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Evidence for temperature dependent moments ordering in ferromagnetic NiMnSb„100…
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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 NiMnSb~;730
K!. While the spin polarization near the Fermi level, from spin-polarized inverse photoemission, remains very
high for ki50, it is unlikely that NiMnSb is a half-metallic ferromagnet near room temperature.
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If both ferromagnetic electrodes are 100% spin polariz
in a tunnel magneto-resistive device, no current will flow
the antiparallel configurations, and the tunnel magnetore
tive ~TMR! becomes theoretically infinite. This is one reas
why high polarization materials are desirable. Heusler all
~NiMnSb!,1–4 colossal magnetoresistance materi
@La12xSrxMnO3,

5–6 Sr2FeMoO6 ~Ref. 7!#, and semimetal
magnetic oxides@CrO2 ~Refs. 8–11! and Fe3O4 ~Ref. 12!# are
the most cited candidates for 100% spin polarization. S
systems have been predicted, on the basis of ground
calculations,1–3,5–12 to be half-metallic: semiconducting o
insulating in spin minority and metallic in spin majority
Compelling evidence of high polarization is available on
for La12xSrxMnO3 ~Ref. 13! and CrO2 ~Refs. 13 and 14! and
then only at temperatures in the region of 4 K or less.

The Heusler alloys have been particularly important c
didates because they exhibit a much higher ferromagn
Curie temperature~730 K! than the other potential half
metallic materials, but experimental evidence of 100% s
polarization near the Fermi level is sadly absent in NiMnS
Using Andreev reflection13 the spin polarization of NiMnSb
was measured to be 5862.3%, in good agreement with
polarization of about 50% obtained from spin-polariz
photoemission.15 These polarization values are consiste
with a small perpendicular magnetoresistance measured
NiMnSb in a spin-valve structure,16,17 superconducting tun
nel junction,18 and a tunnel magnetoresistive junction.19 Very
high polarization values were observed~near 100% spin
asymmetry! near the Fermi level using spin-polarized inver
photoemission of NiMnSb,20 but like similar measurement
for La0.67Sr0.33MnO3 ~Ref. 21! and CrO2,

22 the full Fermi
surface was not sampled.20

Three explanations have been put forward to explain
smaller than expected polarization observed in the abo
mentioned experiments. First, the gap in the spin mino
band structure is smaller than the expected 0.5 eV.4 Other
possibilities are that there is surface segregation16,18,20,21,23or
a variety of defects24 making the surface a different materi
0163-1829/2001/64~5!/052409~4!/$20.00 64 0524
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from the bulk. Indeed the segregation or enrichment of
surface has been shown to reduce the polarization of
surface dramatically.20 Finally, the half-Heusler alloy
NiMnSb may not be half-metallic ferromagnet above
K,25,27 though this would not explain the measured low p
larization and tunnel magnetoresistance below 80 K. A
tailed study of the magnetic and transport properties in b
single crystals has suggested that, while NiMnSb may b
half-metallic ferromagnet at low temperature, there is
crossover or transition to a normal ferromagnet state aro
T580 K.27 Here, we provide direct evidence that the pha
transition at about 80 to 100 K is associated with a chang
the magnetic moment.

Epitaxial ~110!MgO/~100!Mo/~100!NiMnSb thin films
were grown by facing targets sputtering.28 A 1000 Å Sb cap-
ping layer was added to prevent oxidation of the NiMn
monocrystalline films. Starting with a fully capped layer
important because the surface of NiMnSb~100! is very
fragile.20,23 After removal the excess Sb, the stoichiomet
surface is prepared20 and the LEED pattern as well as x-ra
diffraction is consistent with the 5.9 Å~here 6.060.1 Å!
lattice constant of NiMnSb. The surface composition, det
mined by angle-resolved XPS, was representative of the
ichiometric alloy and the surface was found to be termina
in MnSb.20,23

The spin-polarized inverse photoemission~SPIPES! ex-
periments were undertaken as described elsewhere.20 The
x-ray absorption~XAS! and magnetic circular dichroism
~MCD! spectra were recorded by monitoring the sample c
rent, which corresponds to measuring the total electron yi
under a 200 Oe magnetic field pulsed along the in-pla
~100! axis. The MCD spectra were recorded by alternat
the magnetization direction at each photon energy with
fixed helicity of the incident light. Integrating the MCD sig
nal, we have obtained a quantitative measure of the rela
~not absolute! magnetic moment with spin and orbital con
tributions. In total electron yield mode, the XAS spect
probes approximately 20 to 200 Å in depth, which is
©2001 The American Physical Society09-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 052409
intermediate length scale between the bulk and the sur
boundary. The polarized neutron scattering results used
for comparison was carried out in the presence of a 4.
applied field as described in Ref. 26.

The spin-polarized unoccupied density of states, as w
as the spin-integrated unoccupied density of states~d!, of
the stoichiometric clean NiMnSb~100! surface~terminated in
MnSb! at 293 K, is shown in Fig. 1~a! for the surface Bril-
louin zone center. The spin-majority states~m!, i.e., parallel
to applied magnetic field and spin-minority states~,!, i.e.,
antiparallel to the applied magnetic field, in spin-polariz
inverse photoemission, are plotted separately. This s
polarized inverse spectrum of the unoccupied density
states can be compared to the x-ray absorption spectra~XAS!
for Mn 2p @Fig. 1~b!# and for Ni 2p @Fig. 1~c!#, due to the
fact that both techniques~ignoring the core hole in the cas
of XAS! generally probe the same unoccupied states. Tun
the photon energy to the 2p core level threshold, we expec
core to bound state excitations to the unoccupied hybridi

FIG. 1. The comparison of the SPIPES, MCD, and XAS spec
for NiMnSb~100!. The spin-polarized inverse photoemissio
~SPIPES! ~m spin up,, spin down! and integrated~d! data for the
stochiometric NiMnSb~100! clean surface at 300 K~a! are com-
pared to x-ray absorption results of Mn 2p ~b! and Ni 2p ~c! elec-
trons. Spectra at two different temperatures are shown for the x
adsorption to illuminate the fact that the integrated unoccupied d
sity of states is somewhat insensitive to the phase transition at 8
The magnetic circular dichroism signal across both theL2 and L3

edges of Mn~d! and Ni~e! are shown for two different temperature
to indicate the profound change that occurs between 80 to 100
the spin and orbital moment. The dashed lines indicate the pos
corresponding unoccupied states orbitals in SPIPES with the X
05240
ce
re
T

ll

n-
f

g

d

3d levels closest to the Fermi level.
For both MCD and XAS spectra, the conduction ba

edge~the approximate Fermi energy! for the XAS spectra is
assigned on the basis of the experimentally measured
level photoemission binding energies for NiMnSb~100!:
640.2 eV for the Mn 2p3/2 and 853.3 eV for the Ni 2p3/2
~Fig. 1!. In the XAS spectra, the unoccupied states
shifted to slightly higher energies aboveEF than in SPIPES,
as expected from the perturbation due to the Coulombic
teraction of the photoexcited electron with the core ho
Nonetheless, from this comparison, we can make a ro
assignment of the unoccupied states in inverse photoe
sion. The density of states just aboveEF for NiMnSb~100! is
largely Mn in origin~Fig. 1!. While generally consistent with
other XAS/MCD studies,3,29 our Mn XAS spectra are char
acteristic of Mn d5 ~and could include the expectedd4

contributions!29 at all temperatures from 45 to 250 K.
The polarization of the NiMnSb~100! surface is deter-

mined by the difference of spin up and down in SPIPES@Fig.
2~a!#. Subject to the necessary selection rules, core excita
spectra reflect the joint density of states between the c
level and the unoccupied states. These results are comp
with the MCD @the difference between circular light XAS
signals taken with opposite magnetization directions, in
cated Figs. 1~d! and 1~e!# across the Mn 2p3/2 core in Fig.
2~b!. The large polarization asymmetry, and the strong c
tribution from the Mn spin and orbital moments at rem
nence, are apparent in the region close to the Fermi le
~nearly 100% above background forki50 andT5300 K!, as
seen in Fig. 2. The remanent band moment is localized
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FIG. 2. The polarization asymmetry from SPIPES~at the el-
evated temperature of 300 K! ~a! is compared to the temperatur
dependent magnetic circular dichroism signal data across Mnp
~b! core levels. The MCD signal is shown for several differe
temperatures, increasing as the temperature decreases.
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BRIEF REPORTS PHYSICAL REVIEW B 64 052409
the Mn and Ni sites, as the moment on Sb should be of
order of 0.1mB from band calculations.

While polarization at the Brillouin zone center (ki50)
does correspond to long-range magnetic order, it is not c
that the polarization is, in fact, easily related to the magn
moment for any given system. As the temperature is
creased below 80 K, the MCD exhibits a huge increase in
relative spin and orbital moment, as seen in Fig. 2 and s
marized in Fig. 3. Yet in XAS, the apparent density of sta
near the Fermi level~threshold! does not change significantl
for Mn or Ni. Therefore, the polarization of NiMnSb~100!
close to 100% at an elevated finite temperature~300 K here!,
at the Brillouin zone center (ki50), is not a good indicator
of the maximum possible remanent band moment or ind
the total ‘‘integrated’’ band polarization in the NiMnSb sy
tem. The results, presented here, are clear proof that

FIG. 3. The longitudinal magnetoresistance slope (dr/r0) taken
between 2 and 4 T~a!, compared to the resistance~b!, the relative
Ni moment derived from MCD~c!, and relative Mn moment~d!
derived from MCD. The relative moment contains both spin a
orbital contributions from theL3 edge~open symbols! and sum of
both theL3 andL2 edges~closed symbols! and the data are fit to an
Arrenhius expression. Note that the changes in the moment
served in MCD compare well with the onset of changes in
magnetoresistance and resistance in NiMnSb, as well as the ch
in the magnetic structure factor for the^200& peak in neutron scat
tering shown as an inset, as adapted from Ref. 26. TheT2 andT1.65

curves fitted to the resistance data are as described in the text
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angle-resolved spin-polarized photoemission or sp
polarized inverse photoemission measurements, with lim
wave vector sampling, cannot be taken as sufficient evide
of half-metallic ferromagnetic character if the sample is cr
talline or is polycrystalline with texture growth.

Because magnetic circular dichroism is sensitive to ba
structure polarization~dependent upon symmetry and wa
vector!, the remanent unoccupied band polarization,
magnetocrystalline anisotropy~the crystal field!,30,31 the ex-
citation cross sections~particularly in nontransmission ab
sorption geometries! and an often undetermined surface co
tribution, MCD does not accurately probe the saturation lo
moment of the bulk material. A more accurate measure of
local bulk sample moment can be obtained from neut
scattering~though this is a less sensitive measure of the g
bal moment that includes local fluctuations!. The Fourier
transform of the magnetic scattering factor, from neutr
scattering, again demonstrates that most of the momen
localized on the Mn sites.26 The total moment from high field
magnetometry~at 10 K! is 4.025mB , consistent with half-
metallic character~we attribute the possible excess mome
to altered stoichiometry and/or polarization of the inner co
shells!. From polarized neutron scattering we find the loc
moment on the Mn at 15 K, 3.7960.02mB , falls to 3.55
60.02mB at 260 K, while the local moment on the Ni site
changes little, with values varying from 0.1860.02mB at 15
K to 0.1960.01mB at 260 K. The fact that the local momen
change, even under high field conditions, suggests that t
is a change in the moment coupling between Mn and N
about 80 K. At higher temperatures above 80 to 100 K,
saturation moment is lower than that expected for a h
metallic ferromagnet.

The observed increase in the local moment, on the Mn
neutron scattering, and band moment on the Mn and Ni
oms in NiMnSb below 80 to 100 K in MCD@Figs. 3~c! and
3~d!# are consistent with the increase in the (dr/r0) longi-
tudinal magnetoresistance below 80 K@shown in Fig. 3~a!#,
and the increase in thê200& neutron magnetic scatterin
factor26 ~indicated as in the inset of Fig. 3!. The negative
value of the longitudinal magnetoresistance indicates
spin disorder contributions dominate above 100 K, whe
spin-flip scattering channel is opened. The spin-flip scat
ing channel cannot be reconciled with half-metallic char
ter. The resistance of NiMnSb with temperature fits aT1.65

power law above 80 K~close toT3/2! but follows aT2 power
law below 80 K, as shown in Fig. 3~b! is also consistent with
a crossover in magnetic ordering at 80 to 100 K, though
material remains ferromagnetic. Fitting the MCDL3 edge
data in Fig. 3 to an Arrhenius expression~consistent with
moment fluctuations!, indicates that the critical temperatur
for the classical ferromagnetic to half-metallic ferromagne
~moment ordering! phase transition is between 80 to 100

The changes in the magnetic structure factor~s! suggest a
loss in the strong local moment ordering and/or alignmen
the Ni atoms. The structure factors suggest a subtle r
rangement of the magnetization density between Ni and M
The transfer of only a small amount of electron density, s
just a few hundredth of an electron to the down-spin subb
or from Mn to Ni, may not result in much change i
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BRIEF REPORTS PHYSICAL REVIEW B 64 052409
either the total moment or the Mn saturation moment~say by
about 0.05mB!, but could substantially change the net ba
polarization near the Fermi level. This effect tends to app
as though there is a failure to completely saturate the m
netization in the MCD measurements, taken at remane
with increasing temperature. The large change in the M
signal derived moment compared to the smaller chang
neutron scattering moment suggests a large change in
magnetocrystalline anisotropy and band polarization w
temperature, though the extremely low effective Debye te
perature in the surface region32 presents a complication t
the interpretation of the MCD data that cannot be ignor
Nearest-neighbor moment fluctuations would reconcile
spin-polarized inverse photoemission and the MCD with
neutron scattering as in the spin-polarized inverse ph
emission nearest-neighbor interactions would only be
served away from the Brillouin zone center.

While it has been suggested that NiMnSb is a ha
metallic system,1–3 it is certainly clear, from the data pre
sented here, that NiMnSb is not a half-metallic ferromag
above the transition at about 80–100 K, though still at te
J

lls

, J

er

dt

F

p
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peratures well below the ferromagnetic Curie temperature
;730 K. Amongst the other potential half-metallic system
the manganese perovskites have exhibited a number of p
transitions well below the ferromagneticTc .32,33 The pres-
ence of these phase transitions~affecting the moment in the
case of NiMnSb! makes clear that finite temperature calc
lations and measurements that probe the polarization
Fermi level crossings are essential to establish half-meta
ferromagnetism at any appreciable temperature, particul
for the surface. Neither 100% polarization at onek point nor
T3/2 temperature dependent resistance~sometimes taken a
indicative of a half-metallic ferromagnet2! are good indica-
tors of half-metallic character above 80 K.
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31H. Dürr et al., Phys. Rev. Lett.76, 3464~1996!.
32C. N. Borca, D. Ristoiu, Takashi Komesu, Hae-kyung Jeong,

Hordequin, J. Pierre, J. P. Nozieres, and P. A. Dowben, Ap
Phys. Lett.77, 88 ~2000!.

33M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys.70, 1039
~1998!.
9-4


