
硬 X 線光電子分光：ARPES, MCD, XSW 
 

上田茂典 
物質・材料研究機構 (NIMS) 

 
 

	
 硬 X 線光電子分光(HAXPES)を用いた材料研究は、金属、半導体、磁性体、超伝導体、触
媒材料、強相関電子系、多層膜構造、デバイス構造など多岐にわたる。NIMS 専用ビームラ
イン BL15XU/SPring-8では、2006年より多様な物質・材料に対して HAXPES 測定を推進
してきた[1]。HAXPES は従来の光電子分光に比べて検出深度が深いためバルクのバンド分
散測定に対して大きく期待されていたが、実際には、ごく限られた材料に対してのみバンド

分散測定が可能である。図 1 に世界初となった W(110)の硬 X 線角度分解光電子分光
(HARPES)の結果を示す[2]。Debye-Waller因子の影響のため、300 Kではバンド分散は観測
されないが、30 K での測定では、データ補正後に明瞭なバンド分散が観測されている。

Debye-Waller因子が 0.5となる励起光エネルギーを各元素について求めた結果、殆どの元素
に対して 3 keV程度の励起光であれば、バンド分散を測定できることが分かっている[3]。実
際に幾つかの元素に対して実験を行った結果、予測と一致する結果が得られている。これま

でに得られた硬 X線を用いたバンド分散測定の実施例と、今後の ARPESで応用上重要と思
われる研究について、軟 X線およ
び硬X線でのARPESの理論計算
の結果[4]を示し、その可能性につ
いて検討する。 
	
 硬 X線領域では、ダイヤモンド
移相子を用いることで比較的容

易に偏光を制御することができ

る。Fe3O4薄膜に対して行われた

Fe 2p内殻 HAXPESにおける磁
気円二色性(MCD)[5]とクラスタ
ーモデルによる解析結果を、X線
吸収におけるMCDと比較、検討
する。また、 X 線定在波と

HAXPES を組み合わせた、深さ
方向および元素選択的な構造解

析[6]の例についても紹介する。 
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Figure 1 |Hard X-ray angle-resolved photoemission (HARPES) measurements and theory for W(110) at a photon energy of 5,956 eV. a, Room
temperature HARPES measurement from W(110). The spectra are dominated by modulations due to the DOS in energy (yellow curve) and XPD effects in
angle (grey curve). Dispersive features are not observed owing to the low fraction of direct transitions at room temperature in this hard X-ray regime. The
Debye–Waller factor here is only 0.09. b, The same measurement as in a, but at 30 K. Phonon effects are suppressed at low temperature and dispersive
features are now apparent. The Debye–Waller factor here is 0.45. c, Data from b, normalized by means of a 2-step process so as to remove the DOS and
XPD effects (yellow and grey curves in a), thus enhancing dispersive valence-band features. The solid curves superimposed on the experimental data are
the results of band-structure-to-free-electron final-state model calculations. Some prominent features 1–4 are labelled. A sample misalignment of 0.5�

toward [001] was used in the free-electron final-state calculation, as the value which produces the best fit between the experiment and theory. d, One-step
photoemission calculations of the HARPES spectra taking into account matrix-element effects. Corresponding features 1’-4’ are labelled. e, The
experimental geometry relative to the first BZ. f, An extended BZ picture of the HARPES measurement for W.

of experimental k smearing due to inelastic scattering and finite
angular resolution, which allows more initial states to contribute
than are allowed in the free-electron or one-step models (see
Supplementary Discussion).

Finally, in Fig. 1d we show the results of much more accurate
one-step theory based on a local density approximation (LDA)
layer-KKR (Korringa–Kohn–Rostoker) approach with a time-
reversed LEED (low-energy electron diffraction) final-state32 over
the same range in angle (see Supplementary Discussion). The
resemblance of the data in Fig. 1c to the one-step theory in Fig. 1d
is indeed remarkable, with features labelled 1, 2, and 3, and the
weaker 4 in experiment being correctlymodelled by features 10,20,30

and 40 in theory. The effect of the photon momentum kh⌫ , is
to shift [kf � kh⌫] relative to kf by 4.35�, which by coincidence
moves it almost exactly the N–0–N distance of 4.21� (see extended
zone image in Fig. 1f).

Other minor discrepancies observed between the experimental
band structure and the theoretical calculations can easily arise
owing to a slightly misaligned sample. For our geometry, this
misalignment or tilt is defined as the deviation of the electron
analyser lens axis from the [110] direction. Unlike in conventional

low-energy ARPES, forHARPES even a small sample tilt (0.5�–1.0�)
results in a significant impact on the spectra, with these at
least qualitatively predicting effects in the direction observed
(see Supplementary Discussion). Such misalignment was in fact
allowed for in the free-electron final-state calculation (Fig. 1c) by
introducing the tilt angle of 0.5� toward the [001] direction, the
value which produces the best fit between the experiment and
theory. Allowing for such a tilt in the one-step theory is at present
prohibitively difficult from a computational point of view (see
Supplementary Discussion).

These first HARPES measurements on a prototypical transition
metal thus provide a clear picture of the possibilities and challenges
of HARPES. There is a need for cryogenic cooling and appropriate
data treatment, including some kind of correction for both phonon-
produced DOS-like features and XPD-like features. Using these
results from W as a measure for the feasibility of HARPES
measurements in general, we would conclude as a first conservative
estimate that a Debye–Waller factor of about 0.45 or greater is
required to obtain a sufficient fraction of direct transitions.

Measurements were also performed on a semi-insulating GaAs
(001) sample, cut from a liquid-encapsulated Czochralski grown
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図１ W(110)の HARPES (6 keV)。(a) 300 K の生データ, (b) 

30 K の生データ,(c) 30 K のデータに補正をかけた結果,(d) 

One-step model による理論計算の結果[2]。 

 
 


