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Magnetic monopoles can be regarded as the magnetic version of a charged particle like electrons and protons. They carry an isolated magnetic pole, either the North or the South poles. Normally magnets come in the form of dipoles, with both North and South poles appearing in pairs. In a class of magnetic materials called spin ice, four electron spins reside at the four corners of a tetrahedron will be compromised to the spin configuration of 2-in and 2-out toward to the center of the tetrahedron, i.e. obeying the ice rule. When a spin is excited and reverse its direction, there will creat emergent magnetic monopoles, which interact through the magnetic Coulomb law. However, when the spins can rotate away from the “in” and “out” spin configuration because of the quantum-mechanical interactions between the spins, the system is called quantum spin ice. Magnetic monopoles can condense to form a ferromagnet, which can be regarded as the “superconducting” state of monopoles, and is formed through a Higgs mechanism. 

磁單極可被視為磁性版本的帶電粒子，就像是電子和質子，它們只帶有一個磁極，北極或是南極。在一般的磁鐵中，磁矩以偶極子的形式，也就是南北兩極成對出現。在一類被稱為自旋冰(spin ice)的磁性材料中，在四面體上的四個電子自旋(spin)會排列成向四面體中心「二進二出」的組態，也就是符合了「冰組態的規則」。當其中一個自旋被翻轉，會產生激發的磁單極，而這些磁單極之間透過磁性的庫侖定律交互作用。當這些自旋因為量子力學的交互作用，而不再被限制在只能夠指進或出的時候，這個系統被稱作「量子自旋冰」。磁單極可以凝聚形成一個鐵磁態，而這個態可以視為磁單極通過一個希格斯機制(Higgs mechanism)所產生的超導態。

In an article to appear in the online science journal Nature Communications, three Taiwanese researchers, Professor Lieh-Jen Chang (National Cheng-Kung University), Professor Ying-Jer Kao (National Taiwan University), and Dr. Ku-Ding Tsuei (National Synchrotron Radiation Research Center), in collaboration with Dr. Shigeki Onoda (RIKEN), Professor Yukio Yasui (Nagoya University & Meiji University), Dr. Kazuhisa Kakurai (Quantum Beam Science Directorate, Japan Atomic Energy Agency), Dr. Yixi Su (Jülich Center for Neutron Science JCNS-FRM II) from Germany, and Martin Richard Lees (Warwick University) from U.K., report the first experimental evidence of a Higgs transition of the emergent magnetic monopoles from a magnetic Coulomb liquid to a ferromagnet in a material Yb2Ti2O7 known as the quantum spin ice. By cooling Yb2Ti2O7 to 0.21 K, the team observed a transition from a state with fractionalized unstable monopoles to a ferromagnetic state with condensed stable monopoles, indicating a Higgs transition of monopoles. This implies that the ferromagnetic state can be regarded as a superconducting state of the magnetic monopoles, where the dissipationless monopole current can occur. These results appear on Nature Communications, 3, 992 (2012) on 7th August 2012. (DOI: 10.1038/ncomms1989)

在八月七日出刊的英國線上科學雜誌「自然通訊」中，三位台灣的研究者：張烈錚教授（國立成功大學物理系）、高英哲教授（國立台灣大學物理系）、崔古鼎博士（國家同步輻射研究中心），及其國際合作團隊：小野田繁樹博士（凝聚態理論實驗室，日本理化學研究所）、安井幸夫教授（名古屋大學及明治大學）、加倉井和久博士（日本原子力研究開発機構， 量子束應用研究部門）、蘇夷希博士（JCNS-FRM II中子科學中心，德國Forschungszentrum Jülich研究中心）、Martin Richard Lees 博士（Warwick University）發表了在一個被稱為「量子自旋冰」(quantum spin ice) 的材料Yb2Ti2O7中，觀察到的第一個實驗證據，描述了從一個由包含不穩定磁單極在其中移動的磁性庫侖液體態，到一個磁單極凝聚而成的鐵磁體的希格斯相變 (Higgs transition)。 通過冷卻Yb2Ti2O7 到0.21K(-272.94 C)，研究團隊觀察到一個從帶有不穩定磁單極的態，相變到由穩定的磁單極凝聚所組成的鐵磁態，即磁單極希格斯相變。這意味著這個特殊的鐵磁態可視為一個磁單極的超導狀態，將帶有無耗散的磁單極電流。這些結果發表在Nature Communications, 3, 992 (2012) on 7th August 2012. (DOI: 10.1038/ncomms1989)

The experiments were carried out on DNS (Diffuse Neutron Spectrometer) located at FRM-II, Garching, Germany by Lieh-Jeng Chang with the assistance of DNS instrument scientist Yixi Su, through the Taiwan NSC neutron travel budget support administrated by NSRRC. The Higgs transition temperature is confirmed at 0.21 K. The observed phenomena can be understood via a microscopic theory of the quantum spin ice. Figure 1a shows the phase diagram of the quantum spin ice; 1b and 1c are the experimental results of diffuse neutron scattering patters of a quantum spin ice Yb2Ti2O7 and a conventional spin ice Ho2Ti2O7, respectively. Clear difference in the patterns can be observed as the one of the former contains ridge structures along the radial direction. Theoretical explanations and numerical simulations were performed by Shigeki Onoda, and Ying-Jer Kao. The samples were provided by Yukio Yasui, and were characterized by Ku-Ding Tsuei by using synchrotron x-rays and Martin Richard Lees by using low-temperature heat capacity measurements.
實驗為成大張烈錚和擴散散射譜儀儀器科學家蘇夷希使用中子於德國FRM-II反應爐進行，並由同步輻射中心執行的國科會中子實驗差旅費所支助。實驗觀察的結果可以用量子自旋冰的微觀理論來解釋，並確定希格斯相變溫度為0.21 K。圖一a為量子自旋冰的相圖；一b及一c分別為量子自旋冰Yb2Ti2O7和傳統自旋冰Ho2Ti2O7的實驗中子擴散散射圖。清楚的可以明顯看出前者具有沿徑方向山脊結構的差異。理論解釋和數值模擬工作由理研小野田繁樹和台大高英哲所進行。實驗樣品由明治大學安井幸夫提供，並由同步輻射中心崔古鼎使用同步輻射x光，華威大學Martin Richard Lees使用低溫比熱來做樣品確認。
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Fig. 1a The phase diagram of the quantum spin ice; diffuse neutron scattering pattern of b quantum spin ice Yb2Ti2O7, c spin ice Ho2Ti2O7.
圖一a 量子自旋冰的相圖；量子自旋冰Yb2Ti2O7和自旋冰Ho2Ti2O7的中子擴散散射圖。
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