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Ferromagnetic transition in MnP studied by high-resolution photoemission spectroscopy
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High-resolution photoemission spectroscopy and band-structure calculation were performed on the itinerant
ferromagnet MnP. The entire valence-band photoemission spectra and their changes across the Curie tempera-
ture were qualitatively described by the band-structure calculation. However, temperature-dependent studies
revealed unusual changes such as spectral weight transfer within 2 eV of the Fermi level and the opening of a
pseudogap of-100 meV.
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The metallic compound MnP exhibits ferromagnetic or-exchange splitting follows the Stoner model, according to
dering below the Curie temperaturéc=293 K.! Further-  which the spliting disappears above..!’ In the spin-
more, below the Neel temperatulig=47 K it transforms  resolved valence-band photoemission study of Fe metal, on
into a screw antiferromagnetighelimagneti¢ state>® The  the other hand, the exchange splitting persists abtye
helical spin structure has been reported to have be&n which is theoretically explained by the fluctuation local mo-
periodicity of the lattice spacings along thaxis® The com-  ment modef* Recently, high-resolution photoemission spec-
plex magnetic phase diagram of MnP has attracted considetroscopy has opened up new opportunities to investigate the
able interest for many decades. In particular, the Lifshitzmagnetic transition from the view point of the electronic
point, which is a multicritical point where the ferromagnetic structure. In particular, temperature-dependent high-
phase, the helimagnetic phase and, the spin-disordered phaggolution photoemission spectroscopy is expected to pro-
meet, has been extensively studiedFrom the view point  vide us with detailed information related to the temperature
of the electronic structure, it has been controversial whethelependence of the magnetic properties including the ex-
the Mn 3d states are localized or itinertafit. A neutron-  change splitting>?® In this paper, we report on the
diffraction study and subsequent analysis have indicated thag#mperature-dependent high-resolution photoemission study
the screw antiferromagnetic phase is caused by a slighif MnP to investigate changes in the electronic structure as-
change of the ratio aJ,/J, in the Heisenberg model, where sociated with the ferromagnetic ordering.

J; andJ, are the effective interplanar exchange interaction A single crystal of MnP was grown by the Bridgman
and next-nearest-neighbor one along tha axis, method. Details of the crystal growth were described
respectively>*! The itinerant aspect has been emphasize@lsewheré* High-resolution photoemission measurements
by photoemission spectroscdfy and band-structure were performed in the temperature rangerfrd K to 320 K
calculation®® In fact, MnP is considered as the most itinerantusing a GAMMADATA-SCIENTA SES-100 photoelectron
system among the manganese pnictideXNIK=P, As, Sb,  spectrometer and a high-flux discharging lamp with a troidal
and B), where theT. of MnP is lower than that of MnAs grating monochromator. The base pressure in the spectrom-
(Tc=320 K) (Ref. 14 and MnSb =587 K).1® As for  eter was 2 10 ! Torr and the energy resolution was set at
the electronic structure near the Fermi levét), the Mn d 7 meV and 35 meV for the He (21.218 eV and He I
states have been found dominant in the previous photoemi$40.814 eV light sources, respectively. In order to obtain a
sion study and the specific-heat measureméfit8and-  clean surface, the sample was scrajpesitu with a diamond
structure calculation using the self-consistent augmentedile just before each measurement. The Fermi edge of gold
plane-wave method has revealed a large magnetic momeatvaporated on the sample surface after the measurements
on the Mn atom, the predominance of Mrd Zharacter was used to determine th#&: position and the instrumental
aroundEg, and the importance a§p-d hybridization and resolution.

resulting p-d exchange interaction for the ferromagnetic We also performed band-structure calculation using a
ordering® density-functional-theory (DFT)-based pseudopotential

In order to investigate the electronic structure of itinerantpackagecAsTep (Cambridge serial total energy package
ferromagnetic materials, spin-resolved photoemission speavhere a plane-wave basis set is used for expanding the wave
troscopy has been utilizédd=*° In the case of Ni metal, the functions and ultrasoft pseudopotentials are used to treat ef-
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FIG. 1. Photoemission spectra
of MnP taken with He | and He Il
excitations at 300 K(paramag-
netio and 7 K(helimagneti¢. (a)
Entire valence band(b) Band-
structure calculation for the para-
magnetic and ferromagnetic states
and comparison with photoemis-
sion spectra. The upper and lower
panels show the total density of
states and the Mn@ partial den-
sity of states, respectively.

fectively the chemically inactive core electrons. GeneralizedThe spectra have a clear Fermi edge indicating the metallic
gradient approximatiofGGA) calculations were done for nature of MnP, consistent with the temperature dependence

the paramagnetihonmagnetigand ferromagnetic states.

of the resistivity in MnP*® Results of the DFT-GGA calcu-

Figure Xa) shows the entire valence-band spectra takerations, that is, the total density of statd®0S) and the Mn

with He | and He Il radiation &7 K and 300 K. The spectral

3d DOS for the paramagnetic and ferromagnetic states are

intensities have been normalized to the area in the energyiso shown in Fig. (b). The calculated Mn 8 DOS is
range from 0.5 eV to-5.0 eV. The overall spectra shown in prominent aroundE; and located within=4 eV from E.
Fig. 1(a) are in good agreement with the previous repdifs. The rise of the intensity towarBg in the He Il photoemis-
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FIG. 2. (Color) Photoemission
spectra of MnP taken at various
temperatures with He | excitation.
Inset shows the expanded plot.
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(b)

MnP
He I calculation yields the 1.5 eV splitting in the ferromagnetic
0.40 e state resulting in the spin magnetic moments of 3g2f.u.,
o while the value of the exchange splitting including the effec-
‘é tive on-site Coulomb energyJgs) has been estimated to be
=) — 320K 2.2+0.2 eV from the combined photoemission and inverse
S 035 | — gggﬁ_ photoemission spectfd.Compared with the band-structure
S 250K calculations of MnAs and MnSk the value of the exchange
> 200K splitting in MnP is small corresponding to the fact tigt is
27 = ;(S)OKK lower than those for MnAs and MnShb. The broad structure at
E) Sl — 30K —3 eV is due to the P @ states since the intensity increases
S 0306l i | k —73K_{ for He I due to the large cross section of the [P &bital at
' lower photon energie%.
In spite of the overall agreement between experiment and
0.4 ‘0'15 0'10 0'05 - calculation, the detailed temperature-dependent studies with
e higher resolution reveal discrepancy from the band-structure
025k l l 1 l L < calculation as described below. Figures 2 af@ 3how the
-05 -04 -03 -02 -01 0 01 detailed temperature dependence of the photoemission spec-
Energy relative to Eg (eV) tra in narrow ranges ned measured with He | photons.

The spectral intensity in Figs. 2 and(8 has been normal-
FIG. 3. (Color) Photoemission spectra of MnP taken at variousized to the area in the energy range from 0.1 to

temperatures with He | excitatiofe) Raw data.(b) Spectral DOS —3.0 eV. The inset of Fig. (3 shows the temperature-
obtained by dividing the raw data by the Fermi-Dirac distribution dependent spectra of gold as a reference, which were well
function convoluted with a Gaussian function. Insets show correfitted to the Fermi-Dirac(FD) distribution function. Al-
sponding curves for gold. though the temperature-dependent spectra of gold show sym-

metric line shapes with the leading edge being midpoint ex-
sion spectra corresponds to the increase in the calculated Mactly atEg, asymmetric behavior is observed in the spectra
3d DOS towardEg since the photoionization cross section of MnP. The unoccupied part in the spectra of MnP reveals
of Mn 3d orbitals is enhanced for He Il compared to HE I.  strong temperature-dependent broadening, whereas there
In the ferromagnetic state, the calculated peakKgais split is much weaker temperature dependence fr&p to
into two peaks by the exchange splitting. Experimentally the— 100 meV. This can be explained by the pseudogap forma-
intensity of the Mn 2l-derived peak located & decreases tion of ~100 meV size, which may be related to the ferro-
with decreasing temperature and the spectral intensity anagnetic transition. Decreasing temperature induces spectral
—1 eV increases with decreasing temperature. This suggesteeight transfer from the peak at100 meV in the paramag-
that the photoemission spectra are qualitatively well repronetic state to the broad structure on the deeper side below
duced by the band-structure calculation including the tem—400 meV. The inset of Fig. 2 clearly reveals the spectral
perature dependence on this energy scale, meaning that Mm#ight transfer depending on temperature. According to the
can be considered as an itinerant-electron ferromagnet. Otmand-structure calculation, the peak should be shifted with
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temperature due to exchange splitting bey, whereas no The temperature dependence of the pseudogap and the
significant shift of the—100 meV peak is observed. If the spectral weight transfer are summarized in Fig. 4. Here, the
spectral weight below-400 meV is attributed to the ex- intensities atEr, —100 meV and—800 meV below it are
change splitting of thel band, the present observation sug-plotted. AtEg, spectral intensity shows a maximumTa .

gests that the exchange splitting in the material is indepenon the other hand, spectral intensity-a800 meV shows a
dent of the temperature but that the spectral weighininimum atT.. Depression of the intensity & with de-

distribution is dependent on the temperature. creasing temperature may be related to the complex mag-
In order to clarify the temperature dependence of the,qtic phase transition in MnP.

spectral DOS nedEr, we have removed the effect of tem-
perature broadening by dividing the spectra with the FDy

distribution function as shown in Fig(l3. The inset of Fig. e
2 photoemission spectroscopy and the band-structure calcula-
3(b) shows the spectra of gold, divided by the FD func'tion. Photoemission spectra divided by Fermi-Dirac distribu-

tion, showing the flat DOS arounéy. Two kinds of ion function revealed two kinds of spectral changes depend-
temperature-dependent changes are observed. One is tl%at P 9 P

the spectral weight of the broad maximum at NG on temperature, namely, the spectral weight transfer from

—100 meV, appearing in the paramagnetic states, are trans- 100 meV t0—400 meV and the pseudogap formation of

ferred towards below-400 meV with decreasing tempera- ~1_00 meV atEg. Below Tc, a pseudpgap was _formed,_
ture as shown in Fig. 2. The other is the “pseudogap” featuréNh'Ch would relate to the ferromagnetic and helimagnetic
in the range fronEg to —100 meV, which develops at low phases.

temperatures. Spectral weight transfer gradually starts below One of the authorgJ.O) acknowledges support from
Tc. The pseudogap formation neBg starts belowT- and  the Japan Society for the Promotion of Science for Young
continues to develop even belowy; . Scientists.

In conclusion, we have investigated the temperature-
ependent electronic structure of MnP by high-resolution
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