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Enhanced ferromagnetism and spin-polarized tunneling studies in Co-Mn alloy films

Tae Hee Kim and Jagadeesh S. Moodera
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~Received 7 August 2002; published 30 September 2002!

Enhanced ferromagnetism is observed for extended alloy compositions in Co12xMnx (x50.1– 0.7) films
grown in ultraclean conditions at liquid nitrogen temperature. For these alloys, high values of spin polarization
were also measured using the Meservey-Tedrow technique of spin-polarized tunneling. Ferromagnetic behavior
exists even in Co0.3Mn0.7 alloy films, where earlier bulk studies show only antiferromagnetic behavior for alloy
compositions withx.0.3. X-ray diffraction and transmission electron microscopy data show a metastable fcc
phase for our films, which is likely responsible for the enhanced magnetic moment. Our work shows the
importance of the local environment of Mn, which is expected to dictate the magnetic interactions in these
alloys.
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INTRODUCTION

The molecular beam epitaxy~MBE! film growth tech-
nique offers ample opportunities for exploring the relati
between novel structures and magnetism. In the past de
nonequilibrium phases of transition metals@bcc Ni ~Ref. 1!
or Co~Ref. 2!, hcp Fe~Ref. 3! bcc or fcc Mn~Refs. 4 and 5!,
for example# have been stabilized in thin-film form by MBE
growth. Because of the exotic structural and magnetic pr
erties, Mn is an interesting candidate for thin-film growth,
it is expected to show different local spin configuration
Until now, there has been only limited information on th
structure of Mn films on metallic substrates. Previous stud
of Mn overlayers on Ru~001! ~Ref. 4!, Ag~001! ~Ref. 5!,
Pd~111! ~Ref. 6!, and Fe~001! ~Ref. 7! substrates have mad
efforts to expand the Mn lattice to produce large magne
moments approaching the Hund’s rule limit of 5mB . For
such metastable structures of 3d elements and compound
theoretical predictions of the ground-state properties h
shown various magnetic properties including a drama
variation in magnetic moments (Ms), unusual magnetic an
isotropy in ultrathin films, and even ferro- or antiferroma
netic ordering for expanded lattice materials that are n
mally nonmagnetic.8,9 Based on the local densit
approximation~LDA !, total energy calculations as a functio
of the lattice constant have predicted magnetically orde
bcc and fcc phases of Mn above some minimum lattice c
stants: the bcc Mn phase is expected to have a ferromag
ground state fora0>2.75 Å, while in the fcc Mn phase a
antiferromagnetic ground state occurs fora0>3.85 Å.8

Mn impurities in various host materials such as Co, N
Co, or Ni-Fe have also been investigated theoretically, c
centrating on the local spin structure of Mn with respect
the host atoms.8,10,11 Direct experimental observation of th
ground-state properties of those materials may be diffi
since their magnetic or crystallographic structures are
very stable under ambient conditions. In the past, mater
such as fcc or bcc Co~or Mn! and fcc or bcc CoMn~or
CoFe! alloys have been studied experimentally to investig
the role of the host atoms on the spin structure of M
atoms.12,13

Our aim was to study the magnetic properties in noneq
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librium phases of transition metals, with a view to modula
the d-like conduction-electron~or sp-electron! spin polariza-
tion in a controlled manner in this case using Mn~antiferro-
magnetic and with larged-like conduction electrons! and Co
~ferromagnetic and with fewer itinerantd electrons! ~Ref. 14!
in Co12xMnx alloy films. We investigated their structural an
magnetic properties for selected Mn concentrations, incl
ing the degree of spin polarization of tunneling electrons
the Meservey-Tedrow technique using Al/AlOx /Co12xMnx
junctions.15

EXPERIMENTS

Thin films of Co12xMnx (x50.1– 0.7) were grown by
coevaporation of Co and Mn under UHV conditions. T
base pressure inside the chamber was below 2310210 Torr
and less than 531029 Torr during film deposition. Co-Mn
films about 200 Å thick were grown on glass or unetched
wafer cooled to liquid nitrogen temperature. The film com
position and uniformity were controlled to better tha
61.0% by two independent quartz crystal rate monitors a
also by keeping the deposition rate low,;0.03–0.5 Å/s. We
confirmed that the nominal composition of films, by usin
surface-sensitive Auger electron spectroscopy as well as
therford backscattering, was the same as the desired com
sition within about 2% error.

Co12xMnx films of 200 Å thickness were deposited o
~100! or ~111! Si for magnetization measurements, cover
with a protective layer of 50 Å Al2O3 . Trilayer junctions for
spin-polarized tunneling measurements were fabricated
using metal shadow masks as follows: A narrow strip of
film, 40 Å thick, was deposited onto the liquid-nitroge
cooled glass substrate. After warming it to room temperatu
the Al surface was oxidized in oxygen plasma in the lo
lock chamber to create the insulating tunnel barrier. This w
followed by depositing the Co12xMnx ~200 Å! counterelec-
trode cross strips in the main chamber to complete the ju
tion Al/Al 2O3 /Co12xMnx . Al2O3 of 80 Å was deposited on
the oxidized bottom electrode to define a small window
the junction area to avoid edge effects before Co12xMnx was
deposited.

Structural analysis of the deposited films was carried
©2002 The American Physical Society36-1
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using the x-ray powder diffraction technique with CuKa
radiation and a graphite monochromator. For transmiss
electron microscopy studies, films were prepared on C
SiO-coated transmission electron microscope~TEM! grids.
Films were deposited onto liquid-nitrogen-cooled grids j
as in the case of the films prepared for the magnetic stud
A Jeol 2010 TEM operating at 200 kV was used to obse
the grain structure, compositional homogeneity, and cry
structure of these films.

Magnetization data were taken using a Quantum Des
superconducting quantum interference device~SQUID! mag-
netometer. After cooling the sample to 5 K in zero field, the
magnetic hysteresis loops were traced with an applied fi
up to 2 T. The degree of spin polarization in the alloy film
was determined using the Meservey-Tedrow technique. H
the tunnel junctions were cooled to about 0.4 K and tunn
ing conductance data were taken as a function of dc bia
the mV range without or with an applied field of a few tes
parallel to the film plane.

RESULTS AND DISCUSSION

Magnetic hysteresis loops for various Co-Mn alloys we
measured at 5 and 295 K. Shown in Fig. 1 is theM vs H data
at 5 K for Co-Mn alloys, with Mn concentrations rangin
from 10% to 36%, normalized by the saturation value of
~1422 emu/cm3!. It can be seen that the alloys with 10–3
at. % Mn are ferromagnetic at 5 K with a fairly high rema-
nent magnetization, although the magnetization values
smaller than for that of Co.

The ferromagnetic behavior persists at 295 K even
higher Mn concentrations of up to 70 at. % of Mn, as sho
in Fig. 2. For Co0.5Mn0.5, the hysteresis loop at 295 K show
the characteristics of a soft ferromagnet, while the satura
was not reached in field up to 2 T at 5 K. This probab
shows that a frustrated spin state exists in this alloy, wh
can occur as a result of having a mixed exchange interac
(J,0 and .0! between the atoms. Such a coexistence
both signs of the exchange interaction has been reporte
the binary alloys such as Ni-Mn where for some concen
tions a ferromagnetic to antiferromagnetic phase transi

FIG. 1. Magnetization as a function of the applied field at 5
for the Co12xMnx films (x50.1, 0.2, 0.27, and 0.36!, normalized by
the saturation magnetization value of Co.
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appears without the structural transformations.16,17 In the in-
sets of Figs. 2~a! and 2~b!, the zero-field-cooled~ZFC!
temperature-dependent magnetization measured at 0.0
shows a sharp decrease below 50 K for Co0.3Mn0.7 and a
gradual decrease below 200 K for Co0.5Mn0.5. This is remi-
niscent of the existence of the mixed magnetic phase,
so-called reentrant spin-glass~RSG! phase.18 We take the
transition temperature (TRSG) to be the point where ZFC
M (T) shows the sharpest drop. The RSG phase was
observed for 30 at. % Mn alloy below 100 K in low applie
field ~0.05 T!. In the whole range of Mn concentration from
10% to 70%, the films were ferromagnetic above 300 K. T
magnetization curves displayed the typical ferromagnetic
havior at 300 K, whereas the bulk magnetic phase diag
shows antiferromagnetic behavior for Mn concentratio
.30%. Thus it is clear that the ferromagnetic phase is
tended in our films and is in stark contrast with the bu
phase diagram.19 In the bulk, at 32% of Mn concentration th
ferromagnetic long-range order disappears, and above,
the antiferromagnetic long-range order appears.12,19

In Fig. 3 we compare the magnetic moments obtain
~saturation value and forx50.5 and 0.7 M value at 2 T! as a
function of Mn concentration for our Co-Mn alloy films with
those reported by other groups for bulk19 as well as thin
films.20 One can clearly see that the magnetic moment
been enhanced in our films in the range from 27% to 7
concentration of Mn. In fact, for our films with Mn concen
tration above 25%, the magnetic moments are consider
higher than those in bulk. Rogerset al. also reported a three
fold enhancement in saturation magnetization for
Co0.75Mn0.25 thin films deposited by rf magnetron sputt
deposition at 300 °C~also shown in Fig. 3!, while such a
large enhancement was not observed for films grown at ro
temperature.20 In their work, the largeMs value for the films
deposited at elevated substrate temperature was attribut
the occurrence of drastic compositional segregation into

FIG. 2. Hysteresis loop of Co-Mn alloy measured at 5 K~open
square! and 295 K~solid square! for ~a! 50 at. % Mn and~b! 70
at. % Mn. In the inset, ZFC temperature-dependent magnetiza
curves~in units of emu/cm3! are shown for these two alloy compo
sitions.
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ENHANCED FERROMAGNETISM AND SPIN-POLARIZED . . . PHYSICAL REVIEW B66, 104436 ~2002!
tinct Co-rich and Mn-rich components. The large magne
moment has also been reported for overlayers and s
wiched layers of bcc Co and fcc or bct Mn,4 as well as for
Co/Mn multilayers.21 The behavior in the latter system ha
been attributed to Mn layers adjacent to Co layers contrib
ing ferromagnetically to the magnetic moment. Our films a
quench condensed onto the liquid-nitrogen-cooled surfa
which should result in structural and compositional homo
neity as well as drastically reduced possibilities for pha
segregation. The homogeneity and compositional uniform
of our film surface was evidenced byin situAuger spectros-
copy as well as TEM studies. Within the limits of these tec
niques, the alloys had the same concentration of the com
nents as indicated by the quartz crystal monito
Additionally, we also observed very similar magnetic beha
ior for films prepared at room temperature.

The tunnel conductance as a function of voltage for
Al/Al 2O3 /Co12xMnx junction was measured at 0.4 K. I
zero field the conductance curve showed typical behavior
the case when Al is superconducting with negligible cond
tance at zero bias, with a rapid increase when the volt
reached the superconducting energy gap of Al. In high
plied fields~3.3 and 3.6 T! the conductance curves showe
Zeeman splitting of the quasiparticle density of states of
perconducting Al, as well as the asymmetry in conducta
due to the spin polarization~P! of tunneling electrons.15 The
experimental conductance data for various applied fie
were fitted to Maki’s theory~taking into account spin-orbi
scattering correction! to extractP values uniquely.

For the Co-Mn system, the spin polarization of the tu
neling electrons, as determined above, for the various
concentrations is also shown in the Fig. 3. Polarization v
ues of 37% and 33% were observed for 10% and 27% of
concentrations, respectively. It is remarkable to see a po
ization of 9% for the alloy with even at 70% Mn concentr
tion, whereas this alloy has negligible magnetic mom
(0.3mB). This result is consistent with the ferromagnetic b
havior observed by the magnetization curve at 5

FIG. 3. Dependence of saturation magnetization and spin po
ization on Mn content: saturation magnetization data for the pre
work ~solid circle!; films deposited by sputtering at room temper
ture from Ref. 20~open triangle!; bulk Co-Mn alloy samples from
Ref. 19 ~solid triangle!. Spin polarization values obtained in th
present work are also shown~open circle!. Lines are a guide to the
eye.
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Stepanyuket al.11 have pointed out the possible dependen
of the nature of the magnetic interaction on the structu
variation in Mn-doped Co. Based on this model, one can
that the surface may behave differently from the bulk. TheP
values shown are the average values obtained from the t
independent junctions for each alloy composition. Thus o
can see that the polarization decreases very slowly from 4
to 33% with increasing Mn concentrations up to 32%, fo
lowed by a larger decrease for the higher Mn concentrat
as the magnetic moment varies. It is well known that the s
polarization values obtained here reflect the behavior of
tunneling electrons coming from the magnetic layers ad
cent to the barrier and thus strongly reflect the surfa
interface magnetic property of the Co-Mn alloy system.15,22

As the in situ Auger spectroscopic analysis showed the s
face alloy composition to be similar to the bulk, surface se
regation is ruled out within the limit of this experiment
technique.

In order to understand the origin of the large enhancem
of the magnetic moment for Mn concentrations above 25
the structure of our films was investigated by x-ray powd
diffraction for different Mn concentrations. As shown in Fi
4, except for Co0.3Mn0.7, all samples showed one diffractio
peak appearing between 43.5° and 44.8° for various a
concentrations. These peaks do not correspond to Mn~bcc or
fcc! or Co ~hcp or fcc! powder diffraction data. If we assum
our films to have fcc structure based on earlier thin-film a
bulk studies of Co-Mn alloys,26 the peak in the range from
43.5° to 44.5° could correspond to~111! orientation with a
lattice parameter of 3.6–3.5 Å. These lattice parameters
similar to that of bulk fcc structure~3.56–3.61 Å!,19,21,26

indicating that for 0.1,x<0.5 our Co12xMnx alloy films
appear to have fcc structure.

TEM studies were carried out to further support the str
tural identification. This showed that the films were homog
neous in composition with no phase segregation. In the
loys the grains were significantly larger than that for pure
film. The electron diffraction patterns for Co, Co0.9Mn0.1,
and Co0.5Mn0.5 films are shown in Fig. 5. The fcc structur
was observed for Co as well as alloy films, though striking
Co was polycrystalline, and the alloy films showed near
itaxial growth. Additionally, in the case of the alloys, th
diffraction patterns show adistortedfcc ~or can also be fct23!
structure, the distortion increasing as the Mn concentra
increased.24 This confirms the interpretation of the XRD
data.

r-
nt

FIG. 4. X-ray powder diffraction data for the Co12xMnx films
(x50, 0.2, 0.3, 0.5, and 0.7!.
6-3
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The magnetic phase diagram in the bulk Co-Mn syst
investigated by Menshikovet al.16 shows that Co12xMnx is
ferromagnetic with hcp or fcc structure for 0,x<0.32,
whereas it is antiferromagnetic with fcc structure for 0.
,x<0.52. Forx.0.52, it was no longer possible to stabiliz
the fcc structure. Our structural and magnetic analyses
show that a new ferromagnetic phase with fcc structure
formed in the wide Mn concentration range 0.1<x,0.7 by
the quench-condensed growth technique under clean co
tions.

In these fcc Co-Mn alloys the rich diversity of magne
behavior arising from competing exchange interactions
been studied continuously for the last three decades. Fo
Co-Mn bulk alloys, earlier neutron diffraction experimen
showed a ferromagnetic exchange interaction between
and Mn atoms in the concentration range between ferro-
antiferromagnetic long-range-ordered phases.25,26 In this
concentration region from 25 to 40 at. % Mn, Cable a
Tsunoda have reported a small ferromagnetic moment a
Mn sites (;0.3mB) for single-crystal samples.26 Our data
indicate several possibilities:~i! The Co moment is reduce
upon alloying with Mn,~ii ! Mn carries a moment and at lea
some of them if not all are aligned antiparallel with Co, a
~iii ! itinerant mediation of the exchange interaction betwe
local moments is significantly modified.14

In a recent work using x-ray magnetic circular dichrois
~XMCD!, for the eight-monolayer-thick Co12xMnx alloy

FIG. 5. Plane-view electron diffraction patterns for thin films
~a! pure Co,~b! Co0.9Mn0.1 alloy, and~c! Co0.5Mn0.5 alloy deposited
at liquid nitrogen temperature onto a silicon-oxide-coated Cu g
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films (0.02<x<0.21) grown on Cu~100! substrates, the ex
istence of the ferromagnetically coupled Co and Mn m
ments has been reported.27 However, this parallel coupling
between Co and Mn moments disappeared for the bulk
thick films ~50 monolayers!, whereas for ultrathin films, with
increasing Mn concentration, the magnitude of average
and Co moments decreased, finally reaching zero mom
for both Mn and Co when the Mn concentration becom
higher than 18%. These results of neutron and XMCD st
ies strongly suggest to us that such a positive exchange
teraction between Co and Mn can lead to a large enha
ment of the magnetic moment in Co-Mn alloy film
Preliminary XMCD data for Co0.8Mn0.2 film ~200 Å thick!
shows a ferromagnetic alignment between Co and
atoms.28 A detailed investigation using XMCD for variou
Mn concentrations will be published separately.

The influence of local environment of Mn for the exot
magnetic behavior has been investigated earlier
Co~Ni!-Mn multilayers,14 as well as in different Mn alloys.
As mentioned previously, it is well known that Mn can be
a number of different structural configurations and have
wide range of atomic volumes. Four different structures ha
been reported in bulk at different temperatures. Thea andb
phases are complex cubic structures with 58 and 20 at
per unit cell, respectively, whereasg and d phases are fcc
and bcc with lattice parameters of 2.73 and 2.67
respectively.29 The perpendicular anisotropy was reported
interfaces in Co~Ni!-Mn multilayers, which was attributed to
the large number ofd-like conduction electrons in Mn, a
compared to Fe, Co, and Ni. The perturbation of the itiner
d electrons both in Co and Mn can be expected to pla
significant role in the enhanced ferromagnetism seen in
Co-Mn alloys.8,11,30,31This may be well served by having
clean and homogeneous material and forming in an
phase. It can be an interesting theoretical problem that m
lead to further predictions.

In summary, the large enhancement of magnetic mom
was found with significant spin polarization values f
Co12xMnx (0.1,x<0.7) alloy films grown in an UHV en-
vironment at liquid nitrogen temperature. For 0.2,x<0.7, a
ferromagnetic phase with fcc structure has been obtaine
thin films of the alloy, whereas the ferromagnetic fcc pha
for bulk has been observed only in the narrow intermedi
range (0.25,x<0.42) between ferromagnetic and antiferr
magnetic long-range-ordered phases. We believe that
local environment as well as thed-band structure of Mn
dictates the magnetic properties. The possibility for stabi
ing a metastable phase, the ferromagnetic fcc phase,
an enhanced magnetic property was shown in t
Co-Mn system.
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