Building complex Kondo impurities by manipulating entangled spin chains
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The creation of molecule-like structures in which magnetic atoms interact controllably is
full of potential for the study of complex or strongly correlated systems. Here, we create
spin chains in which a strongly correlated Kondo state emerges from magnetic coupling of
transition-metal atoms. We build chains up to ten atoms in length by placing Fe and Mn
atoms on a Cu;N surface with a scanning tunneling microscope. The atoms couple
antiferromagnetically via super-exchange interaction through the nitrogen atom network
of the surface. The emergent Kondo resonance is spatially distributed along the chain. Its
strength can be controlled by mixing atoms of different transition metal elements and
manipulating their spatial distribution. We show that the Kondo screening of the full chain
by the electrons of the non-magnetic substrate depends on the inter-atomic entanglement of
the spins in the chain, demonstrating the prerequisites to build and probe spatially
extended strongly correlated nanostructures.
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Conduction electrons scattering off a magnetic impurity can screen the localized magnetic
moment by forming a non-magnetic many-particle singlet state. This is known as the Kondo
effect’. On a metallic surface, Kondo screening of a magnetic moment manifests itself as a
prominent zero-bias resonance in scanning tunneling microscope (STM) differential conductance
measurements®’. Ample experimental evidence exists for Kondo resonances of single spins on
metals, either atomic or molecular *®. However, an entirely different world is revealed when
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several spins interact on metallic hosts’*. An extensive body of theoretical work explores the

rich range of new states of matter that can be created from the competition of Kondo screening

and inter-spin interactions'**’

. Such quantum many-body phenomena exhibit extraordinary
complexity but offer great potential if the emergent quantum states can be controlled'®*°. The
Kondo effect in spin-coupled chains, has been proposed as a means of transmitting quantum
coherent information in solid-state environments®. This concept requires ways to extend*'?? and

32324 the Kondo effect on the atomic level. To date, in most scenarios considered

manipulate
experimentally, each spin is individually Kondo-screened and the interaction among spins drives
the pre-existing Kondo effect into a new phase of matter®?22>, These Kondo chains and lattices
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are keystones in understanding heavy-fermion compounds®“’, entanglement in condensed

matter™ or in transmitting information quantum coherently through chains of spins®*2°3°,
However, the intriguing possibility to create emergent Kondo states in nanostructure systems

built from atoms that, individually, are not Kondo screened is unexplored.

Using the atom manipulation capabilities of the STM, we assemble one-dimensional chains of
atoms composed of Fe and Mn atoms on a monolayer film of copper nitride, Cu,N, grown on Cu
(100). We use a low-temperature STM to assemble chains of up to ten atoms in length, Fig. 1a,c.
We find that chains with one Fe and an odd number of Mn atoms exhibit a collective Kondo
state. The Kondo state in the composite system appears only if the spin-spin interactions within
the chain are engineered to entangle all atomic spins with each other and form a doubly
degenerate ground state that enables electrons from the host metal to flip all spins in the chain by
a single electron scattering event. Atomically precise construction allows exact determination of
the chain composition and tuning of coupling strengths. This in turn determines the degree of
inter-atomic entanglement which influences the probability of spin-flip scattering and the
resulting efficiency of the Kondo screening. Thus the control we have over atomic entanglement

in the atom chain allows us to create and tune the emergence of a many-body electronic state.

The magnetic moments of Fe and Mn atoms on the Cu binding site of Cu,N are well-described as
spins with magnitude 2 (Fe) and 5/2 (Mn)’?!. Due to their easy axis magnetic anisotropy, neither

Fe nor Mn forms a Kondo state individually at the temperature of our experiment, 7'= 0.5 K*32



Spectra of the differential conductance, d//dV(V), recorded with the tip positioned over each

atom show spin excitations at finite energy but no Kondo resonance at zero bias (Fig. 1b).

Surprisingly, the two-atom chain, one Mn and one Fe atom, shows a drastically altered
conductance spectrum, Fig. 1b. Spin excitations appear at £16 mV and £24 mV bias and a clear
resonance is visible at zero bias. The spectra show spin excitations compatible only with an
antiferromagnetic coupling of the atomic magnetic moments as in Mn dimers’ or Fe dimers®.
Density functional theory calculations (DFT) confirm the antiferromagnetic order within the
chain and show that the atomic magnetic moments stay isolated®, Fig. 1d (see also

Supplementary Fig. S3).

The zero-bias resonance on MnFe shows the behaviour expected for a Kondo resonance: the
peak can be fit by a Frota function with a width of I'y’=1.47+0.05 meV (see Supplementary
Fig. S4 for fit details) corresponding to a Kondo temperature of 7x=17+ 1 K, (Fig. 1b). It
quickly broadens with increasing temperature and splits in magnetic field confirming its

magnetic many-body nature (Supplementary Fig. S1).

To test whether this zero-bias resonance is a robust effect related to the chain’s spin ground state
rather than properties of the constituent atoms we assembled chains of the type Mn,Fe with
x=1,...,10 (Fig. 2a,b). We find that the presence of Kondo scattering strictly depends on the
parity of the chain: all chains with an odd number of Mn atoms show a similar zero-bias

resonance (Fig. 2a), whereas chains with an even number of Mn atoms do not (Fig. 2b).

To elucidate the origin of the Kondo resonance in the MnFe chains we use an effective spin
Hamiltonian that includes antiferromagnetic Heisenberg-type exchange interaction, J, between
Mn and Fe atoms, J', between nearest neighbour Mn atoms and easy-axis magnetic anisotropy of
the Fe atom, D (see Supplementary Section S1 for details). J, J” and D are determined by fitting
the experimental d//dV spectra and a single set of model parameters achieves good fitting for all
chains: J=(13.3 £1.0) meV, J" =(4.2+£0.8) meV, and D =(4.0+0.4) meV (Supplementary
Fig. S2). Inclusion of other terms such as transverse anisotropy of Fe, or anisotropy of the Mn
atom do not change the results significantly and were left out to keep the number of fit
parameters minimal. We calculate the conductance spectra with a perturbative approach which
accounts for spin-flip scattering processes up to 3™ order in the interaction matrix elements
because this 3™ order perturbation approach correctly captures the effect of Fermi-surface
anomalies on tunneling and contains the logarithmic Kondo peak.** This method reproduces the

essential properties of Kondo resonances both in atomic and molecular systems’. The simulated



spectra reproduce the spin excitations in all Mn,Fe chains and also reproduce the appearance of
Kondo resonances exclusively in chains with an odd number of Mn atoms (Fig. 2c,

Supplementary Fig. S6).

Inspection of the spin wave functions of the Mn,:1)Fe atomic chains shows that the spin ground
states of all chains are in a low total spin configuration due to the antiferromagnetic coupling
(see also Supplementary Fig. S3) and doubly degenerate. The presence of a doubly degenerate
ground state alone, however, is not sufficient to form the many-electron Kondo resonance.
Kondo phenomena emerge when the scattering from a substrate electron induces switching

between these degenerate ground states™>®.

Hence, the Kondo resonances found for the Mn .1 )Fe chains are peculiar. The underlying Kondo
scattering has no classical analogue as it involves the spin flip of up to 10 magnetic atoms
(MnyFe case) with spin magnitudes 5/2 and 2 by only one spin ' electron. It must therefore rely
on the presence of superposition spin states within the spin chain that have contributions of all
basis states of all atoms and thus permit the classically forbidden transition. Antiferromagnetic
Heisenberg-type exchange coupling as present in our atom chains is known to create such

superposition states through entanglement of the constituent spins™.

The importance of superposition spin states is illustrated in comparing the complementary chains
MnsFe and MnFe; (Fig. 2c,d). Both spin chains show similar spin excitation spectra at
approximately =10 mV and have doubly degenerate ground states. But only Mn;Fe has a
pronounced Kondo resonance at zero bias. The key difference between MnFe; and Mn;Fe is in
the composition of the spin ground states (Fig. 2 e, g). In MnFes the presence of three Fe atoms
with large anisotropy, D, creates a ground state that has a strong Néel state character. Each atom
has a well-defined orientation of the spin: projecting one of the ground state wave functions onto
the basis states of each atom shows that the Mn atom’s spin is mostly +5/2 and the Fe atoms
alternate between —2 or +2 (Fig. 2g). The atomic spins are correlated with each other but not in
superposition states, so that an electron scattering on one of the atoms cannot flip the other
atomic spins in the chain strongly reducing the probability for scattering between the two
degenerate ground states (Fig. 2f) and prohibiting the formation of a Kondo singlet state’” By
contrast, in Mns;Fe the vanishing axial anisotropy of the Mn atoms leads to two ground states that
are superposition states with significant contributions from many basis states of each atom
(Fig. 2e). The atomic spins are entangled and a single electron scattering on one of the atomic
spins can flip the whole spin chain between its two ground states with significant probability

permitting the formation of a collective Kondo resonance (Fig. 2e).



The relation between entanglement and strength of the Kondo resonance is substantiated by
investigating MnFe chains where the ratio between the inter-atomic exchange coupling strength,
J, and the magnetic anisotropy energy, D, can be adjusted by varying the separation between the
atoms (Fig. 3a). We record the amplitude of the Kondo resonance in the d//dV spectra of each
chain (Fig. 3¢) and use the spin excitations at finite energy to extract J/|D| for each chain built.
We find that chains with J/|D| <<1 show no Kondo resonance. Strongly-coupled FeMn chains
with J/|D| >>1 exhibit prominent Kondo resonances whereby their amplitude increases with
increasing J/|D|. Since MnFe is a bipartite spin system, the von Neumann mutual information of
the Fe and Mn spin subsystems serves as a measure of entanglement (Fig. 3b, see Methods), and
we extract it from the spin Hamiltonian model by inputting J/|D|. MnFe chains with small J/|D|
have minimal entanglement. In such chains uniaxial anisotropy of Fe dominates and drives the
chain into Néel-like ground states without entanglement (Fig. 3d). Increasing J/|D| increases
entanglement between the Fe and Mn atoms as seen by increasing von Neumann entropy. This

drives the chain into superposition spin states that enable Kondo screening (Fig. 3e).

A Kondo resonance in the Mn,Fe chains is not compatible with a single electron in a molecular
orbital spanning the chains. This type of molecular Kondo effect would not follow the observed
even-odd effect of Kondo resonances being present only on chains with x =1, 3, ... . Moreover,
our DFT calculations find that all magnetic moments of the chain are localized in the d-orbitals
of the Fe and Mn atoms* (Supplementary Fig. S3). No spin-polarized molecular state can be
identified that could enable Kondo screening through reversible electron transfer from the metal
to a hybridized orbital of the full chain. This makes it possible to resolve the spatial structure of

the Kondo resonance within the spin chains.

Conductance spectra acquired along the MnyFe chains, d//dV(V,d), show that the Kondo
resonance is delocalized (Fig. 4a). However, the entanglement among the atoms in the chain does
not lead to a structureless magnetic object as could be expected for a macrospin. Contrarily, the
resonance increases along the chain and is strongest at the Mn atom furthest from the Fe atom.
This is surprising because the Fe atom is required for the emergence of the Kondo resonance and
emphasizes that, even for the longest chain (MnyFe), it must be caused by collective screening of

entangled spin states of the entire chain.

Remarkably, the maximum amplitude of the Kondo resonance increases approximately linearly
with chain length. For MnyFe it reaches up to 80% of the amplitude of the spin-excitation-

induced conductance steps (Fig. 4c). This behaviour is consistent with an increased efficiency of



electron-spin scattering between the two degenerate ground states by substrate electrons. The
increased number of scattering sites provided by longer chains increases the interaction between
the spin chain and the electron bath. In addition, the Fe atom’s magnetic anisotropy becomes
effectively diluted with increasing number of Mn atoms allowing for a more efficient Kondo
screening. Therefore length, geometry and composition of the chain are tunable parameters that
permit us to vary the degree of entanglement of the atoms in the chain and as a consequence, the

Kondo state.

These measurements demonstrate that it is experimentally feasible to create a Kondo ground
state within a chain of atoms with large magnetic moments. The emergent Kondo state can be
tuned by a competition between inter-atomic spin interaction and magneto-crystalline anisotropy
of the constituent atoms. The Kondo state thus depends on the specific atomic composition of the
spin chain and is characterized by the degree of entanglement among the atoms of the chain. This
indicates that surface-adsorbed spin chains can serve as prototype systems for the exploration of
correlated condensed-matter phases, where the electron correlations are tailored by the specific
design of the atomic chains. In long chains (x » 10) it may be possible to study the impact of
decoherence on the correlated states. Beyond testing prominent theoretical Kondo chain and
lattice models'**® this method can in principle be generalized to a broader class of materials

where electron-electron interaction can be tuned by structure and composition.

Methods

Experimental parameters. All measurements used a low-temperature ultrahigh vacuum scanning
tunnelling microscope (Unisoku USM 1300 3He) with base temperature of 0.5 K. A clean
Cu(100) surface with large monatomically flat terraces was prepared by repeated Ar sputtering
and annealing to 850 K. Then, a monolayer of copper nitride, Cu,N, was formed as a decoupling
layer by sputtering with N, at 1 kV and annealing to 600 K. Fe and Mn atoms were deposited
onto the precooled surface by thermal evaporation of elemental Fe and Mn from effusion cells.
All atom chains were created by vertical atom manipulation’. Prior to manipulation Fe and Mn
atoms were identified using their characteristic conductance spectra®. Differential conductance
spectra, d//dV(V), record the differential conductance of the tunnel junction as a function of sam-
ple bias detected by Lock-In detection of the tunnelling current caused by adding a modulation
voltage of 72 WV amplitude at 691 Hz to the bias.



Model spin Hamiltonian parameters. The model applied to the spin chains uses an effective spin
Hamiltonian to describe the spin states of the MnFe. Conductance spectra are calculated by con-
sidering electron-spin scattering with tunnelling electrons (Supplementary Figure S2).
The spin states of the MnFe chains represented by their density matrices, p, are completely deter-
mined by the ratio J/|D| (Fig. 2d). We quantify the degree of entanglement for the dimers (Fig.
2fg) by entanglement entropy?®, I(p). For this analysis we add an infinitesimal magnetic field to
the spin Hamiltonian and set temperature to zero to ensure that p is a pure state. /(p) is obtained
by calculating the von Neumann mutual information of the Fe and Mn spin subsystems,
I(p|=S|pyn|+S|pr)=S|p| in the basis that minimizes /(p) (see Supplementary Fig. S5). We

find that this basis coincides with the coordinate system determined by the magnetic anisotropy

axis of the Fe atom. S is the von Neumann entropy and pr. and pwn are the reduced density matri-
ces of the Fe and Mn spin obtained by partial trace over p. Since the spins considered here are
larger than 2 we normalised /(p) to the entanglement entropy of the maximally entangled state,
so that /(p) ranges from 0 for chains where Fe and Mn are not correlated or only classically cor-

related” to 1 for chains where Fe and Mn are maximally entangled.

Density function theory calculations. Collinear DFT+U calculations were performed with the
VASP code, using the PBE xc functional together with charging-energy corrections in the Du-
darev et al. scheme (See Supplementary Section S2 for details). The d electrons for Fe and Mn
had an onsite energy of U-J =1 ¢V and 4.0 eV respectively. For all chains we find the magnetic
ground state of the Mn,Fe chains to be close to mr = '/, due to antiferromagnetic ordering of the

Fe and Mn magnetic moments.

Supporting Information.

Supplementary Section S1: Spin Hamiltonian model and calculation of the differential conduct-
ance spectra. Supplementary Section S2: Details on the Density Function calculations of FeMn,
chains. Supplementary Figures S1 to S6. Supplementary References.



FIGURE CAPTIONS

Figure 1| Emergence of Kondo screening in Mn,Fe spin chains. a, Ball model and STM
images of the construction of a MnFe dimer by adding a Mn atom (green) to an Fe atom (red) on
the Cu,N surface (Cu atoms yellow, N atoms blue). b, Differential conductance spectra,
d//dV(V), for a Mn atom, a Fe atom and a MnFe chain. MnFe shows a prominent Kondo
resonance at 0 V that is fit well by a Frota lineshape with a half-width at half-maximum,
Ik =147 meV (see Supplementary Fig. S4 for fit details). ¢, Ball model and STM image of
MnyFe spin chain after it was constructed from MnFe in (a) by adding 8 additional Mn atoms. d,
Spin density distribution on MngFe chain calculated by density function theory (see Methods)
shown as density difference between spin-up (blue) and spin-down (red) states. Isosurface value
0.05 e/A>. Copper atoms (yellow) and Nitrogen atoms (cyan). STM image sizes are (5 X 5) nm?
in (a) and (7 x 5) nm? in (c) shown as 3d rendering with height from low (0 A, orange) to high
(4 A, white). Tunnel junction setpoint 10 mV and 100 pA.

Figure 2| Dependence of Kondo screening on chain composition. a, Differential conductance
spectra, d//dV(V), of Mngn:1)Fe chains with an odd number of Mn atoms in the chain showing
Kondo resonances at zero bias. b, d//dV spectra of Mn(,Fe chains with an even number of Mn
atoms in the chain showing no Kondo resonances. ¢, Measured (purple) and calculated (blue)
spectra of Mn;Fe showing a prominent Kondo resonance at 0 V (black arrow). d, Measured (light
purple) and calculated (blue) spectra of MnFe; showing no Kondo resonance. Calculation
includes nearest neighbour spin coupling between Fe atoms, J” =11.0 meV. e, Spin wave
function composition of one of the two ground states, i, for MnsFe plotted as the projection of
the reduced wave function for the i-th atom, |{m;|yi)i|, onto the basis states, |m;), chosen as the
eigenstates of the S;, operator. The ground state has contributions of several |m;) states on each
atom enabling the large transition intensity seen in the middle plot. Colour shows magnitude
from 0 (white) to 1 (green). The ball model shows the atomic arrangement of MnsFe (i = 1 is the
leftmost Mn atom). f, Transition intensity between the two degenerate ground states i, y, of
MnsFe (purple line) and MnFes (pink line) evaluated as the transition matrix element of the
operator S.0  for each atom, i, of the chain. MnsFe has a large transition intensity for single
electron scattering making Kondo screening possible, whereas MnFe; has negligible transition
intensity. g, Spin wave function composition of of one of the two ground states, i, for MnFe;
plotted analogous to () and a ball model showing the atomic arrangement (i = 1 is the Mn atom).
The ground state of MnFe; is composed mostly of one |m;) state on each atom resulting in

negligible transition intensity.



Figure 3| Dependence of Kondo screening on spin coupling strength. a, STM images of
MnFe chains with varying separation: A: 2 unit cells (0.72 nm), B: 1 unit cell (0.36 nm), C:
compact (0.3 nm). Image size (3.4 x 2.3) nm* shown as 3D rendering of height with color from
low (orange) to high (white). b, Entanglement entropy, /, scaled to the entropy of a maximally
entangled chain, /.. , plotted as function of effective coupling strength, J/|D|, of the chain (see
Methods for details). ¢, Relative Kondo peak amplitude, Ax/4i , as a function of J/|D|. The
amplitudes of the Kondo resonance, Ak, and spin excitations, 4i, and J/|D| were extracted by
fitting dI/dV(V) spectra of each chain (see Supplementary Fig. S4). d, Left panel : dZ/dV(V)
spectrum of MnFe chain A measured on the Mn atom position. A spin excitation at 1 mV is
visible but no Kondo resonance at 0 V. Right panel: composition of MnFe chain A’s ground state
spin wave function (plotted in the same manner as Fig. 2e, g). e, Left panel : dI/dV(V) spectrum
of MnFe chain C showing a prominent Kondo resonance. Right panel: ground state spin wave
function of MnFe chain C.

Figure 4| Spatial evolution of Kondo screening in Mn,Fe chains. a, Maps of the differential
conductance, d//dV(V,d), measured along the MnFe spin chains and plotted colour-coded as a
function of sample bias, V, and displacement, d, along the spin chains. Atom positions are
indicated by red (Fe) and green (Mn) dashes. The first Mn atom of each chain equals d = 0. Ball
model of MnyFe is shown for reference with lateral scale matched to the dZ/dV(V, d) spectra. The
delocalized Kondo resonance is visible as horizontal yellow streak centred at 0 V bias. b, Spatial
profile of the relative Kondo peak amplitude, Ax/A4i«, along each spin chain from MnFe (orange
points) to MnoFe (black points). The Kondo resonance drops off at approximately 1.5 nm
distance from the edge Mn atom in the longer chains (x =5, 7, 9). ¢, Evolution of 4x/Ai, with
chain length evaluated at the position of the first Mn atom (d = 0 nm) showing a linear increase

of Kondo resonance amplitude with chain length.
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I =1.47 meV
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Figure 2:
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Figure 3:
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Figure 4:
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