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Evidence for temperature dependent moments ordering in ferromagnetic NiMnSELOO)
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From magnetic circular dichroism measurements of the Heusler alloy NiMnSb, in combination with other
techniques, we show that a dramatic increase in the Mn and Ni moments occurs below a “crossover” transition
temperature of about 80—100 K. This phase transition is well below the Curie temperature of NiMASD
K). While the spin polarization near the Fermi level, from spin-polarized inverse photoemission, remains very
high for k;=0, it is unlikely that NiMnSb is a half-metallic ferromagnet near room temperature.
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If both ferromagnetic electrodes are 100% spin polarizedrom the bulk. Indeed the segregation or enrichment of the
in a tunnel magneto-resistive device, no current will flow insurface has been shown to reduce the polarization of the
the antiparallel configurations, and the tunnel magnetoresisurface dramaticall§’ Finally, the half-Heusler alloy
tive (TMR) becomes theoretically infinite. This is one reasonNiMnSb may not be half-metallic ferromagnet above 80
why high polarization materials are desirable. Heusler alloys<,?>?” though this would not explain the measured low po-
(NiMnSb),’"*  colossal  magnetoresistance  materialslarization and tunnel magnetoresistance below 80 K. A de-
[La,_SKMnO;,°~° Sr,FeMoQ; (Ref. 7], and semimetal tailed study of the magnetic and transport properties in bulk
magnetic oxide§CrO, (Refs. 8—11and FgO, (Ref. 12]are  single crystals has suggested that, while NiMnSb may be a
the most cited candidates for 100% spin polarization. Suclmalf-metallic ferromagnet at low temperature, there is a
systems have been predicted, on the basis of ground stateossover or transition to a normal ferromagnet state around
calculations:°7*?to be half-metallic: semiconducting or T=80K.?" Here, we provide direct evidence that the phase
insulating in spin minority and metallic in spin majority. transition at about 80 to 100 K is associated with a change in
Compelling evidence of high polarization is available onlythe magnetic moment.
for La; _,Sr,MnO; (Ref. 13 and CrQ (Refs. 13 and 14and Epitaxial (110MgO/(100Mo/(100NiMnSb thin films
then only at temperatures in the regioindoK or less. were grown by facing targets sputterifigd 1000 A Sb cap-

The Heusler alloys have been particularly important canping layer was added to prevent oxidation of the NiMnSb
didates because they exhibit a much higher ferromagnetimonocrystalline films. Starting with a fully capped layer is
Curie temperaturg730 K) than the other potential half- important because the surface of NIM{S®0) is very
metallic materials, but experimental evidence of 100% spirfragile ?>>* After removal the excess Sb, the stoichiometric
polarization near the Fermi level is sadly absent in NiMnSbsurface is preparéfiand the LEED pattern as well as x-ray
Using Andreev reflectiorf the spin polarization of NiMnSb  diffraction is consistent with the 5.9 Ahere 6.0-0.1A)
was measured to be 58.3%, in good agreement with a lattice constant of NiMnSbh. The surface composition, deter-
polarization of about 50% obtained from spin-polarizedmined by angle-resolved XPS, was representative of the sto-
photoemissiot® These polarization values are consistentichiometric alloy and the surface was found to be terminated
with a small perpendicular magnetoresistance measured fam MnSb2%2
NiMnSb in a spin-valve structuré;'’ superconducting tun- The spin-polarized inverse photoemissi@PIPES ex-
nel junction® and a tunnel magnetoresistive junctidi/ery  periments were undertaken as described elsewfieFae
high polarization values were observédear 100% spin x-ray absorption(XAS) and magnetic circular dichroism
asymmetry near the Fermi level using spin-polarized inverse(MCD) spectra were recorded by monitoring the sample cur-
photoemission of NiMnSE? but like similar measurements rent, which corresponds to measuring the total electron yield,
for Lag .S 3MnO; (Ref. 21) and CrQ,?* the full Fermi  under a 200 Oe magnetic field pulsed along the in-plane
surface was not sampléf. (100 axis. The MCD spectra were recorded by alternating

Three explanations have been put forward to explain thehe magnetization direction at each photon energy with a
smaller than expected polarization observed in the abovefixed helicity of the incident light. Integrating the MCD sig-
mentioned experiments. First, the gap in the spin minoritynal, we have obtained a quantitative measure of the relative
band structure is smaller than the expected 0.3 &er (not absolute magnetic moment with spin and orbital con-
possibilities are that there is surface segregatiti?®?>%or  tributions. In total electron yield mode, the XAS spectra
a variety of defectd making the surface a different material probes approximately 20 to 200 A in depth, which is an
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dependent magnetic circular dichroism signal data across pin 2
FIG. 1. The comparison of the SPIPES, MCD, and XAS spectra(b) core Ievelg. The MCD signal is shown for several different
for NiMnSb(100. The spin-polarized inverse photoemission €MPeratures, increasing as the temperature decreases.
(SPIPES (A spin up,V spin down and integrated®) data for the
stochiometric NiMnSHL00) clean surface at 300 Ka) are com-  3d levels closest to the Fermi level.
pared to x-ray absorption results of Mip 2b) and Ni 2p (c) elec- For both MCD and XAS spectra, the conduction band
trons. Spectra at two different temperatures are shown for the x-ragdge(the approximate Fermi energfor the XAS spectra is
adsorption to illuminate the fact that the integrated unoccupied denassigned on the basis of the experimentally measured core
sity of states is somewhat insensitive to the phase transition at 80 Hevel photoemission binding energies for NiMA$00):
The magnetic circular dichroism signal across bothltheand L 640.2 eV for the Mn Py, and 853.3 eV for the Ni @,
edges of Mn(d) and Ni(e) are shown for two different temperatures (Fig. 1. In the XAS spectra, the unoccupied states are
to indicate the profound change that occurs between 80 to 100 K ighifted to slightly higher energies abokg than in SPIPES,
the spin and orbital moment. The dashed lines indicate the possibles expected from the perturbation due to the Coulombic in-
corresponding unoccupied states orbitals in SPIPES with the XASg action of the photoexcited electron with the core hole.
Nonetheless, from this comparison, we can make a rough
intermediate length scale between the bulk and the surfacagssignment of the unoccupied states in inverse photoemis-
boundary. The polarized neutron scattering results used hesgon. The density of states just abdye for NiMnSbh(100) is
for comparison was carried out in the presence of a 4.6 Targely Mn in origin(Fig. 1). While generally consistent with
applied field as described in Ref. 26. other XAS/MCD studie$;? our Mn XAS spectra are char-
The spin-polarized unoccupied density of states, as welhcteristic of Mnd® (and could include the expectedt
as the spin-integrated unoccupied density of sté@®s of  contribution3?® at all temperatures from 45 to 250 K.
the stoichiometric clean NiMn$b00) surface(terminated in The polarization of the NiMnSA00 surface is deter-
MnSh) at 293 K, is shown in Fig. (&) for the surface Bril- mined by the difference of spin up and down in SPIRES.
louin zone center. The spin-majority stata@), i.e., parallel  2(a)]. Subject to the necessary selection rules, core excitation
to applied magnetic field and spin-minority stateg), i.e.,  spectra reflect the joint density of states between the core
antiparallel to the applied magnetic field, in spin-polarizedlevel and the unoccupied states. These results are compared
inverse photoemission, are plotted separately. This spinwith the MCD [the difference between circular light XAS
polarized inverse spectrum of the unoccupied density obignals taken with opposite magnetization directions, indi-
states can be compared to the x-ray absorption spet&8)  cated Figs. (d) and 1e)] across the Mn Ry, core in Fig.
for Mn 2p [Fig. 1(b)] and for Ni 2p [Fig. 1(c)], due to the 2(b). The large polarization asymmetry, and the strong con-
fact that both technique@gnoring the core hole in the case tribution from the Mn spin and orbital moments at rema-
of XAS) generally probe the same unoccupied states. Tuningence, are apparent in the region close to the Fermi level
the photon energy to thep2core level threshold, we expect (nearly 100% above background for=0 andT=300K), as
core to bound state excitations to the unoccupied hybridizedeen in Fig. 2. The remanent band moment is localized on
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02r@y ' ' ' ' g angle-resolved spin-polarized photoemission or spin-
'—f polarized inverse photoemission measurements, with limited
e 01 wave vector sampling, cannot be taken as sufficient evidence
& of half-metallic ferromagnetic character if the sample is crys-
;& a9 talline or is polycrystalline with texture growth.
Because magnetic circular dichroism is sensitive to band
0.1 structure polarizatioridependent upon symmetry and wave
vectop, the remanent unoccupied band polarization, the
= 20} magnetocrystalline anisotropghe crystal field,**3! the ex-
é 15 citation cross section§particularly in nontransmission ab-
= sorption geometrigsand an often undetermined surface con-
a 10f

tribution, MCD does not accurately probe the saturation local
moment of the bulk material. A more accurate measure of the
local bulk sample moment can be obtained from neutron
scattering(though this is a less sensitive measure of the glo-
bal moment that includes local fluctuationdhe Fourier
transform of the magnetic scattering factor, from neutron
scattering, again demonstrates that most of the moment is
localized on the Mn site® The total moment from high field
magnetometry(at 10 K) is 4.025g, consistent with half-
metallic characteftwe attribute the possible excess moment
to altered stoichiometry and/or polarization of the inner core
shells. From polarized neutron scattering we find the local
moment on the Mn at 15 K, 3.790.02ug, falls to 3.55
+0.02up at 260 K, while the local moment on the Ni sites
changes little, with values varying from 0.28.02ug at 15
K to 0.19*+0.01ug at 260 K. The fact that the local moments
change, even under high field conditions, suggests that there
50 100 180 200 250 300 is a change in the moment coupling between Mn and Ni at
Temperature (K) about 80 K. At higher temperatures above 80 to 100 K, the
saturation moment is lower than that expected for a half-
FIG. 3. The longitudinal magnetoresistance slogg/p,) taken metallic ferromagnet.
between 2 and 4 Ta), compared to the resistand®), the relative The observed increase in the local moment, on the Mn in
Ni moment derived from MCD(c), and relative Mn momentd)  neutron scattering, and band moment on the Mn and Ni at-
derived from MCD. The relative moment contains both spin andgms in NiMnSb below 80 to 100 K in MCIPFigs. 3c) and
orbital contributions from thé ; edge(open symbolsand sum of 3(d)] are consistent with the increase in thip(p,) longi-
both thelL ; andL, edgedclosed symbolsand the data are fit to an tudinal magnetoresistance below 80[$hown in Fig. 33)],
Arrenhius expression. Note that the changes in the moment obs,,4 the increase in thé200) neutron magnetic scattering
served in MCD compare well with the onset of changes in theg, 526 (ingicated as in the inset of Fig).3The negative
magnetoresistance and resistance in NiMnSb, as well as the changg, o of the longitudinal magnetoresistance indicates that
in the magnetic structure factor for ti200 peak in neutron scat- . . L .
tering shown as an inset, as adapted from Ref. 26.TPhand T*5° spin disorder contributions dominate above 100 K, when a
curves fitted to the resistance data are as described in the text. SPIN-flip scattering channel is opened. The spin-flip scatter-
ing channel cannot be reconciled with half-metallic charac-
the Mn and Ni sites, as the moment on Sb should be of théer. The resistance of NiMnSb with temperature fit$f®
order of 0.Jug from band calculations. power law above 80 Kclose toT®?) but follows aT? power
While polarization at the Brillouin zone centek,&0)  law below 80 K, as shown in Fig.(B) is also consistent with
does correspond to long-range magnetic order, it is not clea crossover in magnetic ordering at 80 to 100 K, though the
that the polarization is, in fact, easily related to the magnetianaterial remains ferromagnetic. Fitting the MALR edge
moment for any given system. As the temperature is dedata in Fig. 3 to an Arrhenius expressigronsistent with
creased below 80 K, the MCD exhibits a huge increase in thenoment fluctuations indicates that the critical temperature
relative spin and orbital moment, as seen in Fig. 2 and sunfor the classical ferromagnetic to half-metallic ferromagnetic
marized in Fig. 3. Yet in XAS, the apparent density of stategmoment orderingphase transition is between 80 to 100 K.
near the Fermi levekhreshold does not change significantly The changes in the magnetic structure fa@osuggest a
for Mn or Ni. Therefore, the polarization of NiMn&00) loss in the strong local moment ordering and/or alignment of
close to 100% at an elevated finite temperat@@0 K herg,  the Ni atoms. The structure factors suggest a subtle rear-
at the Brillouin zone centerk(=0), is not a good indicator rangement of the magnetization density between Ni and Mn.
of the maximum possible remanent band moment or indeedhe transfer of only a small amount of electron density, say
the total “integrated” band polarization in the NiMnSb sys- just a few hundredth of an electron to the down-spin subband
tem. The results, presented here, are clear proof that any from Mn to Ni, may not result in much change in
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either the total moment or the Mn saturation mom@aly by  peratures well below the ferromagnetic Curie temperature of
about 0.0%g), but could substantially change the net band~730 K. Amongst the other potential half-metallic systems,
polarization near the Fermi level. This effect tends to appeathe manganese perovskites have exhibited a number of phase
as though there is a failure to completely saturate the magransitions well below the ferromagnefic. .32 The pres-
netization in the MCD measurements, taken at remanenc@nce of these phase transitiofagfecting the moment in the
with increasing temperature. The large change in the MCQ:ase of NiMnSh makes clear that finite temperature calcu-
signal derived moment compared to the smaller change iftions and measurements that probe the polarization of
neutron scattering moment suggests a large change in them; jevel crossings are essential to establish half-metallic

magnetocrystalline anisotropy and band polarization withyg omagnetism at any appreciable temperature, particularly
temperature, though the extremely low effective Debye temy, 1o g rface. Neither 100% polarization at dnpoint nor

perature in the surface reginpresents a complication to T32 temperature dependent resistarsemetimes taken as

the interpretation of the MCD data that cannot be ignored, .. . . L

. . . indicative of a half-metallic ferromagrfetare good indica-

Nearest-neighbor moment fluctuations would reconcile th%rS of half-metallic character above 80 K

spin-polarized inverse photoemission and the MCD with the '

neutron scattering as in the spin-polarized inverse photo-

emission nearest-neighbor interactions would only be ob- This work was supported by NSF through Grant

served away from the Brillouin zone center. No. DMR-98-02126, the Center for Materials Research
While it has been suggested that NiMnSb is a half-and AnalysisfCMRA) and the Nebraska Research Initiative

metallic systent 2 it is certainly clear, from the data pre- at the University of Nebraska, and the Region Rhone-Alpes

sented here, that NiMnSb is not a half-metallic ferromagnethrough the “Nanotechnologie” program under Contract No.

above the transition at about 80—100 K, though still at temPR97024.
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