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Ferromagnetic hcp Fe in FéRe(001) multilayers
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Until now, the hexagonal closed-packéttp phase for bulk Fe, Fe multilayers, or Fe alloys has always
been associated with a paramagnetic state. We show evidence that hcp Fe can support a ferromagnetic moment
in Fe/Re multilayers. The structure and magnetic properties of Fe/Re multilayers are studied using x-ray
diffraction, energy dispersive x-ray analysis, magneto-optical Kerr-effect magnetometry, and x-ray magnetic
circular dichroism. The Fe layer thicknegs, is maintained constant at 8 A , whilesr<35 A . Fortge
<8 A the multilayer has a body centered tetragafimal) structure with a perpendicular interplanar spacing
that increases with increasing Re thickness. Beyondgpe9 A the structure transforms to hcp. Fe has a
quite stable magnetic moment for &}, before and beyond the structural phase transition.

. INTRODUCTION pears when the Fe layer thicknetgs>8 A . However, by
this point the Fe film has already begun phase transformation
Among the transition metal ferromagnetic elemefis,  back to its stable bcc structure. Another recent sthidy

Co, Ni), Fe is unusual in that it has the highest moment ofshowed that hcp Fe stabilized in Fe/Ri02 multilayers has
the three and in that it is a weak magrietajority d band is  no magnetic moment.
not full), whereas Co and Ni are strong magniétsti major- Here we present evidence that hcp Fe may posess a mag-
ity d band. The former property makes Fe containing mate-petic moment, when the hcp phase of Fe is stabilized within
rials useful in applications requiring a high magnetization.re/Re multilayers. Epitaxial Fe/Re films are deposited on
The latter means that the Fe moment is unstable, and variggqo001) substrates. The quality and structure of these
widely (0—3ug) depending on the details of material COM- fjimg is determined using x-ray diffractometfXRD). It is

position and structure. found that the Fe/Re multila i
. . 13 . yers have a @01 ordering
Theoretical calculatiors® for fcc and bec Fe reflect this for 0=<tpe=8 A after which a structural phase transition

point. Calculations confirm that in bcc arrangement the fer-
.occurs to an hep phase.

romagnetidFM) state has a lower energy and a larger equi- . : . . :
librium volume as compared with an antiferromagnetic The magnetic properties of Fe/Re multilayers are investi-
gated using magneto-optical Kerr-effe@lOKE) magne-

(AFM) or nonmagnetic(NM) state’ However, in the fcc Hile el i .
structure, the FM, AFM, and NM states are almost degenerl?Metry, while element specific magnetic moment measure-

ate, and the transitions between these states is lattice parafi€Nts were performed using x-ray circular magnetic
eter dependent. It was calculated that for small lattice paranflichroism (XMCD). XMCD analysis establishes that even
eters AFM order is preferred, while for large lattice after the structural phase transition from bct to hcp, the mag-
parameters, the energetically more favorable magnetic strug€etic moment of Fe in Fe/Re multilayers is not affected.
ture is FM. Experimentally, thin films of fcc Fe stabilized
through epitaxy may be FM, AFM, or NM depending on the
lattice carg)stant and electronic interactions at the substrate Il. SAMPLE PREPARATION
interface™

Because of the close relationship between the fcc and hep 1he films used in the_:sstudy were prepared by dc magne-
structures, one might predict a similar variance in the maglron sputtering in X 10" Torr, with a deposition rate of
netic behavior of hcp Fe. Indeed, while calculations of hep=1 A/s. The base pressure of the ultrahigh vacuum system
Fe indicate a NM ground stafé,a small increase in lattice is <5x10 ' Torr. The samples were deposited with uni-
constant induces a FM state with a moment ofiB7 How-  form Fe layers and varying Re thicknesses. In order to have
ever, experiments have always associated the hcp phase @insistent growth conditions, thickness wedges of Re layer
Fe with a nonmagnetic state. For example, Tagbal.in-  varying from 0—35 A across a 2in. substrate were deposited.
vestigated the hcp phase of Fe stabilized under higfrhe structure of the sample is as follows. A 25 A(@1)
pressuré. Mossbauer effect results showed that Fe is in dfilm was deposited onto an MdQ01) substrate at 600°C
paramagnetic phase down to liquid-helium temperaturesfollowed by 300 A Cf001) at 300°C to seed subsequent
Other conditions yielding an hcp Fe phase use the hcp elgrowth. This was followed by the structure:
ments Ru and Re. Fe/Re alloys cannot be prepared because 8 A[Re 0-35 A /Fe 8 A,o/Al 20 A .
they are immiscible over most of the composition range. An optimal growth temperature of 230°C for the
However, hcp FeRu alloys can be prepared with relativelymultilayer was determined by growth tests at various tem-
high Fe concentration. Yet these alloys are always paramagperatures. The final Al capping layer, deposited at room tem-
netic, even up to 75% Fe concentratibr\ study of Fe/ perature, is used to protect the sample against oxidation after
Ru(0001) multilayers® shows that a magnetic moment ap- removal from the growth chamber.
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FIG. 2. Interplanand) spacing along the surface normal as a
P T s o function of tg, in the bct region. The spacing begins close to the

40 60 80 100 120 value for Fe, and then rises monotically with increastag, ap-
20 (degrees) proaching the expected value for bcc fesuch structure existed

FIG. 1. Specular x-ray scans from different positions on theperlattice satellites surrounding this feature are apparent in
wedged multilayer corresponding to varioyyg. The largest fea- thetg,=5 and 7 A scans.
tures observed are the MgO substr@@2) and(004) peaks and the Below tr<=8 A, the Fe/Re multilayers have a t@d1)
Cr buffer layer(002) peak. The primary multilayer pealnarked  crystal structure with gradually increasing lattice constant
with an arrow appears between 52°-681r(<9 A) and near  4jong the surface normal, as evidenced by movement of the
112° (tre>9 A). Superlattllce satellites can be seen near this peak,ain feature toward smalleréangles. Neatg~9 A, the
for tee=5-7 A. The multilayer peak moves gradually to lower multilayer undergoes a phase transition. While the bct peak
angles(le_lrger lattice constantswith increasingtgre. FOrtpe<9 A, disappears, a new feature can be seen B11.5° which we
the multilayer has a coherent bct structure. Beybgg=9 A the identify as hcf203) (see below. Because no bcc-Fe related
bct-related features disappear and are replaced with an HCp_rdat?gatures are observed fmﬁe>é A we conclude that the
feature near=112°. . ! .

. Fe/Re multilayer has a locally coherent crystal structure with

both Re and Fe adopting the hcp structure. This is quite
. THICKNESS CALIBRATION similar to previous observations in hcp Fe/Ru.

The sputtering rates were calibrated by the growth of Using spectra suc.h as thoge in Fig. 1, one can dete.rmine
1000 A thick Fe and Re films. whose thickness was meatn€ average perpendicular lattice constant in the bct region of
sured with step profilometry. Analysis of x-ray diffraction (N€ Multilayer, displayed in Fig. 2. It can be seen that for
measurementgresented belowindicated bilayer repeat dis- thinner Re layers the Iattlpe structure is close to th_at of bcc
tances in good quantitative agreement with the nominal®: @S expected. Increasing., the nj&t)nola{er spacing n-
thicknesses of Fe and Re layers. Energy dispersive x-ra§€ases monotonically, up te-1.52 A (26=58.58°) for
analysis in a scanning electron microscope serves as =8 A . This is close to th.e lattice constant we predict for
supplemental verification of sample composition. The result§n€tastable bce Re, determined by analogy between the bce
agree with the expected elemental composition, namely, th@r_‘d hcp _structures_of Fe and Re. These results_are consistent
chemical components found are Méom substratg Cr with the interpretation of a coherent bct crystalline structure
(buffer laye), Fe, Re, and Alcapping layer. Comparing the I this thickness range. . .

Fe composition for different positions it was found that all _Numerous off-specular radial scans and rocking curves
samples used in this study have the same thickness of F¥ere examined for the position on the sample corresponding
within 10%. Qualitative measurements at different points orf® 33 A of Re, typified in Fig. 3. These Bragg reflections

the wedge showed that the Re thickness increases linearfP™espond to no allowed Bragg reflections in either the sub-
along the wedge, as expected. strate or buffer layer and are identified in the figure by in-

dexing on an hcp lattice. From such scathspacings within
the Fe/Re structure are identified. A summary of all the ob-
servedd spacings is found in Fig. 4expt).
In order to positively identify the crystalline phase after
The films were characterized by high-angle x-ray diffrac-the phase transition, the experimentally determidezpac-
tion (XRD). Figure 1 displays typical x-ray diffraction ings are compared with spacings expected for perfect un-
specular scans from different positions on the wedge. Thesstrained bcc, fcc, and hcmfa= \/8/3) structures. To set the
were taken with a two-circle fixed anode diffractometer us-lattice constant, each hypothetical structure was scaled such
ing CuK, radiation. The dominant features in all spectra arethat its most prominent feature haddaspacing of 2.08 A |
the MgQ(002 peak near 43°, the Mg(004) peak near 94°, the d spacing of the most prominent experimental feature.
and the C{002 peak at 64.9°. The main Fe/Re multilayer The d spacings within these hypothetical structures are also
features are marked by arrows in each scan. Additional swplotted in Fig. 4. Visual comparison shows that the hypo-

IV. STRUCTURAL CHARACTERIZATION USING XRD
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FIG. 3. Left: Radial scans from the part of the sample wijth

=33 A for peaks which we index as hdi12) and (101) (this FIG. 5. X-ray fit to experimental data corresponding to a super-
indexing is justified in the following figude Right: Rocking curves  |atiice with 7 A of Re and 8 A of Fe. The fit ishown as the solid
through the Fe/R€112) and(101) diffraction features for the same  ¢yrve in Fig. 5.

sample. In the(101) rocking curve, the 2 value happens to be

close to the value for Mg@®02), so this peak appears along the surface. Thus, on the fourfold symmetric (@01 buffer

surface normal. The presence of equivalent features on either sidayer, there are four equivalent orientations of epitaxial

of the surface normal indicates a multidomain structure of the filmalignment, which leads to four domain types within the film.
This multidomain structure is evidenced in the rocking

thetical hcp structure by far shows the best agreement witQUIVes of Fig. 3, where equivalent features are observed on
the experimental results. A least-squares fitting between th%'thler side OLthe surface normilote peaks with positiver
hypothetical hcp structure and our experiment yielded lattic@n9!€ often have reduced intensity due to an asymmetry in

constants ot=4.45 A anda=2.75 A . These lattice con- Ourl\/le())(rre)esrggﬁi?itillfli/rr?rr:e%i(r)nl??:)cking curve was taken in a
S:tgn;% aAr()a 2}592%;'Igler than hcp Re<(4.46 A anda plane aligned with the €t00) planes. This indicates that the

; . hcp c-axis and the surface normal define a plane parallel to
The surface normal in the hcp region is found to be closqhe CK100). The four different domains hawveaxis vectors

to the[203] direction. This growth direction has a uniaxial \,hose projections into the sample plane are aligned with the

surface symmetry, if one includes the top two layers of theCr(lOO), Cr(010, Cr(100), and Cr(O_ID) planes. Radial

scans that were taken with x-ray scattering vector not parallel
(101) (111) (110) to Cr(100) planes did not show Fe/RE)1) features, which
demonstrates that there is an epitaxial relationship between
the Fe/Re and Cr buffer layers. Similar statements are true
002 for other Bragg reflections from the hcp structure.

Note that the expected positions of tleeaxis related
(00X) features are such that they could not be probed within
the mechanical limitations of our x-ray diffractometer. Con-

{002), sistent with this, we saw no evidence for features related to
- (00X) peaks in any of our scans. For this reason, the hypo-
thetical (0X) peak positions are not displayed in Fig. 4. The
12 same statements could be made about the X@y reflec-
113) tions.

£2 Finally, to estimate the degree of interdiffusion between

—_— [203) (004) 103) the Fe and Re we pursued calculational fitting of the specular
x-ray diffraction. An example of this is shown in Fig. 5. The
Expt. hep foc boc bgst fit to experimental data _corres_pondi_ng to a superlatice
Fe/Re  FeRe  FelRe with 7 A of Re and 8 A of Fewith an interdiffused interface
model, is shown as the solid curve in Fig. 5. The x-ray fit
FIG. 4. From data such as those in the previous figure, a numbegndicates interdiffusion in the present superlatticesaf ML
of d spacings are determined for the=33 sample. The experi- at the interfaces. This would be expected from the binary
mental d-spacings are compared with predidespacings for hcp,  gjloy phase diagram of Fe and Re. Due to the immiscibility

fcc, and bec lattices. The overall scaling for each structure was se&lf Fe and Re up to 75% Fe, there is also little intermixing at
by the most prominent feature at 8.8 . The lattice constant of the interfaces in the presen,t multilayers

each structure was adjusted so that the strongest feature within each

crystal structurelhcp(101), fcc(111), bcq110)] agreed with this V. MOKE MEASUREMENTS

value. From the good agreement between the experiment and pre-

dicted hcp values, we conclude this film has an hcp crystal struc- Bulk magnetic properties were characterized by magneto-
ture. optic Kerr effect. MOKE data showed easy-axis loops in the
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FIG. 6. Longitudinal magneto-optic Kerr effect loops taken 0 5 10 15 20 25 30 35
along the easy axis of the Fe/Re wedge at different positions corre- Re thickness (A)

sponding to differentg,. Inset: Thetg,=8 A sample has a small

component of material with a high saturation field, associated with FIG. 7. Top: Saturation fieldHs, from the same Fe/Re

disorder in the phase transition region. multilayer over thetg, range.Hg,; exhibits a peak for 7 A<tg,
<11 A, assocated with the phase transition region. Bottom: Satu-

ration Kerr rotation® 32 from Fe/Re multilayers over the Re thick-

direction. Representative hysteresis loops are displayed i °SS range. The O.V?ra” K?” rotation first degrgases ‘.Nith Increasing
Fig. 6. It can be seen that the sample is fully saturated in?®’ reaching a minimum |r_1_the phase transition region. After the
. . S onset of the phase transition from bct to hcp structuretgat
relatively low applied magnetic fields except nebs, ~11 A, ©%begins to increase slowly
' " : , OF .

=9 A where the film undergoes a phase transition. An inset
in thet=8 A graph displays the high field behavior of this
loop. To bring out this point, Fig. (dpped displaysH gsq, S
the applied field required to bring the sample to 95% of K
saturation, plotted as a function tf,. Here a clear peak is
observed in the vicinity of the phase transition. We aSSOCiatG{ereMi refers to the magnetic moments for Fe atoms in the
this “hard” magnetic behavior with the expected structural jnterior part of each Fe laydbulk par), Fe atoms at the Re
disorder in the phase transition region. interface, and any Re atoms which carry a magnetic moment.

Another useful quantity that can be extracted from thEThe Spin_orbit Coup]ing parameteés, matrix element fac-
loops of Fig. 6 is the saturation Kerr effe®, defined as  tors (ME;),®® and fractional thicknessess have analogous
the difference between the maximum and minimum signalgneanings, whilet,,,==;t;. In a simple approximation, we
within each loop. This is plotted as a functiontgf in Fig.  can consider that th& and matrix element factors in E¢fL)
7(lowen). ®" is often assumed to be proportional to the are all equal between the different atom types. In this case,
magnetization density in studies of thin films. As such, we®;* is proportional to the magnetization density of the
would expect®*'to decrease with increasirige, since the  film.*2
Fe magnetization is diluted by the addition of nonmagnetic Thus the shape & is expected to depart most strongly
Re. from the shape of the magnetization density curve wihgn

We find that® ' falls quickly to a minimum in the vicin- s small. Whentg,=0 A , almost all Fe atoms are in bulk-
ity of the phase transition, followed by a slow rise in signallike environments, but whetk,=2 A , a large proportion of
out to tge=35 A . From this we immediately conclude that Fe atoms are at the Re interface. The electron states of inter-
the Fe retains a ferromagentic moment in the hcp regionfacial Fe atoms are changed, resulting in thickness-
justifying the main conclusion of this paper. But the detaileddependent matrix element factors in Ed). However, after
shape of® " suggests significant variations in the Fe mag-the Fe/Re interface is well established, saytf=4 A , we
netic moment with Re thickness. However, as we shall shovexpect the Fe matrix element factors to stop changing. Simi-
below, the Fe moment is practically constant over the entirdarly, Re atoms near the Fe interface probably acquire a
range oftre. small magnetic moment angk, is many times larger than

To understand the nonmonotonic behavior of Fig. 7, leading to a breakdown of proportionality betwe@{f*
(lower), consider that®;* is related to the magnetic mo- and magnetization density. However, this induced Re mo-
ments of the individual layers &s412 ment probably decays quickly away from the Fe interface, so

bct region of these multilayers parallel to the bcd FO]

1
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FIG. 9. Summary of the magnetic moment per Fe atom in Fe/Re

FIG. 8. X-ray absorption specti(@bove near the Fe g edge. . .
As the magnetization direction is switched relative to the photonmuml‘fjlyers as measured by XMCD. The dotted line through the Fe

helicit . . . ]rnoments indicates the bulk value of Fe magnetic moment. Fe mag-
y, two absorption spectra are acquired. The difference Ol atic moment is roughly constant with
these two spectra is the XMCIbelow). From the XMCD, we €
determine the Fe magnetic moment.
incident on the film at 45° angle of incidence. The magneti-

that beyondg.~10 A, the interior Re atoms no longer con- Zation is switched at each photon energy by 180° in the
tribute to ®32.16 Of course the phase transition will affect Sample plane. This generates two absorption spectra, with
the Fe and Re matrix elements too. But the phase transitiofi€ magnetic moment either parallel or antiparallel to the
is essentially complete biy,~12 A or so. From this analy- Projection of the photon helicity into the _sample plane. The
sis, the behavior o $that is most difficult to explain is the difference between these two spectra is the XMCD. The
increasing of@®:* with increasingtge beyond tge=12 A . XMCD is approximately proportional to the Fe magnetic

Beyond 12 A , one would expect that transient phenomenﬁqome”t- Several XMCD spectra were taken at different

discussed in the previous paragraph would have passed, aRgints on the Fe/Re wedge from which the magnetic moment
we should observe a monotonic dilution of magnetizationOf the Fe is extracted. In order to accomplish this, the XMCD

with increasingtg.. We speculate that small changes in theMagnitude is extracted as a relative quantity by comparing a

Fe structure might account for this. Near the phase transitiorsPectrum taken at the begining of the wedge Re with

structural disorder reaches a maximum, and this has cleRP€ctra taken at other positions. The spectrum taken at the
effects on Hesy,. Structural order improves beyonthe beginning of the wedge is then compared with that of a stan-

—10 A. Furthermore, the overall lattice constant of thedard sample, in this case, a pure Fe fisee Refs. 19-21 for

Fe/Re structure gradually approaches that of bulk Re and t etails of this procedujeThe Ee moments thereby are de-
Fe atoms presumably move farther apart. Perhaps the ced and corrected to saturation using the MOKE loops.

slight changes in structure affect the Fe matrix element fac- 1€ Fé moments as measured by XMCD are summarized
tors, leading to an increase 6‘:|S<at_ Since the magnetic mo- in Fig. 9. As can be seen, the Fe moment does not change by

0 .
ment of hcp Fe is so strongly dependent on local environ:'0'€ than 9% from that of b_ulk Fe for Al This c_hange
ment, this appears to be a plausible explanation. is smaller than the systematic errors associated with the pro-

portionality between XMCD and magnetic moméht?
Hence we conclude that to within the errors inherent in
VI. XMCD EXPERIMENT XMCD measurements, the Fe magnetic moment is constant

_ ) ) in the present films. Specifically, we observe no effect of the
It is now well established that the magnitude of thepnase transition on the magnetic moment.

XMCD is nearly proportional to the magnetic moment for a
given element. This technique was first proposed by Erskine
and Sterr/ then realized by Schm et al'® and measures
differences in the circularly polarized x-ray absorption spec-
tra depending on the relative orientation between the mag- From the x-ray analysis of the Fe/Re sputtered multilayers
netic moment and photon helicity. XMCD measurementswe found that the structure undergoes a phase transition from
were performed at the Synchrotron Radiation Center irbct to hcp, which from a magnetic point of view leaves Fe
Madison, WI, using a UHV chambetbase pressure 1 unchanged. This is a surprising result, since based on previ-
X 10'° Torr). Samples were magnetized in 100 Oe fieldsous literaturé®2322-25gne would expect that after Fe is
along the easy axis and measured in a small field. The x-ragtabilized in hcp phase it will have no magnetic moment.
absorption spectra, obtained using a total yield techniquelThis may be understood in the context of calculations per-
were normalized to the incident photon flux. formed by Abrikosovet al.” Their calculations reveal that
For Fe, XMCD is performed at the@absorption edge though bulk hcp Fe has no moment at the equilibrium vol-
since this probes thed3final stategwhich carry most of the ume per atom, if this volume could somehow be increased by
magnetic moment A typical Fe XMCD spectrum is dis- 20%, then Fe becomes once again a high spin metal with
played in Fig. 8. Here 85% circularly polarized x rays aremagnetic moment of 2,75 . In our study atr.=33 A, hcp

VII. DISCUSSION
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Fe was stabilized in Fe/Re multilayers with an average volthickness oftre~9 A, these multilayers have an hcp struc-
ume per atonv = 14.57 A¥atom. This is 23% larger than ture. MOKE loops show that structural disorder in the vicin-
the atomic volume of unstrained metastable fcc Fejty of the bee—hcp phase transition strongly affects the satu-
(11.76 A®), which should be quite close to the atomic vol- ration field of the loops. However, the saturation Kerr effect
ume of metastable hcp Fe. And indeed, in the present filmgses not drop to zero in the hep region, as would be expected
the Fe is a ferromagnetic high spin metal. for paramagentic hcp Fe. XMCD enabled direct measure-
Pushing this argument further, it is interesting to COMPArg ant of the Fe moment, and we found that in the present

Eur samptles .W'th Ithe F%RU_T;@I?EZS/ Otf Ref_.rﬁl. Bulk Rumultilayers the Fe moment in the hcp region is quite close to
.sz:s an aontnc_ vodutme tRLh_th .I i aontw. ¢ l;SR ev.‘tant.”that of bcc Fe. This is in strong distinction from previous
I -e were strained o malch the latice constant of Ru, It Stiflgy, \4ja g of hcp Fe in the bulk, in alloys, or in multilayers. We

would not have sufficient atomic volume to support a ferro- ttribute this difference to the greatly expanded lattice con-
magnetic moment, according to the above calculations. An tant of hep Fe in the present multilayers

indeed, those Fe/Ru multilayers were not ferromagriétic, '
nor are any hcp FeRu alloys. Thus with a simple explanation
related to the atomic volume, we can describe both the

present results and previous studies as well. ACKNOWLEDGMENTS
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