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Field-tuned quantum tunneling of the magnetization
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The response of the magnetization to a time-dependent applied magnetic field in single-spin models
for uniaxial magnets is studied. We present staircase magnetization curves obtained from the
numerically exact solution of the time-dependent Sdinger equation. Steps are shown to
correspond to field-tuned quantum tunneling between different pairs of nearly degenerate energy
levels. We investigate the role played by different terms that allow for tunneling processes:
transverse fields and second-order and fourth-order transverse anisotropies. Magnetization curves
for nonsaturated initial states and for excited initial states showing steps when the field decreases in
absolute value are also presented. These results are discussed in relation to recent experiments on
high-spin compounds. €998 American Institute of PhysidsS0021-897608)16111-X]

Magnetic molecules containing high-spin clustesach  wherekK,, K, and Ky are the anisotropy constants along the
as Mny, or Fe; provide physical systems by which to study easy, medium, and hard axes, respectivly(S,,S,,S,) is
quantum tunneling of the magnetizati¢@TM).?>® Recent the vector representing the magnetizati@y, C,, andC,
experiments on these systéifchave reported the appear- are the fourth-order anisotropy constardtds the transverse
ance of steps in the hysteresis loops at low temperaturield, and H(t)=H(t)(sin §,0,cosf) denotes the applied
which have been attributed to thermally assisted resonariteld.
tunneling between quantum states. This interpretation is The time evolution of the magnetization &t=0 is ob-
based on a single-spi= 10 model with strong uniaxial an- tained from the exact numerical solution of the time-
isotropy (7= — DS, —gugSH, whereD is the uniaxial an-  dependent Schdinger equation (TDSE), i%d|W(t))/dt
isotropy energy for which energy level|Sm) for H[z, = 7|W(t)), where|¥(t)) denotes the wave function of the
where S,|Smy=m|Sm)) cross at fieldsgugH,=nD. At  spin system at time. We study the following situation: First
these fields, the relaxation time of the magnetization showgse set the applied magnetic field to its minimum vakigt
minima. For QTM to occur, this model has to be extended to= )= — H, and put the system in the corresponding ground
include symmetry breaking terms such as those originatingtate, i.e.,|¥(0))=|Py(0)) where . 7Z(—H)|®o(0))=E,
from dipolar interaction, interaction with nuclear spins Or (—H,)|®,(0)). The time evolution of the wave function is
phonons, eté-’ The detailed mechanism by means of whichthen  calculated by means of [W(t+17))=exp
QTM occurs in hysteresis experiments on uniaxial magnetg i~ 7)|w(t)), whereris the time step used to integrate the
is investigated in this article. Previously, magnetization tun-Tpsg. During the integration of the TDSE, the applied field
neling in mesoscopic systems has been semiclassically stughanges from-H, to H, with a given speed, which is de-
ied by several authofs'® and, more recently, quantum dy- fineq by the field step\H between two consecutive field
namical calculations for several models of nanomagnets suglyjes and the amount of time, the system feels each

as the Heisenberg modéland the single-spin quantum constant field. The temporal evolution of theth («
model? have shown the occurrence of resonant coherent y,2) component of the spin can be calculated from

QTM at zero temperature. The staircase structure in the mags (t))=(¥(t)|S,|¥(t)). For each constant field value we
netization curves for a time-dependent field has been re- * * —

cently shown® to be well described by successive Landau_comput?che expectation value S; averageq over tim&,
Zener (LZ) transitionst*1® In addition, recent theoretical —L/7H/o dSa(1)). In the following we will refer toM
works have also studied the problem of spin tunneling in &= $/S as the magnetization. The energy of the system is
swept magnetic field® given by E[H(t)]=(¥ (t)|. 7| ¥ (1)).

The most general Hamiltonian for a single quantum spin I order to understand the origin of the steps in the mag-
including a transverse fielgvhich might have a hyperfine or netization curves, we first consider the simplest caséLpf
dipolar origin, second-order and fourth-order transversenamely, a single spin 1/2 system described by the Hamil-

anisotropies, and a time-dependent applied magnetic field #nian.7= —I'oy—H(t)o,, wheres, ando, are the Pauli-
spin matrices, and we study the response of the magnetiza-

,7/:—szf(—Kyss—Kng—cxg—cys‘y‘—czs‘z‘—rsx tion to the time-dependent applied fiekd(t). I' sets the
scale of the splitting al =0 between the two energy levels
—H®S oy (see inset of Fig. I Figure 1 presents the magnetization
curves for several field sweep rates for the ground state as
dElectronic mail: danielgp@fsp.csic.es the initial state, showing steps of different sizesHat 0.
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FIG. 1. M vsH for model(1) with S=1/2,K,=1.0, andl'=0.02 for several  FIG. 2. M vs H for model(1) with S=10, K,=1, and#=0° supplemented
field sweep ratedH/ry: AH=0.001 and(@ r=0.1, (b) 7y=1, (c) 74 by a transverse field term fdr equal to(a) 0.5, (b) 2, and(c) 6.5; second-
=2, and(d) 7y =>5. Initial state:x®,. The inset shows the levels crossing and order anisotropy terms witk,=0.6 andK, equal to(d) 0.5, () 0.4, and(f)
the system energy for casés—(d). 0.1; and fourth-order anisotropy terms wi@=C,=C,=C, equal to(g)
0.0005, (h) 0.0025, and(i) 0.01. Field sweep parameters f@), (b), (c):
AH=3X10"%, 7,=1200; for (d), (e), (f): AH=2x10"%, 7,=800; for
(9), (h), (i): AH=3x1075, andr,=900.
According to the adiabatic theorem, a slowly changing ex-
ternal perturbation will keep the system in the eigenstate it
started from () unless this eigenstate comes closer to ana transverse field allows all transitiongAm= *+ 1. At reso-
other eigenstated§,). Then the adiabatic approximation nanceH,=nK,=n, and the values oh for which steps
might break down, allowing the system to escape fridgn  appear depend oh. Thus, for(a) I'=0.5K,=0.5 we find
and tunnel to ®; via the Landau—-Zener tunneling n=12,13,14; for(b) I'=2, n=8,9; and for(c) I'=6.5, n
mechanisnt* The probability of staying in the same eigen- =1,2,3.
state®, (which has opposite magnetization after the cross-  Curves(d), (e), and(f) show that the presence of second-
ing) when the field is swept is given byp=1-exp order transverse anisotropy terms can also induce QTM.
[—mAE%(2AH/7,)], which depends on the energy splitting They correspond td,=1, K,=0.6, and several values of
and the field sweep ratdH/7,. The final state is then a K,. For K,=K,, the energy an&, commute and no tun-
linear combination of both eigenstates with weightand neling occurs. These transverse anisotropy terms change the
1—p and the size of the step &t=0 is proportional top, spacing between resonant fields although they remain regu-
i.e., AM=pMinay (1—pymina_piiial “\where the super- larly spaced as in case the case of a transverselfielthese
scripts initial and final refer to before and after the crossingterms allow transitions that obey the selection rdien
Curve (d) is the closest to adiabatic behavigp~1, large ==*2. For (d K,=0.5, n=8,10; for (¢) K,=0.4, n
step; curve(a) corresponds to a fast sweep and the scattering-4,6,8; and for(f) K,=0.1,n=2,4.
is almost completgp~0, small stejpp The appearance of Fourth-order anisotropy ternigurves(g), (h), and (i)]
steps in the magnetization curves is a general feature fallow the occurrence of field-tuned tunneling between levels
many models of uniaxial magnets and follows naturally fromsatisfyingAm= * 4. In this case, the fields at which pairs of
the occurrence of field-tuned tunneling transitions betweemnergy levels cross are not equally spaced. Results are shown
nearly degenerate eigenstates of the Hamiltonian. The size &br different values of C,=C,=C,=C. For (g) C
the step depends on the energy-level splitting of the partici=0.000%,=0.0005, n=8,12; for (h) C=0.0025, n
pating levels, the weight of the corresponding eigenstates ir-4,8,12; and fori) C=0.01,n=0,4,8.
the current state of the system, the field sweep speed, and the None of the curves in Fig. 2 presents steps wheh
value of the magnetization itself. decreases. This can be easily understood since the system
In Fig. 2 we present magnetization curves for the Hamil-starts from the ground state, and the energy level scheme
tonian most commonly assunfetin the attempt to explain  as a function of the field is such th&g only crosses another
recent experimental data7= —Kzsf— H(t)S, with H||z level at zero field. Another feature of these curves is that the
and S=10), supplemented by terms that break the rotationaimagnetization does not reach the saturation vainéess the
symmetry about the axis, i.e., those in moddll). These system stays in the ground state when crossihgO in
terms allow for the occurrence of field-tuned QTM and thewhich case there is one big step frodh=—1 to M=1)
corresponding steps in the magnetization. All these casesven forH—«. The explanation comes from the fact that
have in common that, for some specific fieldg, pairs of the system can only gain or lose energy through the time-
energy levels become almost degeneratéd J—H,) is the  dependent field but not through interaction with the environ-
initial state, the levels involved in the crossingHyt areE,, ment.
andE,, . The field sweep rateAH/r) is a crucial paramater in
Curves(a), (b), and(c) correspond to the case including this problem. As was shown for the simple case of a single
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verse fieldl™ allows Am= *1 transitions and yields equally
spaced steps, in agreement with experiments. However, the
theoretical magnetization curvdsvith I' as the only off-
diagonal term andy(—H,) as the initial statelook similar

to the experimental ondsteps at the first energy level cross-
ings gugH,=nD, n smal) for much larger values I[{
~1-5D=0.44-2.7) than those estimated for dipolar
(~0.01T) or hyperfine (0.05T) interactions-® Second-
order transverse anisotropy terms are often discarded due to
Mn,, tetragonal symmetry, although local symmetries could
affect the structure of the spectrum. These terms are relevant
for other systems such as € Fourth-order anisotropy
terms cannot account for all the steps observed and they lead
to nonequally spaced steps. They can be responsible for
small deviations fromAm==x1 transitions and equally
FIG. 3. M vs H for model (1) with S=10, K,=0.6,K,=0.1,K,=1.0,C spaced steps. However, the smgle-spm qugl proposed for
—T'=0, and#=0°. Curves(a) and(@): The field goega) from —HytoH, € Mn; molecule may be too simple to mimic the actual
and (&) from H, to —H, for Hy=10.0, starting from the initial states: €nergy spectrum: The single-sfi* 10 system is described
WE)(0)=co®o(FHo)+¢,®1(FHo) +c®,(FHo), respectively, where Dy 21 eigenstates whereas a proper description of the mag-
o=0.7, ¢;=0.22, andc,=0.08. Field sweep parametersH=0.0025,  netic state of the My molecule requires Fostates. A better

e 1‘32- S“Zﬁébihg“eggi]}cii'esrzgec;fo(ga':%t?:: t;‘sc‘:i'glgc;gf Lrom understanding of the situation when the field is not swept
—10.0. AtOH:Ho, where the field is f]ever:ew(H;):Enczng)zn(Ho)‘? smoot_hly enough and the L.andag—Zen(_ar picture does not
where co=0.168, ¢,=0.653, ¢,=0.038, cs=0.111, cg=0.027, andc,,  aPPly is also needed, especially since this appears to be the
=0.002. experimental case. Finally, further experimental work inves-
tigating the possibility of obtaining steps for decreasjig

and observing negativéopposite to the field swegsteps

spin 1/2, the probability of QTM depends on it. In general, &Y clarify the effect of thermal activation, which in prin-
the lower the sweep rate, the larger the size of the stefiPle allows the appearance of these steps.

However, also relevant is the smoothness of the field swept:
If AH is too large, the size of the steps depends in a non
trivial way on AH, 7, andAE, and LZ theory does not
apply. 1D. Gatteschiet al, Science265, 1054(1994.

In Fig. 3 we consider the case of an initial state which is (Dl'gg'zAWSCha'om’ D. P. Divincenzo, and J. F. Smyth, Scieft8 414
n_Ot the ground _State but a linear Comb'“at'F’” of SeVeraI3Quantum Tunneling of the Magnetization-QTM ®tlited by B. Barbara
eigenstates. Unlike the ground state, the excited levels canand L. Gunther, NATO ASI Series B/ol. 301 Kluwer Academic, Dor-
become nearly degenerate with other levels Ho£0, and drecht, 1995

therefore there is a nonzero probability of finding steps when %Rés';%e(‘ig";g' M. P. Sarachik, J. Tejada, and R. Ziolo, Phys. Rev. Lett.

!H| dec_reas_es, as illustrated by curyasand(a’). Moreover, s Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and B. Barbara,
if the field is reversed after one sweep fromH, to Hg Nature(Londor) 383 145(1996.

[curve (b)], the system restarts from a linear combination of 6;’-5 Psogl)i;i:( gg%ettori' F. Hartmann-Boutron, and J. Villain, Phys. Rev. Lett.
several glgenstate(sorresponpllng toa _nonsaturated state in 7,5 in N, V. Prokofev, and P. C. E. Stamp, Phys. Rev. L26. 3040

an experimentand the situation is similar to that of curves (1995

(@) and(@’). As shown by curvéb), there is some probability  8J. L. van Hemmen and A. €& Europhys. Lett1, 481 (1986; Physica

of finding steps whefH| decreases and of getting both nega- gb“lEB‘ 37 (%jgge-s hiling. 3. Phys. £5, 1765(1986: 19, L711 (198

tive and positive steps. The same reasoning applies to QTMg" Mhéﬁﬂdno;lski, ;r']r:jg’L_ éun)tlr?ér, I5hys. Rev. ?_ém, ’661(1588).6'
from thermally populated excited levels. Although the tun-iip Garéa-Pablos, N. Garey P. A. Serena, and H. De Raedt, Phys. Rev. B
neling probability increases with the excitation level, and 53, 741(1998; D. Garce-Pablos, N. Garey and H. De Raedibid. 55,
smaller off-diagonal terms are required to induce fieId—tunengméi??;)b Ablos. N. Gatel and H. De Racdt. Phve. Rev. &5 637
QTM, the fact that the tunneling processes involve excited (1'997). T ' ' » e e

levels implies that some probability of finding steps witeh 134, pe Raedt, S. Miyashita, K. Saito, D. GaePablos, and N. Gag
decreases exists, at variance with the experimental resulta.Phys. Rev. B56, 11 761(1997).

Moreover, preliminary experimental results in which thelsg' ,\ZA?;:Srhigog' ?hiocséf”fp%ﬂ’ 2298%‘?1758;6(1933'

field is reversed before saturation is reached show that steps; v ‘poproviski and A. K. Zvezdin, Europhys. Le@8, 377 (1997.

can appear whefH| decrease¥ in qualitative agreement 7L Gunther, Europhys. Let89, 1 (1997.
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with our findings. 18B, Barbara(private communication

We have shown thaT=0 field-tuned QTM leads to 19F. Hartmann-Boutron, P. Politi, and J. Villain, Int. J. Mod. Phys1®
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