Hybrid nuclear-electronic order at 2 mK
in the heavy fermion system YbRh,Si,

e Recent observation in YbRh,Si,:
— at 2 mk: magnetic transition combined with onset of superconductivity

e Very unusual, mechanism unclear,
- proposed to be hybrid nuclear-electronic order

e My own ideas on the origin of the 2 mK transition in YbRh,Si,

How can tiny nuclear moments induce a new electronic state in
a lattice of strongly interacting, large moment Kramers ions

e Discussion with and strong support from Manuel Brando + Alexander Steppke (MPI — CPfS)

e Interesting and constructive discussion with Q. Si, E. Schubert, and F. Steglich



The heavy fermion system YbRh,Si,

YbRh,Si,: Prominent system in the field of QCP

e Heavy Fermion system, Kondo scale T, = 20 K

* AFM order at very low T: T, = 70 mK,
— very close to the AFM QCP

* QCP induced by small magnetic field
or small negative pressure
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AFM order at T, = 70 mK

e Large A-type anomaly in C(T) at 70 mK
- entropy: S(Ty) = 3% RIn2 (Kondo screening)

e In-plane field (strong XY anisotropy):
- Peak in x(T) at Ty
- Kink in magnetization at B.=0.06 T

e Size of ordered moment: - uSR: 0.002 p,

e AFM structure still unknown



New transition at 2 mK

dc susceptibility T
e E. Schubert et al., Science 351 (2016) 485 20 _""""“'l_"""‘*“'l_"""‘“j_"""‘“
e Measurements:
- dc magnetization with SQUID = 15
- ac susceptibility with SQUID and with £
conventional coil technique e 10 I
— clear and sharp anomaly at T,;yz = 2 mK o
Z 5 r
— opening of a hysteresis below Ty = 10 mK @
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—> clear evidence for a magnetic transition at T,
—> preliminary evidence for onset of superconductivity

e Superconductivity confirmed in recent noise resistivity
measurements by J. Saunders et al.



Initially proposed scenario

Scenario proposed in E. Schuberth et al.: A

e At 2 mK onset of hybrid nuclear/electronic order

- eas o o

— suppress 4f AFM magnetic order MaF
— results in crossing QCP towards the PM regime
— ind ductivit
induces superconductivity Tioe Tar T
, 2 mK 70 mK
e Nuclear order parameter: primary order parameter T
of hybrid order
- electronic component of hybrid order undefined AEM Order
e Analyzed using 3 components Landau type model PM
— 9 parameters: - 1 parameter fixed: hyperfine coupling AEM Hybrid order
- 2 constrains: Top and Tyyg >

g

— Huge number of free parameters: - parameters can be tuned to support proposed scenario
- but many other scenario can be modelled as well

— Ad hoc scenario! -very speculative - model has only limited significance
e only weak connection to properties of YbRh,Si, -some problematic assumptions

= met strong skepticism



Need for a more stringent approach with
a better connection to specific properties of YbRh,Si,

Here: alternative approach: let’s start from YbRh,Si,

e Empirical approach
e discuss hyperfine coupling in Yb
e Single out very peculiar properties of YbRh,Si,

— Because of these peculiar properties, nuclear moments are expected to interfere
with electronic moments at T = 2 mK

— New model: ® coupled nuclear — electronic transition
e but 4f moments increase below Ty instead of decreasing

e Analyze possible origin for peculiar properties of YoRh,Si,



Nuclear versus electronic entropy

Electronic entropy Yb nuclear entropy
e Analysis of C(T, B) data el7lyp 1=1/2 abundance 14 %
—> Reliable map of Entropy S(T,B) 173yp  |1=5/2 abundance 16 %
— reasonable approximation below 30 mK e Analysis of C(T) data
+ Estimation of quadrupolar splitting
— At30 mK S_..=0.01RIn2 — Yb-Nuclear Entropy: S, ,..yp(T)
= At3mK S, =0.001RIn2 \ = At30mK S, ,.yp = 0.56 RIn2
=At3mK S ~ (0.5 RIn2

nuc-Yb —

= At 3 mK: Yb-nuclear entropy >>>> electronic entropy

e Strong coupling between Yb-nuclear moment and electronic Yb - 4f moments

— any change in 4f states shall affect splitting of Yb-nuclear magnetic levels

e 2 mK transition: anomaly in ¢(T) — 4f moments are affected — nuclear moments affected too

—> Regarding entropy: 2 mK transition is completely dominated by nuclear contribution

= Nuclear moments are strongly involved in 2 mK transition



Hyperfine coupling in Yb

e Magnetic rare earth elements: very strong hyperfine coupling
e Hyperfine coupling in Yb completely dominated by effect of 4f-shell

e Two different regimes: “fast” and “slow” relaxation regimes

slow relaxation fast relaxation
4f Conduction Af Conduction
Nuclear moment electron Nuclear moment electron

Moment

\4_.\ ............ /

e YbRh,Si,: strong Kondo interaction — “fast relaxation regime” - confirmed by experiments

= 4f moments arrange according to RKKY and Kondo interactions (don’t care about nuclear m)

= Yb nuclear moment arrange according to static dipolar + quadrupolar field produced by 4f el.



Hyperfine coupling in fast relaxation regime

—> Nuclear moment in dipolar hyperfine field Hhyo
- Hyyp oc On-site static 4f polarization mye: Hy ) = A ™ my,

- with A =110 T/, (theory + experiment)

e Example YbRh,Si, (T <200 mK):

Apply a small external in-plane field

4f magnetization Nuclear
UoHe e =0.1T mye = 0.15 g Hpyp =171 Moment
A=110T

—> thp factor 170 larger than H_,, = only on-site static 4f polarization matters



Problems for nuclear order induced transition

e Fast relaxation regime: — 4f moments arrange according to electronic interactions

— 4f moments define state of nuclear moments, not the inverse

e Further problem for nuclear order on its own

- only 32% of Yb nuclei carry a nuclear moment
— 68 % of Yb nuclei inactive

- Two different types of nuclear moments: - different |, - different moment size
- coupling of I and J: AFM in Y71Yb, FM in 173Yb

— 32 % active nuclear moments, with two different kinds of properties, are statistically
distributed in the lattice

= Nuclear order on its own would certainly be a short range, spin glass type
— No sharp transition

e But regarding entropy nuclear moments are dominant

How to overcome this problem?

— Electronic order is primary order parameter of hybrid state



YbRh,Si,: extremely small value of AFM ordered moment
Very peculiar field dependence of local 4f static moment

e In-plane magnetization of YbRh,Si, Low field in-plane magnetization of YbRh,Si,
- M(H) increases linearly with H until H = H, : M. Brando et al., Phys. Stat. Sol. 3 (2013) 485
— as expected for a standard AFM oo
- ordered moments rotate towards external field 5
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YbRh,Si,: extremely small value of AFM ordered moment
Very peculiar field dependence of local 4f static moment

M. Brando et al., Phys. Stat. Sol. 3 (2013) 485
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YbRh,Si,: extremely small value of AFM ordered moment
Very peculiar field dependence of local 4f static moment

e In-plane magnetization of YbRh,Si, Low field in-plane magnetization of YbRh,Si,
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YbRh,Si,: extremely small value of AFM ordered moment
Very peculiar field dependence of local 4f static moment

e In-plane magnetization of YbRh,Si, Low field in-plane magnetization of YbRh,Si,

- M(H) increases linearly with H until H = Hc : M. Brando et al., Phys. Stat. Sol. 3 (2013) 485

— as expected for a standard AFM o8 7
- ordered moments rotate towards external field
5 01f
e Standard AFM: magnitude of local static *E.?
moment (m,) do not change forO<H<H_: =
0.05
I'YbRh,Si,: nuclear specific heat: , a}. S
. O
local static moment decreases strongly below H! ¢/ & &~ "y sl 20 mK o
0.3 ——TT+ 71— 0 Y 0.1 0.2 0.3
Comparison: Hor (T)
bulk magnetization e H < H_: my follows bulk magnetization M(H)
and m,, deduced s 0.2
from C :
nuclear ey e USR results: K. Ishida et al., 2003
S . . .
0.1 — T < T,: increase in relaxation rate A very small
YbRh,(Sij, ocGe :
2(Slo.95G€0.05); . = tiny ordered moment m,,(H = 0) = 0.002 p,

0 0.5 1 much smaller than saturation moment
B (T)



Looking at energies: a first clue

Extremely small AFM ordered moment: m,g,(B= 0) = 0.002 ng/Yb

Tiny field B, = 0.07 T sufficient to induce much larger saturation moment m_, = 0.10 p/Yb

— Energy required to induce a larger moment is very small: AEsat,,,, = 1/2 *mg,, « B,

= AEsat,./kg = 2.3 mK

mag

e Increase in static local moment — increase in nuclear polarization energy

AEsat, ear = N * AHp o x My n =0.30 : proportion of Yb with a nuclear moment
Athp = Ahyp * Amsat =11T
M, cear = 0-6 Hp/Yb 1 Mean Value (}71Yb + 173vh)
= AEsat,e./Kg = 0.72 mK

= Gain in nuclear polarization energy: same order of magnitude as 4f polarization energy



Can nuclear polarization energy replace external field?

e Energy required to increase the electronic static local polarization: oc (m4f )2

* Gain in nuclear polarization energy:  Hyyp oc mye —> AEclear = € Mys
=> At low T nuclear polarization energy wins et
E
 How large shall be m,; induced
by hyperfine couplingatT=0"7?
- simple approximation using measured A nuctear
magnetization and hyperfine coupling .
My

=> induced moment: m = 0.02 pg/Yb:
a factor of 10 larger than ordered moment at 30 mK!

= At T =0, ignoring further possibilities, hyperfine coupling would lead to an increase of the
ordered moment by one order of magnitude!

=> in YbRh,Si,, AFM state with very low ordered moment is inherently unstable at very low T
against an increase of the 4f moment due to nuclear polarization!



Instability towards larger moment visible in low T susceptibility
e Simple thermodynamic model: 4f moments + hyperfine coupled nuclear moments
o Free Energy:  G(T, B) = G(T, B) + G, (T, Hpyp) — M(T) = 0G/0B

=T = %ap0 + 1/ T+ Kultar0)? - Yar0 : 4 T susceptibility without nuclear coupling

-K=n *(Ahyp *m, )

= At low T, 4f polarization enhanced due to hyperfine coupling — Curie-Weiss upturn in y(T)

I same result as for hyperfine enhanced Susceptibility of YbRh,Si, at low T
Van Vleck paramagnets Y o Y
10F
e No free parameter ! g YthESIE Hle
- Yas.0 fixed by x(T) above 10 mK
" E ¢ N b H=10mT
— Reproduces very nicely increase mE j
in ¢(T) for T,y g < T <30 mK =
o 8
= - £ 3
= Direct evidence for instability = Ty =8.0-10"m"/mol - (1+0.30mK/ T)
towards states with larger - —aal sl
1 10 100

ordered 4f moment

T (mK)



Energy landscape of electronic magnetic states in YbRh,Si,

e Magnetization + specific heat — free energy of some relevant states

e Energy in ki, zero is “T = 0” paramagnetic state

AG (mK)

e Small moment AFM state (SM-AFM) formed at 70 mK A

— Condensation energy AG =- 0.1 mK FM  +2.2
e FM state with “large” ordered moment = 0.1 uB

—>AG= +2.2 mK +0.5 LM-AFM
e In YbRh,Si,: AFM order more stable than FM order Nuclear

— likely an AFM state with large ordered moment PM_O oolarization

mys~ 0.1 ug (LM-AFM) in-between FM and SM-AFM state  SI\VI-AFMV -0.1
-0.22 LM HYB*

— larger ordered moment — larger nuclear polarization energy —_——
—> stabilizes LM-AFM at low T

e Transition temperature?

= strongly defined by achievable nuclear Zeeman splitting 4,,,
— T has to be sufficiently low to only populate lowest nuclear Zeeman level

— My~ 0.1 pug — Ay =4.8 mK = Ty of the order of 1 mK



Possible origin for tiny AFM ordered moment
and for peculiar field dependence of my;

e Crystal electric (CEF) in YbRh,Si, — huge anisotropy, almost pure XY behavior

e CEF ground state doublet: - very large in-plane moment m_, = 1.8 u,

- tiny z-axis moment m. < 0.08 pg

—> General belief: AFM ordered moment oriented in-plane
(but no experimental proof!)

CEF: m.
CEF: m b
: a TT Mers
YbCo,Siy: Mgy Yb(Rhg 7C0g 3),5i,

But very surprising results in the alloy YbRh,Si, - YbCo,Si,

e YbCo,Si, : (T << Tgky) — stable local 4f moment system
e AFM state below Ty = 1.7 K: - large ordered moment - oriented in-plane (as expected)

e But for 0.25 < x < 0.6: - FM state - ordered moment along c axis (a mystery!)

e B-T phase diagram for x < 0.25: — ¢ component also close to pure YbRh,Si,



AFM moment along c in pure YbRh,Si, too?

e already suggested in PhD Thesis of Jeroen Custers (TU Dresden, 2004)

— would explain tiny size of ordered moment:

e Size of Kondo screening? - m_,, = 0.12 pg in a-b-plane factor 15 smaller than in-plane CEF m,,

— Kondo screening reduces CEF moment by a factor 15

- compatible with entropy S(T) = 0.03 RIn2

= moment along c direction expected to be reduced by a factor 15 too
—m.<0.08 pug /15 <0.005 pg

= Provides simple explanation for peculiar field dependence of my

e Increase of local static moment m(B) for in-plane field: 4
B=0
— rotation from c-axis (small moment) to a-b-plane (large moment) ¥
4&
e Then very likely that ab «—J c

- AFM state with large in-plane ordered moment B, =70mT

is close in energy to - AFM ground state with
small c ordered moment



suggests following scenario for 2mK transition

e Below Ty = 70 mK, AFM moments order along c 2mK<T<70mK I

e Transition at 2 mK: upon cooling, transition ‘[C
from a - c oriented, small moment AFM state ab
toa  -in-plane oriented large moment AFM state T<2mK < >

- stabilized by the larger nuclear polarization

B-T phase diagram of URhGe

0.8
— Superconductivity not connected o8 7/L 5
with AFM-PM QCP & 06 S il
e : : o e =
- but with critical point associated to a o S || |200 mK =
. - 40 mK
change of magnetic structure e anlly)
= 04 0 16
8 u,H, (Tesla)
e relation to reentrant superconductivity e
in URhGe? = 0.2
- Large field along hard axis
— Moments switch toward hard axis 0 4 8 e 16
— Superconductivity with enhanced Tc Applied Magnetic Field, u,H, (Tesla)

F. Lévy et al., Science 309 (2005) 1343



Field induced Kondo breakdown in YbRh,Si, ???

e Theoretical calculations for Kondo breakdown scenario:
- always as a function of hybridization

TA

- no calculation as a function of magnetic field H
e In presentation/papers:

- suggestion: H = increasing hybridization PM

= A priory wrong! magnetic field drives

. AFM
Kondo systems towards localized state >
= In general: H = decreasing hybridization < > E
H as expected H as suggested

— Claim for field induced Kondo breakdown on general grounds for Kondo breakdown

needs some additional mechanism
- e.g. like FM Ising system in a transverse field: — increasing H reduces static polarization

- yet no proposition for an appropriate mechanism in YbRh,Si,



Field induced Kondo breakdown in YbRh,Si, ???

e Theoretical calculations for Kondo breakdown scenario:
- always as a function of hybridization TA
- no calculation as a function of magnetic field H

e In presentation/papers:

- suggestion: H = increasing hybridization PM
= A priory wrong! magnetic field drives AFM
Kondo systems towards localized state p N >g
= In general: H = decreasing hybridization Field effect as deduced Field effect as needed
from nuclear C(T) for Kondo breakdown

— Claim for field induced Kondo breakdown
needs some additional mechanism
- e.g. like FM Ising system in a transverse field: — increasing H reduces static polarization

- yet no proposition for an appropriate mechanism in YbRh,Si,

e YbRh,Si,: nuclear specific heat = static 4f polarization continuously increases with in-plane H !

- same as for Co doping or isostatic pressure: — in-plane H = decreasing hybridization
= in-plane magnetic field continuously shift YbRh,Si, towards a polarized localized state

—> very strongly question the possibility for a field-induced Kondo breakdown

=> no sound theoretical basis for claiming a field induced Kondo breakdown in YbRh,Si, (H Il ab)



Summary

e YbRh,Si, — two very peculiar properties of AFM state formed at T, = 70 mK:
- an extremely small value of the ordered moment my¢ spy = 0.002 g

- tiny external field is sufficient to induce a much larger local moment m,; = 0.10 pg

—> both properties makes this AFM state inherently unstable against a large moment
state stabilized by nuclear polarization at ~ 1 mK

— 2 mK transition: transition from - a small ordered moment AFM state

to - a large ordered moment AFM state

- stabilized by nuclear polarization energy






2 mK transition: transition to a smaller value of the ordered 4f moment?

e Hyperfine coupling: YoRh,Si, is in the fast relaxation regime
— problem reduces to nuclear moment in hyperfine field produced by 4 f moment

— equivalent to paramagnetic moment in external field

e Entropy S(B, T) of PM moment in external field: universal function of T/B,

— monotonously increasing with T/B

e For nuclear system: B = H,yp oc my;
— Entropy of nuclear system is a function of T/m,;, monotonously increasing with T/m
(T) >>>S,_..(T) —>S

e Because S has to decrease below T,z =2 mK

nuclear elec nuclear
— therefore T/my; has to decrease below Tyyg

— my¢ cannot decrease faster than T
e Experimental evidence for a peak in C(T) at Ty, — significant reduction of S, .,

= my has to increase below Tyyp

= Transition at 2 mK cannot be associated with a transition from a large (T > T,;yp) to

a small (T < Tyyg) 4f ordered moment AFM state



Slow or fast relaxation regime in M6Rbauer spectroscopy

e Mo6Rbauer Spectroscopy: active isotope is 170Yb
- Ground state: I = 0,
- but excited state at 84 keV: =2 Calculated Mo6Rbauer spectra for
paramagnetic Yb and large CEF anisotropy

e Case A): "fast relaxation I. Nowik, S. Ofer, J. Phys. Chem. Solids 29 (1968) 2117

— | =2 system in an external field

) ) 25x10%sec
—> In paramagnetic case fast relaxation

only quadrupol field

- quadrupol field depends on CEF ground state

e Case B): “slow relaxation”
> F=1+) =2+1/2=5/2
(J = 1/2: CEF ground state doublet)

ARBITRARY UNITS

— Hyperfine coupling splits
F multiplett (even at B = 0)

- splitting dependent on CEF ground state
relaxation

= Slow or fast: very different spectra g B R 0 i 3 3
VELOCITY (cm/sec)



MoBbauer on YbRh,Si, : fast relaxation regime

e Slow or fast: very different M6Rbauer spectra MoRbauer spectra (G. Knebel et al.)

e Experiments: - G. Knebel et al., J. Phys. Soc. Jpn. 75 (2006) 114709

— Single line, slightly broadened S 100 f : i
). Plessel et al., PRB 67 (2003) 18403 7
—> Similar result at 1.3 K =
Z 4 2K H=0.4T
E 99 - a
Calculation for slow relaxation regime = | | |
with CEF of YbRh,Si, (G. Knebel et al.) =5 =1l 0 1 2

velocity (cm/s)

—> Exp. results incompatible with slow relaxation regime

H=0
—> Exp. results in agreement with fast relaxation regime

- Quadrupol moment of I'’ CEF ground state proposed
for YbRh,Si, very small

04T — Expected quadrupole splitting < natural line width

' — single line expected

|
-3 —& —1 0 1 e O
velocity (cm/s) Fast relaxation regime expected from large Kondo scale T, = 20 K




Small or large Fermi surface in YbRh,Si, ?

e Our ARPES results (K. Kummer et al.,, PRX 5, 011028 (2015)
— Large fermi surfaceat B=0for 1 K< T< 100 K

— strong controversy: - some parts of the community: cannot be !
- other parts of the community: as expected !

e Recent STM results (S. Seiro, S. Wirth, unpublished, presented by S. Wirth at the ICM 2015)
=> at 300 mK, no significant changes in STM spectra for 0 <H <9 T (across H*)

e general consensus: YbRh,Si,: at H> H* — large FS Field dependent STM spectra

(S. Seiro, S. Wirth)
—

-same STM spectraatH=0and atH=9T >> H*
— large FS at T = 300 mK, B=0 too

— confirms our conclusions from ARPES

=> Large FS is present in a large H-T region
completely enclosing the AFM state

d//d V(nS)

= In disagreement with original phase diagram
drawn for Kondo breakdown scenario

= supports SDW scenario




Energy landscape E(m ) in YbRh,Si,

ordered’ ordered
b) paramagnetic versus AFM state
e Energy difference between AFM and PM state? = condensationenergy of AFM state

e Can be estimated from specific heat data: — AG = -ffOTN(CAFM(T) — Copy(T))/T * dT?

- Cap(T): experimental data

Specific heat of pure and 5 % Ge doped YbRh,Si,

LENLEN |

- Cppy(T): reasonable estimation using
conservation of entropy at Ty, and | YbRh, (SiyGey),
results for 5 % Ge-doped YbRh,Si, B=0

- ACy,r: mean field step in C(T) at T,

- fdepends on T dependence of Cyq,

Co/T (J/K2.mol)

—>f=0.1 gl .

= AG ~ 0.9 mJ/(K.mol)

J Custer et al Nature 424 (2003) 524 y
= AG/R~ 0.1 mK 0 *

003 01 03 1

T (K)
—> Kondensation energy of AFM state is of the order of 0.1 mK« kg



Magnetic order in YbRh,Si, - YbCo,Si, system

1.5}

e for x >0.55: - AFM
1 — ordered moment in basal plane

efor0.22<x<0.58:-FM

1.0t 1 — Ordered moment along c direction
<
— CAF e for x < 0.27:
05 (0250251) | _FM — canted AFM — AFM
Moment - some evidence that ordered moment
along a has a component along c
0.0 —
0.0 0.2 0.4 0.6 0.8 Evolution of ESR g factors
X ] ' ' ' ' ' ' ' '
e Switch between AFM and FM: no surprise 3| - - 9L 1
— competition between AFM and FM 5 | Yb(Rh1_XC0X)2Si2
exchange already known S ol |
h T=5K
e Switch in moment direction: mystery ! ;’ '
wn 1 -
e ESR: — Easy plane character continuously ol
increases with decreasing x o l®e o , , ,
0.0 0.2 0.4 0.6 0.8 1.0

— At x = 0.27 anisotropy a factor of 7!

Co-content x



Energy landscape of magnetic states in YbRh,Si,

e Small AE ., — (large moment) FM state close in Energy to (low moment) AFM state

mag
e Consider hypothetical FM state with mgy,;, = m,(B.) = 0.10 pg/Yb

e Calculation of differencesin electr. free energy: standard approach used for superconductors
— AtB=0,T=0: (Ggy— Gapm)/kg= 2.3 mK

— FM state with “large” ms just 2.3 mK above AFM state with small my

e Energy difference between AFM and PM state? = condensationenergy of AFM state

e Can be estimated from specific heat data: — AG = -ffOTN(CAFM(T) — Copg(T)) /T * dT?
:>AtB=0,T=O: (GPM-GAFM)/sz0.12 mK

—> Kondensation energy of AFM stateis of the order of 0.1 mK

Energy landscape of magnetic states in YbRh,Si,: very small energy scale

comparable to accessible gain in nuclear polarization energy
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