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Atomic force microscope as an open system and the Ehrenfest force
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Two systems in contact, such as the tip of an atomic force microgédfid) and a sample, share a common
surface. Each exerts an equal and opposite force on the other determined by the pressure it exerts on every
element of the surface of separation, as required by the physics of an open system. In a quantum system, the
force exerted on the tip is the Ehrenfest force, a force that is balanced by the pressure exerted on every element
of its surface, as determined by the quantum stress tensor. The surface separating the tip from the sample is one
of local zero flux in the gradient vector field of the electron density, the surface that separates two neighboring
atoms. A zero-flux surface also defines a proper open system, one whose observables are governed by the
equations of motion, the equation for the electronic momentum yielding the Ehrenfest force theorem. Thus the
force measured in the AFM is exerted on a surface determined by the boundaries separating the atoms in the
tip from those in the sample, and its response is a consequence of the atomic form of matter. This approach to
the determination of the force measured in the AFM is contrasted with results reported in the literature that
equate it to the Hellmann-Feyman forces exerted on the nuclei of the atoms in the tip.

FORCES AND OPEN SYSTEMS face S, separating the tip of the pencil from the desk. It is
given by the expressioR=—¢§dS- o, whereo is the stress
In an atomic force microscop@FM) a probe with a tip  tensor.F is the force that thécantilevey arm exerts on the
of atomic dimensions is attached to a cantilever whose deattached spring, displacing it form its equilibrium position,
flections are measured as the tip scans the surface of the displacement measured in the AFM.
samplet The force that causes the measured deflections is Inseparable from the definition of the force exerted on
determined by the physics of an open systehwhen two  Some object is the need to define a bounding surface on
objects, such as the tip of an AFM and the object to bevhich the pressure is exerted. In a quantum system, the time
studied, are brought into contact they form a single systemate of change of the average value of an observ@Hier an
sharing a surface of separation. Each exerts an equal amghben system consists of two contributions: the average of the

opposite force on the other that is determined by the pressuggmmutator {/%)[H,G], as found for a closed, isolated sys-
each exerts on every element of the surface of separatiofem and a surface term that measures the contribution from

This description of the fo_rce acting on an open system he flux in the current ofs through the surface that the open
terms of the pressure acting on Its surfz_;\ce is equally app“éystem shares with its neighbdrdlt is the surface flux con-
cable to systems described by Newltonian or quantum M&fibution that distinguishes the physics of an open system

fﬁ:gﬁfé:\?et;efgiséeﬁfea ?gaggg]s So);sttheirsn;‘;:]ceefg;c;iltz tr((a)rlrgq m that of the total system and the definition of the surface
: prop is thus of paramount importance.

Isncr?beésrwé?éngwwhe prgﬁi:’: Z?;:CSmor:thisoFk))i?ngsypitaecrg da(r)i ?r:: The surface enclosing an open system at the atomic level
interpretatior; of the force exerted on the tip of an AFM ThisIs uniquely defined.itis a surfaceS(r) of local zero flux in
) S . . T the gradient vector field of the electron density, as described
interpretation is contrasted with previous work in this are
that equates this force to the Hellmann-Feynman fGraes
ing on the nuclei of the atoms in the tip, the force determined
by the negative of the gradient of the potential energy of Vp(r)-n(r)=0 V reS(ry), 1)
interaction between the tip and the sanfpl¥

To make the distinction between the Hellmann-Feynmanvhere n(r) is the unit vector normal to the surface. The
(HF) and Ehrenfest forces clear within the context of thezero-flux surface condition in Eq1), when imposed as a
AFM, consider pressing down with one’s hand on a pencilconstraint in Schwinger’s general variation of the action in-
its tip on the surface of a desk, with the forBe The desk tegral operator, extends his principle of stationary action to
exerts an equal and opposite force on the combined systefl open systerlt. Thus the observables of open systems
of the pencil and hand. The HF force does not eqeal bounded by surfaces satisfying E@) are described by the
Instead it measures the forde, required to displace the guantum-mechanical equations of motion and such systems
nucleuse of the atom in the tip of the probe, which is given are termedproper open systemsThe equation of motion
by F,=—V ,E. One is interested in the force not just on onedescribing the Ehrenfest force is obtained by takig p,
nucleus of one atom in the tip of the probe, but rather in thehe electronic momentum operator, and the resulting surface
force F that is exerted on the all of the atoms that make upterm describes the force exerted on an open system by its
the open system of “pencil plus hand.” This force is deter-neighbor—the force exerted on the tip of an AFM by a sur-
mined by the pressure exerted on every element of the suface, for example.
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FIG. 1. (a) Trajectories ofVp(r) in the (100 plane of MgO. v/ R
The region of space traversed by trajectories that terminate at a 4 i

given nucleus where(r) is a local maximum, defines the atomic

basin. Each basin is bounded by sets of trajectories that terminate a ;
(3,—1) or bond critical point{CP) denoted by dots. Only one pair i

of each set appears in this symmetry plane, as indicated by the pail \ ;" /

of arrows for one O-O interaction. Also so indicated, is the unique / ‘ //
pair of trajectories that originate at a bond CP and terminate, one /& i A\ /,.f/..
each, at the neighboring nuclei and define the bond path. The den- —5<|¢: _«» et
sity attains its maximum value in an interatomic surface and its \/ \e“/
minimum value along the bond path at a bond @B. The total /j \‘

electron density in the same plane overlaid with the interatomic

surfaces and bond paths defined by the trajectories associated witl

the bond CP’s. Each Mg is linked by bond paths to six O atoms, \///\ /\\\ S
creases in value from the outermost 0.001 contour inwards in steps = i:%<<>>\ /& e
of 2x 10", 4X 10", and 8< 10", with n starting at—3 and increas- \

while each O atom is in addition, linked by weaker interaction lines,
ing in steps of unity. \\ /1IN

W
Wiy

to the 12 next-nearest O atoms. The dengitlyatomic unit$ in-

ATOMIC SURFACES FIG. 2. Gradient vector field maps for a CO molecule bound to
a Mg atom in the(100 surface of MgO. The C atom, which is to
A necessary prelude to an application of the mechanics ahodel the tip of CO viewed as a probe, is separated from the sur-
an open system is a description of the form of the operface by five interatomic surfaces of zero flux, being linked to a Mg
systems defined by the condition of zero flux in Ef). The  and four O atoms in the surface. The force exerted on the CO probe
electron density(r) exhibits a local maximum at the posi- is a consequence of the pressure acting on each element of the five
tion of a nucleus. A consequence of this principal topologicalsurfaces. The trajectories &p(r) in the Mg basin that interact
feature is that each nucleus acts as an attractor in the gradiesith and form the surface with C provide a representation of a
vector field of the electron density and space is exhaustivelydangling bond™ in the free surface, where they extend above the
partitioned into a disjoint set of mononuclear regions termedurface to infinity.
atomic basing:** Each basin is the region of space traversed
by the set of trajectories d¥ p(r) that terminate at a given system into atoms obtained when the zero-flux surfaces de-
nucleus, as illustrated in Fig(d) for a (100 plane in MgO. fined by the gradient vector field are imposed on the density.
The interatomic surface of zero flux that separates the basirRenda and co-worker§ have shown how the topological
of two neighboring atoms is defined by a set of trajectoriegartitioning of densities in the solid state can be used to
that terminate at &3,—1) critical point (CP), a point where obtain a model-free classification and characterization of
Vp(r)=0 and the Hessian qi(r) exhibits one positive and crystal structures.
two negative eigenvalues. The set of eigenvectors associated The topological atoms have been identified with the atoms
with the negative eigenvalues define the two-dimensionabf chemistry because they recover the essential ideas associ-
manifold that is the interatomic surface. The two uniqueated with the atomic conceptf:(a) the atomic properties,
eigenvectors associated with the single positive eigenvalugefined by the principle of stationary action, are characteris-
define a pair of trajectories 3p that originate at the CP and tic and additive, summing to yield the corresponding values
terminate at the neighboring nuclei, defining a line throughfor the total system{b) the properties of an atom are as
space along which the density is a maximum. In the situatiotiransferable from one system to another as is the form of the
of electrostatic equilibrium, this line is termed a bond path.atom in real space—if the density distribution of the atom is
Thus atoms sharing an interatomic surface are bonded to orieansferable, so are its properties.
another!® an interpretation consistent with the observation Figure 2 portrays the atomic basins and interatomic sur-
that each bond path is mirrored by a virial path, a line offaces defined by the gradient vector field of the electron den-
maximally negative potential energy density linking the sity for a system consisting of a CO molecule bound to a Mg
same nuclei. Figure (b) illustrates the partitioning of the atom in a(100 surface of MgO. The reader is asked to
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imagine the CO molecule to be the probe of an atomic forcgressure—the force per unit area—acting on each element of
microscope and the MgO surface, the object under studyits bounding surface, the second term.

The surface of zero flux separating the tip from the atoms in The first term comes from the atomic averaging of the
the surface of the crystal consists of five interatomic surcommutator {/#)[H,p]=—V,V, where A is the many-

faces, the carbon at_om be_ing linked by bond_ paths to the M article Hamiltonian an¥ its potential energy operator. The
atom and to four neighboring O atoms. One is free to choos

eratop=—i%xV,, the subscript denoting the coordinate

any linked set of atoms as an open system and the C and mtegrated over the open system. The commutator term yields
atoms of the probe are treated as a single open system. Arg

force exerted on the crystal by the probe is balanced by a
equal and opposite force exerted on the probe by the crystal.
The crystal exerts a pressure on every element of the surface,
dS(r), a pressure determined by the quantum stress tensor F(Q,t):J drF(r,t)=J’ dr Nf dr'¥* (—V, )W,
o(r). The integral of the resulting forcdS(r)- o(r) over Q Q
the zero-flux surface balances the Ehrenfest force on the (4)
probe. As the tip is moved across the crystal surface, the .
zero-flux surface, as determined by the atomic boundarie@ €xample of a dressed property density. The operator
changes and the probe responds to the change in its Ehren-V,V describes the force exerted on the electron lay all
fest force. of the remaining electrons and by the nuclei in the system,
each of the particles being held fixed in some arbitrary con-
figuration. The averaging of this operator implied fy7’ in
Eq. (4) yields the force exerted on the electron density at
The primal force theorem of an atomic system is obtainedy the nuclei and by the average distribution of the remain-
from the time rate of change of the electronic momentumjng electrons in the entire system. Final integration over the
the Ehrenfest force theorem. Every property for a propeatomic basin yield$(€,t), the contribution to the force
open system is defined in terms of a “dressed” density. Thisexerted on the total system from the basin forces acting in
is a distribution in real space that replaces the property imtom (). Thus the force, like all atomic properties, is addi-
guestion with a corresponding density that describes the irtive.
teraction of a single electron with all of the remaining par-  The final term of Eq(2) represents the contribution to the
ticles in the system, a consequence of the principle of statime derivative ofp arising from the flux in its current den-
tionary action for an open system. As a result, every propertgity through the surface of the open system. It provides a
for the total system, including many-electron properties, isneasure of the force exerted on the open system arising from
given by the sum of the atomic contribution$™® The  the flux in the momentum current density(r). In Eg. (2),
atomic force theorem obtained from the principle of station-this “momentum flux” density is expressed in terms of the
ary action for an open system for the observaplés ex-  quantum stress tenser(r):*°
pressed as

e atomic average of the Ehrenfest fofe@,t) acting on
e electron density at the point

THE EHRENFEST ATOMIC FORCE THEOREM

A —{Jp(r)+c.c.}=a-(r)=(ﬁ2/4m)f dr' {(VV¥*)¥
mJ' dr aJ(r)/atsz drf d7¥v*(-V V¥
o ° — VO VO - VOVI* + TV,

+ 3§dsa(r).n(r). 2 )

The stress tensor has the dimensions of an energy density,
Every observable ylelds an equation of similar form with thethat iS, of a pressure or of a force per unit area and
first term representing the time derivative of the propertyds(r).a-(r) is the force exerted on an element of surface
density, which in the present casen®(r), the momentum gg(r). The quantum stress tensor, first introduced by
density. The vector currenl(r) in Eq. (2) is N times the  Schradinger?® plays a dominant role in determining the local
single-particle electronic velocity density mechanics of the electron density and the properties of an
open system. Since(r) is defined by a single-particle op-
erator, it may be expressed in terms of the first-order density
matrix, even though it determines the many-body forces op-
erative in a molecule or solid.
The symboINfd7' denotes a summation over all spins fol-  The Ehrenfest force theorem, E@), is analogous to a
lowed by an integration over all electronic coordinates savévasic postulate of classical continuum mechanics called the
those associated with the pointfollowed by multiplication ~ momentum principlé! This principle states that the time
by N. The application of this procedure to the prodict ¥ rate of change of the total momentum of a given set of par-
yields the electron densiiy(r). The integral on the left-hand ticles forming a part() of some total system, equals the
side (LHS) of Eqg. (2) gives the time rate of change of the vector sum of all the external forces acting on the particles of
electronic momentum over the open syst@nthereby yield-  the set, provided Newton’s third law of action and reaction
ing the force acting orf). Equation(2) equates this to the governs the forces. This statement of momentum balance
forces exerted on the density withid by the total system, leads to an equation that is term for term the analog of Eq.
the first term on the right-hand sidgRHS), and to the (2), with mJ(r) replaced by the product of the mass and

J(r)=(ﬁ/2mi)NJ dr’'{¥*V, ¥ -V v*¥} (3
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velocity densities, the Ehrenfest force density by the classical
body forces per unit volume, and the stress tensor by its
classical analog.

In a stationary state, where the acceleratidifr)/dt is
zero and the system is in a state of static equilibrium, the
Ehrenfest force=({)) exerted on an open systefhis bal-
anced by the momentum flux density through its surface

energy {(a.u.)

F(Q)+ ff?dS(rs)ﬂ(r):O (6)
with a corresponding result for the classical case. Thus the
force acting on an open system, quantum or classical, is de:
termined by thepressure exerted on each element of its
surface®®

The Ehrenfest force subsumes the response of all the
components of an open system to the pressure exerted on it
surface, of the nuclei as well as of the electron density, as
demonstrated by the potential energy contributions obtained
when one takes the virial of the Ehrenfest force. By setting

é(r) in the principle of stationary action equal to the virial
operatorr - p, one obtains the open system statement of the
virial theorem?® For a stationary state the theorem takes the
form

2T(Q) + 9p(Q) = — 94(Q). ()

The two terms on the LHS—twice the electronic kinetic en-
ergy T({}) and the basin virialy,({))—are obtained from

the atomic average of the commutator kbfwith the virial
operator. The atomic kinetic energy({2) may be equiva-
lently defined as (142)(p?), or (1/2m){p-p)q , because of
the zero-flux surface condition. The basin virigJ(Q2) is the
average of the virial of the Ehrenfest force density, the quan-
tity r-F(r)=—r-V-o(r). The term on the RHS, the surface
virial 94(Q2), is determined by the flux in the current density
of the virial operator through the atomic surface. It is the
surface integral of the virial of the force exerted on unit
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FIG. 3. (a) Plots of the changes in the totd), kinetic (T), and

surface area, the quantiths: r - o(r). The open system virial
theorem is —2T(Q)=9(Q), where J(Q)=3I,(Q)

+94(Q) is the total atomic virial. Wher}(Q) is summed
over all the atoms one obtains the total virialas given by

potential V) energies relative to the separated atoms in the forma-
tion of ground state 5(12;). Internuclear separatioR and ener-
gies in atomic units, 1 a.&27.21 eV.(b) Plots of the Ehrenfest
force on a hydrogen atonk(H), and of the Hellmann-Feynman
force on a hydrogen nucleus as a functionPofvith the forces,
measured in atomic units, on the LHS scale. 1-aaf/a3=82.38

nN. Also shown are the values of the electron dengjfyand its
LaplacianV?p,, at the bond critical point measured in atomic units
on the RHS scale.

19:% D)= (Vo) + (Ve + (Vo) + 2 X, V,E

=(V)+ 2 X, V,E, ®)
a THE EHRENFEST FORCE AND MOLECULAR

which satisfies the virial theorem for the total systerRT INTERACTIONS

=49. In Eq. (8), E is the total energyE=<1’>+(\7>. Thus Slater regarded the virial and Hellmann-Feynman theo-
the virial of the Ehrenfest forces exerted on the electrons, imems as “two of the most powerful theorems applicable to
addition to yielding the electron-nuclear and electron-molecules and solids® and for an open system, one must
electron contributions to the potential energy, also containgadd to these the Ehrenfest force theorem. The virial theorem
the contributions from the nuclear-nuclear repulsion energyserves to relate the Ehrenfest and HF forces to the behavior
and, if the system is not at electrostatic equilibrium, the virialof the total energy and its kinetic and potential energy con-
of the external forces required to maintain a nonequilibriumtributions as a function of the separation between two open
geometry, the negative of the virials of the HF force¥V ,E systems. The interrelation of these forces and energies is
exerted on the nuclei. Thus the virial of the Ehrenfest forcellustrated in Fig. 3 for the limolecule as a function of the
determines all of the contributions to the potential energyinternuclear separatioR. This simple system, which is ame-
including those that arise from the virial of any net HF forcesnable to an essentially exact description, is well suited to
exerted on the nuclei. illustrate the three ranges of interactions encountered in the
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use of the AFM, which, using the language of the relevantEhrenfest force on one hydrogen atdfi), also exhibits an
literature, are described &8 the region of large separation extremum aR is decreased, Fig.(B). It attains a maximum
where the overlap of the atoms is negligible and van dewalue of 0.043 a.u(=3.5 nN) for R~2.5a.u. at a separation
Waals attractive interactions are operatiU®, the region of  slightly in excess oR;. In this region wheré=(H)>0, the
overlap where “covalent bond formation” occurs, afg)  force on each atom is directed away from its neighbor. At a
the region dominated by short-range repulsive forces. Thgalue ofR slightly in excess oR,, the direction of the force
present results are obtained frapaussiaN 94 (Ref. 23 us- s reversed and each atom is drawn towards its neighbor. The
ing a 6-311 "G(2p,2d) basis in a configuration-interaction force required to rupture a single covalent bond was recently
calculation [quadratic configuration interaction with all measured in an AFM experiment by stretching the bond be-
singles and doubl&$ (QCISD)] that yields a dissociation tween two atoms, one being linked to the tip, the other to a
energyD.=4.70 eV (experimental value 4.75 gVand an  surface”® If a H-H bond was so stretched when linked be-
equilibrium separationR,=1.40 a.u.(experimental value tween the tip of an AFM and a surface, the measured force
1.40 a.u. In addition, the calculations incorporate self- on the atom attached to the tip would be classed as attractive
consistent virial scalingSCVS of the electronic coordinates in the region wheré(H)>0, since it would be opposing the
and they thus satisfy the virial theorem,2T=1, to high  force of the second atom drawing the hydrogen atom in the
accuracy at all separatiofs.The HF force is difficult to tip towards the surface; that is, the applied force would be
calculate because of the sensitivity of the force operator tene that pulled up on the tip. The bond would rupture when
small polarizations of the density in the vicinity of a nucleus.the force applied to the lever arm of the AFM was equal to
Thus the force calculated in terms of the nuclear gradient ofne maximum value displayed bi(H) in Fig. 3(b). For
the potential energy surface; V,E, does not in general shorter separations, wheFéH)<<0, the measured Ehrenfest
equal the force calculated using the electrostatic thedtieen  force would be classed as repulsive, as it would be opposed
name applied to the generalized HF theorem when the pardy a force pushing against the interatomic surface it shares
metric derivative ofE is taken with respect to a nuclear co- with its neighbor. The magnitude of the repulsive force in-
ordinaté in which the force operator-V ,V,. is averaged creases rapidly aR is decreased past the point whété)
over the electron density and added to the nuclear force agthanges sign. Thus the Ehrenfest force exerted on the tip of
repulsion. Even densities obtained from wave functions clos@n AFM exhibits the characteristics of the force that is mea-
to the Hartree-Fock limit do not satisfy the criterion of van- sured in an AFM: an initially attractive force as the tip ap-
ishing HF forces at a calculated energy minimum, yieldingproaches the surface of the sample that becomes increasingly
instead net forces of the order 7 nN for second-row nif€lei. repulsive on close approach of the tip to the sample.
In the present case, the HF force on a protoRats calcu- The form of theF(H) curve versus the internuclear sepa-
lated to be 0.35nN0.0043 a.u. ration R shown in Fig. 8b) for H, is found to be general for

In the case of a diatomic molecule, the virial of the exter-covalent and polar interactions. TRé(2) curves for N and
nal forces in Eq(8) may be expressed & dE/dR),?” and CO, obtained from multireference configuration-interaction

the virial theorem itself may be written as calculations’® exhibit a maximum attractive force foR
>R., which becomes repulsive at a separation just greater
AT=—AE-R(dE/dR), (9) thanR. and increasingly repulsive f®®<R.. For example,

the Ehrenfest force for Nexhibits a maximum of 14 nN at

whereA denotes the difference in eith@ror E between the R=2.6a.u. a separation in excessRyf=2.11 a.u. The maxi-
molecular value at a given separati@rand the value for the mum HF force exerted on a nucleus as the bond is extended
separated atoms for whichi(e)=—E(*). Since the HF in N,, determined from a Morse curve potential, equals 10
force vanishes aR,, the virial theorem requires thdt in- nN atR=2.5a.u., and the Ehrenfest force and the HF force
crease on bond formation and that the increase equal there of similar magnitude, as found for,H
magnitude of the decrease in the total energy; that is, The LiF molecule is representative of an ionic interaction.
AT(Rg)=—AE(Re)=—3V(Re). However, the kinetic en- The abrupt transfer of an electron from Li to F is complete
ergy initially decreases on the approach of the two atoms, ifoy 10 a.u. resulting in net charges on the atoms of
the region of attractive forces precediRy, Fig. 3@). An ~*+0.94e (Ref. 28 and the system corresponds to the ap-
important point in demarking the regions of increase ancproach of two closed-shell ions. Consequently, the electron
decrease i is the pointR; where the attractive HF force on and force densities exhibit low values in the interatomic sur-
a nucleus attains its maximum magnitude, corresponding téace and the Ehrenfest force curve does not exhibit a signifi-
the inflection point on thé&(R) versusR curve? Fig. 3b). cant attractive maximum fdR> R, as found for the covalent
For H,, the maximum force0.087 a.u. €7.2 nN at R and polar interactions. However, it does exhibit the same
~2.1a.u. It is a general result that fB&>R;, T decreases steep decline in value for decreasing separations that begins
and V increases relative to the separated atom valties. asR approache®, and the two ions come into close contact.
However, forR<R;, T must increase an¥ decrease to The value of the force aR, equals 0.093 a.u., making it
eventually satisfy the requirements of the virial theorem thaintermediate between the corresponding values for the cova-
AT(Rg)=—AE(Re) and AV(R,)=2AE(R,) for a bound lent case of N, |F(N)|=0.065a.u. and the polar interaction
state. In genera T(R) attains its minimum value at a sepa- in CO, |F(C)|=|F(0)|=0.981 a.u. The electron and nuclear
ration slightly in excess oR;, as found in Fig. @) for H,.  contributions toF({) are detailed elsewhef& but the or-

The hydrogen atoms in Hare defined by the planar in- dering is readily understood. The valence density remaining
teratomic surface generated by the trajectoriesVpfthat  on the C atom in the polar molecule CG(C)=+1.2e, is
terminate at the bond midpoint. The variation withof the  strongly polarized into its nonbonded region, a characteristic
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feature of such an interaction and one that accounts for thdecide on a measure of separation between the tip and
near-zero dipole moment in the face of significant chargesample. In some cases this is taken to be the distance be-
transfer. The force exerted on this density by the C nucleus isveen the nucleus of the atom in the tip to one in the
directed towards the interatomic surface and makes a signifsurfacé® and the force is equated to the HF force acting on
cant contribution td=(C). In an ionic molecule, there is no the nucleus of the tip atom, a force that should be equal and
remaining valence density on the cation, and the corresponapposite to the calculated forces exerted on the nuclei of the
ing force exerted by the Li nucleus on the nearly sphericasamplé® In other calculations a multiatom model of the tip is
core density on Li is greatly reduced. In a covalent interacused. Shluger, Wilson, and William8 for example, model
tion the density is accumulated in the internuclear region anthe tip using a silicate cluster capped with hydrogens,
each nucleus draws its density away from the interatomi&Si,O,qHo, with the Si atoms arranged in a tetrahedral man-
surface. Thus a polar interaction exhibits the largest repulprer and with a single Si-O-H silanol group perpendicular to
sive Ehrenfest force on close approach of the two systemsthe (001) surface of NaCl. The tip and a portion of the sur-

Experiments similar to the one describing the measureface were treated as a cluster embedded in a slab to simulate
ment of the force required to break an individual b8hdf,  the remainder of the crystal surface. For each separation of
applied to bonds representative of covalent, polar, and ionithe silanol group above a cation or an anion site in the sur-
interactions, should be capable of verifying the predicted orface, as measured from the Si nucleus, the intervening O and
dering of the repulsive forces for close approach of the tip ttH atoms of the silanol group and the atoms in the surface
the surface and the absence of a strong attractive force wheuster were allowed to relax to new equilibrium geometries,
the tip is bound to the surface by an ionic interaction. and the force exerted on the tip was equated to the gradient

of the energy with respect to the coordinates of the Si
nucleus. In such a multiatom model of the tip, the calculated

COMPARISON WITH PREVIOUS CALCULATIONS force depends upon the chosen reference nucleus.

The problems encountered when the force measured in
the AFM is incorrectly identified with the HF force on a
nucleus are not encountered when it is recognized that the

At the atomic level, where a Lennard-Jones 6-12 potential idescription of the.force exerted on the probe falls within the
used to model the van der Waals potential energy of th ealm of the physics of an open system. The surface of zero

nuclei, this procedure corresponds to calculating the H lux separating the tip from the sample is present and defined

force on the nuclei. However, in most applications, the varft @ll separations of tip from sample, obviating the need to
der Waals interaction between two surfaces is calculated ug_ho(;)sl_e betwaen which nudcleus gr n_ll_fle' ﬁre pert_lner:lt én a
ing a continuum model that suppresses the atomic form offodeling of the system under study. The changes in the den-
matter. Additivity of the(nonretardeflinteractions between sity that dgscnbe the changes n the nature of the Interaction
etween tip and sample determine the changes in the form of

each atom in one surface with those in the other is generall :
assumed and the interactions are then proportional to th e zero-flux surface, changes that in turn, through the stress

density of atoms in each surface. The final expression for thEeNsore(r) equation(s), determine the changes in the force

energy obtained in this manner is dependent upon the geg_xerted on the tip. Th_e physics of .the interaction is insepa-
metric shapes of the two surfaces, as expressed in terms #Pl€ from the topological changes in the density that accom-
the Hamaker constaft. These models correspond to de- Pany the approach of the tip to the sample. It is worth noting

scriptions of the forces between macroscopic bodies and tHat the force measured in the AFM is exerted on a surface
force decays more slowly than tie 7 dependence describ- etermined _by the boundaries separating the atoms in the tip
ing the dispersion interaction between a pair of atéhthe from those in the sample. Thus the response of the AFM is

interaction between two planar surfaces, for example, beha\}rJdeecj a consequence of the atomic forr_n Of. matter as dis-
ing asR~2. played in real space by the charge distribution. The stress

In many applications a direct calculation of the energy oftensoro-(_r) is determined by the.f|rst-order d_enS|ty matn?(
interaction of the tip and sample is undertaken using selfhose diagonal elements determine the density. A modeling

consistent field(SCH procedures in the local-density ap- of o(r) in terms of the electron density in the surface would
proximation (LDA) form of density-functional theory or in enable one to relate the measured force directly to the topo-

pseudopotential calculations to model slabs. The tip is rnodgraphical features of the surface. Recent reviews indicate
eled by a single atori® by a clustef'%or by slabs the how the behavior of the electron density is governed by the

latter being used to mimic a blunt tip close to a samplelocal forms of the Ehrenfest force and the virial theorems

surface. Batra and co-work&ré calculate the HF forces on OPtained from the physics of an open sysfert.

the nucleus of the atom in the tip and on nuclei in the surface

using the calculated electron c_ier_15|ty in the electrostatic form ,\ ~NETIC FORCE AND SCANNING TUNNELING

of the HF theorem. The force is incorrectly referred to as the MICROSCOPY

“force on the atom” rather than on the nucfeithe force on

an atom being determined by the Ehrenfest force acting on This section indicates how the physics of an open system

the atomic surface. can be used to describe the effects measured in magnetic
In using SCF procedures to calculate the energy of interforce and scanning tunneling microscopy. The use of

action for the approach of a tip to a sample, one in effect isSchwinger’s principle of stationary action to define the phys-

determining a reaction coordinate—the minimum energy ofcs of an open system is applicable in the presence of an

tip plus sample for each degree of separation—and one mustectromagnetic field? thereby enabling an analysis of the

The contribution of van der Waals interactions to the
measured force in an AFM experiment is generally equate
to the appropriate gradient of the calculated enérgy:2°
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operation of the force microscope when used to measur€ersoff® has reviewed the theory underlying the calculation
“electromagnetic forces,” as first suggested by Binnig, of the tunneling current. Present models use first-order per-
Quate, and GerbérThe principles and operation of the mag- turbation theory to find the tunneling current proportional to
netic force microscopgMFM) are reviewed by Gitter, the sum of the square of matrix elements that have the form
Mamin and Ruga® The operation of the MFM is basically of a flux in a current described by the mixing of two sets of
the same as that of the AFM, with the tip attached to anonorthogonal eigenstates from two different Hamiltonians,
cantilever whose deflection changes in response to thene for the tip and the other for the sampfdt would appear
atomic forces between the tip and surface. If the tip is apto be worthwhile to restate this problem using the physics of
proximated by a point dipole, the forde acting on the tip an open system, since it is the flux in property currents
arising from the fieldB originating in the sample is, in the through the zero-flux surface that is unique to the physics of
absence of current$;=(m-V)B wherem is the magnetic an open system and the tunneling current is then described in

moment of the tip. terms of the mixing of states of a single, total system.
If the tip is treated as an open system, then the force
exerted on it is generated by both mechanical and magnetic CONCLUSIONS

pressures exerted on the zero-flux surface separating it from ) .

the sample. For a system in a stationary state, the Ehrenfest There are many other problems that require the physics of
force acting on the tip is given by the basin average of théin open system for their solution, as encountered for ex-
commutator of the Hamiltonian angt=p— (e/c)A(r), the ~ample, in attempts to calculate the pressure in a quantum

7 . . . .
electronic momentum operator appropriate for a magnetiéY_Stemg- Past calculations, in analogy with the classical
field. For an open systerf), this force F(Q,B) is given virial theorem for a contained gas of uniform density, incor-

by?32 rectly relate the pressure-volume product to the virial of the
external forces of constraint, the “wall forces.” By assuming
F(Q,B)=(—VV)o—(e/dmo)[((wX B—BX m))q+c.Cl, the system to be in some manner confined, one introduces a

(10 fictitious set of constraining forces separate from and in ad-

. . i _— _ . dition to those present in the system under consideration.
which, in addition to the field-free contribution given in Eq. the gefinition of pressure requires the existence of a surface
(4) and denoted here by the symbptVV)q contains a  upon which the pressure is exerted, thus placing the problem

contribution from the interaction of the magnetic field with within the realm of the physics of an open system. An open
the electrons in the open system. These interior forces argystem is confined by its environment and the pressure it
balanced by corresponding mechanical and magnetic pregxperiences is that exerted on the zero-flux surface it shares

sures acting on each element of the surface of the open sygith the atoms of the device that confine it. A scaling pro-
tem as given by cedure demonstrates that the expectation value of the
pressure-volume product of a proper open system is propor-

F(Q,B)=— Fﬁ dSo(r)-n(r)+ (elc) tional to its surface viriaf 94(Q), Eq. (7). Thus the ther-

modynamic pressure is determined by the virial of the force

resulting from the electronic momentum flux through its

X 3€dS[{A(r)J(r)+J(r)A(r)} zero-flux surface, the same quantity that determines the
Ehrenfest force acting on the open system. The pressure de-
+(e/me)p(r)A(r)A(r)]-n(r). (11) termined in this manner is a consequence of the mechanics

» ) of the interaction between the open system and the confining
In addition to the mechanical forcé(r)o(r), there are yayice.

. . . N €

paramagnetic and diamagnetic contributions to the force ex- The characterization of defects or impurities in solids and
erted on the surface, the former involving the induced cury getermination of their contributions to the properties of a
rentJ(r), the latter being proportional to the electron den-cysta| also fall within the realm of the physics of an open
sity. Gritter, Mamin, and Rugdrnote that MFM images system. The topology of the electron density defines the de-
reflect both the topographic and magnetic structure of thegct or impurity as an open system, separated from the atoms
sample._Equatlo(ull) makes explicit the contribution of the comprising the host crystal by a zero-flux surface. The prop-
r_nechar_ucal and magnetlc forces to the force exerted on thgies of both guest and host are defined by the physics of
tip. As in the operation of the AFM, the form of the surface proper open systems, an example being the recent character-

is itself determined by the atomic boundaries between the tip, ation of the form and properties of &ncenter in an alkali
and sample. In the absence of a magnetic field, it is thegjige crystaf®

relation between the stress tengdr) and the density in the
surface that relates the topology of the surface to the mea-
sured force.

The scanning tunneling microscof®8TM) measures the The author thanks Professor V. LCismnProfessor M. A.
“tunneling current” between tip and sample, brought into Penda, Dr. J. Hernadez, and C. Matta for helpful discus-
close proximity, that is induced by an applied fiéfd. sions.
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