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ac-driven quantum spins: Resonant enhancement of transverse dc magnetization
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We consides=1/2 spins in the presence of a constant magnetic field iz thieection and an ac magnetic
field in thex-z plane. A nonzero dc magnetization component inytltgrection is a result of broken symme-
tries. A pairwise interaction between two spins is shown to resonantly increase the induced magnetization by
one order of magnitude. We discuss the mechanism of this enhancement, which is due to additional avoided
crossings in the level structure of the system.
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[. INTRODUCTION contains the central results on two interacting spins. Section
V concludes the paper.
Magnetic resonance effects have been long studied and
used for various spectroscopic methdd$Time-dependent Il. DENSITY-MATRIX APPROACH
external fields being an integral part of the physical setups

become also very interesting in their action when enterinqj In this section we mtrodu_ce the methods We are using. L_et
: g : . s assume that a single spin or a system of interacting spins
the field of spintronics and processing of quantum.

) RN . is represented by a time-dependent Hamiltortb{t) =H,
information. .Wh”e the finear response of a SyStngbe +H,(t) which includes both applied dc and ac magnetic
to external fields may be typically understood in a rather,

| i 4 perh diabati fields. Here the static part is completely includedHg and
complete way, nonlinear and perhaps nonadiabatic responggy action of the ac fields is described by a time-periodic

effects are usually much harder to analyze. Som.e studiggm H,(t)=H,(t+T) with period T. In order to describe
have been devoted to the effect of second-harmonic genergse ime-dependent statistical evolution of such a system we

tion. Much less is known abouateroth-harmonic generation  yse the quantum Liouville equation for the density matrix
i.e., about the induction of static fields by pure ac fields. Thep(t),

understanding of such processes is very important in any
application involving ac fields, as additional induced dc P
fields may strongly influence the desired effects. E"[H’P]_ (P~ pe), @

The principal possibility of the zeroth-harmonic genera- i » ,
where[ A,B]=AB—BA. While the specifics of the internal

tion can be studied using symmetry consideratihana- cﬂlynamics of the system are described by the first term on the
lytical approaches which may also estimate the magnitude
y PP y g right-hand side of Eq(l), the second term accounts for the

the induced fields are typically restricted to various perturba: " " ; . ; th . t whe
tion techniques with a suitable small parameter involved ! teraction of our spin system with an environment, wnere
. . represents some mean inverse relaxation time. We will
Two of us have recently applied these methods to the sim; - o e .
) . handle this interaction in a rather qualitative way. The prin-

plest cases of a spis= 1/2 coupled to an environmeftteat

b in th f | i dc fi@ndh cipal request this coupling should fulfill is that its action
ath) |n_t erresgnce 0 anlgxterna m.agnetlc iC (_ € should preserve all symmetries idf(t) except time-reversal
z direction.” While an additional ac field applied in the

R : symmetry. A second requirement is that the solution of Eq.
direction leads to the standard spin resonance setup us ) in the absence of ac fields,(t)=0 should be the Gibbs
e.g., for nuclear spins,tdt of the ac field direction in thg-z distribution

plane leads to a broken symmetry and to a generation of a

nonzero magnetic moment in thedirection, i.e., perpen- 1

dicular to the applied fields. Similar results have been also pp(Ho)= Z—G_BHO, Zy=Tr(e o), 2

obtained for a spis=1 where the external dc field in tle 0

direction is replaced by a magnetic ion anisotropy in the Here Tr(A) denotes the trace of an operatr Finally we

direction’! request that all solutions of E¢l) should approach a unique
This work is devoted to the analysis of spin-spin interac-time-dependent state.

tion and its action on the above described effects. The first The choicep.=pg(Ho) satisfies the above criteria. As

goal is to study the generalization of the symmetry considshown in Ref. 7 fors=1/2 it leads to equations practically

erations in the presence of an interaction. The second goal identical with the well-known Bloch equations. However,

to demonstrate that the interaction is capable of increasing.g., for adiabatically slow ac fields, a much better choice

the induced field strength by an order of magnitude, and tovould bep,=pg[H(t)]=(1/Z)e #""). We will discuss the

give an explanation for this result. subtle differences below. In general, however, we may state
The paper is organized as follows. In the next section wenere that any of the two choices fulfills the above criteria.

introduce the density-matrix approach. Section Il is devoted\ote that the third criteriunfunique asymptotic behavipis

to a reconsideration of the single spin problem. Section I\Vguaranteed, as a linear equation like El.exhibits one and
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only one attractor, and the whole phase space serves as a S ,-S S..S S..S t—t 9
region of attraction for this single attractor. Note that due to S TS0y 7SS S et ®
Tr(pg)=1 any choice with Trp(0)]=1 implies T{p(t)] (i) v=0, for all y,h(—t)=h(t):
=1forallt. o L

The valueA(t) of an observable corresponding to the S—S.5—-S5,,5—S,,t—=—t; (10

operatorA is defined by (iil) 0, y=0, h(t+T/2)= —h(t):

A()=Tr{Ap(t)] 3 -
and its time average is abbreviated by S 7805 78,5 Sttt 5. (13)
A= EJTK(t)dt. (4) If any of the above symmetries hold~in a relevant parameter
TJo case, the corresponding componentSafill exactly vanish.
E.g., for casdi) S,=0, for case(ii) S,=0, and for casiii)
lll. REVISITING A SINGLE SPIN  S=3 S,=S5,=0. The key idea now is that a proper choice of the

We consider one spis=1/2 in the presence of a constant Parametergincluding the time dependence oft) ] may lead
magnetic field in the direction and a time-periodic magnetic 10 & violation of all symmetries. As a consequence we expect
field with angleg to thez axis in thez-x plane. The Hamil- nonzero values of the correspondifg, , . This means that
tonian is given by even if we do not apply an exte~rnal magnetic field in the

direction, we can expect a nonzespcomponent, which will
H(t)=hoS,+h(t)(aS+¥S,), (5 be afunction of the ac field frequenay. In order to quantify

where a=sin¢$ and y=cos$. We assume that the field the zeroth harmonic generation we use the following defini-

h(t)=h(t+T) has zero meafith(t)dt=0. tion of the strength of the effedy, :

The spin component operators are given by the Pauli ma- ~
trices:Sx,y,Z=%aX,y,z. The density matriyp=R+il can be NL:maM?Vl
decomposed into a real symmetriex2 matrix R and a real max S|
antisymmetric X 2 matrix| and has three independent vari- ¢
ables. Using the relatiof8), we rewrite the systenil) in  Let us emphasize here that the denominator in(E8). is of
terms of§( , nonresonant chara~cter, i.e., its value is determined by the

v maximum values of5, which is obtained for frequency val-
§<=[h0+yh(t)]§y—u§<, ues far from the magnetic resonance and practically coin-
cides with the equilibrium value for zero ac fields. In contrast

= the enumerator gets its maximufifi nonzerg inside some

-100% (12)

Sy=ah()S,~[ho+ yh(D) ]S =S, resonance window .
- _ _ In Ref. 7 a perturbation theory was developed for strong
S,=—ah(1)S,—v(S,+C), (6)  dissipation 14<1. Here we will account for the effect as-

suming a small amplitude of the ac fiel(t) = e cos(t),

where C= 3tanh(8h,/2). The structure of these equations is
z 6ho/2) 9 e<1 ande<v:

equivalent to the well-known Bloch equations provided the

relaxation times there would be chosen to be idenfitébte 5 2 2
2ozyC(v +w—hg)

that the symmetries of Eq&) are identical with the ones of A= — To(ed 13
the corresponding Bloch equations. 0x € 2A (€9, (13
Because of the presence of a time-periodic field, for times
t>1/v all componentsS, , , will be also time periodic with ayvhoC
. v p §x,)£z p AO :62 Y¥Mo +O(63), (14)
period T or frequencyw=2#/T regardless of the chosen y A
initial conditions. The resulting time-periodic attractor will
thus determine all computed averages. We can expand the @?C(12+ w?+h?)
solution of system(6) on this attractor in a Fourier series Ay,=—C+é? oA 0 +o(ed), (15
Seyz=Aoxy.t 2 €A (7)  whereA = (hj— w?)?+ v3(¥?+ 2h3+ 2w?). The dependence
n#0 of Aoy, ON @ shows the expected resonant character. A
After averaging over the perio@, we have nonzero component &iy being a nonlinear response result,
_ appears in second order of the ac field amplitede
Siy.z=Aoxy.z- (8) For the case of the magnetic resonaaceh, we find
The symmetry .analysis of Eq$6) y_ields thg following ayC
resultd [we considered only operations which conserve Ag~— 622—2, (16)
Tr(p)]: (i) »=0, y=0, h(—t)=—h(t): 2hg(4+¢9)
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FIG. 1. S,y,z as function of w. Chosen parameters arh;
=3.0, ¢p=m/4, =10, v=0.1, h(t)=\/§cos@t). Solid lines: p,
=pg(Ho). Dashed linesp.=pg[H(1)].

FIG. 2. Ioglows(,yvZ as function of logg v for ®=1.5, other param-
eters as in Fig. 1S, : solid line;S,: dashed linelS,: dotted line.

Consequently we turn in this section to the consideration of
e— (17) spin interactions. In the following we will study a system of
Ehd(4+ &%) two interacting spinss=1/2, which could be realized
whereé=v/h through the interactions, e.g., in a molecule. As we are inter-

0 ested in the qualitative effects such an interaction might in-

theT%éiite??ngﬁes:glsenmuﬁwgenrlit:uaclilizl ?(Elfg\/eviﬁgeégf\lv?e (_:I_ohrgprg[_%uce, we choose the mathematically simple version of ex-
sults are the solid lines in Fig. 1. While the resonance char.E:hange interaction. We think that, e.g., dipole-dipole

i . Interactions as realized between nuclear spins will not sig-
~ 0, e .
;c;glrl is clearly observable, the strengith~3.0% is rather nificantly alter the picture.

. . . o Our starting Hamiltonian is given b
In addition, one can see that in the adiabatic limit 9 g y

—>O~Sy keeps a small but nonzero value. This is in contrast to _ 1 2 I —

the expectation that for very slowly varying ac fields the spin H=No(S;+S,) +h(D)[a(S+S) +¥(S;+S;)]
system should momentarily adjust to the actual field value, _J.8lg2_ 3 glg?_ 3 glg? 18
which implies a zero averagg component of the induced SIS 55 (18
moment. As already discussed above, a much better choice in, B e B
this limit would be p,=p4[H(t)]. A computation with this WIth N(t+T)=h(1), a=sin(¢) and y=cod4). For wo
choice is shown also in Fig. (dashed lines We find that ~ SPiNS s=1/2 the above operatorS,; take the formS,,
while the overall difference in the results for the two choices= %axl@l, Siz= 1®%Ux,z whereo, , are Pauli matricesl
for p, are small, the adiabatic limit is correctly reproduceddenotes the 22 unity matrix, and® stands for the tensorial

ayC

Aoy

by the second one as expected. product of operatorgmatrice$. In this case the matriyp
It is also instructive to study the dependence of the values=R+il contains 15 independent variables.

of_~SX,y,Z as a function of the dissipation In Fig. 2 we plot lWel defincze the total components of spins &g,

this dependence for the subresonance easd.5 from Fig.  =2(Sy.,+Syy,,). With the help of Eq(3) it follows that

1. We observe tha®, shows a kink around'=0.1. TheS,

curve provides with the a-1/v? decay for largev, as ex- S, = 2(Ryp+ Ryz+ Ros+ Ray),

pected from perturbation theory. Except for a small dip
aroundv=2 it then saturates at a nonzero value for snall o
values. This is in full agreement with the above symmetry Sy=3(l1pH+ 13+ 154+ 139), (19

statements. Finally thtéy curve shows a~1/v® decay for
large v, again as expected from perturbation theory. Notably =

1
o . =3(R11—Ras).
tends to zero also for small dissipation values, in full S=2(Ru~Ra)

accord with the above symmetry statements. ) ) o )
The symmetry analysis of this system is identical to the

case of one spirs=1/2 [Egs. (9)—(11)]. The existence of
additional parametergexchange coefficientsdoes not re-

In order to enhance the value b, we may either con- duce the symmetries nor add any. The only important addi-
sider larger spins or effects of interactions between spins. Itional point is that changes of signs of the expectation values
Ref. 7 the case a=1 has been considered, with the resultof a given spin component operator have to be done simul-
that |, is not significantly changed as comparedste1/2.  taneously for both spins once the interaction is nonzero.

IV. TWO INTERACTING SPINS
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A. Isotropic exchange duced moments, does not change the results drastically as
compared to zero interaction. We will now turn to aniso-
tropic exchange interaction and see that the situation is going
to change dramatically.

Let us first consider the case of isotropic exchadge
=Jy,=J,=J. First we note that with the help of a unitary
transformation we can transform the Hamiltonid®) into a
triplet-singlet representation. The singlet stéistal spins
=0) decouples from the three triplet statéetal spins B. Anisotropic exchange
=1). The time-dependent part of Eq3) is contained in the To provide a systematics in the search for exchange val-
triplet part. For a given value of the ac field the eigenvalues,es which may significantly enhance the induced magnetic
of the singlet statéc, and the three triplet statés, 3 are  moments we first mention that as for isotropic exchange, the
given by general case allows for a unitary transformation which sepa-
rates a singlet statgotal spins=0) from three triplet states

Eo=3J, ; ) ; ;
o4 (total spins=1). The singlet state will become unimportant
E,—— 1)+ a2+ 4c, 20 if its cons_umed statlstlcal weight is sma_ll. This can bg typi-
. 4 (20 cally obtained by choosing ferromagnetic exchange interac-
E,=—1] tions. Second we recall that for isotropic exchange the de-
2 o pendence of the triplet eigenenergies for a given value of the
E,=—1J— Ja?+4c, (21) ac fieldh (frozen timg, or adiabatip Iim)itag a function of
) this ac field valueh will show up with a pair of states per-
wherea=hg+ y cosft) andc=; a cos(t). forming an avoided crossing &t=0 and a third state being

On one side the singlet state is not interacting with theindependent oh. This follows immediately from Eq(21).
triplet states and all spin component expectation values iThe minimum distance between the two stafigsand E; is
this singlet state are exactly zero. On the other side the singiven by the Zeeman splittinghg, as in the case of a single
glet state is consuming statistical weight. Thus the dynamicgpins=1/2 (up to the factor 2 Also we note that the ac field
of the system of two spins one-half interacting via isotropicterm induces interactions and thus transitions between these
exchange and coupled to a heat bath can be reduced to thgo states, leading to the standard magnetic resonance.

dynamics of a single spis=1 (triplet stateg with a reduced For anisotropic exchange the situation changes. The third
statistical weight. For the case pt=pg(Ho) this reduced |evel E,, which was not participating in the resonance dy-
statistical weight is given by namics for isotropic exchange, now gets involved in the dy-
, namics due to additional nonzero matrix elements for aniso-
_Tr(e_ﬁHO) 52 tropic exchange. As a consequence we may expect resonant
- Tr(e AHo)’ (22 response at different frequenci@nergies corresponding to

. _ _ _ the different level spacingg; —Ez; andE,—E;. Especially
whereH, is obtained fronH, by excluding the singlet state. important is that we may consider, e.g., a resonant response
Using Tr(e™ #Ho) = 2e(B¥cosh(hy) +e¥¥® and Tre #Hoy  for transitions from the lowest level to the highest one of the
—Tr(e—A"0)+ e~ 3694 e find tnp[et states, 'Whl|e having at the same time a na}rrowly

( ) avoided crossing between the lowest state and the interme-

2 costiBhg) + 1 diate one. The idea behind this scenario is ttiatsmall
1= 0 — (23 energy differences in the vicinity of the avoided crossing will
2 costiphg) +1+e7” lead to small denominators in the equation for the density

The coefficient(23) tends to 1 for large ferromagnetic inter-
actionJ—o and to O for large antiferromagnetic interaction

6
J— —oo. I
As we know the value ofy, for J=0 (it is equivalent to 4r E
the case of a single spis=1/2 discussed in the previous 9

section we may obtain the values fdg, and all other num- @ 2r
bers including curves as in Fig. 1 using E&3). First we 2 E,
note that antiferromagnetic interactiods:0 reduce the ef- z O¢
fect by making the singlet state energetically favorable. This & | E
is reasonable as for zero interaction both spins will on aver- Bl 2

age point to some direction. Antiferromagnetic interaction .
will favor antiparallel spin orientations and thus reduce the 4F g

induced moments. However, ferromagnetic interaction, mak-
ing the singlet state energetically unfavorable, will enhance ¢ : ! : ' : ' :
the effect. An upper bound for the maximum enhancement 2 1 0, 1 2

can be easily obtained from E€R3). In the most favorable frozen ac field value

case the statistical weight of the triplet states will increase up FIG. 3. Energy-level dependence on frozen ac field vapae

to 4/3 of theJ=0 case. Thus the case of isotropic ferromag-rameters see textArrows indicate two possible resonant excita-
netic exchange, while leading to an enhancement of the indons.
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FIG. 6. ~Sy versusw in the strong resonance regian~=5.8 for

FIG. 4.y as function ofw. Chosen parameters are;=3.0, different values ofv. Other parameters as in Fig. 4.

¢=ml4, p=10.0, »=0.1, J,=J,=5.0, andJ,=0.0. In this case

h(t)=2cost). In Fig. 4 the results of numerical simulation f'éi} are
matrix, and(ii) an additional avoided crossing provides ashown for 3=10 and»=0.1. We do not observe a strong
strong nonlinear dependence of the wave function of theesponse at the expected frequency value 5.8, but we do ob-
lowest triplet state upon variation df So our strategy is to serve in addition to the standard responsewath,=3 a
find exchange values which realize such a situation. Then weesponse atv~0.5 which corresponds to the resonant exci-
choose amplitudes of the ac field which will cover thetation in the region of the narrow avoided crossing in Fig. 3.
avoided crossing, and temperatures small enough such th@he value ofl y, is already pretty large here, of the order of
even in the point of the avoided crossing the statistical7%.
weight of the intermediate state is small as compared to the In order to enhance the response«at5.8, we decrease
triplet ground state. the value for the dissipation constant by two orders of mag-
The example we will demonstrate corresponds to a ferronitude to »=10"3. The resulting curve is shown in Fig. 5.
magnetic easy-plane exchange interactige-J,=5.0 and We clearly find a strong enhancement of the resonance at
J,=0. The dependence of the levels on the amplitude of the~5.8. In this case the value df, ~18%, which is the
frozen ac field is shown in Fig. 3. largest value we found. To characterize the dependence of
The minimum distance between the two lowest states ithis strong resonance on the parametgrand v we plot
the avoided crossing region is 0.5. We now expect a possibldifferent curves for additional values of(Fig. 6) and 3 (Fig.
strong enhancement of the induced moments in the fre?). The dependence on the inverse temperature shows the
guency range of the resonance indicated by the awev8.8  expected saturation at low temperatures. The dependence on
which should be most effective if the temperature is smallerr shows a surprising nonmonotonic behavior. While it would
than the avoided crossing splitting, i.852. In addition, we  be tempting to discuss it in terms of so-called stochastic
expect to see another resonance at frequencies correspondiggonance, we think that a much simpler explanation is due
to the smallest splitting between the two lowest lying statesto the fact that in the limit of zero dissipation time-reversal

i.e., aroundw=0.5. symmetry (10) will be restored. Consequently in the limit
0.081-
0.06-
l(/)%
0.04
0.02F ¢
0 l.." e ap WG
1 1 I 1 1
0 1 2 3 4 5 6 .
® ®
FIG. 5.~Sy as function ofw (solid ling). Parameters as in Fig. 4 FIG. 7. NSy versusw in the strong resonance regian~5.8
exceptr=10"3. For clarity we show also the curve from Fig. 4 for different values ofB. Other parameters as in Fig. 4 except
(dotted ling. =103
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v—0 the values of thgg component of the induced dc mag- possibility of the observation of the above effect could be

netic moment will vanish for all frequencies. realized with diluted paramagnetic media at very low tem-
peratures, because only at low temperatures may the rate of
V. CONCLUSION dissipation of energy become very small thus preventing

. ) . the heating up of the system and narrowing the width of

In conclusion we would like to stress once again thatiesonance, which is very important for the observation.
strong ac magnetic fields may generate zeroth harmonics in a other candidates for such an observation are dielectric
spin system. This effect has resonant behgvior as a functio&qalsses based on SiOThe low-temperature properties of
of the ac field frequency and could be an important tool forg;ch glasses are connected with the existence of systems of
the spectroscopic study of magnetic systems. _ double-well tunnel centers. The dynamics of these tunnel

We have shown that the induction of a dc magnetic MOcenters maps exactly onto the dynamics of spin systems.
ment perpendicular to applied magnetic fields can be signifitys under the action of an ac electric field could a perma-
cantly enhanced for systems of interacting spin pairs as Conyent polarizability component be induced. Again low tem-
pared to single spins. This enhancement of the nonadiabatigaratures are a key requirement for the observation of this
nonlinear response effect is due to the presence of additiongkfect.
energy levels in a spin-pair system, which allows us to obtain - Finally we note that it could be equally interesting to con-

additional avoided crossings between levels upon applyingider the symmetry properties of not only the zeroth harmon-

external fields. These avoided crossings strongly contributgs put also higher harmonics. This can be easily done by
to the nonlinear response through the dramatic change of . . . - . :
. : considering the variables expgt)S,, , with k being a non-

wave functions as one sweeps through such a crossing. The . = Ys L

) . : . . . Zéro integer, e.g., fot=2 (second harmonigst follows that
presence of avoided crossings is typically associated witf )

. o ; . it has the same symmetry propertieskasO.
chaos and nonintegrability in corresponding classical sys-
tems. The case of isotropic exchange reduces the system to a
single spin one and consequently does not lead to a strong ACKNOWLEDGMENTS
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