Effect of a transverse magnetic field on resonant magnetization tunneling
in high-spin molecules
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The recent observation of steps at regular intervals of magnetic field in the hysteresis loops of
oriented crystals of the spin-10 molecular magnet; )}M.(CH;C0O0),4(H,0), has been attributed

to resonant tunneling between spin states. Here, we investigate the effect on the relaxation rate of
applying the magnetic field at an angle with respect to the easy axis of magnetization. We find that
the position of the resonances is independent of the transverse component of the field, and is
determined solely by the longitudinal component. On the other hand, a transverse field significantly
increases the relaxation rate, both on and off resonance. We discuss classical and quantum-
mechanical interpretations of this effect. 97 American Institute of Physics.
[S0021-897€07)53308-1

Mn,, acetate [Mn;,0,,(CH;COO),4(H,0)], often re- sample with respect to the field in increments as small as
ferred to as Mp,, has been the subject of much recent0.1°. Some systematic nonlinearity in the rotator can produce
research® First synthesized by Lfsin 1980, this molecular errors on the order of 1° in the absolute angle. The desired
compound consists of weakly interactfrigmagnetic cores values of the longitudinal and transverse field components
of spin ground stat&=10. A large negative magnetocrystal- were attained by adjusting the angle and the magnitude of
line anisotropy results in a barrier against spin reversal of the field. The component of the magnetization along the easy
~61-67 K (Refs. 2-5 and hysteretic behavior at low axis of the sample was inferred from the values of the com-
temperatureé® Very recently, some of the present autdors ponents measured parallel and perpendicular to the field di-
have obtained striking evidence for thermally assisted resarection.
nant tunneling in this material, a result now confirmed by  Figure Za) shows the magnetization parallel to the easy
others®® The magnetic relaxation rate is found to increaseaxis as a function of increasing longitudinal field for various
markedly at regular intervals of magnetic field when the fieldfixed values of transverse field at 2.0 K. The most striking
is applied parallel to the easy axis of magnetization. Thideature is that the position of the steps is determined entirely
effect is attributed to resonant tunneling between energy lewby the longitudinal field component, and is clearly indepen-
els in opposite wells of a double-well potential. In a simpledent of the values of the transverse field. This is also clearly
model/ illustrated in Fig. 1, pairs of levels become degener-demonstrated by the derivative of the magnetization, shown
ate at regular intervals of field, and tunneling occurs betweem Fig. 2(b), where the peaks always occur at the same
states near the top of the barrier. longitudinal-field values. On the other hand, the transverse

In this paper, we present the results of a study of thdield governs how the saturation magnetization is reached:
effect on the magnetic relaxation of a symmetry-breakinghe larger the transverse field, the smaller the longitudinal
transverse magnetic field. We find that for any value of the
transverse field, the resonances always occur at the same
values of longitudinal field. The application of a transverse tunneling
field increases the relaxation rate both on and off resonance. <
The dependence on transverse field approximately follows
the behavior one expects from the classical reduction of the
energy barrier. There are subtle deviations from the classical
form that may reflect the discrete energy level spectrum of
this system.

Samples were prepared according to the published
proceduré. The data shown in Fig. 2 were obtained for a
sample of oriented powder in an epoxy mattifhe data
shown in Figs. 3 and 4 were taken on a single crystal of
Mn,,. Measurements of the dc magnetization were per-
formed using a Quantum Design MPMS-5 magnetometer o _ _
equipped with a 55-kOe superconducting magnet. Thé:IG. 1. Schemgtlc diagram of the t_herma}lly aSS|ste(_1 resonant tunne_llng

ocess. Tunneling occurs when the field brings levels in opposite wells into

. ) r
samples were mo_unted on a Qqantum Design hpnzontaﬂasonance. The tunneling rate is fastest from levels near the top of the
sample rotator, which allowed rotation of the easy axis of thevarrier.
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g FIG. 4. The relaxation rate on resonance and off reson@xteacted from
@ the fits in Fig. 3 as a function of transverse field. The dashed line is the
“-’o expected classical result discussed.
e
2 . .
s Figure 3 shows the results of a detailed study of the
e resonance nedil;=4.1 kOe as a function of both longitudi-
] nal and transverse field components. The sample was cooled
-1 1 . 1 NP B 1 . . . .
0 5 10 15 2 25 in zero field to 2.7 K, and.a field was then gpplled atan angle
H (kOe) to the sample’s easy axis of magnetization. The relaxation
Il

rate was deduced by fitting the long-time tail of the relax-

ation curves to an exponential function. For consistency, the

2.0 K for several values of transverse field. Note that this is one quarter opt_w_as app“?g to a subset of the data. n WhICh the. .m(.)ment 1S

the hysteresis loops. The steps always occur at the same values of IongitWIthln 5x10"° emu(~0.1% of saturationof its equilibrium

dinal field. (b) The derivative of the curves ifa). value. The resulting relaxation rates were fitted to Lorentzian
functions, shown by the curves in the figure.

The data reveal that the relaxation rate increases both on
field needed to reach saturation, i.e., the less hysteretic trnd off resonance as the transverse field is increased, consis-
behavior. Steps in the magnetization are observed in nearlgnt with a reduction in the barrier height. Also, the relax-
all the curves. Note that some stefas H ~9 kOe, for ex-  ation rate increases less sharply in a transverse field of 3 kOe
ample that are not apparent at small values of the transversthan for other values. There is a slight shift in the position of
field become more pronounced as the transverse field is ithe peak as the transverse field is varied. This may be an
creased. This is consistent with the fact that the transversexperimental artifact and could be caused by an error in the
field reduces the energy barrier, increasing the relaxation rai@ngle of less than 1°. The width of the resonance also ap-
for all steps. pears to roughly double from an initial value 6200 Oe;

this may also arise from slight errors in the angle.
One can extract relaxation times from the Lorentzian fits

e both on resonancépeak of the curveand off resonance
| T ' H, (koL) | (backgroundl The relaxation rates are plotted as a function
of transverse field on a semilogarithmic scale in Fig. 4. Both
on and off resonance, the relaxation rate appears to exhibit a
plateau as the transverse field is increagdthe apparent
nonmonotonic behavior in the off-resonance curve may not
be significant, as it is based on a single pgifthe on-
resonance and off-resonance curves have approximately the
same average slope. One is simply shifted vertically relative
to the other. The increase in relaxation rate expected from
simple classical lowering of the energy barrier is denoted by
the line labeled “classical” in Fig. 4. The slope of this line
requires no adjustable parametétise vertical intercept is,
however, “pinned” to coincide with the zero-transverse-
field, off-resonant radeand was obtained as follows. Classi-

cally, the relaxation rate is expected to increase with trans-
FIG. 3. The relaxation rate on a log scale as a function of the longitudinalyerse field as
field at 2.7 K for six values of transverse field, as indicated. The curves are

fits to Lorentzian functions. IN[T'(H)]oc—Ug(1—H/H)?/kgT

FIG. 2. (a) Magnetic moment as a function of external longitudinal field at
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~—Uy(1—2H/H.)/kgT for H<H TABLE I. Tunneling rates for differenin values calculated from Ed2),
0 c/thB c: taken from Ref. 11, withS=10, and valuesB,,=0.01 T andD=0.41

Here,U, is the magnitude of the classical energy barrier incm "
zero field andH,=2Uy/gugS is the field at which the bar-

) . FI9F . ; ] m Tunneling rate(Hz)

rier disappears. Substituting this expressionHgr one finds

that the relative change in the relaxation rate is 1 3.210°

In [T(H)/T(0)]~(gusS/ksT)H. The dashed line in the fig- 2 ;;ﬁg

ure was obtained from this expression usg¥g2, S=10 and 4 23x10°5

T=2.7 K. The small, systematic oscillations of the relaxation 5 4.7x10°

rate about the classical result may arise from the discrete 6 3.7x10°Y

level structure of this spin-10 system, as discussed below. 7 1-%10:;?
The following Hamiltonian has been used to account for g i'ﬁigm

our earlier results: 10 5 111045

T=—-DS?—gugSB, 1)

where D represents the magnetocrystalline anisotropy thatunneling. As one increases the transverse field, one expects
breaks the zero-field Zeeman degeneracy. Within this modegbrupt changes in the relaxation rate at particular values of
illustrated in Fig. 1, the longitudinal and transverse fieldthe transverse field, when the dominant tunneling process
components play very different roles. When the field iscrosses over from one level to another. Numerical diagonal-
purely longitudinal, the Hamiltonian is diagonal ); the ization of the Hamiltonian confirms the expectation that the
longitudinal field simply tilts the potential, making one well energy barrier for a spin-10 system should exhibit sharp
lower in energy than the other. A transverse field, on thesteps:”
other hand, breaks the symmetry of the Hamiltonian, split-  The data of Fig. 4 show that the relaxation rate deviates
ting the degenerate pairs of states without tilting the potensubtly, but systematically, from the classical prediction. This
tial. Friedman and Chudnovsi/have calculated the effect behavior may indeed be evidence of the discrete level struc-
of a transverse magnetic field on the values of longitudinafure. However, it should be noted that a theoretical calcula-
field, B,, for which the level crossings occur. Their results tion predicts much clearer and sharper steps and plateaus
indicate that up to fourth order in perturbation theory thethan the subtle, “smeared out” behavior of Fig. 4. Measure-
change in the resonance condition yis exactly zero for ments at a different temperatui26 K) nevertheless confirm
any value ofB, . This is borne out by the data shown in Fig. the existence of the plateau. Further work is needed to deter-
2: As the transverse magnetic field changes, the values of tigine the possible existence of such plateaus at other values
longitudinal field at which the resonances occur remairof transverse field.
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