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Abstract

We present a quantum interpretation of the heights in hysteresigohélecule at lower temperatures by treating the crystal
as an Ising spin system with the dipolar interaction between spins. Then we apply it to two limit cases: rapid and adiabatic
regions. Our theoretical analysis is in agreement with the experimental observation in these regions, which indicates that the
steps in hysteresis loops of magnetization of Belower temperatures show a pure quantum process.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction tum tunneling, resulting from the tunneling between
different spin states of large molecular spifs= 10

Crystals of molecular magnets, such ag Bad  [oF Poth F& and Mnp, § = 9/2 for Mny). Feg is par-
Mnyo, have attracted much attention for their connec- ticular interesting because the steps in the hysteresis
tion to many macroscopic quantum phenomena [1-4]. W'"_ become temperature |_ndependent belo@&)K,
They may also have important applications in mag- Wh'Ch showsapu_re tunnel_mg process [4]' This 'Funnel—
netic memory and quantum computing [4,5]. The ear- ing phengmenon is compll_cated by the interaction b.e—
liest and most spectacular observation on such a SyS_tween spins and other envwonmentgl effects. Intensive
tem is the quantum steps in the hysteresis loops of e_ffort_s have been devoted to explain the _sf[ep_features
magnetization at low temperatures [1,4]. These quan- via different approaches [6-8]. The modifications of

tum steps are the manifestations of macroscopic quan—Other environmental e_ffects have also been studied,
such as the nuclear spin effects [9-11].

More recently, Liu et al. presented a successful
* Gorresponding authr, theory on the height of quantu_m steps in the hysteresis
E-mail address; Ibfu@mpipks-dresden.mpg.de (L.-B. Fu). loop when the temperature is low enough that the
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thermal effects can be neglected [12]. By treating the subspace is [9]

Fes crystal as a system of Ising spins sitting at 1 o

each site of the lattice, the step heights measured inH =~ gupSuoHo!” — > ZVU-UZ(’)U;’)

experiment were successful reproduced by directly i ij

solving an evolution equation described by the dipolar 1 ®

fields distribution. The results have been compared to + 2 Z Aoy’ 1)

Landau—Zener (LZ) model [13], which has been used i

to extract the tunnel splittingt of a single molecular ~ The first term describes the Zeeman energy, &hd

spin from step heights [4,14]. In their simulation, is the external field applied in the direction of the

the dipolar interaction between spins is treated by easy axis. The second term is the spins interaction

a mean-field theory and the flipping of each spin is with dipolar potentialV;; = E,(3co$6 — 1).{20/}’3.,

independently. Eq = $2(g155)?/ 20, wherer;; is the displacement
In this Letter, we also model the ferystal as a  petween the sping, is the angle between; and the

system of Ising spins sitting at each site of the lat- easy axis, an&y is the unit cell volume. The last term

tice and taking into account the dipolar interaction describes tunneling and is the tunnel splittingo-,

between Spins. But different form Ref. [12], we treat ando, are Pauli matrices, and}, {j} label molecular

the system as a quantum many-body system and for-gjtes.

mally give a formula to evaluate magnetization. Al- BecauseA/E; ~ 10°% (see Ref. [15]), the last

though it cannot be used to calculate magnetization in term of Eq. (1) can be regarded as a small pertur-

most cases for the algorithm reason (the time of calcu- yation. denoted asy = %Z- Aa)ﬁi) We can know
1 i .

Ia}ting is increasing expongnj[ially with thg number.of the eigenstates of the unperturbed systemqare=
sites), we apply it to two limit cases: rapid and adia- s b sty (w=1,...,2Y), in which 5" = +1
batic cases. Throug_h the pure quantum approach, OUrcorresponding to the spin on siteup and down, re-
theory successfully interpret the quantum step heights spectively. The eigenvalue fgr, is
in these two regions. As an application of our theory, 1
we show that the tunnel splitting, measured with _ w__ =+ ST
the LZ model [4,14] is proportional to the true tun- En= g'uBSMOHXi:S" 2 ZV”S" 5 )
nel splitting A of a single molecular with a geometry ] !
factor (depending on shape and lattice structure). This It IS €asy to see that the energy levels would be
result has also been obtained in Ref. [12]. In the adia- 9€9enerate when some sites are geometric equivalent.
batic limit, we show the measured tunnel splitting On the other hand, becaus¢’ operating ong,,
is dependent W|th the Sweeping rates W|th the power will make the Spin on théth Site ﬂ|p, the perturbation
law: A, ~ «¥/2. This prediction agrees with the exper- term, i.e., the off-diagonal elemertt,., = ¢, H¢p, =
imental observations. ¢uWoy, is not zero if and only ifs; =5/ (i =
1,2,...,j-1;,j+1j+2....N) ands;.‘;és]”.,
wherej could be any site. At this time(,,, = A/2.
From the perturbation theory [16], we can know,
if off-diagonal element of two states is non-zero, the
corresponding energy levels must have an avoided
We model the Fgcrystal as spin lattices with the  crossing with a gap proportional to the off-diagonal
realistic constants 182:1405:1500(A) and angles elementA/2. The gap of the avoided crossing is
89.9°:1096°:109.3° between the axes, which is a determined by the degenerate properties of the levels.
triclinic lattice; the shortest axia as the easy axis  For example, if both levels are non-degenerate, the gap
(actually there is an angle of about Between them, is A; but if one of them is two-fold degenerate, the
but it does not affect significantly the results). As gap isv/2A, and so onHigher order perturbations
in Ref. [12], we focus on one step for simplicity, are much small, so they can be regarded as crossings.
that is, the tunneling between the two lowest levels For example, for the second order, the gap is about
(S, = £10). The effective Hamiltonian operating in  A2/E; ~10°%A, so it can be treated as a crossing.

2. Model
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3. Magnetization and tunnel splitting
3.1. Result of our model

Supposing the crystal hady Feg molecules, it
is initially on the state|—1, —1,...,—1) in a large
negative field, then sweep the field with a constant rate
a to the positive. Over an avoided crossing, the spin
involved will flip with the probability 1— ps where

2
ps = 5" ifthe gap iss A. The magnetization can

be formally expressed as
M=—-NSP_y—(N—-2)SP_(n-1
+ = (N=20)SP_(n—iy + -, 3)

where P_(y_;y is the sum of probability for all the
energy levels with spins up. For example, assuming
there arem levels of one-spin up states, which are
denoted asE’_(N_l) (! =1,2,...,m). The energy
structure is shown in Fig. 1 where only the initial level
E_x and one-spin up levels are plotted. The energy
gap betweert’ , ;, andE_y is §{A. Then we can
obtain the probability of the initial level,

m
Pszl_[p511267
1

wherec = Y"1 1 (8%)2. In analog, we can evaluate the
probability for any level involved in principle. It can
be formally expressed as

1 Mg

P_(n—p) ~ Z|: 1_[(1 — Psg) 1_[ Pal},
o p=1 i

in which we have ignored some subscripts for conve-

nience.

There should be a term in Eq. (3) corresponding to
the adiabatic path: starting from the initial level and
keeping on the continuous branch at every avoided
crossing encountered. The probability of the adiabatic
path can be expressed as

2
A
200 C,

4)

®)

(6)
where(1— p;1) is the probability of spin flipping over
each avoided crossing arkd is just the total number
of the flipped spins along this path.

Indeed, (3) cannot be calculated for nowaday com-
puter when the number of spins is large. But we can
evaluate it for limit cases.

Pag=(1— Pa%)(l_ P(;%) (A= P(;Il(),
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Fig. 1. The energy structure of the initial levEL 5 and one-spin
up levels. The energy gap betweEﬁ(N_l) andE_y is 8} A.

2
For the high sweeping rate limiE = e 1,
so(1— P) is an infinitesimal. Form Eq. (5), one knows
that P_y—;) is as the same order &b — P)!. Hence,
to the first order of 1 — P), the magnetization can be
approximately expressed as

M~—-NSP_y — (N —=2)SP_(n-1). 7
Of course, the total probability must be conserved, i.e.,
P_.y+P_(y-py+ -+ Pn_iy+--=1L (8)

So, to the first order of1 — P), we haveP_y +
P_(n-1~ 1, i.e, P_(y_1y & 1 — P_y. Substituting
(4) into the above formula, we get

T A2
M~—-NS+2cS .
2

©)

In Refs. [4,14,15], Wernsdorfer and coworkers
extract the tunnel splittingt of a single molecular spin
from the magnetization by employing LZ model [13].
Based on LZ model, the measured tunnel splittitg
was calculated by the following formula [15],

o[22

in whichM; = NS.
Substituting the theoretical predication of magneti-
zation (9) into the above formula, we obtain

1— M/M,

: (10)

A, > CA, (11)
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inwhichC = /.

This result shows that for the rapid sweeping rate ™ o
limit, the measured tunnel splitting. is a constant,
which consists with the experiment observation [15]. 0204 | 020
Eqg. (11) also implies thati, is not the true tunnel <
splitting A, but proportion taA with a factorC which =
is dependent only on the geometry of the sample: 0251 025
its shape and lattice structure. This consists with the J
result presented in Ref. [12]. o \'\-__OA30

If the sweeping rate is very small (adiabatic limit),
Psi = 0, so P_y—;y — O except for the adiabatic 100 200 300 400 500 600 700 800 900 1000
term Pag— 1, SOM — Mag= —(N — 2K)S, then N
from (10) we obtain Fig. 2. The adiabatic magnetization/ok n x n Feg triclinic crystals

for different number of spins. The solid line is guide for eyes.
A, — \/_2_0[ In(l — Mad/Ms> _ kal/z, (12) N =n x n x n is the total number of spins.
b

in which k = \/2In(:224/*) " This shows that
for the slow sweeping rates, the measured tunnel
splitting is strongly dependent on the sweeping rate.
In the adiabatic limit it shows a/2 power law of

12

Measured tunnel splitting, A_(107K))

. X . —— A =053
the function of the sweeping ratet, = ka/2. This L ie_Mme
feature is first revealed in this Letter. o

—o— “Fe
—a— “Fe
3.2. Comparing our results with experiments —o— PFe
For the high sweeping rate limit, as shown in ey —————rry
Eq. (11), the measured tunnel splitting is a constant, ~ '=® 164 158
udH/dt (T/s)

which consists with experimental observation. For the
adiabatic region, we can calculate the measured tunnelFig. 3. A, of Feg crystals for small sweeping rates. The solid line is
splitting in the adiabatic limit since the number of theory prediction with: x 1 x n, the dashed line is for2x n x n,
levels involved in adiabatic path is proportion to the the others are the experimental data for differen Betopes.
number of spinsV. We can find the adiabatic path

by following the adiabatic process: starting from the A, tend to merge together with the same tendency
initial level and keeping the state on the continuous A, o «¥/2. This tendency consists with our theoretical
branch at every avoided crossing encountered. In prediction. We argue that the adiabatic evolution of the
Fig. 2, we plot the adiabatic magnetizatidfiag of system is only determined by the levels structure, so
n x n x n lattice for different total number of spins.  we cannot read the information of the tunnel splitting
One can find that as the total number of spins is from the adiabatic process. This feature can be found
large enoughMaq becomes independent on the total in Fig. 3 where three curves of different isotopes have
number, and tends to a constaWty/ M, ~ —0.29, the same tendency.

i.e., k = 0.528. We also calculatd/,q for the case

of (a x b xc):16 x 8 x 8 lattice @ is easy axis

direction), and obtainMag/M, = —0.37, i.e., k = 4. Conclusion
0.49. In Fig. 3, we compare the theoretical evaluation
with the experiment observation [15]. It is shown that In summary, we have given a pure quantum inter-

for three different Fg isotopes, the three curves of pretation of the step heights in hysteresis loops gf Fe



464 L.-B. Fuet al. / Physics Letters A 323 (2004) 460-464

molecule by treating the crystal as a system of Ising [3] L. Gunther, B. Barbara, Quantum Tunneling of Magnetization,
spins sitting at each site of the lattice with the dipo- Kluwer Academic, London, 1995;

lar interaction between spins. Our theoretical analysis ~ A-L- Bara, etal., Europhys. Lett. 35 (1996) 133;

L . . . . A. Garg, Europhys. Lett. 22 (1993) 205;

is in agreement with the experimental observation in

) ! e~ ; : A. Garg, Phys. Rev. B 51 (1995) 15161;
the rapid and adiabatic limits. For the rapid sweeping F. Luis, et al., Phys. Rev. B 57 (1998) 505;

rates, we show that the measured tunnel splitdnds D.A. Garanin, E.M. Chudnovsky, Phys. Rev. B 59 (1999)
a constant which is proportional to the tunnel splitting 3671; _
of the single molecular spin, i.eA, = C A. The factor D.A. Garanin, et al., Phys. Rev. B 61 (2000) 12204;

. M.N. Leuenberger, D. Loss, Phys. Rev. B 61 (2000) 1286;
¢ depends on the sample geometry. But for the adia- E.M. Chudnovsky, Macroscopic Quantum Tunneling of the

batic limit, t.he magnetization becomes independ?nton Magnetic Moment, Cambridge Univ. Press, Cambridge, 1998.
the sweeping rate, and tends to a constant. This fea- [4] W. Wernsdorfer, R. Sessoli, Science 284 (1999) 133.

ture leads to that the measured tunnel splittitygis [5] M.N. Leuenberger, D. Loss, Nature 410 (2001) 789.
strongly dependent on the Sweeping rateand be a [6] A. Hams, H. De Raedt, S. Miyashita, K. Saito, Phys. Rev.
12 B 62 (13) (2000) 880;

1/2 power law of sweeping ratet, ~ o M. Nishino, K. Saito, S. Miyashita, cond-mat/0103553.

[7] J.F. Fernandez, Phys. Rev. B 66 (2002) 064423.
[8] Z.-D. Chen, S.-Q. Shen, Phys. Rev. B 67 (2003) 012408.
Acknowledgements [9] N.V. Prokof’ev, P.C.E. Stamp, Phys. Rev. Lett. 80 (1998) 5794.
[10] N.A. Sinitsyn, N. Prokof'ev, Phys. Rev. B 67 (2003) 134403.

. . [11] P.C.E. Stamp, I.S. Tupitsyn, Phys. Rev. B 69 (2004) 014401.
This work was supported in part by the grants from ;51 ;" g wuy, L. Fu, R.B. Diener, Q. Niu, Phys. Rev. B 65

the 973 Project of China and the Hong Kong Research (2002) 224401.
Grants Council (RGB). Dr. L.-B. Fu acknowledged the [13] L. Landau, Phys. Z. Sowjetunion 2 (1932) 46;

support of the Alexander von Humboldt Foundation. C. Zener, Proc. R. Soc. London, Ser. A 137 (1932) 696.
[14] W. Wernsdorfer, S. Boskovic, G. Christou, D.N. Hendreckson,
Phys. Rev. B 65 (2002) 18403.
[15] W. Wernsdorfer, R. Sessoli, A. Caneschi, D. Gatteschi, A.

References Cornia, Europhys. Lett. 50 (2000) 552;
W. Wernsdorfer, R. Sessoil, A. Caneschi, D. Gatteschi, A.
[1] J.R. Friedman, et al., Phys. Rev. Lett. 76 (1996) 3830; Cornia, D. Mailly, J. Appl. Phys. 87 (2000) 5481.
C. Sangregorio, et al., Phys. Rev. Lett. 78 (1997) 4645; [16] L.D. Landau, E.M. Lifshitz, Quantum Mechanics, Pergamon,
L. Thomas, et al., Nature 383 (1996) 145; New York, 1994.

J.M. Hernandez, et al., Europhys. Lett. 35 (1996) 301.
[2] W. Wernsdorfer, Adv. Chem. Phys. 118 (2001) 99, references
therein.



	Landau-Zener tunneling with many-body quantum effects  in crystals of molecular magnets
	Introduction
	Model
	Magnetization and tunnel splitting
	Result of our model
	Comparing our results with experiments

	Conclusion
	Acknowledgements
	References


