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Let’s start at the 
beginning …



Copper, etc.

T-linear resistivity at ‘high’ temperatures due to scattering off 
classical atomic vibrations (phonons) with cross-section:

A ⇠ h(�x)2i ⇠ kBT
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[Wien 1913, Bloch 1928]



Copper, etc.
The resistivity is determined by the electronic lifetime  

𝜏 according to the Drude formula: 

⇢ =
m
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Even for good conductors such copper, gold and silver,  
𝜏 is (i) very short and (ii) quantum mechanical:

⌧ ⇡ ~
kBT
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Planckian transport 1934
[Peierls, “Remarks on the theory of metals”. 1934]



Planckian Copper etc.
• Dimensional analysis in copper etc. above TD:
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⌧
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[classical]

[quantum]
{

• Therefore: 1
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Scattering rate is large because velocity is big.
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<latexit sha1_base64="uYS/R9/fSP1EeAAfxCSqQb9RG8E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwICURQY9FQTxWsB/QhLDZbtqlm03YnRRK6MmLf8WLB0W8+hu8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtoob25t7+zae/tNnWSKsgZNRKLaIdFMcMkawEGwdqoYiUPBWuHgZuK3hkxpnsgHGKXMj0lP8ohTAkYK7KNhcIs9zWPsRYrQnGDvDMM49/ohUePArjhVZwq8SNyCVFCBemB/ed2EZjGTQAXRuuM6Kfg5UcCpYOOyl2mWEjogPdYxVJKYaT+fvjHGJ0bp4ihRpiTgqfp7Iiex1qM4NJ0xgb6e9ybif14ng+jKz7lMM2CSzhZFmcCQ4EkmuMsVoyBGhhCquLkV0z4xcYBJrmxCcOdfXiTN86rrVN37i0rtuoijhA7RMTpFLrpENXSH6qiBKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QMrgZhL</latexit><latexit sha1_base64="uYS/R9/fSP1EeAAfxCSqQb9RG8E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwICURQY9FQTxWsB/QhLDZbtqlm03YnRRK6MmLf8WLB0W8+hu8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtoob25t7+zae/tNnWSKsgZNRKLaIdFMcMkawEGwdqoYiUPBWuHgZuK3hkxpnsgHGKXMj0lP8ohTAkYK7KNhcIs9zWPsRYrQnGDvDMM49/ohUePArjhVZwq8SNyCVFCBemB/ed2EZjGTQAXRuuM6Kfg5UcCpYOOyl2mWEjogPdYxVJKYaT+fvjHGJ0bp4ihRpiTgqfp7Iiex1qM4NJ0xgb6e9ybif14ng+jKz7lMM2CSzhZFmcCQ4EkmuMsVoyBGhhCquLkV0z4xcYBJrmxCcOdfXiTN86rrVN37i0rtuoijhA7RMTpFLrpENXSH6qiBKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QMrgZhL</latexit><latexit sha1_base64="uYS/R9/fSP1EeAAfxCSqQb9RG8E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwICURQY9FQTxWsB/QhLDZbtqlm03YnRRK6MmLf8WLB0W8+hu8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtoob25t7+zae/tNnWSKsgZNRKLaIdFMcMkawEGwdqoYiUPBWuHgZuK3hkxpnsgHGKXMj0lP8ohTAkYK7KNhcIs9zWPsRYrQnGDvDMM49/ohUePArjhVZwq8SNyCVFCBemB/ed2EZjGTQAXRuuM6Kfg5UcCpYOOyl2mWEjogPdYxVJKYaT+fvjHGJ0bp4ihRpiTgqfp7Iiex1qM4NJ0xgb6e9ybif14ng+jKz7lMM2CSzhZFmcCQ4EkmuMsVoyBGhhCquLkV0z4xcYBJrmxCcOdfXiTN86rrVN37i0rtuoijhA7RMTpFLrpENXSH6qiBKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QMrgZhL</latexit><latexit sha1_base64="uYS/R9/fSP1EeAAfxCSqQb9RG8E=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwICURQY9FQTxWsB/QhLDZbtqlm03YnRRK6MmLf8WLB0W8+hu8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtoob25t7+zae/tNnWSKsgZNRKLaIdFMcMkawEGwdqoYiUPBWuHgZuK3hkxpnsgHGKXMj0lP8ohTAkYK7KNhcIs9zWPsRYrQnGDvDMM49/ohUePArjhVZwq8SNyCVFCBemB/ed2EZjGTQAXRuuM6Kfg5UcCpYOOyl2mWEjogPdYxVJKYaT+fvjHGJ0bp4ihRpiTgqfp7Iiex1qM4NJ0xgb6e9ybif14ng+jKz7lMM2CSzhZFmcCQ4EkmuMsVoyBGhhCquLkV0z4xcYBJrmxCcOdfXiTN86rrVN37i0rtuoijhA7RMTpFLrpENXSH6qiBKHpEz+gVvVlP1ov1bn3MWpesYuYA/YH1+QMrgZhL</latexit>
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<latexit sha1_base64="AU89LzNCb3hjHWykJdFOPEhiHiQ=">AAACQXicbVDNS8MwHE39nPOr6tFLcAieRquCXoQ5L4KXCfuCtZY0S7ewNC1JKozSf82L/4E37148KOLVi9lWRDsfBF7eez9+yfNjRqWyrGdjYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8UdXE79zT4SkEW+qcUzcEA04DShGSkue2XUCgXBqZ6lDGMvgBeTwEjqShvDHQXcnWX4beXXYzNKbrBgpBFTmmRWrak0B54mdkwrI0fDMJ6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbThvI4KFW+jCIhD5cwan6eyJFoZTj0NfJEKmhLHoT8T+vl6jg3E0pjxNFOJ4tChIGVQQndcI+FQQrNtYEYUH1WyEeIt2E0qWXdQl28cvzpH1cta2qfXtaqdXzOkpgHxyAI2CDM1AD16ABWgCDB/AC3sC78Wi8Gh/G5yy6YOQze+APjK9vY72wNw==</latexit><latexit sha1_base64="AU89LzNCb3hjHWykJdFOPEhiHiQ=">AAACQXicbVDNS8MwHE39nPOr6tFLcAieRquCXoQ5L4KXCfuCtZY0S7ewNC1JKozSf82L/4E37148KOLVi9lWRDsfBF7eez9+yfNjRqWyrGdjYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8UdXE79zT4SkEW+qcUzcEA04DShGSkue2XUCgXBqZ6lDGMvgBeTwEjqShvDHQXcnWX4beXXYzNKbrBgpBFTmmRWrak0B54mdkwrI0fDMJ6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbThvI4KFW+jCIhD5cwan6eyJFoZTj0NfJEKmhLHoT8T+vl6jg3E0pjxNFOJ4tChIGVQQndcI+FQQrNtYEYUH1WyEeIt2E0qWXdQl28cvzpH1cta2qfXtaqdXzOkpgHxyAI2CDM1AD16ABWgCDB/AC3sC78Wi8Gh/G5yy6YOQze+APjK9vY72wNw==</latexit><latexit sha1_base64="AU89LzNCb3hjHWykJdFOPEhiHiQ=">AAACQXicbVDNS8MwHE39nPOr6tFLcAieRquCXoQ5L4KXCfuCtZY0S7ewNC1JKozSf82L/4E37148KOLVi9lWRDsfBF7eez9+yfNjRqWyrGdjYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8UdXE79zT4SkEW+qcUzcEA04DShGSkue2XUCgXBqZ6lDGMvgBeTwEjqShvDHQXcnWX4beXXYzNKbrBgpBFTmmRWrak0B54mdkwrI0fDMJ6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbThvI4KFW+jCIhD5cwan6eyJFoZTj0NfJEKmhLHoT8T+vl6jg3E0pjxNFOJ4tChIGVQQndcI+FQQrNtYEYUH1WyEeIt2E0qWXdQl28cvzpH1cta2qfXtaqdXzOkpgHxyAI2CDM1AD16ABWgCDB/AC3sC78Wi8Gh/G5yy6YOQze+APjK9vY72wNw==</latexit><latexit sha1_base64="AU89LzNCb3hjHWykJdFOPEhiHiQ=">AAACQXicbVDNS8MwHE39nPOr6tFLcAieRquCXoQ5L4KXCfuCtZY0S7ewNC1JKozSf82L/4E37148KOLVi9lWRDsfBF7eez9+yfNjRqWyrGdjYXFpeWW1tFZe39jc2jZ3dtsySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8UdXE79zT4SkEW+qcUzcEA04DShGSkue2XUCgXBqZ6lDGMvgBeTwEjqShvDHQXcnWX4beXXYzNKbrBgpBFTmmRWrak0B54mdkwrI0fDMJ6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbThvI4KFW+jCIhD5cwan6eyJFoZTj0NfJEKmhLHoT8T+vl6jg3E0pjxNFOJ4tChIGVQQndcI+FQQrNtYEYUH1WyEeIt2E0qWXdQl28cvzpH1cta2qfXtaqdXzOkpgHxyAI2CDM1AD16ABWgCDB/AC3sC78Wi8Gh/G5yy6YOQze+APjK9vY72wNw==</latexit>



This ancient knowledge was largely lost in the mists of time …



Jumping forward a 
few decades …



High Tc superconductors
T-linear resistivity over wide range of temperatures. 

Planckian scattering rate. 
Short mean free paths (small Fermi velocity)

YBCO

[Martin et al. ’88] [Tyler-Mackenzie ‘97]



High Tc superconductors

[Valla et al. ’99]

[van der Marel 
et al. 03]

Scaling collapse:  
Planckian scattering from quantum criticality? 
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<latexit sha1_base64="iurBGldZc1RAkO2OsA/lzVVqJHE=">AAACInicbVBNS8NAEN3U7/oV9ehlsQj1UhIR1INQ9OJRoVWhKWWznTRLN9mwOxFK6G/x4l/x4kFRT4I/xu3HQa0PBh7vzTAzL8ykMOh5n05pbn5hcWl5pby6tr6x6W5t3xiVaw5NrqTSdyEzIEUKTRQo4S7TwJJQwm3Yvxj5t/egjVBpAwcZtBPWS0UkOEMrddzTQMeqGqgEeuyAntEGjQIJEVaDSDNeBHHINJ3Yw6LfOaeNYaBFL8aDjlvxat4YdJb4U1IhU1x13Pegq3ieQIpcMmNavpdhu2AaBZcwLAe5gYzxPutBy9KUJWDaxfjFId23SpdGSttKkY7VnxMFS4wZJKHtTBjG5q83Ev/zWjlGJ+1CpFmOkPLJoiiXFBUd5UW7QgNHObCEcS3srZTHzGaDNtWyDcH/+/IsuTms+V7Nvz6q1M+ncSyTXbJHqsQnx6ROLskVaRJOHsgTeSGvzqPz7Lw5H5PWkjOd2SG/4Hx9A+xAo08=</latexit><latexit sha1_base64="iurBGldZc1RAkO2OsA/lzVVqJHE=">AAACInicbVBNS8NAEN3U7/oV9ehlsQj1UhIR1INQ9OJRoVWhKWWznTRLN9mwOxFK6G/x4l/x4kFRT4I/xu3HQa0PBh7vzTAzL8ykMOh5n05pbn5hcWl5pby6tr6x6W5t3xiVaw5NrqTSdyEzIEUKTRQo4S7TwJJQwm3Yvxj5t/egjVBpAwcZtBPWS0UkOEMrddzTQMeqGqgEeuyAntEGjQIJEVaDSDNeBHHINJ3Yw6LfOaeNYaBFL8aDjlvxat4YdJb4U1IhU1x13Pegq3ieQIpcMmNavpdhu2AaBZcwLAe5gYzxPutBy9KUJWDaxfjFId23SpdGSttKkY7VnxMFS4wZJKHtTBjG5q83Ev/zWjlGJ+1CpFmOkPLJoiiXFBUd5UW7QgNHObCEcS3srZTHzGaDNtWyDcH/+/IsuTms+V7Nvz6q1M+ncSyTXbJHqsQnx6ROLskVaRJOHsgTeSGvzqPz7Lw5H5PWkjOd2SG/4Hx9A+xAo08=</latexit><latexit sha1_base64="iurBGldZc1RAkO2OsA/lzVVqJHE=">AAACInicbVBNS8NAEN3U7/oV9ehlsQj1UhIR1INQ9OJRoVWhKWWznTRLN9mwOxFK6G/x4l/x4kFRT4I/xu3HQa0PBh7vzTAzL8ykMOh5n05pbn5hcWl5pby6tr6x6W5t3xiVaw5NrqTSdyEzIEUKTRQo4S7TwJJQwm3Yvxj5t/egjVBpAwcZtBPWS0UkOEMrddzTQMeqGqgEeuyAntEGjQIJEVaDSDNeBHHINJ3Yw6LfOaeNYaBFL8aDjlvxat4YdJb4U1IhU1x13Pegq3ieQIpcMmNavpdhu2AaBZcwLAe5gYzxPutBy9KUJWDaxfjFId23SpdGSttKkY7VnxMFS4wZJKHtTBjG5q83Ev/zWjlGJ+1CpFmOkPLJoiiXFBUd5UW7QgNHObCEcS3srZTHzGaDNtWyDcH/+/IsuTms+V7Nvz6q1M+ncSyTXbJHqsQnx6ROLskVaRJOHsgTeSGvzqPz7Lw5H5PWkjOd2SG/4Hx9A+xAo08=</latexit><latexit sha1_base64="iurBGldZc1RAkO2OsA/lzVVqJHE=">AAACInicbVBNS8NAEN3U7/oV9ehlsQj1UhIR1INQ9OJRoVWhKWWznTRLN9mwOxFK6G/x4l/x4kFRT4I/xu3HQa0PBh7vzTAzL8ykMOh5n05pbn5hcWl5pby6tr6x6W5t3xiVaw5NrqTSdyEzIEUKTRQo4S7TwJJQwm3Yvxj5t/egjVBpAwcZtBPWS0UkOEMrddzTQMeqGqgEeuyAntEGjQIJEVaDSDNeBHHINJ3Yw6LfOaeNYaBFL8aDjlvxat4YdJb4U1IhU1x13Pegq3ieQIpcMmNavpdhu2AaBZcwLAe5gYzxPutBy9KUJWDaxfjFId23SpdGSttKkY7VnxMFS4wZJKHtTBjG5q83Ev/zWjlGJ+1CpFmOkPLJoiiXFBUd5UW7QgNHObCEcS3srZTHzGaDNtWyDcH/+/IsuTms+V7Nvz6q1M+ncSyTXbJHqsQnx6ROLskVaRJOHsgTeSGvzqPz7Lw5H5PWkjOd2SG/4Hx9A+xAo08=</latexit>
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<latexit sha1_base64="ZbJT52a92IQL2idYDt+8LRYKGbc="></latexit><latexit sha1_base64="ZbJT52a92IQL2idYDt+8LRYKGbc="></latexit><latexit sha1_base64="ZbJT52a92IQL2idYDt+8LRYKGbc="></latexit><latexit sha1_base64="ZbJT52a92IQL2idYDt+8LRYKGbc="></latexit>

[cf. Sachdev ’99]



The unity of materials?
[Bruin et al ’13]
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<latexit sha1_base64="LkndUg0VpirWT7f5GJRRcC71lX0=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V+gVNCZPtpl262YTdjVhCrl78K148KOLVf+DNf+O2zUFbHww83pthZl6QcKa043xbpbX1jc2t8nZlZ3dv/8A+POqoOJWEtknMY9kLQFHOBG1rpjntJZJCFHDaDSY3M797T6VisWjpaUIHEYwECxkBbSTfxp6GFHuQJDJ+wF4ogWTeOACZZxO/gVu5b1edmjMHXiVuQaqoQNO3v7xhTNKICk04KNV3nUQPMpCaEU7zipcqmgCZwIj2DRUQUTXI5p/k+MwoQxzG0pTQeK7+nsggUmoaBaYzAj1Wy95M/M/rpzq8HmRMJKmmgiwWhSnHOsazWPCQSUo0nxoCRDJzKyZjMGloE17FhOAuv7xKOhc116m5d5fVeqOIo4xO0Ck6Ry66QnV0i5qojQh6RM/oFb1ZT9aL9W59LFpLVjFzjP7A+vwBcamaKA==</latexit><latexit sha1_base64="LkndUg0VpirWT7f5GJRRcC71lX0=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V+gVNCZPtpl262YTdjVhCrl78K148KOLVf+DNf+O2zUFbHww83pthZl6QcKa043xbpbX1jc2t8nZlZ3dv/8A+POqoOJWEtknMY9kLQFHOBG1rpjntJZJCFHDaDSY3M797T6VisWjpaUIHEYwECxkBbSTfxp6GFHuQJDJ+wF4ogWTeOACZZxO/gVu5b1edmjMHXiVuQaqoQNO3v7xhTNKICk04KNV3nUQPMpCaEU7zipcqmgCZwIj2DRUQUTXI5p/k+MwoQxzG0pTQeK7+nsggUmoaBaYzAj1Wy95M/M/rpzq8HmRMJKmmgiwWhSnHOsazWPCQSUo0nxoCRDJzKyZjMGloE17FhOAuv7xKOhc116m5d5fVeqOIo4xO0Ck6Ry66QnV0i5qojQh6RM/oFb1ZT9aL9W59LFpLVjFzjP7A+vwBcamaKA==</latexit><latexit sha1_base64="LkndUg0VpirWT7f5GJRRcC71lX0=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V+gVNCZPtpl262YTdjVhCrl78K148KOLVf+DNf+O2zUFbHww83pthZl6QcKa043xbpbX1jc2t8nZlZ3dv/8A+POqoOJWEtknMY9kLQFHOBG1rpjntJZJCFHDaDSY3M797T6VisWjpaUIHEYwECxkBbSTfxp6GFHuQJDJ+wF4ogWTeOACZZxO/gVu5b1edmjMHXiVuQaqoQNO3v7xhTNKICk04KNV3nUQPMpCaEU7zipcqmgCZwIj2DRUQUTXI5p/k+MwoQxzG0pTQeK7+nsggUmoaBaYzAj1Wy95M/M/rpzq8HmRMJKmmgiwWhSnHOsazWPCQSUo0nxoCRDJzKyZjMGloE17FhOAuv7xKOhc116m5d5fVeqOIo4xO0Ck6Ry66QnV0i5qojQh6RM/oFb1ZT9aL9W59LFpLVjFzjP7A+vwBcamaKA==</latexit><latexit sha1_base64="LkndUg0VpirWT7f5GJRRcC71lX0=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V+gVNCZPtpl262YTdjVhCrl78K148KOLVf+DNf+O2zUFbHww83pthZl6QcKa043xbpbX1jc2t8nZlZ3dv/8A+POqoOJWEtknMY9kLQFHOBG1rpjntJZJCFHDaDSY3M797T6VisWjpaUIHEYwECxkBbSTfxp6GFHuQJDJ+wF4ogWTeOACZZxO/gVu5b1edmjMHXiVuQaqoQNO3v7xhTNKICk04KNV3nUQPMpCaEU7zipcqmgCZwIj2DRUQUTXI5p/k+MwoQxzG0pTQeK7+nsggUmoaBaYzAj1Wy95M/M/rpzq8HmRMJKmmgiwWhSnHOsazWPCQSUo0nxoCRDJzKyZjMGloE17FhOAuv7xKOhc116m5d5fVeqOIo4xO0Ck6Ry66QnV0i5qojQh6RM/oFb1ZT9aL9W59LFpLVjFzjP7A+vwBcamaKA==</latexit>

Long mean 
free path

Short mean  
free path

Coincidence or a mysterious universality?



Meanwhile, in a galaxy 
far, far away …



Quark-gluon plasma
• RHIC observed the quark-gluon plasma has viscosity
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<latexit sha1_base64="R9Zg4NkvBuvDqByxJJfAQE8jQaQ=">AAACDnicbVBNS8NAEJ34WetX1KOXxVLwVBIR9FjqxWMF+wFNCJvtpl26m4TdjVBCfoEX/4oXD4p49ezNf+O2zUFbHww83pthZl6Ycqa043xba+sbm1vblZ3q7t7+waF9dNxVSSYJ7ZCEJ7IfYkU5i2lHM81pP5UUi5DTXji5mfm9ByoVS+J7PU2pL/AoZhEjWBspsOteJDHJPapxkasCeYoJVGrjEMsinwStIrBrTsOZA60StyQ1KNEO7C9vmJBM0FgTjpUauE6q/RxLzQinRdXLFE0xmeARHRgaY0GVn8/fKVDdKEMUJdJUrNFc/T2RY6HUVISmU2A9VsveTPzPG2Q6uvZzFqeZpjFZLIoyjnSCZtmgIZOUaD41BBPJzK2IjLHJQpsEqyYEd/nlVdK9aLhOw727rDVbZRwVOIUzOAcXrqAJt9CGDhB4hGd4hTfryXqx3q2PReuaVc6cwB9Ynz9KiZzg</latexit><latexit sha1_base64="R9Zg4NkvBuvDqByxJJfAQE8jQaQ=">AAACDnicbVBNS8NAEJ34WetX1KOXxVLwVBIR9FjqxWMF+wFNCJvtpl26m4TdjVBCfoEX/4oXD4p49ezNf+O2zUFbHww83pthZl6Ycqa043xba+sbm1vblZ3q7t7+waF9dNxVSSYJ7ZCEJ7IfYkU5i2lHM81pP5UUi5DTXji5mfm9ByoVS+J7PU2pL/AoZhEjWBspsOteJDHJPapxkasCeYoJVGrjEMsinwStIrBrTsOZA60StyQ1KNEO7C9vmJBM0FgTjpUauE6q/RxLzQinRdXLFE0xmeARHRgaY0GVn8/fKVDdKEMUJdJUrNFc/T2RY6HUVISmU2A9VsveTPzPG2Q6uvZzFqeZpjFZLIoyjnSCZtmgIZOUaD41BBPJzK2IjLHJQpsEqyYEd/nlVdK9aLhOw727rDVbZRwVOIUzOAcXrqAJt9CGDhB4hGd4hTfryXqx3q2PReuaVc6cwB9Ynz9KiZzg</latexit><latexit sha1_base64="R9Zg4NkvBuvDqByxJJfAQE8jQaQ=">AAACDnicbVBNS8NAEJ34WetX1KOXxVLwVBIR9FjqxWMF+wFNCJvtpl26m4TdjVBCfoEX/4oXD4p49ezNf+O2zUFbHww83pthZl6Ycqa043xba+sbm1vblZ3q7t7+waF9dNxVSSYJ7ZCEJ7IfYkU5i2lHM81pP5UUi5DTXji5mfm9ByoVS+J7PU2pL/AoZhEjWBspsOteJDHJPapxkasCeYoJVGrjEMsinwStIrBrTsOZA60StyQ1KNEO7C9vmJBM0FgTjpUauE6q/RxLzQinRdXLFE0xmeARHRgaY0GVn8/fKVDdKEMUJdJUrNFc/T2RY6HUVISmU2A9VsveTPzPG2Q6uvZzFqeZpjFZLIoyjnSCZtmgIZOUaD41BBPJzK2IjLHJQpsEqyYEd/nlVdK9aLhOw727rDVbZRwVOIUzOAcXrqAJt9CGDhB4hGd4hTfryXqx3q2PReuaVc6cwB9Ynz9KiZzg</latexit><latexit sha1_base64="R9Zg4NkvBuvDqByxJJfAQE8jQaQ=">AAACDnicbVBNS8NAEJ34WetX1KOXxVLwVBIR9FjqxWMF+wFNCJvtpl26m4TdjVBCfoEX/4oXD4p49ezNf+O2zUFbHww83pthZl6Ycqa043xba+sbm1vblZ3q7t7+waF9dNxVSSYJ7ZCEJ7IfYkU5i2lHM81pP5UUi5DTXji5mfm9ByoVS+J7PU2pL/AoZhEjWBspsOteJDHJPapxkasCeYoJVGrjEMsinwStIrBrTsOZA60StyQ1KNEO7C9vmJBM0FgTjpUauE6q/RxLzQinRdXLFE0xmeARHRgaY0GVn8/fKVDdKEMUJdJUrNFc/T2RY6HUVISmU2A9VsveTPzPG2Q6uvZzFqeZpjFZLIoyjnSCZtmgIZOUaD41BBPJzK2IjLHJQpsEqyYEd/nlVdK9aLhOw727rDVbZRwVOIUzOAcXrqAJt9CGDhB4hGd4hTfryXqx3q2PReuaVc6cwB9Ynz9KiZzg</latexit>

Implies the transverse  
momentum diffusivity:

Planckian 
lifetime
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Planckian bound?
Analogy between the quark-
gluon plasma and cuprates 
implicitly made by [Zaanen ’04]. 
Introduced the word ‘Planckian’.

Could dissipation in quantum  
systems be subject to a Planckian bound?:

For relativistic systems, implies the  
conjectured Kovtun-Son-Starinets bound: 
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[KSS ’05]

[cf. Sachdev ’99]



Planck hits the mainstream
[Nat Phys 2018]

A Planckian bound was actually proven on a certain  
quantum Lyapunov exponent [Maldacena-Shenker-Stanford ’15]

Suggests a possible connection between many-body  
quantum chaos and transport [Blake ’16, …] 



Planckian electrons and 
phonons in cuprates



Phonons and electrons in 
cuprates

• In the remainder I want to close the circle of ideas 
discussed so far, by discussing the role of electron-
phonon scattering in cuprates. 

• Phonons have every right to produce Planckian 
scattering of electrons in cuprates, as they do in 
conventional metals. Can we see it?

[Mousatov-Hartnoll, arXiv:2011.10466]



Diffusion
I suggested that diffusion was the right observable to bound. 

It occurs with or without quasiparticles and only requires a 
conserved quantity and local dynamics. 
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Inspired my colleague 
Kapitulnik to measure  
thermal diffusion of  
cuprates:

charge

mom.



High Tc, thermally

[PRB ‘19]

D�1 ⇠ 1

v2s
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~

Measurements of thermal diffusivity in  
cuprates showed a fascinating parallel  
with electronic transport.

[PNAS ’17]

Planckian!

Suggests phonons



Comparison to insulators
• High temperature behavior of thermal diffusivity is in 

fact familiar from insulators (anharmonic phonons).  
But there is an additional offset.

[Zhang et al PNAS 2020]
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Explain this in the 
remainder

Looks 
electronic



Heat in cuprates
• In conventional metals heat transport at room 

temperature is dominated by electrons. This is 
manifested in the Wiedemann-Franz law:

L =


�T
=

⇡2

3

k2B
e2

= L0 .
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• In cuprates find at high temperatures L > L0 (often 
by a factor of 3 or more), so that heat transport is 
dominated by phonons. 

• Explains why leading behavior is as in insulators. 
But what about the offset?



Heat in cuprates
• In a metal phonons can also scatter off electrons 

(particle-hole pairs). Matthiessen’s rule suggests
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• A simple textbook scattering computation gives:
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~
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Phonon 
wavevector

Fermi 
surface



Action and reaction of 
electron and phonons
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• The observations imply that the const. ~ O(1). 

• This constant is determined by the strength of 
electron-phonon interactions. 

• The same constant determines the converse 
scattering of electrons by phonons:

Planckian!



Electrons and phonons in 
cuprates

• Just seen that phonons should produce Planckian 
scattering of electrons in cuprates. 

• Sharp paradox: At optimal doping Planckian 
scattering continues to T=0 with no feature at the 
scale where phonon scattering should appear. 

• We decided to re-examine old  
data from overdoped cuprates,  
which should be more  
conventional…



Electrons and phonons in 
cuprates

LSCO  p=0.33

T2

T+T2

Expected scale  
for phonons

[Data from Ando et al ’04 and Cooper et al ’09]
[Analysis similar but different to Hussey et al ’11]

Planckian phonon  
scattering?!

Overdoped: See onset of Planckian phonon scattering exactly 
where it should be! Seems to merge with quantum critical 

scattering at p ~ 0.2!



Summary
• Planckian scattering arises in both the most 

conventional (‘phonon’) and the least conventional 
(‘quantum critical’) metals. [and elsewhere!] 

• Seen that in high Tc cuprates, furthermore, these 
two mechanisms merge into each other. Possibly 
supports the notion of a fundamental bound. 

• The scale           is insensitive to details, depending 
only on statistical and quantum mechanics. If a 
Planckian bound does exist, should be provable!
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