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Enhanced ferromagnetism and spin-polarized tunneling studies in Co-Mn alloy films
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Enhanced ferromagnetism is observed for extended alloy compositions, inMa, (x=0.1-0.7) 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 CgMn, ; 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 librium phases of transition metals, with a view to modulate
the d-like conduction-electroior sp-electron spin polariza-
The molecular beam epitax§MBE) film growth tech- tion in a controlled manner in this case using Kémtiferro-
nique offers ample opportunities for exploring the relationmagnetic and with large-like conduction electronsand Co
between novel structures and magnetism. In the past decadferromagnetic and with fewer itineradtelectrons (Ref. 14
nonequilibrium phases of transition met@lxc Ni (Ref. )  in Co;_,Mn, alloy films. We investigated their structural and
or Co(Ref. 2, hcp Fe(Ref. 3 bece or fcc Mn(Refs. 4 and § magnetic properties for selected Mn concentrations, includ-
for examplg have been stabilized in thin-film form by MBE ing the degree of spin polarization of tunneling electrons by
growth. Because of the exotic structural and magnetic propthe Meservey-Tedrow technique using Al/AICo,; _,Mn,
erties, Mn is an interesting candidate for thin-film growth, asjunctions®®
it is expected to show different local spin configurations.

Until now, there has been only limited information on the EXPERIMENTS
structure of Mn films on metallic substrates. Previous studies
of Mn overlayers on R{®01) (Ref. 4, Ag(001) (Ref. 5, Thin films of Cg_,Mn, (x=0.1-0.7) were grown by

Pd111) (Ref. 6, and F€001) (Ref. 7) substrates have made coevaporation of Co and Mn under UHV conditions. The
efforts to expand the Mn lattice to produce large magnetidase pressure inside the chamber was belown@ ° Torr
moments approaching the Hund's rule limit ofu. For  and less than %10 ° Torr during film deposition. Co-Mn
such metastable structures ofl @lements and compounds, films about 200 A thick were grown on glass or unetched Si
theoretical predictions of the ground-state properties haveafer cooled to liquid nitrogen temperature. The film com-
shown various magnetic properties including a dramatigosition and uniformity were controlled to better than
variation in magnetic momentsv(), unusual magnetic an- *=1.0% by two independent quartz crystal rate monitors and
isotropy in ultrathin films, and even ferro- or antiferromag- also by keeping the deposition rate low.03—0.5 A/s. We
netic ordering for expanded lattice materials that are norconfirmed that the nominal composition of films, by using
mally nonmagnetié&® Based on the local density surface-sensitive Auger electron spectroscopy as well as Ru-
approximation(LDA), total energy calculations as a function therford backscattering, was the same as the desired compo-
of the lattice constant have predicted magnetically orderegition within about 2% error.
bce and fcc phases of Mn above some minimum lattice con- Co, _,Mn, films of 200 A thickness were deposited on
stants: the bcc Mn phase is expected to have a ferromagnetit00 or (111) Si for magnetization measurements, covered
ground state fomy=2.75 A, while in the fcc Mn phase an with a protective layer of 50 A AlO;. Trilayer junctions for
antiferromagnetic ground state occurs &=3.85 A 8 spin-polarized tunneling measurements were fabricated by

Mn impurities in various host materials such as Co, Ni-using metal shadow masks as follows: A narrow strip of Al
Co, or Ni-Fe have also been investigated theoretically, confilm, 40 A thick, was deposited onto the liquid-nitrogen-
centrating on the local spin structure of Mn with respect tocooled glass substrate. After warming it to room temperature,
the host atom&1%1! Direct experimental observation of the the Al surface was oxidized in oxygen plasma in the load
ground-state properties of those materials may be difficultock chamber to create the insulating tunnel barrier. This was
since their magnetic or crystallographic structures are nofollowed by depositing the Ga ,Mn, (200 A) counterelec-
very stable under ambient conditions. In the past, materialgrode cross strips in the main chamber to complete the junc-
such as fcc or bcc Céor Mn) and fcc or becc CoMnor  tion Al/Al,03/Co,_,Mn, . Al,O; of 80 A was deposited on
CoFe alloys have been studied experimentally to investigatdhe oxidized bottom electrode to define a small window in
the role of the host atoms on the spin structure of Mnthe junction area to avoid edge effects beforg Gdn, was
atomst213 deposited.

Our aim was to study the magnetic properties in nonequi- Structural analysis of the deposited films was carried out
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FIG. 1. Magnetization as a function of the applied field at 5 K ' : 5 1'”° = 2””
for the Cq _,Mn, films (x=0.1, 0.2, 0.27, and 0.36normalized by 2 i H (T)

the saturation magnetization value of Co.
FIG. 2. Hysteresis loop of Co-Mn alloy measured at %dfen
using the x-ray powder diffraction technique with ®lr  squarg and 295 K(solid squarg for (a) 50 at. % Mn and(b) 70
radiation and a graphite monochromator. For transmissiogt. % Mn. In the inset, ZFC temperature-dependent magnetization
electron microscopy studies, films were prepared on C- oturves(in units of emu/cr) are shown for these two alloy compo-
SiO-coated transmission electron microscdp&M) grids.  sitions.
Films were deposited onto liquid-nitrogen-cooled grids just
as in the case of the films prepared for the magnetic studie@ppears without the structural transformatioh§.In the in-
A Jeol 2010 TEM operating at 200 kV was used to observesets of Figs. &) and 2b), the zero-field-cooledZFC)
the grain structure, compositional homogeneity, and crystaiemperature-dependent magnetization measured at 0.05 T
structure of these films. shows a sharp decrease below 50 K for,@én, -, and a
Magnetization data were taken using a Quantum Desiggradual decrease below 200 K for &xMng 5. This is remi-
superconducting quantum interference dev®@UID) mag-  hiscent of the existence of the mixed magnetic phase, the
netometer. After cooling the sample § K in zero field, the so-called reentrant spin-glasRSG phase® We take the
magnetic hysteresis loops were traced with an applied fieltransition temperatureTgsg) to be the point where ZFC
up to 2 T. The degree of spin polarization in the alloy films M(T) shows the sharpest drop. The RSG phase was also
was determined using the Meservey-Tedrow technique. Herebserved for 30 at. % Mn alloy below 100 K in low applied
the tunnel junctions were cooled to about 0.4 K and tunnelfield (0.05 T). In the whole range of Mn concentration from
ing conductance data were taken as a function of dc bias ih0% to 70%, the films were ferromagnetic above 300 K. The
the mV range without or with an applied field of a few tesla magnetization curves displayed the typical ferromagnetic be-
parallel to the film plane. havior at 300 K, whereas the bulk magnetic phase diagram
shows antiferromagnetic behavior for Mn concentrations
>30%. Thus it is clear that the ferromagnetic phase is ex-
tended in our films and is in stark contrast with the bulk
Magnetic hysteresis loops for various Co-Mn alloys werephase diagran® In the bulk, at 32% of Mn concentration the
measured at 5 and 295 K. Shown in Fig. 1 isthesH data  ferromagnetic long-range order disappears, and above, 42%
at 5 K for Co-Mn alloys, with Mn concentrations ranging the antiferromagnetic long-range order appéars.
from 10% to 36%, normalized by the saturation value of Co In Fig. 3 we compare the magnetic moments obtained
(1422 emu/cri). It can be seen that the alloys with 10—36 (saturation value and for=0.5 and 0.7 M value at 2)Tas a
at. % Mn are ferromagnetict & K with a fairly high rema-  function of Mn concentration for our Co-Mn alloy films with
nent magnetization, although the magnetization values arthose reported by other groups for btfllas well as thin
smaller than for that of Co. films.2° One can clearly see that the magnetic moment has
The ferromagnetic behavior persists at 295 K even folbeen enhanced in our films in the range from 27% to 70%
higher Mn concentrations of up to 70 at. % of Mn, as shownconcentration of Mn. In fact, for our films with Mn concen-
in Fig. 2. For C@gMng 5, the hysteresis loop at 295 K shows tration above 25%, the magnetic moments are considerably
the characteristics of a soft ferromagnet, while the saturatiohigher than those in bulk. Rogees al. also reported a three-
was not reached in field up to 2 T at 5 K. This probablyfold enhancement in saturation magnetization for the
shows that a frustrated spin state exists in this alloy, whictCao, 7gMng »5 thin films deposited by rf magnetron sputter
can occur as a result of having a mixed exchange interactiodeposition at 300 °QGalso shown in Fig. 8 while such a
(J<0 and>0) between the atoms. Such a coexistence ofarge enhancement was not observed for films grown at room
both signs of the exchange interaction has been reported temperaturé® In their work, the largeM ¢ value for the films
the binary alloys such as Ni-Mn where for some concentradeposited at elevated substrate temperature was attributed to
tions a ferromagnetic to antiferromagnetic phase transitiothe occurrence of drastic compositional segregation into dis-

RESULTS AND DISCUSSION
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FIG. 3. Dependence of saturation magnetization and spin polarStepanyulet al** have pointed out the possible dependence
ization on Mn content: saturation magnetization data for the preser@f the nature of the magnetic interaction on the structural
work (solid circle; films deposited by sputtering at room tempera- variation in Mn-doped Co. Based on this model, one can see
ture from Ref. 20(open trianglg bulk Co-Mn alloy samples from that the surface may behave differently from the bulk. Phe
Ref. 19 (solid trianglg. Spin polarization values obtained in the values shown are the average values obtained from the three
present work are also showapen circlg. Lines are a guide to the independent junctions for each alloy composition. Thus one
eye. can see that the polarization decreases very slowly from 43%

to 33% with increasing Mn concentrations up to 32%, fol-
tinct Co-rich and Mn-rich components. The large magnetidowed by a larger decrease for the higher Mn concentration,
moment has also been reported for overlayers and sanas the magnetic moment varies. It is well known that the spin
wiched layers of bcc Co and fcc or bet Mras well as for  polarization values obtained here reflect the behavior of the
Co/Mn multilayers?! The behavior in the latter system has tunneling electrons coming from the magnetic layers adja-
been attributed to Mn layers adjacent to Co layers contributeent to the barrier and thus strongly reflect the surface/
ing ferromagnetically to the magnetic moment. Our films areinterface magnetic property of the Co-Mn alloy systey?
guench condensed onto the liquid-nitrogen-cooled surfaceds thein situ Auger spectroscopic analysis showed the sur-
which should result in structural and compositional homogeface alloy composition to be similar to the bulk, surface seg-
neity as well as drastically reduced possibilities for phaseegation is ruled out within the limit of this experimental
segregation. The homogeneity and compositional uniformitytechnique.
of our film surface was evidenced ly situ Auger spectros- In order to understand the origin of the large enhancement
copy as well as TEM studies. Within the limits of these tech-of the magnetic moment for Mn concentrations above 25%,
nigues, the alloys had the same concentration of the compdhe structure of our films was investigated by x-ray powder
nents as indicated by the quartz crystal monitorsdiffraction for different Mn concentrations. As shown in Fig.
Additionally, we also observed very similar magnetic behav-4, except for CgsMn, 7, all samples showed one diffraction
ior for films prepared at room temperature. peak appearing between 43.5° and 44.8° for various alloy

The tunnel conductance as a function of voltage for theconcentrations. These peaks do not correspond tgbda or
Al/Al ,05/Co; _,Mn, junction was measured at 0.4 K. In fcc) or Co(hcp or fcg powder diffraction data. If we assume
zero field the conductance curve showed typical behavior foour films to have fcc structure based on earlier thin-film and
the case when Al is superconducting with negligible conducbulk studies of Co-Mn alloy$® the peak in the range from
tance at zero bias, with a rapid increase when the voltagé3.5° to 44.5° could correspond t@11) orientation with a
reached the superconducting energy gap of Al. In high aplattice parameter of 3.6—3.5 A. These lattice parameters are
plied fields(3.3 and 3.6 T the conductance curves showed similar to that of bulk fcc structuré3.56-3.61 A,1921:26
Zeeman splitting of the quasiparticle density of states of suindicating that for 0.xx<0.5 our Cq_,Mn, alloy films
perconducting Al, as well as the asymmetry in conductancappear to have fcc structure.
due to the spin polarizatiofP) of tunneling electron$® The TEM studies were carried out to further support the struc-
experimental conductance data for various applied fieldsural identification. This showed that the films were homoge-
were fitted to Maki’s theory(taking into account spin-orbit neous in composition with no phase segregation. In the al-
scattering correctionto extractP values uniquely. loys the grains were significantly larger than that for pure Co

For the Co-Mn system, the spin polarization of the tun-film. The electron diffraction patterns for Co, gng 1,
neling electrons, as determined above, for the various Mand Cg gMng 5 films are shown in Fig. 5. The fcc structure
concentrations is also shown in the Fig. 3. Polarization valwas observed for Co as well as alloy films, though strikingly
ues of 37% and 33% were observed for 10% and 27% of MrCo was polycrystalline, and the alloy films showed near ep-
concentrations, respectively. It is remarkable to see a polaitaxial growth. Additionally, in the case of the alloys, the
ization of 9% for the alloy with even at 70% Mn concentra- diffraction patterns show distortedfcc (or can also be féf)
tion, whereas this alloy has negligible magnetic momenstructure, the distortion increasing as the Mn concentration
(0.3ug). This result is consistent with the ferromagnetic be-increased? This confirms the interpretation of the XRD
havior observed by the magnetization curve at 5 K.data.
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films (0.02<x=<0.21) grown on C(L00 substrates, the ex-
istence of the ferromagnetically coupled Co and Mn mo-
ments has been reportédHowever, this parallel coupling
between Co and Mn moments disappeared for the bulklike
thick films (50 monolayers whereas for ultrathin films, with
increasing Mn concentration, the magnitude of average Mn
and Co moments decreased, finally reaching zero moment
for both Mn and Co when the Mn concentration becomes
higher than 18%. These results of neutron and XMCD stud-
ies strongly suggest to us that such a positive exchange in-
teraction between Co and Mn can lead to a large enhance-
ment of the magnetic moment in Co-Mn alloy films.
Preliminary XMCD data for CggMn, , film (200 A thick)
shows a ferromagnetic alignment between Co and Mn
atoms?® A detailed investigation using XMCD for various
Mn concentrations will be published separately.

The influence of local environment of Mn for the exotic
magnetic behavior has been investigated earlier in
Co(Ni)-Mn multilayers* as well as in different Mn alloys.

As mentioned previously, it is well known that Mn can be in

a number of different structural configurations and have a
wide range of atomic volumes. Four different structures have
been reported in bulk at different temperatures. #end g
phases are complex cubic structures with 58 and 20 atoms
per unit cell, respectively, whereasand & phases are fcc
and bcc with lattice parameters of 2.73 and 2.67 A,
respectively?® The perpendicular anisotropy was reported at

FIG. 5. Plane-view electron diffraction patterns for thin films of interfaces in Cd\ll)-Mn.muItllayers,'Whlch was att'rlbuted to
(a) pure Co,(b) Cay Mny ; alloy, and(c) Ca, Mn, s alloy deposited  the large number oti-like conduction electrons in Mn, as
at liquid nitrogen temperature onto a silicon-oxide-coated Cu grid.compared to Fe, Co, and Ni. The perturbation of the itinerant

d electrons both in Co and Mn can be expected to play a

The magnetic phase diagram in the bulk Co-Mn systensignificant role in the enhanced ferromagnetism seen in our
investigated by Menshikoet al*® shows that Cp_,Mn, is  Co-Mn alloys®'13%3This may be well served by having a
ferromagnetic with hcp or fcc structure for<k<0.32,  clean and homogeneous material and forming in an fcc
whereas it is antiferromagnetic with fcc structure for O.32phase_ It can be an interesting theoretical prob|em that may
<x=0.52. Forx>0.52, it was no longer possible to stabilize |ead to further predictions.
the fcc structure. Our structurgl and magljetic analyses th_us In summary, the large enhancement of magnetic moment
show that a new ferromagnetic phase with fcc structure igyas found with significant spin polarization values for
formed in the wide Mn concentration range €£<0.7 by Co,_ Mn, (0.1<x=0.7) alloy films grown in an UHV en-
the quench-condensed growth technique under clean condfjynment at liquid nitrogen temperature. For 8.2<0.7, a

tions. ferromagnetic phase with fcc structure has been obtained in

In these fcc Co-Mn alloys the rich diversity of magnetic .. .. :
. o ) . . thin films of the alloy, whereas the ferromagnetic fcc phase
behavior arising from competing exchange interactions ha§

been studied continuously for the last three decades. For fco" bulk has been observed only in the narrow |ntermed|ate
Co-Mn bulk alloys, earlier neutron diffraction experiments range (Q.2&x£0.42) between ferromagnetic aqd antiferro-
showed a ferromagnetic exchange interaction between c&@gnetic long-range-ordered phases. We believe that the
and Mn atoms in the concentration range between ferro- an{pc@l environment as well as thé-band structure of Mn
antiferromagnetic long-range-ordered phaSé&. In  this _dlctates the magnetic properties. The poss_lblhty for stablhz_-
concentration region from 25 to 40 at.% Mn, Cable and"d @ metastable phase, the ferromagnetic fcc phase, with
Tsunoda have reported a small ferromagnetic moment at tfy? €nhanced magnetic property was shown in  this
Mn sites (~0.3ug) for single-crystal sample€. Our data C0-Mn system.

indicate several possibilities:(i) The Co moment is reduced

upon alloying with Mn (ii) Mn carries a moment and at least

some of them if not all are aligned antiparallel with Co, and ACKNOWLEDGMENTS
(ii ) itinerant mediation of the exchange interaction between
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