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二、質化績效說明（執行成果得累計呈現，如：第 2年之年度績效報告，可包含第 1年及第 2年之成果） 

審查重點 預期達成目標	
執行績效及目標達成情形說

明 檢附資料 

一、玉山

（青年）

學者之研

究工作主

要內容及

全程經過

概述。 

藤森教授的研究工作主要是使用同步輻射中心(NSRRC)之設備對包括銅酸鹽(cuprate)超導
體、鐵基超導體等凝態系統進行軟 X光共振非彈性散射(RIXS)、角解析光電子能譜(ARPES) 
或 X-光磁性圓二色性(x-ray magnetic circular dichroism, XMCD)的測量，這次來台的工作重
點特別是在高溫超導體中與電荷有關之電荷密度 ( charge density wave)以及配對密度波
(pair density wave)以及 Ni3TeO6反鐵磁系統。主要的目標為研究這些序參量或密度波之漲

落是否與超導競爭或合作，並研究哪些序參量/漲落在實現高溫超導中起關鍵作用。另外在
Ni3TeO6反鐵磁系統中，特別是要探討 X-光磁性圓二色性是否能偵測到反鐵磁序以及與拓
墣有關的 Berry curvature的拓墣量。 
 
 

由於疫情的關係，藤森教授的

訪台延後，經教育部申請「特

別入境許可」簽證辦理後，於

111年 3月 10日入台隔離
14+3天後抵達清華大學後，
即開始使用預先申請的光束

時間(beam time)進行實驗測
量。期間李定國院士亦由中山

大學轉至清華大學，與同步輻

射中心黃迪靖研究員、物理系

牟中瑜(計劃主持人)針對高
溫超導體中的電荷密度與配

對密度波之測量進行多次討

論，藤森教授並於 6月 1日做
了一場公開的演講

(colloquium):“Open issues in 
high-temperature 
superconductors: challenges 
with advance 
spectroscopies”。在預定達到
的目標上，已完成多項工作

(見以下說明與檢附資料)並
開啟多項合作工作，這些合作

在藤森教授離台後會持續進

行並完成之。 

如
Appendices 
1, 2, 3, 4, 5 

藤森淳 (Atsushi Fujimori) 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

二、玉山

（青年）

學者未來

研究主題

與校務發

展（包括

高等教育

深耕計

畫）之連

結及預期

效益： 
（1） 學
者研

究規

劃及

目

標。 
（2） 學
者研

究主

題內

容及

其與

學校

校務

發展

關聯

(1)學者研究規劃及目標 
藤森教授的研究計劃旨在解決高溫超導體中的各種開放性問題，即包括銅酸鹽

(cuprate)超導體，鐵基超導體及其在異質結構中的界面中未解決的問題。這些材料屬
於所謂的非傳統超導體，其中電子相關性起了非常重要的作用，這與

Bardeen-Cooper-Schrieffer（BCS）理論中可以理解的傳統超導體不同。在高溫超導體
中，最近的研究已經發現到各種有序參量(orders)和擾動，例如自旋序參量/擾動，電荷
序參量/擾動，向列型液晶（nematic）序參數/擾動以及庫珀對密度序參量/波動。藤森
教授計劃首先確定這些序參量/漲落的性質，研究這些序參量/漲落是否與超導競爭或
合作，並研究哪些序參量/漲落在實現高溫超導中起關鍵作用。特別地，最近發現在銅
酸鹽超導體中普遍存在電荷序參量/擾動。他將重點研究它們與費米表面嵌套
(nesting)，電子相關性，庫珀配對以及最終與高溫超導起源的關係。 
    藤森教授還計劃研究塊材、薄膜和原子層形式的過渡金屬化合物中的奇異(exotic)
磁性及其各向異性。人們認為這種引人入勝的磁性來自自旋軌道相互作用和各向異性

晶體樣品結構的綜合作用。他的目標是通過使用軟 X射線光譜技術來消除自旋軌道相
互作用和結構/電子各向異性在觀察到的現象中的作用。 
 
(2)學者研究主題內容及其與學校校務發展關聯性 
藤森教授的研究主題集中在以下領域： 
1.銅酸鹽高溫超導體，鐵基超導體以及包含 3d過渡金屬元素的相關超導材料的電子結
構，其中強電子相關性為至關重要的作用。 
2.過渡金屬化合物，稀釋的鐵磁半導體，異質界面和凡得瓦(van der Vaal)磁性材料的電
子結構和磁性能，這些被認為是未來自旋電子學應用的有前途的材料。 
3.開發用於強相關電子系統的軟 X射線光譜研究的新儀器和數據分析方法 
上述研究課題與清大物理系的許多凝聚態物理教授息息相關： 牟中瑜教授是高溫超導
和磁性理論的專家。 鄭宏泰教授是一位計算物理學家，從事相關電子材料的各種訂單
研究，非常適合藤森教授當前的研究重點。陳正中教授與藤森教授在二維超導體方面

有著共同的興趣，他們專門研究不同的光譜技術（紅外與軟 X射線）。在高度相關的

通過 RIXS 闡明與銅酸鹽超
導體中的電荷順序相關的量

子臨界漲落：由藤森教授、牟

中瑜教授 與李定國院士以及
黃迪靖研究員以及黃筱妤博

士完成。 
 
證明 RIXS 在 CuAl2O4 中
揭示 Jahn-Teller 效應和自旋
軌道耦合之間競爭的可行

性：Profs. A. Fujimori, D.-J. 
Huang and Dr. H.-Y. Huang. 
 
 
 
使用 RIXS 在空穴摻雜銅酸
鹽中發現聲等離子體激發
Profs. A. Fujimori, T.-K. Lee, 
D.-J. Huang, Drs. H.-Y. 
Huang, and A. Singh. 
 
 
 
發表在凝聚態物理期刊俱樂

部(Journal club)上的關於鎳酸
鹽和銅酸鹽超導體的量子臨

界行為的評論：藤森教授 
 

Appendix 1 
 
 
 
 
 
 
 
Appendix 2 
 
 
 
 
 
 
 
 
Appendix 3 
 
 
 
 
 
 
 
Appendix 4 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

性。 
（3） 具
體工

作績

效或

成

果，

內容

請包

括專

題研

究計

畫期

中進

度報

告。 
（4） 預
期成

效

（預

計可

達到

量化

或質

化之

具體

成

系統理論上與Miguel Cazalilla教授進行互動將有益於雙方的研究。藤森教授已經與清
大物理系的一些兼職教師建立了密切的關係：與黃迪靖教授和崔古鼎教授在國家同步

輻射研究中心進行了長期卓有成效的合作。在過去的十年中，他經常與李定國教授進

行交流，以對銅酸鹽高溫超導體的實驗數據進行理論解釋，並與吳茂昆教授進行交流，

以交換有關鐵基超導體的信息。還應該指出的是，自 2005年以來，藤森教授和黃迪靖
教授一直組織有關強相關電子系統的年度台灣-日本-韓國研討會，並鼓勵了相關研究
群，特別是該領域的年輕研究人員參與。他被任命為玉山學者將加強與 N清華院系的
互動，與他的新的富有成果的合作將使他們受益匪淺。 
(3)研究工作之具體做法 
藤森教授一直是以同步輻射加速器角分辨光電子能譜（ARPES）研究強關聯電子系統
的世界領先專家之一。他還擅長於核心電子能階(core-level)光譜學，例如 X射線吸收
光譜（XAS）和 X射線磁性圓二色性（XMCD）。最近，他與 NSRRC的黃迪靖教授小
組合作，將他的同步輻射光譜學工作擴展到了新近快速發展的共振非彈性 X射線散射
（RIXS）技術。黃教授的台灣光子源（TPS）光束線 41A處的 RIXS終端站現在擁有
世界上最高的能量分辨率和高效的數據採集系統。對於藤森教授進行高溫超導體和相

關電子材料的研究，該終端站將是一個極其強大的理想基地。 
自 2011年以來，藤森教授一直是 NSRRC台灣光源（TLS）在 Dragon光束線上的定期
用戶，用於 XMCD測量磁性化合物，薄膜和其他自旋電子材料。在台灣光子源(TPS)
和光束線的建造期間，他還擔任 TPS儲存環科學諮詢委員會的成員三年，並密切關注
軟 X射線光束線（包括 RIXS光束線）的規劃。在過去的九年中，他還被任命為傑出
訪問學者學者，並與黃迪靖教授的團隊合作。現在，藤森教授獲得了日本科學促進會

（JSPS）的資助，與日本的材料科學團體合作，並支持學生從東京到 NSRRC的旅行。
最近，藤森教授參加了由計算物理學家領導的日本教育，文化，體育，科學和技術部

（MEXT）的一個項目：該項目的目標是通過分析獲得對相關電子材料的深刻見解。
通過結合第一原理和多體理論來分析 ARPES，RIXS和 STM光譜，兩者都嚴重依賴於
下一代超級計算機“ Fugaku”的性能。 
為了研究當前所感興趣的各種磁性材料和納米結構，藤森教授還將利用 XMCD。它是

 
物理系藤森教授的公開演講

(colloquium)：“Open issues in 
high-temperature 
superconductors: challenges 
with advance spectroscopies” 
 
 
 
關於銅酸鹽超導體中電子分

數化(fractionalization)的工作
已投稿：Profs. A. Fujimori, 
D.-Jing Huang, M. Imada, Dr. 
A. Singh. 
 
具有結構手性的反鐵磁體 
Ni3TeO6 的異常光譜特性分
析：Profs. A. Fujimori, C.-Y. 
Mou, H.-T. Jeng, D.-J. Huang, 
and Dr. J. Okamoto. 
Manuscript under preparation.  
 
計劃新的聯合研究項目“銅

酸鹽高溫超導體中庫珀對密

度波動力學的 RIXS 研
究”： Profs. A. Fujimori, 
C.-Y. Mou, T.-K. Lee and D.-J. 
Huang. 
 

 
Appendix 5 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

果） 
※如

有量

化績

效

者，

請另

再填

寫

附

件 1 

一種強大而獨特的局部磁性探測器，通過它可以將磁矩分成每個原子位點的自旋和軌

道分量。有關自旋和軌道力矩的個別信息對於闡明磁性材料的磁各向異性是必不可少

的，因為磁各向異性是由自旋軌道耦合以及結構和/或電子各向異性的綜合作用引起
的。 
(4)預期成效(預計可達到量化或質化之具體成果) 
藤森教授將持續並與台灣的研究學者合作研發，將在高影響力的期刊上發表出版物。

通過此次任命，藤森教授將能夠在台灣停留更長的時間，並將能夠促進與當前清華大

學合作夥伴之間的合作並將其擴展到其他學院。他還將能夠更頻繁地與他們的學生互

動。在任命期之後，在此期間建立的研究網絡也將繼續，甚至在兩國之間的年輕合作

者之間發展。 
 

 

三、學校

申請計畫

原定目標

暨支持成

效。（請

敘明學校

協助學者

進行教學

研究所提

供之各項

配合措施

或經費，

如研究設

備 及 經

費、研究

學校提供配套措施及條件(例如研究經費與設備、研究助理人事費、住宿與搬遷費、子女教
育協助事項等；前開措施所需經費，學校可自籌經費及運用政府部門補助經費方式籌措。

如有與企業合作提供實驗設備、共組研發團隊或挹注經費等相關配套措施，亦請特別敘明)。 
 
(一) 學校整體之配套措施 
 
1.新聘教師學術專案補助費(start up起始費) 
(1)補助目的：鼓勵本校新聘教師從事學術研究，協助建立必須之研究設施。 
(2)補助對象：到校任職半年內，經系所(中心)推薦之新聘教師。 
(3)補助內容：補助研究相關之經費，惟不包括申請人之薪資津貼。補助經費總額及項目：
總額以不超過 150萬元為原則，由校款及學校管理費支付。由系所(中心)、院(含清華學院)、
校以對等比例共同補助。 
2.宿舍及房租津貼補助 
(1)新聘教師原則優先配住「學人宿舍」，房型為一房及兩房。此外，尚有清華會館及第二
招 待 所 可 供 申 請 。 國 立 清 華 大 學 招 待 所 管 理 要 點 及 收 費 標 準 詳 見

http://affairs.site.nthu.edu.tw/p/404-1165-44868.php。 

藤森教授來訪的住宿、搬遷以

及研究所需之開辦費已完全

由清華大學支付

。又藤森教授於

清華期間使用物理系 718室
辦公室、並配有大電腦螢幕以

及市內電話，設備齊全。 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

助理人事

費、住宿

搬遷、子

女教育協

助 事 項

等） 

(2)房租津貼補助：編制內新聘專任教師符合本校房租津貼要件者每月補助 10,000元，自到
職日起至多 3年。 
3.子女入學 
(1)國立清華大學附設實驗小學及幼兒園優先入學： 
依本校附設實驗國小學新生入學辦法及幼兒園招生簡章，本校編制內專任之教職員工之子

女享有清華附小與幼兒園優先入學資格。 
(2)國立科學工業園區實驗高級中學具有入學申請資格： 
本校編制內專任教職員及學校約用人員之子女可申請國立科學工業園區實驗高級中學之國

中部、國小部、幼兒園部新生及轉學生入學。 
(3) 子 女 教 育 補 助 費 ： 依 「 全 國 軍 公 教 員 工 待 遇 支 給 要 點 」 標 準 補 助 。
http://person.site.nthu.edu.tw/p/406-1066-12001,r940.php?Lang=zh-tw 
4.福利事項 
(1)生日禮券：編制內教職員每年發給。 
(2)健康檢查補助：年滿 40歲以上編制內教職員，兩年補助一次。 
(3)優惠團體保險：請參考人事室員工福利網站。 
(4)優惠存款：郵局、兆豐銀行、玉山銀行。 
(5)體育場館：本校教職員工優惠使用重訓室、羽球館、游泳池；參加各種舞蹈班；借用運
動器材。 
5.教學資源與輔助 
(1)提供「新進教師研習營」 
(2)提供「教師研習工作坊」 
(3)設置「教師社群」 
(4)提供「教師教學精進錄影」服務 
(5)支援「個別教學發展計畫」 
 
(二)擬聘單位(系所/院)之配套措施(如有與企業合作提供實驗設備、共組研發團隊或挹注經
費等相關配套措施，亦請特別敘明) 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

四、玉山

學者團隊

合作情形

（請敘明

團隊成員

及合作方

式）（玉

山青年學

者免填） 

(一)團隊合作建立規劃情形 
自 2011年以來，藤森教授一直國家同步輻射中心台灣光源（TLS）的經常用戶，用於磁性
材料的 XMCD 測量，並且自那時以來一直與黃迪靖教授合作擔任同步輻射中心的傑出學
者。他與牟中瑜、李定國與吳茂昆教授以相遇經常在會議上和通過相互訪問，對超導性研

究進行反復和廣泛的討論。他將與其他擁有共同興趣的清華大學研究小組進行更緊密的互

動和協作。關於與日本材料科學團體的合作，該團體為他的團隊提供了高質量的單晶，藤

森教授已獲得了日本科學促進會（JSPS）的資助，這筆款項還將用於支持日本的科學旅行
使日本的學生也加了使用同步輻射中心的光束時間。 
 
(二)團隊成員名單 (成員應包括校內副教授職級以下成員或博士後研究人員) 

姓名 單位 職稱 
 牟中瑜 清華大學物理系 教授 
 鄭宏泰 清華大學物理系 教授 
 陳正中 清華大學物理系 教授 
Miguel Cazalilla 清華大學物理系 教授 

徐斌睿 清華大學物理系 助理教授 
黃迪靖 清華大學物理系/同步輻射中心 合聘教授 
崔古鼎 清華大學物理系/同步輻射中心 合聘教授 
李定國 清華大學物理系/中山大學 合聘教授 
吳茂昆 清華大學物理系/中研院物理所 合聘教授 
岡本淳( Jun Okamoto ) 同步輻射中心 助研究員 
黃筱妤 同步輻射中心 博士後研究員 

 

藤森教授已經開始與團隊成

員名單中牟中瑜教授、李定國

院士、鄭宏泰教授、黃迪靖教

授、岡本淳助理研究員以及黃

筱妤博士合作。 
他還將合作擴展到同步輻射

中心的助理科學家 Amol 
Singh 博士。 

Appendices 
1, 2, and 3. 
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審查重點 預期達成目標	
執行績效及目標達成情形說

明 
檢附資料 

五、玉山

（青年）

學者國際

化合作，

鏈結接軌

國外學術

資源合作

交流，與

學校發展

相結合；

學者亦應

善用其國

際學術網

絡資源，

協助任職

學校國際

化，推動

國際交流

合作（包

括國際師

生交換、

跨國合作

研究、雙

聯學制） 

藤森教授的目標是在 NTHU 教職員工和 NSRRC 合作者的支持下建立一個全球相關電
子系統研究網絡。在玉山院士任職期間建立的研究網絡預計將在此期間繼續發展。該網絡

的海外成員包括來自日本和美國的材料科學家、來自日本和俄羅斯的凝聚態理論家、來自

日本和德國的初始階段的同步輻射實驗家。該網絡將隨著研究合作的發展而發展。特別是

與大型現有研究項目的合作，例如基於超級計算機 Fugaku 的計算物理項目和同步加速器
輻射設施 SPring-8 的 X 射線光譜組，將有利於並加強我們的國際研究網絡。 NSRRC 的
台灣光子源用戶也將參與並構成網絡。 
台日韓強相關係統研討會系列將在因 COVID-19 而中斷幾年後重新啟動，並將作為三個國
家之間以及與包括台灣在內的其他國家的互動和思想交流的平台。網絡成員。研討會將大

力鼓勵年輕研究人員和學生在國際氛圍中參與。 

第二項問題中“玉山學者未

來的研究課題與大學的發展

和預期收益之間的聯繫”來

自於所提的全球網絡的初始

階段。 
 
 
 
 
藤森教授擔任國際會議的組

委會成員：“Spectroscopies in 
Novel Superconductors 
(SNS)”、“Integrated 
Spectroscopy for Strong 
Electron Correlation”和
“International Symposium on 
Superconductivity (ISS)” 

Appendices 
1-3 
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附件 1 
量化績效說明 

項目 成果及具體工作績效 說明 

1.人才培育 

碩博班課程_ 1__堂 

學士班課程___堂 

博士生__0_人 

碩士生__1_人 

學士生__0_人 

其他____0__ 

定期指導在同步輻射工作的

清華學生。 

2.論文著作 

國內 

期刊論文_0__篇 

專書及專書論文_0__本 

研討會論文__0_篇 

技術報告_0__篇 

其他__0_ 

 

國外 

期刊論文_16__篇 

專書及專書論文_0__本 

研討會論文_0__篇 

技術報告_0__篇 

其他_2__ 

在 15 篇期刊論文中，有 4 
篇與清華大學和同步輻射教

授的合作。“其他”一項包括

的是評論文章。 

3.專題演講 __1_場次  

4.專利 

（含申請中） 

國內 ___件  
國外 ___件  
¢ 不適用  

5.產學合作 
產學合作企業_0__家  
產學合作計畫__0_案 

6.技術移轉 
技轉授權___項  
技術移轉授權金合計（金額）___元 

¢ 不適用  

7.其他 擔任某期刊特刊的客座編輯。	

J. Phys. Soc. Jpn. 90, No. 11 
(2021). 
Int’l Workshop “Integrated 
Spectroscopy for Strong 
Electron Correlation” 





Upon tuning a nonthermal parameter through a critical
value, quantum phase transitions occur at the absolute zero
of temperature T. The putative quantum critical point
(QCP) in a cuprate holds the key to understanding many
profound phenomena related to its superconductivity
[34–40]. Anomalous thermodynamic [38] and transport
properties [39,40] of cuprates close to a QCP have been
observed. For example, as temperature T approaches zero,
the electrical resistivity varies linearly with T rather than
the T2 dependence of a Fermi liquid. In approaching a QCP,
two quantum states of the system can exchange their energy
ordering. As a result, a CDW state can be intertwined with
the superconducting state. Also, because the energy differ-
ence is small, switching back and forth between CDW and
superconducting ground states is energetically likely,
resulting in quantum charge fluctuations. Interestingly,
recent resonant inelastic x-ray scattering (RIXS) studies
have found that the charge-density fluctuations permeate
through a broad region of the cuprate phase diagram [10].
A crucial task in the scenario of the presence of QCP is

to identify the ordered phases that terminates at the QCP.
In the present work, we presume the ordered phases to be
the CDW order and try to find evidence for the QCP
associated with the CDW in the superconducting phase.
Inelastic x-ray scattering (IXS) probes charge fluctuations
by measuring the dynamical structure factor Sðq;ωÞ,
which is the space and time Fourier transformation of
the density-density correlation function. Here, ℏq and ℏω
are the momentum and energy transferred to charge
excitations, respectively, with ℏ being the Planck constant
h divided by 2π. For a given electron system of charge
density nðr; tÞ at position r and time t, the charge
fluctuation is δnðr; tÞ ¼ nðr; tÞ − hnðr; tÞi, in which
h� � �i denotes the quantum statistical average. The density-
density correlation function hnðr; tÞnðr0; t0Þi can then be
written as

hnðr; tÞnðr0; t0Þi¼ hnðr; tÞihnðr0; t0Þiþhδnðr; tÞδnðr0; t0Þi:
ð1Þ

In the presence of disorder, an additional average
over disorders must be taken over Eq. (1). X-ray scattering
data, thus, comprise contributions of the static charge
distribution hnðr; tÞihnðr0; t0Þi and its dynamical fluctua-
tions hδnðr; tÞδnðr0; t0Þi, corresponding to charge suscep-
tibilities denoted by χ0ðq;ωÞ and χðq;ωÞ, respectively. In
addition, through the fluctuation-dissipation theorem,
Sðq;ωÞ is related to the charge susceptibility χðq;ωÞ by
Sðq;ωÞ¼ 2ℏð1−e βℏωÞ 1Imχðq;ωÞ, in which β ¼ 1=kBT,
with kB denoting the Boltzmann constant.
O K-edge RIXS probes certain characteristics of the

dynamical charge fluctuations of CDWs, although addi-
tionally modulated by the effects of RIXS matrix elements,
light polarization, and orbital characters [10,23,41,42]. In
this work, we perform high-resolution O K-edge RIXS

measurements and theoretical calculations through a
diagrammatic framework to investigate the quantum fluc-
tuations of charge order in superconducting cuprate
La2 xSrxCuO4 (LSCO) near the optimal doping. Our
results elucidate the role of charge order in the LSCO
compound, providing evidence for the quantum critical
scaling associated with charge order.

II. RIXS MEASUREMENTS

A. Experimental

The LSCO single crystals with the doping level x ¼ 0.15
are grown by the traveling-solvent floating zone method
[43–45]. After growth, the crystals are annealed to remove
oxygen defects. The value of x is determined from an
inductively-coupled-plasma atomic-emission spectrometric
analysis. The TC of the x ¼ 0.15 sample is 37.5 K.
We conduct O K-edge RIXS measurements using the

AGM-AGS spectrometer of beam line 41A at Taiwan
Photon Source of National Synchrotron Radiation
Research Center, Taiwan [46]. This recently constructed
AGM-AGS beam line is based on the energy compensation
principle of grating dispersion. High-resolution RIXS data
are measured with an energy resolution of 16 meV at an
incident photon energy of 530 eV. See Supplemental
Material [47] for the details of the AGM-AGS spectrometer
and data analysis.

B. Charge order of LSCO

We first measure static charge distributions
hnðr; tÞihnðr0; t0Þi of LSCO with x ¼ 0.15 using energy-
resolved elastic x-ray scattering. Figure 1(a) plots the
intensity of O K-edge elastic scattering as a function of
in-plane wave vector change qk varied along the antinodal
direction ðπ; 0Þ at various temperatures. We observe CDW
correlations in LSCO with an in-plane modulation vector
qCDW ¼ ð0.235; 0Þ, which is given in reciprocal lattice
units (r.l.u.) throughout this paper. Figures 1(c) and 1(d)
show, respectively, the temperature-dependent CDW inten-
sity and correlation length (ξ) defined as the inverse of the
half width at half maximum (HWHM) of the momentum
scan. The charge order of optimally doped LSCO exhibits a
short correlation length, ranging from 22 to 12 Å.
Consistent with previous results of LSCO, the CDWs
are slightly suppressed in the superconducting phase as
the temperature is decreased across TC [5,9].
The observed charge correlations of LSCO persist over a

wide temperature range, up to well above T� and into the
strange-metal phase. These correlations achieve no long-
range charge order, however, in contrast with other La-214
cuprates. For example, La1.48Nd0.4Sr0.12CuO4 (Nd-LSCO),
which has a low-temperature tetragonal (LTT) structure,
shows long-range and short-range charge orders, as plotted
in Fig. 1(b). The short-range charge order of LSCO might
be caused by spatial disorders or phase separation arising
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from a subtle balance between Coulomb interactions and
kinetic energy. At this time, we cannot determine if the
CDWs with qCDW ¼ ð0.235; 0Þ are truly incommensurate
or instead appear incommensurate due to defects known as
discommensurations in the commensurate CDW state
[48–51]. In a discommensurated structure, locally com-
mensurate CDW regions are separated by discommensura-
tions within which the CDW phase varies rapidly.
To unveil the charge instability and the coupling between

CDW fluctuations and phonons in LSCO, we perform
high-resolution O K-edge RIXS measurements. Figure 2(a)
presents a series of temperature-dependent RIXS intensity
distribution maps in the plane of energy loss vs in-plane
momentum transfer qk along ðπ; 0Þ; Fig. 2(b) shows those
maps after the subtraction of elastic scattering. There exists
a pronounced excitation feature of energy about 14 meV in
the neighborhood of qCDW. Its intensity decreases with
increasing temperature, unlike that of the static CDW

intensity that has a maximum at TC as plotted in Fig. 1(c)
with red squares. This low-energy RIXS excitation
appears to shift away from qCDW when the thermal energy
approaches the excitation energy. This reflects that, at low
temperatures, the low-energy RIXS excitation is dominated
by charge-density fluctuations and its contribution from the
coupling of CDW to acoustic phonons increases with the
increase of temperature, as discussed later.

C. CDW fluctuations

For a system that exhibits a QCP associated with charge
order, Sðq;ωÞ near qCDW measures the collective fluctua-
tions sensitive to the proximity of the QCP. When the
thermal energy kBT is less than the typical energy of order
parameter fluctuations and less than energy ℏω, their
quantum nature is important. For low temperatures, we
expect that the finite frequency fluctuation is dominated
by the amplitude fluctuation of the charge density, and the
following phenomenological form for charge susceptibil-
ity describes the quantum fluctuations [10,35]:

χCDWðqk;ωÞ ¼
1

Δ2 þ c2ðqk − qCDWÞ2 − ðωþ iΓCDWÞ2
:

ð2Þ

Here, Δ is the characteristic energy of the fluctuations at
T ¼ 0 and can be interpreted as the inverse correlation
length for the amplitude fluctuations. One expects that the
characteristic energy Δ vanishes when the doping level
approaches the quantum critical point. c is a parameter
that characterizes the speed of the excitations with
dispersion ω ∼ cjqk − qCDWj, and ΓCDW is a parameter
that characterizes the lifetime of the CDW amplitude
excitations. In contrast, the static charge susceptibility
χ0ðq;ωÞ vanishes except for ω ∼ 0 and its nearby region of
CDW phase fluctuations characterized by Eq. (2) with
Δ ¼ 0 and parameters c and ΓCDW. This energy region is
beyond our RIXS energy resolution.
Figure 3(a) plots RIXS spectra after the subtraction of

elastic scattering for momentum integrated from qk ¼ 0.22
to qk ¼ 0.25 at different temperatures. This low-energy
RIXS intensity decreases when the temperature is increased
as plotted in Fig. 3(b). On comparing the intensity, spectral
profile, and peak energy of the low-energy RIXS excitation
near 14 meV with those of calculated SðqCDW;ωÞ, in which
the contribution of the dispersion parameter c vanishes, one
can obtain the evolution of Δ and ΓCDW for various
temperatures. Figures 3(c) and 3(d) show the estimated
temperature-dependent Δ and ΓCDW, respectively. The
evolution of Δ, which is inversely proportional to the
CDW correlation length [36], is accordant with the temper-
ature dependence of static charge order shown in Fig. 1.
At low temperatures, ΓCDW grows with increasing temper-
ature. In the quantum critical regime, the scattering rate of

FIG. 1. O K edge elastic scattering of La 214 cuprates. (a),(b)
Scattering intensities of LSCO and Nd LSCO vs in plane
momentum qk along the antinodal direction ðπ; 0Þ at various
temperatures. Energy resolved elastic scattering plots are ex
tracted from the integrated area of O K edge RIXS over the
energy from −5 to 5 meV. The incident x ray energy for the RIXS
spectra is tuned to the mobile hole of the so called Zhang Rice
singlet (ZRS) with an absorption energy near 528.5 eV. All
spectra are vertically offset for clarity. (c),(d) CDW intensity and
correlation length (ξ) of LSCO and Nd LSCO as a function of the
temperature, respectively. The vertical dashed lines show TC
and T� of LSCO and structural transition temperature TLTT of
Nd LSCO. All solid lines serve as visual guidance.
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quasiparticles reaches the Planckian limit, and the change
of ΓCDW is comparable with kBT=ℏ, i.e., the Planckian
dissipation [40,52]. Although the measured data cover only
one temperature point below TC, this observation supports
the quantum critical nature of CDW fluctuations in LSCO.
Figure 3(d) also shows that, as T is increased, the

temperature dependence of ΓCDW exhibits a bending feature
about 80 K. This suggests two possible scenarios: a
crossover near the QCP and the coupling of CDW
fluctuations to acoustic phonons. First, a crossover of
ΓCDW behavior near the QCP [53,54] indicates that
Planckian linear-T dependence works only at the critical
regime (low-temperature regions) controlled by the QCP. In
other words, only inside the critical regime, ΓCDW shows
the linear-T dependence, which reflects the gapless nature
at the QCP, i.e., 1=ΓCDW going to infinity. At higher
temperatures beyond the critical regime, ΓCDW no longer
reaches the Planckian limit. In this scenario, the quantum

critical region is up to approximately 80 K. In the second
scenario, the bending feature of ΓCDW suggests that, for the
thermal energy kBT comparable to the charge fluctuation
energy, CDW fluctuations alone do not explain the RIXS
data at high temperatures, as shown in supplemental
Figs. S8(e)–S8(g) [47]. This indicates that the low-energy
RIXS is also contributed by the coupling of CDW fluctua-
tions to phonons. We, hence, calculate the full RIXS
intensity using a diagrammatic framework, in which the
coupling between χCDW and phonons renormalizes the
phonon propagator.

III. RIXS CALCULATIONS

The intensity of the phonon excitations is calculated by
using the diagrammatic framework [55] generalized to the
O K edge. The RIXS intensity is given by (ℏ ¼ 1)

Iνðq;ΩÞ¼
1

N

X

k;α

1

N

X

k0;β

½ϵ̂i · r̂α�½ϵ̂f · r̂β�gνðk;kþqÞjϕ2pα
ðkÞj2jϕ2pβ

ðkþqÞj2
�

nfð−ϵkÞ
ϵk−ωf−E1s;2p− iΓ

−
nfð−ϵkþqÞ

ϵkþq−ωi−E1s;2p− iΓ

�

×gνðk0 þq;k0Þjϕ2pβ
ðk0Þj2jϕ2pα

ðk0 þqÞj2
�

nfð−ϵk0 Þ
ϵk0 −ωf−E1s;2pþ iΓ

−
nfð−ϵk0þqÞ

ϵk0þq−ωi−E1s;2pþ iΓ

�

×−
1

π
Im

�
1

ϵk−ϵkþqþΩþ iγe
Dνðq;ΩÞ

1

ϵk0 −ϵk0þqþΩ− iγe

�
: ð3Þ

FIG. 2. Temperature dependent OK edge RIXS of optimally doped LSCO. (a) RIXS intensity distribution maps in the plane of energy
loss vs in plane momentum transfer qk along ðπ; 0Þ at various temperatures. (b) RIXS intensity distribution maps after the subtraction of
elastic scattering. All RIXS spectra are recorded with σ polarized incident x rays of energy tuned to the ZRS hole. The momentum
transfer is q ¼ ðqk; 0; LÞ with L varying between 0.47 and 1.03 in reciprocal lattice units. Dotted lines indicate the position of measured
qCDW ¼ ð0.23; 0; LÞ.
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Here, nfðxÞ is the Fermi factor; ϵk is the electron band
dispersion; gνðk;qÞ and Dνðq; ξÞ are the electron-phonon
vertex and phonon propagators for phonon branch ν,
respectively; ϕ2pα

ðkÞ is the oxygen 2pα orbital character
of the band; r̂α is a unit vector pointing along the direction
of the oxygen orbital; Γ is the core-hole lifetime parameter;
γe is a lifetime parameter for the electrons; and Ω ¼
ωi − ωf and q ¼ ki − kf are the energy and momentum,
respectively, transferred to the sample. The phonon soft-
ening is determined by the total electronic polarizability.
Our model essentially assumes that the phonons respond to
some strong CDW fluctuation caused by an external source
like correlations. That is, the coupling of CDW fluctuations
to phonons renormalizes the phonon propagator through
charge susceptibility χCDWðqk;ωÞ. See Supplemental
Material [47] for the calculation details.

Figure 4(a) presents the calculated RIXS intensity
distribution map. That the coupling of CDW fluctuations
to acoustic phonons enhances the RIXS intensity signifi-
cantly at 14 meV for momentum about qCDW agrees
satisfactorily well with the measurements shown in
Fig. 4(b), corroborating the phenomenological form of
charge susceptibility given in Eq. (2).

IV. ELECTRON-PHONON COUPLING

In addition to the pronounced low-energy feature, RIXS
also measures other phonon excitations [55,56]. The
electron-phonon coupling involved with states near the
Fermi level is weak for the apical mode [57]. The con-
tribution of apical phonons to RIXS can be neglected. We,
therefore, fit RIXS spectra with three components for high-
energy phonons, i.e., bond-stretching (BS), A1g buckling,
and B1g buckling phonons [30,32,58–60], as shown in
Figs. 4(c) and 4(d), which plot fitting spectra of qk ¼ 0.23
and 0.16 at 24 K, respectively. Results of other qk and
temperatures are presented in Figs. S9–S11 in
Supplemental Material [47]. Figure 4(a) also depicts the
phonon dispersions from curve fitting. The diagrammatic

FIG. 3. Temperature dependence of CDW fluctuations.
(a) Momentum integrated RIXS spectra after the subtraction of
elastic scattering and thenmomentum integration over a range from
0.22 to 0.25 in units of 2π=a at different temperatures. The RIXS
spectra are fitted to four phonon modes. The component derived
from the coupling of CDW fluctuations to acoustic phonons is
shaded in pink. The components of the BS, A1g, and B1g phonon
modes are shown in green, orange, and red, respectively. Details of
the curve fitting are presented in Supplemental Material [47].
(b) RIXS peak intensity of the 14 meV component shown in (a),
compared to the maximum of calculated SðqCDW;ωÞ after con
volutionwith the instrumental resolution. The value of SðqCDW;ωÞ
with the 24 Kdata point is normalized to theRIXS intensity.Values
ofΔ and ΓCDW used for the SðqCDW;ωÞ calculations are plotted in
(c) and (d), respectively. (d) Temperature dependence ofΓCDW. The
gray dashed line indicates the slope of the lifetime width vs T
determined by the limit of the Planckian dissipation. All solid lines
connecting data points in (b) (d) serve as visual guidance.

FIG. 4. Phonon excitations from RIXS measurements of
optimally doped LSCO. (a) Calculated intensity distribution
map using the diagrammatic framework in comparison with
phonon dispersions obtained from RIXS spectra of 24 K. Green
squares, orange triangles, and red diamonds depict the disper
sions of BS, A1g, and B1g phonon modes, respectively. The
dispersions of the low energy RIXS excitations are represented
by pink circles scaled to the fitted intensity. (b) RIXS intensity
distribution map of T ¼ 24 K extracted from Fig. 2(b) and
plotted with the same color scale. (c),(d) Measured RIXS spectra
with fitted components for phonon excitations of momenta qk ¼
0.23 and 0.16 at T ¼ 24 K, respectively. The curve fitting scheme
is the same as that in Fig. 3(a). RIXS data are plotted as open
circles with black curves to show the summation of fitted
components and a linear background. The component derived
from the coupling of CDW fluctuations to acoustic and optical
phonons is shaded in pink. The components of the BS, A1g, and
B1g phonon modes are shown in green, orange, and red,
respectively. The elastic component is plotted as a dashed curve.
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calculations explain well the observed photon softening. In
addition to phonon softening, the phonon energies from
RIXS agree with those are from density-functional-theory
(DFT) calculations [30] and measurements of Raman
scattering [59], inelastic neutron scattering [58], IXS
[28], and photoemission [60]. We also fit the RIXS data
of T ¼ 24 K with three phonon modes, i.e., BS, buckling,
and acoustic phonons; the fitting results plotted in supple-
mental Fig. S12 [47] show a phonon softening consistent
with that from the four-phonon fitting. That is, our curve
fitting results show that these phonons all exhibit the
strongest softening at qk ¼ ð0.25; 0Þ rather than qCDW,
supporting the scenario of discommensurate CDWs in
LSCO at doping level x ¼ 0.15. In domains of discom-
mensurate CDWs, phonons are strongly coupled to charge
fluctuations, and the phase shift between scattered x rays
from separate domains is negligible. The phonon softening,
therefore, occurs at qk ¼ ð0.25; 0Þ for CDW domains of
period 4a, in which a is the in-plane lattice constant.
To further understand the characteristics of CDWs in

LSCO, we examine the coupling of CDWs to phonons
through performing DFT calculations in the scheme of
frozen phonons, which are adopted to study qualitatively
the coupling of longitudinal BS mode and apical phonon
mode of A1g symmetry with a periodicity of 4a. See
Supplemental Material [47] for the details. The calculations
show that the apical mode has an energy lower than that of
the BS mode. Whereas the vibration of either the apical or
the BS mode raises the total energy, the vibrations of these
two modes together produce an energy gain for the CDW
state as compared with the vibration of each single mode.
This energy gain indicates that the coupling of these two
phonon modes with CDWs is favorable; the coupling
strength, measured by the energy gain, is found to be
stronger than that with other periodicities, such as 6a. The
coupling strength also enhances with increasing hole
concentrations. These findings are in agreement with the
RIXS results that strong phonon softening occurs about
qk ¼ 0.25. One plausible scenario is that the CDW has
effectively a period 4a and is short ranged [51]; a shift in
the wave vector of a large sample appears in the Fourier
space, giving rise to the formation of discommensu-
rate CDWs.

V. DISCUSSION AND CONCLUSION

Although the data presented in the present work are only
from a sample near the optimal doping, quantum critical
scalings of charge fluctuations in the temperature domain
are clearly demonstrated. These results are consistent with
the speculation on the existence of a QCP. On the other
hand, by suppressing superconductivity in high magnetic
fields, linear scalings in resistivity are observed in a more
extended regime around the putative QCP near a doping
level of 0.2 [39]. While the extended linear-resistivity

region shows quantum scaling in temperature, it does
not exhibit the quantum critical scaling in the nonthermal
parameter, doping. Thus, the correspondence between
quantum criticality and T-linear resistivity may not be of
necessity [61,62]. The apparent extended critical region
that is overlapped with the putative QCP may just be a non-
Fermi-liquid phase [63]. In this scenario, the CDW phase
becomes a non-Fermi-liquid phase as the doping level is
tuned across the putative QCP. Clearly, to clarify these
issues, future work on samples (both LSCO and Nd-LSCO)
with different dopings around the critical point and inside
the region of long-range charge-ordered phase (Nd-LSCO
sample) is required in order to unequivocally prove the
existence of QCP related to charge order in LSCO.
In conclusion, we observe short-range CDWs in LSCO

near the optimal doping over a wide temperature range;
these orders compete locally with the superconducting
order. Through combining high-resolution RIXS measure-
ments, theoretical modeling, and diagrammatic calcula-
tions, our results provide evidence for phonon softening in
superconducting cuprates induced by charge order. The
observation of phonon softening indeed results from
quantum fluctuations of the charge order.
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separate the contribution of octahedral Cu2+ to the L2 absorption
from that of tetrahedral sites by examining the incident-energy
dependence of Cu L2-edge RIXS.

Resonant inelastic X-ray scattering
RIXS has been proved to be a powerful probe of crystal-field
excitation from different site symmetry27. By selecting the incident

photon to particular absorption energy, RIXS measures electronic
excitations of d electrons with the site-specific orbital degree of
freedom. Figure 2(b),(c) show the RIXS intensity maps of CuAl2O4

measured about Cu L3 and L2 edges, respectively. The scattering
angle was fixed at 90∘. The L3-edge RIXS map shows two sets of
distinct excitation structures which resonate at incident energies
of 930 eV and 930.8 eV, respectively, indicating that these

Fig. 3 Cu L-edge RIXS spectra recorded at selected incident photon energies in comparison with multiplet calculations. a RIXS spectra
measured with the incident photon energies tuned to the resonance of Td Cu2+ compared with calculated RIXS. The solid black lines plot the
calculated spectra of Td Cu2+ with the Jahn-Teller distortion; the dashed gray lines are for those in a spin-orbital entangled state. The
calculated RIXS intensity of Td Cu2+ in the Jeff 1/2 state vanishes. See the main text for the discussion on the origin of peaks A and B.
b Measured RIXS of Oh Cu

2+ in comparision with calculations. The solid black lines plot the calculated spectra of Oh Cu
2+ without a distortion.

The incident photon energies Ein indicated in (a) and (b) correspond to the red dashed lines shown in Fig. 2. Both experimental and calculated
RIXS spectra of Cu L2 edge are magnified by a factor of four.

Fig. 4 Simulation of Cu L-edge XMCD. a c The calculated XAS and XMCD spectra of Cu2+ tetrahedron in the spin-orbit coupling (SO)
scheme, Cu2+ tetrahedron in the Jahn-Teller (JT) coupling scheme and Cu2+ octahedron, respectively. The calculations are down with an
external magnetic field 1 T alone the z direction, and the polarization of incident X-ray lies on the xy plane. d The thick green line is the
calculated XMCD spectra from 37.5% Oh Cu2+ and 62.5% Td Cu2+ with Jahn-Teller distortion; the dashed black line is the result of 37.5% Oh
Cu2+ and 62.5% spin-orbital entangled Td Cu2+.
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octahedral 16d site was refined with a constraint on the total chemical
composition. The experimental, calculated, and difference X ray diffraction
profiles and the main refinement results are shown in Supplementary Fig. 1.

XAS and RIXS measurements
All XAS and RIXS measurements were performed at the AGM AGS
spectrometer of beamline 41A at Taiwan Photon Source31. This AGM
AGS beamline is based on the energy compensation principle of grating
dispersion. The energy bandwidth of incident X ray was 314.5 meV while
keeping the total energy resolution of RIXS at 90meV. The sample was at
room temperature during the measurements. Both XAS and RIXS
measurements were carried out using a linear horizontally (π) polarized
X ray. The XAS spectrum was measured with a normal incident X ray in the
total electron yield mode. For the RIXS measurement, the incidence angle
was 45°, and the scattering angle was fixed at 90°.

Multiplet calculations
Simulations of RIXS, XAS, and XMCD spectra were performed with the full
multiplet code through QUANTY, a script language to calculate many body
eigenenergy, XAS, and RIXS spectra32,33. The on site Coulomb interaction,
the crystal field, and the 2p and 3d SOC (ζ2p & ζ3d) were included in the
calculations. The intra atomic Coulomb interaction of 3d electrons is
described by the radial part of the direct Coulomb interactions F2(3d, 3d)
and F4(3d, 3d). The interaction between core hole and 3d electrons is
described by F2(2p, 3d) and exchange interactions G1(2p, 3d), G3(2p, 3d).
The Hartree Fock values of ζ2p (13.498 eV) and ζ3d (0.102 eV), and a scaling
factor 70% for Slater integrals were used in the calculations. The
calculations of tetrahedral and octahedral Cu2+ were conducted separately
with crystal field of 0.72 eV and 1.55 eV, respectively. The calculation of
RIXS and XAS spectra are an average of three possible geometries as
described in Supplementary Fig. 2.

DFT calculations
DFT calculations were performed using VASP package34 and PBE type of
the exchange correlation functional35. We used 125 k points for the
Brillouin zone integration and chose U correction according to ref. 36 with
Hubbard U 7 eV37,38 and Hund’s exchange JH 1 eV.
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FIG. 1. (a) Crystal structure of LSCO. The stacked CuO2 layers
are highlighted in yellow. (b) Cartoon illustration of a ZRS in the
CuO2 plane. It is a two-hole state formed by a Cu dx2−y2 hole hy-
bridized with an O 2px,y hole distributed over the surrounding ligands
in an antiparallel spin configuration. The singlet moves through the
lattice of Cu2+ ions in a way similar to that of a mobile hole in
the CuO2 plane. The arrows on Cu2+ indicate the antiferromagnetic
structure of the lattice.

function are discussed in Sec. III, followed by a conclusion
section.

II. METHODS

A. RIXS measurements

The LSCO single crystal was grown by the traveling-
solvent floating zone method [35,36]. After growth, the
crystals were annealed appropriately to remove oxygen de-
fects. The oxygen content was tuned to be 4.000±0.001
following Ref. [37]. The stoichiometry x = 0.12 was deter-
mined from an inductively coupled-plasma atomic-emission
spectrometric analysis. The sample’s transition temperature
TC of superconductivity was 30 K. See Ref. [35] for the crystal

growth and characterization. Based on the above informa-
tion and the previously published characterizations of LSCO
[37,38], our crystal was estimated to have lattice constants
a = b = 3.77 Å and c = 13.22 Å.

We conducted O K-edge RIXS measurements using the
AGM-AGS spectrometer of beam line 41A at Taiwan Photon
Source. This RIXS beam line has been constructed based on
the energy compensation principle of grating dispersion. The
instrumental energy resolution defined as the full width at
half-maximum (FWHM) was ∼20 meV for all RIXS mea-
surements with the monochromator exit slit set to 100 μm.
See Ref. [39] for more details of the beam line. Figure 2(a)
shows the scattering geometry of our RIXS measurements.
The crystallographic axes of the LSCO crystal were pre-
cisely aligned with x-ray diffraction using a unique holder
with tilting adjustment. Prior to RIXS measurements, the
LSCO sample was cleaved in air and then mounted on a
three-axis in-vacuum manipulator through a load-lock system.
X-ray absorption spectra were measured using a photodiode
in the fluorescence yield mode. The resonant conditions were
achieved by tuning the energy of the incident x ray to the
Zhang-Rice singlet (ZRS) about 528.3 eV or the upper Hub-
bard band (UHB) [30,40]. RIXS measurements were recorded
with σ -polarized incident x rays and normalized to the fluo-
rescence intensity for various in-plane wave-vector changes.
The sample was cooled to 23 K with liquid helium.

B. Theoretical calculations

In a RIXS process, a photon scatters resonantly to an-
other state, leaving behind an electron-hole excitation of
well-defined momentum q and energy ω. The general expres-
sion for the K-edge RIXS intensity [41,42] can be expressed

FIG. 2. (a) Scattering geometry of RIXS measurements. The CuO2 plane is perpendicular to the scattering plane defined by k and k′, which
are the wave vectors of the incident and scattered x rays, respectively. The projection of the wave vector change onto the CuO2 plane, q‖, is
parallel to the antinodal direction. (b) O K-edge RIXS spectrum of LSCO. This spectrum was recorded for a sample at temperature 23 K and
with q‖ = (0.1, 0) and qz = 0.7. The total energy resolution of the RIXS monochromator and spectrometer was 20 meV. The incident photon
energy was set to the absorption at the ZRS resonance. Inset: XAS spectrum recorded through a fluorescence yield scheme. (c) RIXS intensity
distribution map of LSCO in the energy-momentum space. The wave-vector change q is decomposed into an in-plane wave-vector change q‖
that varies along the antinodal direction and qz is fixed to 0.7. RIXS spectra were recorded with incident x rays tuned to the ZRS resonance.
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TABLE I. Tight-binding hopping parameters (in meV) used in
this study.

t t ′ t ′′ t ′′′

312.5 −31.25 25.0 68.75

as [43]

IRIXS (q, ω, ωi ) = (2π )3N |w(ω,ωi )|2 v̂(q)2

v(q)
L(q, ω), (1)

where w(ω,ωi ) is the energy-dependent matrix element, v̂(q)
[v(q)] is the interaction energy between electron hole (elec-
tron electron), and L(q, ω) is the loss function in the charge
channel

Im
[−ε−1

00

]
, (2)

with ε−1
00 being the inverse dielectric function. Therefore,

peaks of K-edge RIXS intensity are directly proportional to
transitions in the loss function, which mark the presence of
collective charge modes, or plasmons [44]. To construct the
inverse dielectric function we follow Ref. [45], where it is
defined as

ε−1
IJ = [δNL − vNK PKL]−1

IJ . (3)

I (J ) = 0 index the charge components, while I (J ) ∈ {x, y, z}
denote the various spin channels. By assuming a noninteract-
ing ground state and taking the vertex to be the identity, ε−1

IJ
is the random-phase-approximation (RPA) dielectric function
and PKL the Lindhard polarizability. Since the electronic dis-
persion is local-density-approximation-like for x = 0.12 [46],
we use the single-band electronic dispersion εk as defined in
Refs. [47,48] with the hopping parameters given in Table I.

To generate acoustic plasmons we must go beyond the
usual Hubbard limiting case and consider the full long-range
Coulomb interaction. Moreover, the treatment of the long-
range Coulomb interaction for the correlated electronic sys-
tem in a layered structure requires some care. We model v(r)
as

∑
i v̄(Ri )δ(r − Ri ), so that v(q) = ∑

i v̄(Ri ) exp(−iq ·
Ri ). v̄(Ri ) is taken to be an on-site Hubbard U = 2 eV [49]
for Ri = 0 and a screened Coulomb interaction contribution
v̄(Ri ) = e2/(ε0Ri ) for Ri �= 0, using a background dielectric
constant ε0 = 6. To recover the correct q → 0 limit of v(q)
we range separate v(r) into short-range (SR) and long-range
(LR) pieces. For the short-range interactions where r less than
or equal to a cutoff L we sum the contributions of all in-plane
Cu terms. We approximate the remaining long-range compo-
nent (r > L) by a continuum. Then after summing over the
interplane contribution we arrive at the following expression
for v(q) [43,50],

v(q) = vSR
2d (q) + vLR

2d (q) + vz(q), (4)

where

vSR
2d (q) = U +

L∑
i �=0

e2

ε0Ri
e−iq·Ri , (5a)

vLR
2d (q) = 2πe2

ε0a2q‖

[
1 − q‖LJ0(q‖L)

πq‖L

2
(J0(q‖L)H1(q‖L)

− J1(q‖L)H0(q‖L))

]
, (5b)

vz(q) = 2πe2

ε0a2q‖

[
cos(qzl ) − e−q‖l

cosh(q‖l ) − cos(qzl )

]
. (5c)

a and l = c/2 are the in-plane lattice parameter and dis-
tance between adjacent CuO2 planes in La2CuO4 [51,52],
respectively, Ji (Hi ) are the Bessel (Struve) functions, and the
short-range cutoff L is 500a. Then by inserting v(q) in Eq. (3)
we obtain the loss function.

III. RESULTS AND DISCUSSIONS

A. RIXS results

LSCO has a quasi-two-dimensional (quasi-2D) crystal
structure with stacked CuO2 layers. This system is theoret-
ically expected to exhibit acoustic plasmons [8]. Whereas
optical spectroscopy is limited to measurements of nearly
zero momentum transfer, RIXS can probe the dispersion of
acoustic plasmons in cuprates [5,6,25]. However, the conclu-
sion drawn from O K-edge RIXS results [25] is inconsistent
with EELS results [18,19]. Figure 2(b) plots a typical RIXS
spectrum of hole-doped cuprate LSCO with the incident pho-
ton energy set to the ZRS resonance in XAS denoted in the
inset. This spectrum includes the following features: elastic
scattering, phonon excitations, plasmons, parabimagnons, d-
d excitations, and electron-hole pair excitations. Because of
the limited energy resolution of the RIXS spectrometer, the
low-energy phonon excitations were not well resolved from
the elastic scattering, giving rise to an asymmetric and intense
spectral profile near the zero energy loss [53]. Because the O
2p bands are strongly hybridized with Cu 3d , d-d excitations
of Cu and the excitonic excitations of ZRS occur in this RIXS
spectrum at an energy loss above 1.5 eV; these excitation ener-
gies overlap with the energy of resonant fluorescence. Distinct
from the Cu L3-edge RIXS measurements, the O K-edge reso-
nance yields negligible single-magnon excitations but permits
us to observe even-order spin excitations. The excitation of
parabimagnons, which are called bimagnons throughout the
paper for simplicity, appears in the broad feature at an energy
loss centered at about 0.5 eV in LSCO [54,56]. This broad
feature might also contain plasmon excitations, depending
on the wave-vector change, which is composed of in-plane
wave-vector change q‖ and out-of-plane component qz, i.e.,
q = q‖ + qzẑ; they are expressed in units of 2π

a and 2π
c

throughout the paper, respectively.
We measured q-dependent spectra on LSCO (x = 0.12)

to examine acoustic plasmons in hole-doped cuprates. Fig-
ure 2(c) maps the distribution of RIXS intensity as a function
of in-plane wave-vector change q‖ along the antinodal direc-
tion with qz fixed to 0.7. This measurement method differs
from those used in most of previous momentum-resolved
RIXS measurements on cuprates in which qz was not fixed
[6,14]. In addition to the quasielastic scattering, overall this
RIXS intensity map shows a broad feature that shifts toward
higher energy with an increasing width as q‖ is increased.
After scrutinizing the RIXS data with q‖ near the zone center,
we found that the RIXS spectrum of q‖ = (0.04, 0) contains a
low-energy narrow feature near 0.14 eV and a broad feature of
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bimagnon excitation centered at about 0.5 eV, like bimagnons
in the undoped compound La2CuO4.

B. RIXS data analysis and curve fitting

In the RIXS spectra recorded at the ZRS resonance, the
bimagnon energy overlaps closely with the plasmon en-
ergy of q‖ larger than 0.06. We analyzed the RIXS spectra
measured at the ZRS and UHB resonances through a non-
linear least-squares curve fitting. Prior to the fitting, spectra
were normalized to the incident photon flux and corrected
for self-absorption [53,57]. Each of the plasmon, bimagnon,
and phonon components was fitted with an antisymmetrized
Lorentzian function f (ω) expressed as

f (ω) = γ

2π

[
1

(ω − ω0)2 + (γ /2)2
− 1

(ω + ω0)2 + (γ /2)2

]
,

(6)

where ω0 is the transition energy and γ is FWHM [5,25]. A
cubic background was used to account for the tail contribution
of d-d excitation. In addition, we used a Gaussian function for
the component of elastic scattering.

First, we fitted the spectrum of in-plane momentum q‖ =
0.02 with four components: one Gaussian function for elas-
tic scattering with an instrumental energy resolution of
20 meV and three antisymmetrized Lorentzian functions for
bimagnon, plasmon, and phonon of energy between 0.03
and 0.05 eV [53]. We used the previously published re-
sults [25,54] to limit the bimagnon energy to be larger than
0.4 eV and found that it was a broad peak centered about
0.5 eV. For the fitting of RIXS spectra of other in-plane mo-
menta, the position and FWHM of the bimagnon component
were constrained to be close to those obtained from the fit
results of q‖ = 0.02 within ±0.025 eV and ±0.15 eV, respec-
tively. The constraints of the bimagnon energy and width in
curve fitting may cause some uncertainty about the plasmon
dispersion, although the deduced dispersion is similar to that
of electron-doped cuprates. The conclusion from RIXS at the
ZRS resonance requires further verification because of the
spectral contributions of bimagnons. We varied the incident
photon energy in the RIXS measurements to the UHB reso-
nance to diminish the spectral weight of the bimagnon. The
bimagnon contribution to the RIXS spectra measured at the
UHB resonance is nearly negligible, particularly for high q‖.
Since the UHB is more localized and at about 2 eV higher
than the ZRS band, RIXS excitations directly involved with
the ZRS resonance are more sensitive to bimagnons than those
with the UHB resonance [54]. The q‖-dependent widths of
acoustic plasmons obtained from the curve fitting results of
RIXS data at the UHB resonance justify those from the data
measured at the ZRS resonance. See Figs. S1 and S2 in the
Supplemental Material [55] for the comparison of the fitted
curves with measured data. Table II lists the fitted parameters
of our curve-fitting analysis.

Figure 3(a) plots the spectra of various q‖ after subtrac-
tion of the bimagnon and background; it reveals that the
energy of the acoustic plasmon monotonically increases from
0.08–0.69 eV as q‖ is increased to 0.2. The obtained plas-
mon dispersion of LSCO is similar to that of electron-doped
cuprate La2−xCexCuO4 (LCCO) [5]. Our results indicate that

TABLE II. Fit results of RIXS spectra recorded at the ZRS and
UHB resonances for various in-plan momentum (q‖, 0) in units of
2π/a. The energy of plasmon (ωplasmon) and bimagnon (ωbimag) are
given in units of eV; their FWHM are expressed by γplasmon and γbigmag

in units of eV, respectively.

ZRS

q‖ ωplasmon Iplasmon γplasmon ωbimag γbimag

0.02 0.08 ± 0.01 0.18 ± 0.02 0.23 ±0.05 0.55 ± 0.1 0.8 ± 0.1
0.04 0.14 ± 0.01 0.34 ± 0.04 0.26 ±0.05 0.54 ± 0.1 0.7 ± 0.1
0.06 0.24 ± 0.02 0.35 ± 0.04 0.43 ±0.09 0.55 ± 0.1 0.8 ± 0.1
0.08 0.31 ± 0.02 0.30 ± 0.03 0.56 ±0.12 0.5 ± 0.1 0.8 ± 0.1
0.10 0.51 ± 0.05 0.67 ± 0.07 0.65 ±0.13 0.5 ± 0.1 0.9 ± 0.1
0.12 0.57 ± 0.06 1.10 ± 0.12 0.68 ±0.14 0.5 ± 0.1 0.8 ± 0.1
0.14 0.60 ± 0.06 1.13 ± 0.12 0.70 ±0.15 0.5 ± 0.1 0.8 ± 0.1
0.16 0.63 ± 0.06 1.15 ± 0.13 0.72 ±0.15 0.5 ± 0.1 0.9 ± 0.1
0.18 0.68 ± 0.07 1.03 ± 0.11 0.73 ±0.15 0.5 ± 0.1 0.6 ± 0.1
0.20 0.69 ± 0.07 0.99 ±0.10 0.76 ±0.16 0.5 ± 0.1 0.6 ± 0.1

UHB

q‖ ωplasmon Iplasmon γplasmon ωbimag γbimag

0.02 0.08 ± 0.01 0.07 ± 0.01 0.18 ± 0.04 0.5 ± 0.1 0.6 ± 0.1
0.04 0.15 ± 0.01 0.09 ± 0.01 0.20 ± 0.04 0.5 ± 0.1 0.6 ± 0.1
0.06 0.22 ± 0.02 0.13 ± 0.01 0.35 ± 0.07 0.5 ± 0.1 0.6 ± 0.1
0.08 0.30 ± 0.03 0.24 ± 0.02 0.60 ± 0.12 – –
0.10 0.44 ± 0.04 0.22 ± 0.02 0.62 ± 0.13 – –
0.12 0.49 ± 0.05 0.24 ± 0.02 0.63 ± 0.13 – –
0.14 0.54 ± 0.05 0.22 ± 0.02 0.65 ± 0.13 – –
0.16 0.60 ± 0.06 0.22 ± 0.02 0.67 ± 0.14 – –
0.18 0.65 ± 0.06 0.20 ± 0.02 0.69 ± 0.14 – –
0.20 0.66 ± 0.07 0.18 ± 0.02 0.73 ± 0.15 – –

the plasmons of hole-doped cuprates are strongly damped and
have a greater spectral width than those of electron-doped
cuprates because of stronger electron correlations [4,58]. For
example, the plasmon FWHM of LSCO at q‖ = 0.1 and qz =
1.0 is 0.68 eV, whereas that of LCCO is about 0.3 eV. Fig-
ure 3(b) plots momentum-dependent RIXS spectra measured
with the x-ray energy set to the UHB resonance, in which
the excitations are dominated by Cu 3d orbitals. As plotted
in Figs. 3(a) and 3(b), the plasmon dispersions excited by x
rays tuned to the ZRS and UHB resonances agree with each
other, revealing that both O 2p and Cu 3d orbitals are involved
with the acoustic plasmons.

C. Comparison with the loss function

To verify that the observed collective charge dynamics fol-
low the energy dispersion associated with acoustic plasmons,
we calculated the collective charge response of the system
via the loss function. That is, on incorporating a long-range
Coulomb interaction into the one-band parametrization of
LSCO [43] with a hole doping, we calculated ε−1(q, ω), in
which ε is the dielectric function, and q contains both in- and
out-of-plane momentum transfer components within the RPA.
The three dimensionality was incorporated through interplane
Coulomb interactions. The loss function was eventually ob-
tained as −Im(ε−1).
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FIG. 3. (a) and (b) Momentum-dependent RIXS spectra of LSCO excited by x rays of energy tuned to the ZRS and the UHB resonances,
respectively. The out-of-plane component qz was fixed to 0.7. Color curves in (a) are spectra deduced from Fig. 2(c) after 10-point binomial
smoothing and subtraction of the bimagnon component and the background. RIXS spectra shown in (b), which are multiplied by 3 to account
for the difference in the cross section between the ZRS and UHB resonances, are plotted without bimagnon and background subtractions. The
details of data analysis are presented in the Supplemental Material [55]. Spectra in both (a) and (b) are offset vertically for clarity; vertical
ticks indicate the plasmon energies. (c) Theoretically obtained loss function for LSCO with hole doping x = 0.12 along � − X in the square
Brillouin zone with qz = 0.7. Measured plasmon energies of LSCO (circles and squares) deduced from the RIXS spectra shown in (a) and
(b) are also plotted for comparison.

Figure 4 shows the loss function for values of qz ranging
from 0–1. For qz = 0, a clear plasmon peak is seen at the zone
center near 0.7 eV, in agreement with optical measurements
[21]. As q‖ changes from � to X , the plasmon peak dis-
perses to higher energies, eventually entering the particle-hole
continuum around (π/2, 0), where the peak intensity sharply
decreases. As qz increases, the plasmon energy at � de-
creases, becoming zero for qz > 0.04. Moreover, the plasmon
dispersion along �-X softens, becoming linear for qz > 0.3,
ultimately merging with the electron-hole continuum for very
large qz, which dampens out the plasmon peak entirely. The
evolution of the plasmon with qz is in agreement with Ref. [7],
confirming that the existence of acoustic plasmons arises from
the out-of-phase motion of electrons on adjacent CuO2 planes.
These calculations explain the discrepancy between EELS and
RIXS results. For transmission-type EELS, the magnitude of
electron momentum is typically larger than 2π/c by a couple
of orders [15–17]. A special scattering geometry is required to
pick up the contribution of acoustic plasmons. The reflection-
type EELS results presented in Ref. [18] and Ref. [19] are
dominated by the in-phase motion of electrons on different
CuO2 planes, and they are much less sensitive to acoustic
plasmons because the out-of-plane momentum transfers were
fixed to qz = 20.

Figure 3(c) plots the calculated loss function for 12% hole-
doped LSCO in the paramagnetic phase along the x axis in the
Brillouin zone with qz = 0.7. The measured plasmon energies
of LSCO are also shown for comparison. The dispersion of an
acousticlike plasmon excitation is seen to extend from near
zero at the zone center � to above 1 eV at X . The slight
gap at q‖ = (0, 0) is due to the finite interlayer momentum
transfer [43,59] in accord with the observed dispersion. The
charge fluctuations near the Fermi surface govern the plasmon
excitations of small q‖. As q‖ extends away from the zone cen-
ter, more incoherent states with decreased lifetime contribute

to plasmon excitations, and the width of the plasmon peak
increases, consistent with the Landau quasiparticle picture in
which the plasmon peak becomes incoherent. As the plasmon
enters the particle-hole continuum, the peak broadens, and the
slight curve appears to follow the ridge in the particle-hole
continuum of the loss function. Consequently, the RIXS spec-
tral width of acoustic plasmons becomes broadened when q‖
increases, consistent with the dynamics of the electrons near
the Fermi surface. The agreement between our data and theory
thus supports the proposal of attributing the zone center mode
to acoustic plasmon excitations.

D. 3D nature of acoustic plasmons

Next, we corroborate the acoustic plasmon’s three-
dimensional (3D) nature originating from the interlayer
Coulomb interaction. Figure 5(a) plots the spectra of q‖ =
(0.1, 0) with selected qz. The broad spectral features about
0.5 eV were fitted with two antisymmetrized Lorentzian func-
tions: one is a qz-independent component for the bimagnon;
the other disperses with the change of qz. We found that
when qz is altered from 0.6 to 1.0, the energy of this feature
decreases by 91 meV for q‖ fixed to 0.1, i.e., evidence for
the 3D nature of plasmon excitations. Figure 5(b) illustrates
the dispersions of the plasmon bands of a layered electron-
gas model for the high-Tc cuprates [7]. The plasmon bands
are restricted to be in between two boundary branches cor-
responding to the in-phase motion of electrons on separate
planes and the out-of-phase motion on adjacent planes, i.e.,
qz = 0 and π

d , respectively, where d is the distance between
two adjacent CuO2 layers and d = c/2. Figure 4 shows the
loss function for values of qz ranging from 0–1 in units of
2π/c. For qz = 0 [Fig. 4 (top-left panel)] a clear plasmon
peak is seen at the zone center near 0.70 eV. As q‖ changes
from � to X the plasmon peak disperses to higher ener-
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FIG. 4. Calculated loss function along the high-symmetry lines in the square Brillouin zone for various values of qz.

gies eventually entering the particle-hole continuum around
(π/2, 0), where the peak intensity sharply decreases. As qz

increases the plasmon energy at � decreases, becoming zero
for qz > 0.04. Moreover, the plasmon dispersion along �-X
softens becoming linear for qz > 0.3, ultimately merging with
the electron-hole continuum for very large qz, which dampens
out the plasmon peak entirely. The evolution of the plasmon
with qz is in agreement with Ref. [7]. Figure 5(c) compare
the measured acoustic-plasmon energy with that from the
calculated loss function plotted in Fig. 4 for q‖ = 0.1. The
calculations further verify the decreased plasmon energy as
being due to the increase of qz and reveal the plasmon origin
of the observed RIXS excitation.

E. Analysis of spectral weights

In combination with the absence of acoustic plasmon in Cu
L-edge RIXS measurements [9–14], the results of O K-edge
RIXS tuned to the ZRS resonance seem to suggest that the
acoustic plasmons are predominantly of a O 2p character [25].
This conclusion, however, is in contrast to the ZRS picture
[29], in which O 2p and Cu 3d are strongly hybridized and
the singlet hops through the Cu2+ lattice in a way similar
to a hole in the single-band effective Hamiltonian. In hole-
doped cuprates, the ZRS band crosses the Fermi level at wave
vectors near (π, 0) and ( π

2 , π
2 ), as shown in angle-resolved

photoemission measurements [60,61]. One can use a simple
cluster model [62] to comprehend the spectral weight of the
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FIG. 5. 3D nature of acoustic plasmons. (a) RIXS spectra of LSCO after data smoothing for selected qz with q‖ fixed to 0.1. The incident
x-ray energy was tuned to the ZRS resonance. The fitted spectral function for the plasmon and bimagnon is the antisymmetrized Lorentzian
function, as plotted in orange curves and black dashed lines, respectively; the background curves are plotted in gray lines. Bimagnon spectra
of all qz have the same energy position and width. Spectra are vertically offset for clarity. The vertical line indicates the plasmon energy of
qz = 1.0. See Supplemental Material [55] for the details of curve fitting. (b) Graphic illustration of the dispersion relations of selected plasmon
bands and the electron-hole pair excitations of a layered electron-gas model (after Ref. [7]). The circles indicate the plasmon energy in response
to the change in qz with q‖ fixed. (c) Comparison of the measured acoustic plasmon energies with those from the calculated loss function for
q‖ = 0.1. The measured plasmon energies plotted as colored circles correspond to spectra shown in (a), from which the plasmon energies were
deduced through curve fitting. The plasmon energy plotted by the black line is from the calculated loss function shown in Fig. 4.

transitions from the ground state to the unoccupied ZRS and
UHB probed by O K-edge RIXS; the former has a comparable
spectral weight of O 2p and Cu 3d orbitals, whereas the latter
is dominated by Cu 3d .

In O K-edge RIXS, the O 1s electron is excited to the
ZRS or UHB. Theoretically, one can use a model Hamiltonian
and the Kramers-Heisenberg formula to calculate RIXS cross
section [63]. To comprehend the spectral weight of a RIXS
process, we approximate the excitation as a transition from
the ground state to an excited state. We used a simple cluster
model [62] to obtain the spectral weight. In the following
approximation, we neglect the effect of core hole in the in-
termediate state. For a cluster model, the state of a Cu2+ ion
surrounded by four oxygens is described as

|ψCu2+〉 = α |d9〉 + β |d10L〉 , (7)

and the ZRS and UHB states are

|ZRS〉 = γ |d8〉 + δ |d9L〉 + ε |d10L2〉 (8)

|UHB〉 = |d10〉 , (9)

where L represents a ligand hole. The RIXS cross section at
the ZRS and UHB resonances are approximately proportional
to | 〈ψCu2+| â†

i |ZRS〉 |2 and | 〈UHB| â†
i |ψCu2+〉 |2 (i = Cu 3d ,

O 2p), respectively, where â†
i is the electron creation operator

on orbital i. We extract the spectral weights of O 2p and Cu
3d at the ZRS resonance as follows:

IO2p
ZRS = |αδ + βε|2 (10)

and

ICu3d
ZRS = |αγ + βδ|2. (11)

Similarly, the spectral weights of O 2p and Cu 3d at the UHB
resonance are

IO2p
UHB = |β|2 (12)

ICu3d
UHB = |α|2. (13)

From the coefficients given by Eskes et al. for CuO [62],
we have α = √

0.67, β = √
0.33, γ = √

0.07, δ = √
0.64,

and ε = √
0.28. This gives IO2p

ZRS = 0.86, ICu3d
ZRS = 0.43, IO2p

UHB =
0.33, and ICu3d

UHB = 0.67. Therefore, O 2p and Cu 3d orbitals
have a comparable spectral weight in the RIXS transition
at the ZRS resonance, whereas the transition to the UHB is
dominated by Cu 3d . (Note that IO2p

ZRS + ICu3d
ZRS exceeds 1 is due

to the so-called dynamical effect of spectral weight transfer
widely seen in correlated systems.) Calculations using the
three-orbital Hubbard model [34] for hole-doped cuprates also
indicate that the spectral weight of Cu 3dx2−y2 in the ZRS band
is comparable to that of O 2p and that in the UHB band is
dominated by Cu 3dx2−y2 . Our observation of plasmons at both
ZRS and UHB resonances unravels that the acoustic plasmons
are of ZRS character, consistent with the delocalized nature
of the ZRS. In other words, not only O 2p but also Cu 3d
states contribute to the itinerant motion of charge carriers in
hole-doped cuprates.

IV. CONCLUSIONS

In conclusion, our observation of acoustic plasmons sheds
light on the nature of the conducting carriers of hole-doped
cuprates. O K-edge RIXS results demonstrate that the p and
d orbitals are hybridized in ZRS bands and UHB, consistent
with XAS results. The observation of plasmons at both UHB
and ZRS resonances corroborates the ZRS picture, revealing
that the acoustic plasmons indeed result from the delocalized
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nature of the ZRS. Our findings indicate that the conducting
carriers are ZRS rather than O 2p holes.
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The recent discovery of superconductivity in the infinite-layer nickelate Nd1−xSrxNiO2 [1]
has attracted tremendous interest because the superconductivity occurs in the hole-doped
square lattice of the Ni+ ions, which have the same d9 configuration as the Cu2+ ions in
the cuprates. Therefore, information from the nickelates, namely, similarities to and differ-
ences from the cuprates, will help us to elucidate the mechanisms of the superconductivity
and the unusual normal-state properties of the cuprates from new perspectives. For such
purposes, experimental data from nickelates with as high quality as those from the cuprates
are indispensable. In a recent breakthrough in the Nd1−xSrxNiO2 thin-film synthesis us-
ing (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates, the growth and reduction conditions were
optimized and extended defects were eliminated, as reported in the recommended paper.
This allowed the authors of the paper to investigate the intrinsic transport properties of
Nd1−xSrxNiO2.

The recommended paper reports similarities between the nickelates and cuprates, in-
cluding the strange metal behaviors, ρ(T ) ∝ T , near a quantum critical point (QCP) buried
behind the superconducting dome (Tc dome). Here, the temperature at which the resistiv-
ity upturn occurs decreases with x and goes to zero at the QCP. This similarity between
the nickelates and cuprates is remarkable considering the differences between the two sys-
tems such as the Mott-Hubbard- versus charge-transfer-type electronic structures [2] and
the single-band versus multi-band structures [3, 4]. In particular, in spite of the fact that
the parent compounds of the nickelates are metals due to the presence of electron pockets,
the phase diagram is qualitatively similar to that of the cuprates, as shown in Fig. 1.

Furthermore, the differences between the two systems are even more intriguing. Com-
pared to the cuprates, the nickelate show the following features:

(i) The Tc dome is shifted toward higher hole concentrations by x ∼ 0.05.

(ii) The QCP is shifted toward a lower hole concentration from x ∼ 0.19-0.20 to 0.16.

1





of the varying Fermi-surface shapes and topologies [11]. Other kinds of symmetry breaking
such as time-reversal symmetry breaking (TRSB) [12] and rotational symmetry breaking
(RSB) [13] have also been proposed as the origin of the QCP at x = 0.19 − 0.20 in the
cuprates. The latter scenarios have been tested by various experimental methods including
Kerr rotation for TRSB [14] and elasto-resistivity for RSB [15]. Similar experiments are
highly desired for the nickelates.

Now the recommended paper has given much deeper insight into the physics of the
nickelates than before, the next step would be to apply low energy spectroscopic tools such
as ARPES and STM/STS. As for the cuprates, at least for LSCO, transport and spectroscopy
show anomalies at the same ”pseudogap” temperature T ∗ [7,8] (Fig. 1). Studies on nickelates
using ARPES and/or STM/STS are challenging but will make the second breakthrough.

From the chemistry point of view, the difficulties in the synthesis of the superconducting
nickelates compared to the cuprates would be due to the unusual valence state of Ni+. In
order to deduce electronic structure parameters such as the on-site Coulomb energy U and
the p-to-d charge-transfer energy ∆, and hence the Mott-Hubbard versus charge-transfer
character [2], core-level photoemission spectroscopy combined with model calculations is
more accurate than x-ray absorption spectroscopy and inelastic x-ray scattering [16]. The
new high-quality thin films will allow one to perform bulk-sensitive hard x-ray core-level
photoemission and will give us a more quantitative information about chemical bonding in
the nickelates.
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Outline

• Cuprate high-Tc superconductors
– Pseudogap, strange metal, high-Tc mechanisms…

• The origin of the pseudogap 
– Superconducting fluctuations?

– Charge order?

– Nematicity?

– Electron fractionalization?

Why does the pseudogap matter?

• To understand the strange and unusual normal state            
-- The normal state of cuprates is far more unusual than the 
(d-wave) superconducting state.
















































