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Simple structure and soft elastic behavior of Mn on F€001}
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Ultrathin films of Mn grow epitaxially and pseudomorphically on{@@l}. Low-energy electron diffraction
(LEED) experiments show that with increasing thickness the films contain defects and disorder, but a substan-
tial portion remains well crystallized. A quantitative LEED analysis of a 23-A-thick film finds that the film has
a body-centered-tetragonal structure with lattice parameder8:866 A andc=3.228 A, hence with an axial
ratio c/a=1.13 and atomic volume 13.3%%&tom. Strain analysis using both the LEED results and the tetrag-
onal structure from dilute Mn alloys determines the Poisson ratio of the film to be near 0.5, hence the film is
elastically soft. Both the face-centered- and the body-centered-cubic structures are consistent with the data as
underlying phases of the grown film. LEED intensity data show that the distance between Mn layers is small
(about 1.3 A when the epitaxial film is only two- or three-layers thick, and then increases to become 1.614 A
in the bulk of 14-layer thick films[S0163-182896)06231-3

[. INTRODUCTION always accompanied by the onset of antiferromagnetism, and
the bulk modulus softens at the transition temperature,
Manganese is probably the strangest of tden3etals and  whereasy-MnNi alloys behave differently depending on the
has many features that are not well understood. It has foualloy composition: for Ni concentrations less than 10 at. %,
allotropes: a cubier phase with 58 atoms/cell, stable up to the magnetic and structural transitions also occur together,
727 °C; a cubicB phase with 20 atoms/cell, stable betweenthe body-centered-tetragonlct) structure hag/a<v2 and
727 and 1095 °C; a face-centered-culfor) y-phase, stable the shearmodulus softens at the transition temperature, but
between 1095 and 1133 °C; and a body-centered-diboiz ~ for Ni concentrations greater than 10% the magnetic transi-
&phase, stable between 1133 °C and the melting point dton occurs at a higher temperature than the martensitic tran-
1244 °C. sition and hax/a>v?2; above 22 at. % Ni there is no struc-
The high-temperature allotropes have attracted much atural transitiorf It may be of interest to point out that even
tention, because their simple structures make them accessibdeMn is particularly notable for its small bulk modulus, and
to theory. Many unsuccessful attempts have been made is almost as soft as copper.
guench them directly to room temperature from the high Stabilization of they and § phases by epitaxy has been
temperatures at which they are stable. However, they remaiattempted by a few authors. Thus, Heinriehal® have
virtual phases that cannot be prepared in bulk form at roongrown Mn films on R@001), Ni{00L, and F¢001;, and
temperature and can only be studied by extrapolation. Of theeport the formation of complex phases on the former two
two high-temperature phases, thgohase is the one which substrates and infer from the surface net ofoRéd} that bcc
has attracted the most attention, since it can be stabilized &n grew on the latter substratbut no structure or strain
room temperature, albeit in strained form, by adding impuri-analysis was doneEgelhoffet al.” have grown Mn films on
ties. Cu{001} and Ad001}, and found that the atomic structure of
The stabilization by impurities is done by alloying Mn the films is bct; they also determined the atomic volume as a
with other metals. Many alloys have been prepared of Mrfunction of film thickness. Tiaet al® have grown Mn films
with Cu, Fe, Ni, Pd, Pt, etc. which on the Mn-rich end areon Pd001} and determined their bct atomic structure by
antiferromagnetic at low temperatures and for low concenguantitative low-energy electron diffractiqQLEED), con-
trations of impurities undergo a martensitic transformationcluding from a strain analysis that the structure results from
from the fcc to a face-centered-tetragoffat) structure upon a distortion of the fcc-Mn phase caused by the epitaxial
cooling through the Nel temperature. The lattice parametersplane tensile strain. Purcebt al® have grown 15-25-A
of pure fct Mn at room temperature can then be obtained byilms of Mn on F4001 by molecular-beam epitaxy and
extrapolation of alloy data to a zero impurity content. Thefound them to have a bct structure with=2.87 A and
older literaturé gives somewhat different values for the pa-c=3.27 A.
rametersa;; andcy of pure fct Mn depending on the alloy The motivation for the present work, which is also con-
involved: from a MnCu alloys, one finds,=3.782 A and  cerned with the epitaxial growth of Mn on {891}, has two
ci=3.547 A (but alsoc,,=3.533 A. More recent values, origins. One is that a calculation of Wu and Freeffdinds
which we will adopt for the discussion of the results of thean unusually small interlayer distance of 1.30 A in a bilayer
present work, are those obtained by Endoh and Ishikamva of Mn on FE001, in contrast to the experimental bulk value
a study ofy-MnFe alloys by extrapolation to a zero Fe con- of 1.635 A reported by Purcedit al® Since the latter authors
tent, namelya;,=3.796 A andc;,=3.592 A. used a simplgrather unconventionaimethod to arrive at
Different y-Mn alloys have different properties. For ex- their result(viz., a plot of the energies of the primary Bragg
ample, iny-MnCu alloys the martensitic transformation is LEED reflections along the 00 rod versus the square of the
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reflection index—a method the accuracy of which is notfilms of 20-25 A, the thickest films grown in this work.
known and which does not give surface relaxatjors Intensity data were collected at various stages of deposi-
seemed appropriate to try and determine the atomic structut@n in order to follow the evolution of th&(V) curves with

of Mn films on F4001} by QLEED, a method which has increasing thickness of the Mn film, but the data used for the
been repeatedly shown to be precise and reliable and whiatetermination of the bulk atomic structure of the film were
also gives surface relaxations. The second motivation stenmllected from a 23-A film. This thickness is larger than the
from the desire to establish which of the two high- penetration depth of the incident electrdiasfact confirmed
temperature phaséy or §) is stabilized on F®01}, a ques- by the stability of thd (V) curves with increasing thicknelss
tion that might be answered by the strain analysis of the bcso that the film could be considered semi-infinite for the

structure of the epitaxial Mn films. purposes of QLEED analysis.
The experimental tools used in this work are QLEED and
Auger electron spectroscogpES). We present in Sec. I, Ill. QLEED INTENSITY ANALYSIS

the experiments; in Sec. I, the QLEED analysis; in Sec. IV,
the strain analysis; in Sec. V, a discussion of the results; and The intensity calculations were performed with Jepsen’s
in Sec. VI, the conclusions. full-dynamical CHANGE prograrr’r3 and the following non-
structural parameters: Mn potential taken from the collection
of Moruzzi, Janak, and William¥! eight phase shifts and 69
Il. EXPERIMENTS beams up to 360 eV; inner potentisl,=—(10+4i) eV,

: : . with the real part adj le in the fitting procét m
The experiments were done in an ultrahigh-vacuum th the real part adjustable in the fitting proc¢ssbecame

chamber capable of reaching a base pressure of abog (7=3) ev after refinemert and isotropic root-mean-
1x10 2 Torr and provided with front-view LEED optics &uare amplitude of thermal vibrations of 0.15 A. Evaluation

of the agreement between theoretical and experimental

which were used both for crystallographic studies and, in th%urves was done both by visual inspection andRbfactor
retarding-field analyzer mode, for AES measurements. Thgnalysis Thre® factors were used, namely, the Van Hove—
Fe{001} substrate was a small platelet with approximate Sizel’ongR ' (Ref. 15, the Zanazzi-Jc;naz (Re,f 16, and the
6x6x0.5 mn?. In the experimental chamber, the Fe s;amplepemlry\é';T (Ref. 17 factors IR

could be heated either by radiation from a hot filament lo- The inptensitgl calculatio;’ls assumed as a model a semi-
cated behind the sample or by electron bombardment of theg e M crystal with an in-plane lattice constant equal to

sample’s back surface. The temperature of the sample WaRt of Fe, namely, 2.866 A, as required by the observed

measured by means of an infrared radiometer with an aCCLB :
: . ; . seudomorphisnishown by the X1 LEED patteri. In the
racy estimated at-50 °C. The LEED intensity data needed calculations, both the bulk interlayer spacidg,, and the

for quantitative structure analydighe so-called (V) curveg : ; - :
. . . first- and second-interlayer spacidg, andd,;, respectively,
were measured with a video-LEED system descrlbecIN yer spaciag, 23 €SP y

lsewherd ere varieddy,, initially from 1.30 to 1.90 A in steps of 0.1
€ S?r']ve esrar.nple surface was cleanizdsitu by a series of A and later from 1.56 to 1.66 A in steps of 0.02 A; and the
Ar-ion bombardments (about 2<107° Torr, 375 eV, changestdy, of dy, andAds, of dag flom —0.2 to+0.2 A n

2 . R steps of 0.05 and 0.02 A, respectively. The thReéactors
0.3uA/cn"), and high-temperature anneddout 700 °C for used here did not reach their global minima for exactly the

1to 2 h, and its chemical state was monitored by AES. The ame values of the structure paramet@s,; andr, did,

Mn source consisted of small 99.95%-pure chips containeq ,.. : R
in a tungsten spiral, which could be electrically heated. Dur- hile Rp pointed to a value ofl,, 0.02-A differen}, but we

ing deposition of Mn on the substrate surface the tungsteﬁUOte the best averaged result as

spiral was heated to about 1000 °C, with the temperature of e =1614 A Adio=+015 A. Ador=0

the Mn chips estimated at about 600 °C. The deposition rates bulk P P o

were kept slow at approximately 1 A/min or lower. During with a precision of the order of 0.005 A fdi,, but with an
deposition the substrate was neither heated nor cooled—itsccuracy estimated at0.03 A for dy,, and Ad,,, and
temperature was monitored with an infrared pyrometer and-0.05 A for Ad,3. The minimum values of thR factors are
was never at or above the minimum temperature measurabR,,,;=0.24,r,;,=0.11, andRp=0.47. The calculated(V)
with this instrumeni~150 °Q. Previous experiments using curves are compared to the experimental ones in Fig. 1.
identical sources and a thermocouple showed that the sub-

strate was always at room temperature during short deposi- IV. STRAIN ANALYSIS
tions and was heated only a few degrees above room tem-
perature by radiation from the source during lofrgl h) The QLEED intensity analysis of a 23-Ax1l Mn film

depositions. In any case, the LEED observations clearly inshows that the bulk has a body-centered-tetragonal structure
dicated that the substrate temperature was not interferingith a=2.866 A andc=2x1.614=3.228 A, hence witft/a
with the epitaxial growth of the Mn films. =1.13 (Ref. 18 and volume 13.3 Aatom. This structure
The thickness of the Mn films was estimated from themight be a distortion of either ther phase(fcc between
decrease of the Fe AES signal and the increase of the Mh095 °C and 1134 °Cor the & phase(bcc between 1134 °C
AES signal, as described elsewhésee, e.g., Ref. 12Upon  and the melting point at 1244 JCWith strain analysis, we
deposition of Mn, the LEED pattern, which for the clean will evaluate the Poisson ratio of the film, and then the lattice
Fe{001} surface is a fourfold-symmetric, high-contrast, low- constant of the underlying cubic structure. The lattice con-
background pattern, persisted as1l, with a progressive in- stant will have different values depending on whether the
crease of the background, which became very high for Mrunderlying phase is fcc or bcc. Comparison of these values
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et that cubic Mn is elastically soft with a smalll10 shear
14 LE 6=0° modulus(like the dilute MnNi alloys, but unlike the MnCu
alloys).

Mn!/Fe3!001§

V. DISCUSSION

(1) The bulk behaviorThe valuer=0.45 will now be
reinforced by comparison with other evaluations. Thenill
be used to determine the lattice constant of the underlying
cubic phase if it is bcc and if it is fcc. These lattice constants
will then be compared with extrapolated values from the
high-temperaturey and § phases to see which is the more
likely underlying phase.

Our earlier study of pseudomorphic films of Mn on
Pd001} (Ref. 8 had found by QLEED the valuei®=3.891
A and ¢=3.430 A. Using Eq.(2) again, we finda=1.867
and whencev=0.48. Again the Mn is elastically soft with a
small shear modulus.

FIG. 1. Normal-incidence experimental LEED spectsalid Other estimates of the magnitude of I_Doisson’s ratio can be
curves from a 23-A film of Mn on F€001} and theoretical LEED Made from the measurements of elastic constants of MnNi
spectra(dotted curvesfor a semi-infinite Mn crystal with the pa- @alloys as made by Lowdet al* Reading data from the plots
rameters given in the text. II"I FIgS 2, 3, and 4 Of Ref 4, we f|nd:039, 043, and 044
for MngsNiy1Cq, Mg, Nig 1Ce 1, and Mrys Nig ¢Cs o, respec-

with estimates from other sources could then determine ifiVely, clearly showing that Mn-rich alloys have a Poisson

that cubic structure is fcc or bec. ratio near 0.5. -
Assuming that all tetragonal states can be treated as Now assume that the equilibrium tetragonal structure of

strained states of an underlying cubic lattice, we find thé?Ur® Mn found by the extrapolation of MnFe alloys is made
relation between in-plane and out-of-plafie., perpendicu- tetragonal by a uniaxial stress inK@01) direction acting on

lar) strains produced by epitaxial strains on a given tetrago@" Underlying cubic structure of Poisson raiio Such a
nal state of the film as stress is expected in the antiferromagnetic phase of Mn made

up of {001} planes alternating in moment direction. Then in
place of Eq.(2), which is produced by an in-plart@axial

INTENSITY (arb. units)

40 80 120 160 200 240 280 320 360 400
ENERGY (eV)

E_ _ @ stress, we have
- o ’ (1)
c a
a Ceq| ”
wherea=2v/(1-v), and v is the Poisson ratio of the under- a—eq= C—eq) , (3)
0 0

lying cubic structurgsee, e.g., Ref. 19
Now within tetragonal structures, the equilibrium state of
Mn is an fct structure with lattice constarm§(§:3.796 A, whereay=cy is the lattice constant of the underlying cubic
Ceq=3.592 A, obtained from Fe-stabilized alloy crystals by structure.
extrapolation to pure MA.(We use subscripts eq to refer to  If the underlying structure is fcc, them,;=al5=3.796 A,
the equilibrium phase of the grown films, and the superscripe=3.592 A, and withv=0.5 Eq.(3) givesa§°=3.73 A. If
fct to differentiate the lattice constant from that of a bctthe underlying structure is bcc, them, =al;=3.79642
structure) Hence integration of Eq1) from this fct structure =2.684 A, ¢=3.592 A, and with »=0.5 Eq. (3) gives
of pure free tetragonal Mn when epitaxial strain is introduceda§®=2.94 A.
gives We can estimate the magnitude of the fcc and bcc lattice
constants by extrapolating the values measured at high tem-
a peratures and using appropriate thermal-expansion coeffi-
' (2)  cients. These coefficients must be corrected for the fact that
they exhibit a decrease at lower temperatitbe linear ex-
trapolation of the lattice parameter of thegphase from 1000
wherec anda™ are the lattice constants of the Mn film as K to room temperature is too low by about 1.5% with respect
determined by LEED, namelyc=3.228 A and a to the measured valué’ Using the high-temperature data
=2.866xv2=4.053 A. With these values, we get from Eq. reported by Pearsdmnd applying a 1.5% correction, we find
(2) ®=1.631 and then=0.45. at room temperature fof-Mn, ag®=2.98 A (Purcellet al®
Note that this determination of and of the values of the quote 2.95 A and for y-Mn, a/*=3.73 A2
in-plane strain from 3.796 to 4.053 A of 6.8% and the out- The extrapolated values af, from high temperatures for
of-plane strain from 3.592 to 3.228 A 6f10.1%, does not both the bcc and fcc phases are close to the values found
depend on whether the underlying cubic structure is bcc oabove by the strain analysis. Hence, we cannot determine the
fcc. The value ofv is larger than the average value of Pois-underlying cubic phase from these data, although perhaps
son’s ratio for most metalavhich is about 0.Band indicates there is a small preference for fcc.

afct

Sfct
Aeq

C
Ceq
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0 A for 0 coverage by Mnwith increasing thickness of the
P ? : P Mn films. Two caveats should first be pointed out about Fig.
Mn,/Fei00% 11 beam 6=0 2: one is that the thickness values given in Fig. 2, measured
with AES, are estimated to be accurate perhaps only within
about 50%, and the other is that (&) curves shown in the
figure, with the exception of the clean {81 and of the
23-A curve, should be considered significant only with re-
gard to the positions of the major peak&cause we did not
— optimize the signal-to-noise ratio, as we normally do for
curves intended for intensity analysis, and we achieved only
approximately normal-incidence conditions, as we did not
expect to use these curves for intensity anajy8sit Fig. 2

/\ is sufficiently reliable to show that with increasing film

T T T T T T

N
10 A /\__/\/

6 A

thicknesses, the intensity peaks shift first toward higher elec-
tron energies and then toward lower energies. A peak shift
toward higher energies from the position in the cleafOB&
: | spectrum means that the interlayer spacingnimllerthan in
L Expt. clean F¢001} (1.433 A), hence we conclude that the inter-
Theo. ; layer distances in two- or three-layer-thin Mn films are
i i smaller than 1.433 A, although as we have seen, the bulk
O 40 80 120 160 200 240 280 320 360 interlayer distance in a 23-A film is, at 1.614 A, larger.
ENERGY (eV) Precise quantification of the interlayer spacing in the thin-
ner films is not possible with the available data because, even
FIG. 2. Evolution of the 11 LEED spectrum with increasing apart from the unsuitability of the data for quantitative inten-
thickness of Mn filmgsolid curve$ on FE001}. The film thickness  sity analysis(see the caveat mentioned abpvit is very
is given in each panel, hence the bottom curve is the 11 spectrum qfrobable that the films wemot of uniform thickness, having
clean F¢001}. Note the trend of the major peaks to shift toward regions (islandg with one, two, or three layers simulta-
higher energiegimplying a shorter interlayer distancor the thin-  neously present in unknown proportions. Nevertheless, we
nest films and toward smaller energies for the thicker films. Thehave calculated th&(V) curves expected from a bilayer of
upper dotted curve is a theoretical 11 spectrum calculated for §in on the F¢001 surface with an interlayer distance of 1.30
bilayer of Mn with an interlayer distance of 1.3 A on{Be1}. A (the value proposed by Wu and FreeffanThe top(dot-
ted) curve in Fig. 2 is the result of such a calculation for the
11 spectrum. The peak positions in the calculated curve are

found by Purcellet al® with a less accurate procedure rpughly in agreement with the peak positions. i_n the 3.5-A
(namely, a plot of the energies of the primary Bragg LEEDf'Im (other spectra, not shown, have peak positions between

reflections along the 00 rod versus the square of the refleéboze of t?e .3'5';: a:nd thgsedof the ?é.f"ms. tis that th
tion indeX. Our result is not consistent, however, with the conciusion that can be drawn at this point Is that there

calculations of Wu and Freem¥for a bilayer of Mn on is no contradiction between the results of Wu and Freeman’s

Fe{001}: these authors find that the distance between the twgalcula_tlon and the.re_f,ults of Purcetl f"‘l' or of our QLEED
Mn layers is 1.30 A, and conclude from the strong disagree‘-”malyS'S' The data indicate that the distance between Mn lay-

ment with the value reported by Purcell al® that “experi- ers is about 1.3 A in the early stages of film growtivo or

- ; ; : three layers but then increases steadily to reach 1.614 A in
tmhies,n:jsi'sgzggan%??r techniques are highly desired to clari hicker films (12 to 14 layers It may be worth pointing out
Now the spacing of a bilayer contains relaxation effectsthat this chgnge of mterlayer spacing with th|cknes_s may

ay a role in the antiferromagnetic exchange coupling be-

due to the presence of a vacuum interface. Such relaxatio S een Ee lavers separated by ultrathin Mn lavers. which is
on {001 surfaces are generally contractions of only a few y P y . YErs,
presently of interest in some laboratories.

percent fromd,,,, whereas the bilayer spacing of Ref. 10
has a 20% smaller value than ttig,, found here and in Ref.
9. Hence it_is of interest to show that. our LEED. measure- VI. CONCLUSION
ments confirm the unusually small bilayer spacing, which
appears then to be a result of the special magnetic structure A QLEED analysis of a 23-A-thick film of Mn on F801}
of the bilayer on F©O01}. finds that amidst disorder and defects the film has pseudo-
As mentioned in Sec. Il, we have also collected intensitymorphic ordered regions with a body-centered-tetragonal
data to follow the evolution of thé(V) curves with an in- structure. The lattice parameters of this structure are
creasing thickness of the Mn film. A study of this evolution a=2.866 A andc=3.228 A, hence with an axial ratio/a
indicates that the interlayer distance changes with increasing1.13 and atomic volume 13.3%ftom, and with a 9%-
thickness of the film, being initially smaller than the bulk expanded first-interlayer spacifd;,). Strain analysis shows
interlayer distance in K801 and becoming larger in thicker that this structure may be considered a deformation of either
films. fcc Mn with a lattice constant of 3.73 A or of bcc Mn with a
We show in Fig. 2, as an example, the evolution of the 11attice constant of 2.94 A. In either case the Poisson ratio is
spectrum of the clean F&01} surface(bottom curve, labeled 0.45 and Mn is found to be elastically soft with a sn{alL0)

——

~"
/\/

35 A /\
A/
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INTENSITY (arb. units)
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o

(2) The interlayer spacingThe QLEED analysis finds
dpu=1.614 A, in fair agreement with the value 1.635 A
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shear constant. LEED intensity data also show that the dis- ACKNOWLEDGMENT
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