy range and this is the signature of the fcc structure of
beam from the sample were performed at an angle of inCiphase |IL.
dence of about 6° from normal and the intensity integrated The ratio of the IV-LEED intensity at 239 and 273 eV is
over the spot was recorded as a function of the beam ener@yotted in Fig. 2a) (top row panelsas a function of tem-
(IV-LEED).* Hydrogen exposure was performed by open-perature. We observed no strong energy shift in the position
ing a leak valve and filling the chamber up to the desirecof these two peaks during temperature cycling indicating a
pressure measured by a standard ionization gauge calibratggssible change in the amplitude of the buckling or the in-
for N,. No further adjustment or calibration was made. Theterlayer spacing. Therefore we take this ratio as a qualitative
true H, pressures may be a factor of approximately 3 largermeasure of the relative fraction of phase | and phase II. The
film was exposeda 2 L H, at 243 K. After that IV-LEED
curves were measured during a temperature cycle to 343 K
Il. RESULTS and back to 243 KFig. 2(@)]. The low IV-LEED ratio on the
branch for decreasing temperature indicates the complete
disappearance of the peak at 239 eV in agreement with the
Semiquantitative analysis of interlayer spacings by analyfindings of Refs. 12 and 41. Immediately after this measure-
sis of the energy dependence of a low-energy electron beament the hydrogen partial pressure was raised to 2
specularly reflected from a samplé¢V-LEED) has been x10 8 mbar and IV-LEED spectra were recorded. The re-
widely used in the identification of structural sulting peak ratios are plotted in Fig(l2. The peak ratio is
transitiort>*®~*°in general and in the analysis of the struc- fully recovered after a hydrogen exposure of about 1 L. After
tural transition at about 4 ML Fe on @0Y) in particular®  that IV-LEED measurements during a complete temperature
It was found that the IV-LEED spectrum of the fcc Fe film cycle to 343 K and back were recorded again. No significant
looks very “kinematical,” i.e., has one relatively narrow difference between this second cycle displayed in Fig) 2
peak close to each Bragg peak positions expected from and the first one in Fig.(2) is observed.
kinematic theory while for the fct structure a double peak For the investigation of the magnetic properties polar
structure is found around each kinematic energy pealMOKE measurements were performed for the same se-
position? The splitting of the kinematical peak in this phase quence of temperature cycling and hydrogen adsorption. The
arises from the reconstruction of the film to a{%) super-  result is plotted in Figs. @)—(f). The open symbols repre-
structure, which introduces a vertical buckling of the Fe lay-sent the MOKE data at remanence while the data indicated
ers of the order of 0.1 — 0.3 A® However, the center of the with filled symbols were taken in an external field of about
double peak structure is shifted towards lower energies indi250 Oe. While at low temperatures these data nearly coincide
cating an increased interlayer spacing of the Fe in phase |.for the two kinds of measurements the remanence data drop
The intensity of the specularly scatterecbeam from a earlier to zero, presumably because of domain formation
4-ML-thick Fe film on C{001) atT=243 K is shown in Fig. near the Curie temperature as it was observed, for example,
1 for the nominally clean surfacésolid line) and for the for thin Ni films on Cu001).* This effect is observed for the
surface exposed to 2 langmulr) of H, (dashed lingin the  hydrogen covered surface with increasing temperature and

239eV  273eV
—T T

specular peak intensity

A. Hydrogen adsorption on a 4-ML Fe film
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FIG. 2. IV-LEED ratio of the specularly reflected electron beam S S
energy at 239 and 273 elpanels(a)—(c)] and polar MOKE signal 240 260 280 300 320 340
[panels(d)—(f)] from a 4-ML Fe/C00Y) film. In (a) the IV-LEED temperature (K)

ratio after exposureot2 L H, is shown for the temperature increas-
ing from 243 to 343 K and then back. Then at 243 K the hydrogen FIG. 3. Polar MOKE ellipticity of a 4-ML Fe film on C@07)
pressure is adjusted tox210"8 mbar. The resulting IV-LEED in- Vs sample temperature with an, hpressure ofa) 5x 10~ % mbar
tensity ratio vs H exposure is plotted irb). Afterwards the tem- and (b) 5X 10~ mbar. Open symbols indicate the remanent Kerr
perature was cycled to 343 K and back ag@n (d)—(f) show the  signal while solid symbols are the measurements with 250 Oe ex-
same sequence for the polar MOKE ellipticity. Solid symbols indi- ternal field. The arrows i) on the curves indicate the direction of
cate measurements with an applied external field of about 250 Oéhe temperature change.
open symbols the MOKE signal from the remanent magnetization.

with a constant Kl pressure ofa) PH,=5X 10" ° mbar and

on the way back to low temperatures. We focus now on théb) Pn,=5%10~% mbar and with a heating/cooling rate of 4
MOKE data taken with applied fielgsolid symbols in Fig. 2~ K/min. A small temperature hysteresis of about 10 K is ob-
where from the shape of the hysteresis curve we can assunserved which may be caused partially by the relatively large
a single domain state. There are two differences in the curveseating rate compared to the desorption kinetics, partly by a
for decreasing and increasing temperatuii¢: While the  small temperature gradient across the sample/thermocouple.
MOKE signal disappears on heating of the H-covered FeBesides that, the MOKE curves in Figl3 for the larger H

film at about 330 K, the MOKE signal reappears upon cool-pressure are shifted by about 10 K with respect to the corre-
ing at a much lower temperature of 300 K, which is close tosponding MOKE curves in Fig.(d) for the lower H pres-

the observed Curie temperature of Fe films in phaséill. sure. Therefore a reduction in the hydrogen coverage is re-
After the temperature cycle from 243 to 343 K and back tosponsible for the drop of the MOKE signal at temperatures
243 K the amplitude of the MOKE sign&kven when ex- around 320 K. The true Curie temperature of ¢thgpotheti-
trapolated to O K does not reach the level of the initiabH cal) H-covered 4-ML film is obviously at higher tempera-
covered film. The signal is roughly halved and would corre-tures. We did not go to higher hydrogen pressures and tem-
spond to approximately two “live layers” if a constant peratures higher than 340 K because Cu segregation and pin
MOKE amplitude per atomic layer is assumed. hole formation may set if?

The desorption of hydrogen is known to occur at a tem- To have an overview on the influence of hydrogen on the
perature of about 320—-330 R, which coincides with the magnetic properties of the Fe films at various thicknesses
vanishing of the MOKE signal upon heating. This suggestdMOKE measurements were performed on a wedgelike Fe
that the vanishing of the Kerr signal at this temperature mayilm ranging from 2 to 5 ML. The result is shown in Fig. 4
not be assigned to an intrinsic Curie temperature of thdor the clean film(a) and the film exposedt2 L H, (b) for
H/Fe/CY001) system, but is caused by the change of thevarious temperatures fronT =244 K to T=343 K. The
hydrogen coverage. The actual coverage at a given temperedrves were measured from low to high temperatures. At the
ture is determinedin thermodynamical equilibriupnby the  lowest temperature for the clean surface some data points
H, partial pressure in the UHV chamber. Therefore thearound 4 ML are missing because the applied magnetic field
MOKE signal should vanish at higher temperatures forof 250 Oe was not sufficient to saturate the film. For all other
higher hydrogen pressures. This is exactly what we observeases the coercive field . was below 250 Oe. Let us first
in Fig. 3. There the polar MOKE ellipticity is shown for a compare the curves for the lowest temperature: In both cases
4-ML-thick Fe film upon temperature cycling, measuredthe MOKE ellipticity increases linearly with the Fe
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FIG. 4. Polar MOKE ellipticity vs Fe film thickness measured film are shown. F.or low t.hICkI’IESS the characteristic double
with an applied magnetic field of 250 Q@) “clean” and (b) H peak structure with maxima around 239 and 273 eV are

covered at 243 K for various temperatures. The curves are offset byl€arly observable indicating the tetragonally expanded

1 mrad with respect to each other. The line under the temperaturghase I. With increasing thickness the relative weight of
labels indicate the zero level for that temperature. Note the curvefl€se two peaks changes presumably because of the change
were measured from low to high temperatures. At about 320 Kfrom the 4xX1 superstructure to the>61 superstructure. At

hydrogen desorbs from the Fe surface. about 3 — 3.5 ML, however, the 239 eV peak dies out and
thickness up to about 3 ML. After that the MOKE signal for __cean _ exposedto2LH,
the clean film decreases more or less linearly and reaches at r Fe thickness ]
about 5 ML that level observed in phase Il corresponding to /\/\/ |
the 1.5-2 “live layers.” For the case of the H-covered film //\\& 21 ML+
there is a change in slope at 3 ML but the MOKE signal /\\/ 24ML ]
increases further up to a thickness of about 4 ML before it //X// 26 ML
decreases at even larger thickness. There is not much tem- /\_/ ]
perature dependence for a Fe thickness below 3 ML for both > //k// 2OML
the clean and the H-covered film because the Curie tempera- 2 /\/ 32ML 4
ture is significantly higher than the highest temperature inthe £ /& 35 ML ]
plot. Also at=~5 ML the temperature behavior is very simi- < 1
lar in both cases. The Curie temperature is between 303 and & //\&// 37 ML_.
313 K. Only in the thickness range from 3 to 4 ML a differ- 8 /\/\/ 4.0 ML 4
ent temperature dependence is observed for the clean and H § M 43 ML
covered Fe film. & A o ]
The transition from phase | to phase Il is accompanied by R
a strong increase dfl, at low temperature¥* In Fig. 5 A 4.8 ML 5
polar Kerr hysteresis curves are plotted, measured at differ- ,,__A 51 ML
ent Fe thicknesses for the hydrogen-covered (top row) at z
T=2343 K. The hysteresis curves in the bottom row were ]
obtained after the hydrogen was desorbed by cycling the Cu(001) -
temperature to 343 K and back to 243 K. For the hydrogen 1
covered films a significant increaseldf with film thickness f . . . . ]

is observed at about 4.5 ML, close to phase transition. This
onset of increaseH . is shifted towards smaller thickness for
the clean films in agreement with the reduced thickness at

which the transition from phase | to phase Il occurs. FIG. 6. IV-LEED spectra of the specularly scattersdeam for
To compare the magnetic and structural changes [Viinearly increasing Fe thickness from 2tbp) to 5.1 ML (bottorm
LEED measurements a the specularly scatterbdam were  for the “clean” (left side and H-covered surfadgight side at 244
performed on a similar wedge as for the measurements iR. For every second IV-LEED spectrum the thickness of the Fe film
Fig. 4 in the beam energy range from 200-320 eV. Thes indicated on the right. For comparison the IV-LEED spectrum
result is shown in Fig. 6 for Fe thicknesses from 2.1-5.1from a Cy001) surface is plotted at the bottom of the figure.
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the 273 eV peak increases in intensity. This single peak at 0.0 )

273 eV is the signature of the fcc phase Il. Upon exposure to 2 4 6 8 10 12

2 L hydrogen at 243 K the IV-LEED spectra at low Fe thick- Fe thickness (ML)

nesses do not change much. However the 239 eV peak is

visible to much larger Fe thickness and vanishes at a larger FIG. 8. Polar MOKE vs thickness from an Fe wedge measured
thickness of about 4.5 ML. For even larger thickness theatT=203 K(a) directly after growth at 2.93 K(b) after exposure to
spectra of the hydrogen covered film become very similar t® L of H, at 203 K, and(c) after annealing at 343 K. The vertical
those of the uncovered film. As it was shown in Ref. 13 thedotted lines indicate the irreversible shift of the fcc-bcc transition
relative intensity of the 239 eV peak and the 273 eV pealPon H adsorption. Open and solid symbols have the same mean-

can be used to estimate the relative fractions of phase | and #19 @s in Fig. 3. In@ and(b) in the thickness region from 3.5 to 6
when going through the phase transition. ML the coercive field exceeded the maximum external field. The

In Fig. 7(a) the ratio of the intensity of the peaks at 239 dashed lines are estimates of the MOKE signal extrapolated from

and 273 eV from the IV-LEED data shown in Fig. 6 is plot- Measurements at higher temperatures.
ted versus the Fe thickness for the cléaolid symbol$ and
H-covered Fe film(open symbols This ratio is compared K in three different statega) directly after growth at 293 K
with the MOKE ellipticity measured at the same wedge andand subsequent cooling down to 203(kK) after exposure to
same temperatuffdig. 7(b)]. A very similar behavior of the 3 L H, at 203 K, andc) after annealing of the Fe film at 343
IV-LEED ratio and the MOKE curves is observed indicating K for hydrogen desorption. The coercive field exceeded the
a very close correlation of structure and magnetic propertiesnaximum field of about 300 Oe in the thickness range from
While below 3 ML and at about 5 ML little differences be- approximately 4 to 6 ML for the “as-grown” film shown in
tween the clean and the hydrogen covered film are observe#ijg. 8a) as well as for the “clean” film after H exposure
both in the IV-LEED peak ratio and the MOKE curves a[Fig. 8c)]. While the transition at 4 ML from phase | to
strong difference is present in the thickness region in bephase Il upon K desorption is reversible an irreversible
tween. It even appears that the IV-LEED ratio exhibits thechange is observed at the fcc-bcc transition. This transition
same change in slope as the MOKE measurements at 3-Mbccurs for the “as-grown” film at a thickness of about 10
Fe thickness for the hydrogen covered case. However, theIL indicated by the disappearance of ttremanent polar
peak ratio should only be taken as a semiquantitative mea<err signal. After covering the Fe wedge with hydroges-
sure for the ratio of phase | and Il. In fact, at a thicknessposure 3 I the polar Kerr signal drops to zero already at
above 3 ML the peak at 239 eV starts to shifts slightly to-about 8 ML and does not reappear after desorption of the
wards lower energies, indicating a small structural changehydrogen. It seems very likely that for the Fe film in the
Whether this indicates a further increase in the interlayethickness range between 8 to 10 ML hydrogen adsorption
distance or a change in the buckling amplitude of the atom&as triggered the transformation of the film into the bcc
in the layef cannot be answered from the present data.  phase Ill. Further bl exposure does not shift the phase II/
phase Il borderline to a lower thickness than 8 ML. We
applied an equilibrium pressure of up to<10 ’ mbar but
did not see any further change in the MOKE vs thickness
Figure 8 shows the polar MOKE signal from an Fe wedgecurve. However, an increased hydrogen pressure during the
on CU001) ranging from 0 to 12 ML at a temperature of 203 growth has a much stronger influence. This will be further

B. The effect of H, adsorption on the fcc-bcc transition
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FIG. 9. Remanent poldfilled symbols, left scaleand longitu-
dinal (open circles, right scalMOKE vs thickness curves from an FIG. 10. IV-LEED spectra of the specularly reflected electron
Fe wedge grown under a hydrogen atmosphere pq1;=5 beam taken at an Fe thickness of 1.9, 5.5, and 8.8{lm bottom
x 10~ 8 mbar at 293 K. The vertical dotted lines separate the differ-to top). On the left side LEED pictures of corresponding thickness
ent structural regions as determined by the LEED. The measurdor an energy of 113 eV are shown. All measurements were per-
ments were taken dt= 203 K (circles. For the polar MOKE, mea- formed at 123 K. The angle of incidence for the IV-LEED measure-
surements taken at 123 Kriangles and 293 K (squarey are ments was about 6°. The intensity of the middle spectrum is mul-
included. The open squares indicate the polar MOKE ellipticitytiplied by a factor of 2 with respect to the others.
measurements at 293 K with an external field of about 250 Oe.

is observed very similar to that observed in Ref. 29 for a

COI’I’ObOI’ated by the eXperimental results presented in th%w_temperature_grown f||rﬁ4 We note that |t is On'y the
next subsection. NOte, that the Kerr Signal with applled fieldremanent Signal Wh|Ch disappears at 293 K. The Kerr Signa|
of 250 Oe(solid symbols in Fig. 8 above 10 or 8 ML, wijth an applied field of about 250 Oe has still a value far
respectively, is due to a perpendicular magnetization compGrom zero in this thickness randepen squares in Fig.)9
nent and amounts roughly to the Kerr signal from half a To confirm that also the structural properties are similar to
monolayer or a tilting angle from in-plane orientation of the those known for the low-temperature-grown Fe films, LEED
magnetization of about 3° for 12 ML. Because of deViationand IV-LEED measurements were performed on the same
from normal incident by 6.5° the Kerr signal from the in- wedge as used for the MOKE measurements of Fig. 9. The
plane magnetization component is not zero but smaller by gesult is displayed in Fig. 10. IV-LEED measurements of the
factor of ~50 for this geometry. specularly scattered electron beam are recorded on three dif
ferent positions on the Fe wedge corresponding to a thick-
ness of 1.9, 5.5, and 8.8 ML. The diffraction ima@ nor-
mal incidenceg at an energy of 113 eV is shown on the side
. _ for each of the three thicknesses. The IV-LEED spectrum at

While for all experimental results presented above thej 9 ML shows the typical double peak structure known to be
pressure inside the UHV chamber did not exceed the value ¢f signature of the tetragonally expanded fct phase | while the
4x 10" mbar during the growth of the Fe films, in Fig. 9 spectrum for the 10-ML-thick film shows single narrow
the remanent polar MOKE signal vs Fe thickness is plottecheaks at positions corresponding to the interlayer spacing of
for an Fe wedge grown in a hydrogen atmospherep®f  bcc Fe with (110 orientation (phase ). The IV-LEED
=8x10 8 mbar. The growth temperature was 293 K. Thespectrum at 5.5 ML can be interpreted as a superposition of
solid symbols represent the remanent Kerr signal obtained ithe phase | and phase Il structures. The structural change
the polar geometry, while the open circles are those for thean also be observed in the LEED images. The image of the
longitudinal Kerr geometry. Comparing the polar Kerr signal1.9-ML-thick film shows sharp spots with weak superstruc-
with that of Fig. &b), where the Fe surface was saturatedture spots corresponding to theX®5) superstructure of the
with hydrogen(at 203 K), one sees that the region of large fct phasé® In the image of the 10.2-ML-thick Fe fim the
polar Kerr signal is even more extended up to 5 ML. How-so-called “(3X1)” superstructure, originating from four
ever, no intermediate phase Il exists anymore. The poladifferent domains of th¢110) bcc phase, is clearly visibfe.
Kerr signal rapidly drops to zero and at the same time thén the intermediate thickness of 5.5 ML the “{3L)" su-
longitudinal Kerr signal increases. This behavior strongly reperstructure peaks are washed out to streaks. This streaks
minds one of the magnetic behavior of low-temperatureindicate a reduced coherence length of the bcc structure
grown films?93° While the temperature dependence of thealong one of th¢110) directions, while the direction perpen-
remanent Kerr signal in the thickness range up to about 4dicular to it shows long-range order as it is expected from
ML is only moderate for temperatures up to 293 K, in theneedlelike bcc precipitates in an fcc matrix. These precipi-
region between 4 and 5 ML a strong temperature dependencteates have been observed even in room-temperature-grown

C. The influence of an enhanced H pressure
during the growth of the Fe film



4152 R. VOLLMER AND J. KIRSCHNER PRB 61

Fe films without intentionally increased ,Hpressuré:*’  gen covered Fe film by a similar mechanism. Hydrogen may
However, the bcc fraction in phase Il remained quite low andhot be able to fully stabilize the Fe film in phase | but a small
was barely visible in the IV-LEED spectra. In our case of afraction of the film at 4 ML is already transformed into phase

room-temperature-grown Fe film undep Btmosphere a ma- 1l. However,H_ for the H-covered case increases only after 4
jor part of the film is transformed into the bcc phase at 5.5ML. Actually we measured the lowest, at about 4 ML.H.
ML. increases rapidly for thickness larger than 4 ML. Therefore

the alternative explanation of a single magnetic phass-
sibly modulated in spagewhich changes continuously
within the thickness range from 3 to 4 ML may be more
Hydrogen adsorption on ultrathin Fe, Co, and Ni films onlikely than the formation of patches of two different mag-
Cu(001) has been investigated before by Manlatyal* In netic phases. We note that even in the two phase region
agreement with the consideration that hydrogen transferabove 4 ML for the H-covered filnfor 3 ML for the clean
electrons to the transition metal it is found that for the strondfilm) the magnetic patches do not coincide with the structural
ferromagnets Ni and Co hydrogen adsorption reduces thigland size. The magnetic patches were found to be of the
magnetization while for the weak ferromagnet Fe hydrogerorder 600 A% while the islands are one order of magnitude
enhances the magnetization slightly. However, these purelymaller®®
electronic effects are comparably small compared to the Our result that the uncovered Fe film transforms already
changes at 4 ML observed by us. In Ref. 43 the MOKEat a thickness slightly larger than 3 ML into the magnetic
signal increased by about 20% for a 2-ML Fe film uponphase Il brings the experimental result closer to the results of
hydrogen coverage in qualitative agreement with our findtheoretical calculations. While the calculations of Szunyogh,
ings. Therefore we feel that the strong changes at 4 ML upotjafalussy, and Weinberg@r predict an antiferromagnetic
hydrogen exposure are definitely accompanied by structurapin alignment for an Fe thickness of 3 ML, Lorenz and
changes. Hafnef® as well as Asada and BieF: find a ferromagnetic
Most previous investigations determined the transitionground state for 3 ML. Howeveall calculations predict a
thickness at about 4 ML1316172M41However, it was al-  partially antiferromagnetic coupling between layers at 4 ML,
ready recognized by Zharnikaat al!? that the Fe films fol-  which is now in closer agreement with the experiment. The-
low the expected scaling lapT (=) — Tc(d)Jd*, with d  oretical calculation of the H-covered fcc/fct ©61) film are
the film thickness and'¢(d) the Curie temperature at that not yet available, though highly desirable to complete the
film thickness, only up to a thickness of 3 ML. A lower picture.
Curie temperature has been measured for the 4-ML film The irreversible changes at the fcc-bec transition are of a
compared to that of the 3-ML film and therefore the authorddifferent nature. Such an irreversible change of the structure
concluded that the 4-ML film is unstable and undergoes aipon hydrogen exposure at low temperatures was previously
structural transition with a lower Curie temperature. Platow,observed by Egawa, McCash, and Wilfigor an Fe film
Farle, and Baberschikefound by ferromagnetic resonance thickness of about 10 ML. As it is now known from LEED
measurements that at 4 ML the two magnetic phases | and (Ref. 2 and STM investigation$?” bcc Fe precipitates are
coexist at low temperatures. Upon heating—which is accomformed with (110 orientation. They can appear at a thick-
panied by a change in the hydrogen coverage as we haveess down to~5 ML’s but there they make only a very
shown above—the relative fractions of these two phasesmall fraction of the total film volume. Near 10 ML the
change until at about 320 K, where the hydrogen is fullyrelative weight of this bcc phase increases very rapidly and
desorbed, only the phase Il remains. Also the strong increadsecomes the major part of the film. While the film below this
of the coercivity close to the fct-fcc transition was inter- transition is very flat and grows nearly in a perfect layer-by-
preted by Bergeret al'* by domain formation: The film layer growth mode the transition is accompanied by a strong
breaks locally into regions of phase | and phase Il. Becauseeordering of the entire film resulting in a quite rough sur-
of the reduced wall energy in phase(because of the re- face.
duced magnetizatiorthe domain walls are trapped at these  Because the bcc structure is the thermodynamically stable
phase Il patches which leads to a strongly enhanced coercivaodification of iron at room temperature, it is not surprising
field. We have shown in this paper that the 4-ML film is that this transformation cannot be reversed upon removal of
stabilized by hydrogen adsorption. The 4-ML film can bethe adsorbed hydrogen. However, it is not yet clear in which
reversibly switched between the two phases by hydrogen advay the hydrogen destabilizes the fcc phase. It was shown
sorption and desorption. Nevertheless, the coexistence dfat the fcc phase can be stabilized beyond 10 ML by ad-
patches of phase | and phase Il in the transition region asorption of CO during the growt}?*’ In the detailed inves-
described in Refs. 41 and 14 seems to be correct: Our findigation of Ref. 47 this stabilization effect was explained by
ing, that for the clean Fe film the onset of an increased coan incorporation of carbon into the film preventing the for-
ercive field is lowered by approximately 1 ML with respect mation of bcc precipitates while oxygen acts as a surfactant
to the uncovered film, supports the idea that the decay of thand supports the layer-by-layer growth. As a major reason
film into patches of phase | and phase Il is delayed by hyfor the stabilization of the fcc structure the incorporation of
drogen adsorption up to 4 ML. For the clean surface thisarbon on interstitial sites was suggested, which stabilizes
probably happens already at 3 ML by the same mechanisnihe fcc phase of Fe and expands the lattice and therefore
as described above. reduces the natural mismatch of ttfec) lattice constant of
One may want to interpret the change in slope of thethe Fe with respect to that of the Cu substrate lattice. This
MOKE signal at 3 ML shown in Figs. 4 and 7 for the hydro- mechanism, however, cannot apply for the opposite effect of

Ill. DISCUSSION
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hydrogen incorporation discussed in the present paper. Opdsorption after growth at300 K up to 4 ML while the
posite to carbon, where several percent of carbon can bgncovered Fe film starts to transform slightly above 3 ML
dissolved, the solubility of hydrogen in iron is very low. At jnto the fcc phase Il. Our observations are consistent with a
room temperature and 1 bar,Hpressure the atomic ratio coexistence region of phase | and phase Il between 3 and 5
HIFe is below (3<10°%).*®° This is also true for the fcc M for the uncovered film and 4 to 5 ML for the hydrogen
phase(y phase, where the ratio H/Fe is below>610 “ at  covered film. This switching of the 4-ML film upon hydro-
the melting temperature of iron. On the other hand, it 'Sgen coverage is completelgversible The structural and

known that avery tiny amount Of. hydrogéof Fhe order of magnetic properties are strongly connected. The transition at
parts per rml_hon) leads to an embr'|tt.lement of iron and Many 4 ML Fe is not driven directly by temperature but by the
other transition metals, because it is accumulated at pOtent'%hange of hydrogen coverage with temperature.

fracture sites. In addition, it was shown in Ref. 50, that hy- We observed airreversible shift to thinner Fe films for
drogen dissolved in bcc iron weakens the Fe-Fe bonds of tht?] i ; i f the fec film into the bec structure f
neighboring Fe atort This effect is more pronounced for a € transformation ot the fcc film nto the bec structure from

hydrogen atom at a vacancy site compared to hydrogen ad@Pout 10 ML down to 8 ML upon less tha3 L hydrogen
posure. Fe films up to 8 ML are stable even under a hy-

sorbed on the surface. This may reduce the activation ener I 7
necessary for the initiation of the shear process involved ifirogen equilibrium pressure of up to at least 10 * mbar.

the transformation of the fcc Fe film into the bee phase. Thélowever, Fe films grown at room temperature300 K) in
details of this process, however, how this weakening of thé" H atmosphere of 810 mbar show a structural and
Fe-Fe bonding leads to the observed destabilization of thE'@gnetic behavior as it was reported for low-temperature-

fcc phase, is still unclear. Further investigations are necerown (=100 K) Fe films. We suggest that titalmost un-
sary for clarification. avoidable hydrogen coverage of low-temperature-grown Fe

films may be(at least partly responsible for the observed
structural and magnetic differences to the room-temperature-
grown films. Our findings underline the potential influence of

We have shown in this paper that the tetragonally ex-tydrogen absorption on the magnetic and structural proper-
panded phase | in Fe/@01) can be stabilized by hydrogen ties of epitaxial metallic layers

IV. CONCLUSIONS
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