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The pressure dependence of the magnetic properties of weak ferromagnets (BDH-TTP)[M(isoq).(NCS),] [BDH-
TTP = 2,5-bis(1',3'-dithiolan-2'-ylidene)-1,3,4,6-tetrathiapentalene; M = Cr, Fe; isoq = isoquinoline] is discussed.
These salts form two-dimensional magnetic sheets, where ferrimagnetic chains of donor cation radical (S = 1/,)
and anion [S = 3, (Cr), %, (Fe)] are antiferromagnetically connected by weak donor—donor and anion—anion
interchain S---S contacts. Under ambient pressure, both the Cr and Fe salts undergo a weak ferromagnetic transition
at T, = 7.6 K, below which a spontaneous magnetization emerges along the direction perpendicular to the sheets.
The application of the pressure elevates the transition temperatures up to 16.6 and 11.6 K at 9 kbar for M = Cr
and Fe, respectively. As the pressure increases, the remanent magnetization M, decreases, whose pressure
dependence for the Cr salt is larger than that for the Fe salt. This difference indicates that the spin-canting angle
of the Cr salt is reduced because of the increase of antiferromagnetic interaction by applied pressure, in contrast
to the Fe salt, where single-ion anisotropy contributes less. The quantitative analysis of the magnetization curves
of the Cr salt using the mean-field approximation reveals that the intermolecular exchange interaction increases as
the pressure increases, among which the interchain anion—anion interaction has the highest pressure sensitivity.
This result is consistent with the temperature dependence of the crystal structure showing that the thermal contraction
in the distances of interchain anion—anion S--+S contacts is the most remarkable in intrachain S---S contacts. The
large pressure dependence of the transition temperature of these salts is therefore explained as a result of the fact
that the interchain interactions, the anion—anion interaction in particular, are strengthened by applied pressure.

Introduction acceptor with different spin quantum numbers and the
Charge-transfer salts composed of organic donors andMagnetic anisotropies brings about a large variety of

magnetic transition-metal complexes giwe-d composite
magnetic systems, in which an intermolecular exchange
interaction between donar-electron spin and anion d-
electron spin{—d interaction) plays an important rofet!
When thex electrons on the donor layer have localized
character, the interplay of two kinds of spins in donor and
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BDH-TTP M(isoq),(NCS),
magnetic structures, in which ferrimagnetism typically ap-
pears. Among these—d composite molecular magnets,
(BDH-TTP)[M(isogk(NCS)] (BDH-TTP = 2,5-bis(1,3-
dithiolan-2-ylidene)-1,3,4,6-tetrathiapentalene;MCr, Fe;
isog= isoquinoline; Chart 1) is most interesting because of
the presence of weak ferromagnetism based on a competition
between the magnetic anisotropies and the antiferromagnetic
(AF) interaction between the and d counterparts. Indeed,
these salts show a bulk weak ferromagnetism at 7.6 K for
both M= Cr and F&-*213In the crystals of these complexes,
transition-metal complex anions [Misogh(NCS)]~ [S=
3/, (Cr), %, (Fe)] havingz-electron-based ligands (isoquino-
line and NCS coordinated at the axial and equatorial
positions, respectively) interact with the cation radical of
BDH-TTP (S = /)™ with close intermolecular S Figure 1. (a) Crystal structure of (BDH-TTP)[M(isog]NCS)] (M = Cr
contacts to form ferrimagnetic chains parallel to thexis. Fe) at 1é0 K after ref 12. The dashed lines indicate intermolecu}aés
These chains are then antiferromagnetically coupled with contacts. (b) Schematic spin structure model containing two localized
each other by other-SS contacts along tha axis between spins (short arrows labeled andz;) and two d spins (long arrows labeled

. . .. di and @). Juz, Jza, @and Jyg represent donerdonor, donotanion, and
anions and between donors (Figure 1). The origin of the Weakaniorkanion exchange interactions, respectively. (c) Orientations of the
ferromagnetism is characterized as a spin canting becausetop) and d (bottom) spins tilted from tre plane.g.,, ¢, @q,, andgq,
ofthe noncalinear alignment ofthe neighboring [M(se) —SESrL 1o e et ou o o et
(NCS)] anions belonging to the adjacent ferrimagnetic isoq axes, and; and 6, are their canting angles from tfee plane.
chains, where the anisotropy axes are oriented to the-isoq
M —isoq direction of the each anion, with the mutual angle rather than single-ion anisotropy of the axially distorteéFe
being 34. Because of this geometry, single-ion anisot- Octahedra, by static torque measureméhts. .
ropy and/or antisymmetric Dzyaloshinskloriya (D—M) Because the molecular magnets such as the titled com-
interactiort® 18 between the anions leads to their noncollinear Pounds have soft lattices compared to inorganic magnets, it
spin alignment. In other words, the spin structures of these IS €xpected that even a slight external pressure can easily
salts are stabilized by a subtle competition between the Modify the spin structure. Namely, the application of
exchange interaction and magnetic anisotropy. This situationPressure, which can change the molecular arrangement in
is similar to the case of rare-earth orthoferrites RE&CH the molecular crystals owing to their flexibility and softness,
in which an AF interaction between the axially distorted feO 1S €xpected to vary this competition and thus the spin
octahedra with noncollinear alignment produces a spin-cantedStructure. Actually, it has been reported that simple molecule-
weak ferromagnetism. The origin of the spin canting is based canted antiferromagnets such as 1,3,5-triphenyl-6-

characterized as the-IM interaction between Fé spins
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oxoverdazyl (TOV¥?*and dithiadiazolyl radicgh-NC-CeF4-
CNSSN®26 show large pressure dependences of their
magnetic transition temperatures (TOW,= 5.0 K atp =

1 bar, 10.5 K at 10 kba# p-NC-CeF,CNSSN, T, = 35.5

K at 1 bar, 64.5 K at 16.5 kb&). In these materials, the
origin of the spin canting is ascribed to the-BI interaction
(because fo= %/,, there is no single-ion anisotropy), and
the enhancement of the intermolecular exchange interaction
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Table 1. Crystallographic Data of (BDH-TTP)[M(isog]NCS)]

Kudo et al.

temp/K
293 1206 18
M = Cr (Chemical Formulas CzH22CrNeS; 2, fw = 927.28)
cryst syst monoclinic monoclinic monoclinic
space group C2lc C2lc C2lc
alA 16.1944(11) 16.1363(9) 16.0921(7)
b/A 19.2325(12) 19.0874(12) 19.0138(9)
c/A 12.6558(10) 12.5075(6) 12.4404(6)
pldeg 95.687(3) 95.237(2) 94.1315(19)
VIA3 3922.4(5) 3833.3(5) 3796.5(3)
z 4 4 4
no. of obsd reflnsI[> 20(1)] 1993 2844 2761
R1b 0.054 0.052 0.037
wWR2® 0.134 0.119 0.100
M = Fe (Chemical Formulas CsoH2oFeNsSy2, fw = 931.13)

cryst syst monoclinic monoclinic monoclinic
space group C2lc C2lc C2lc
alA 16.2691(9) 16.1938(8) 16.0921(7)
b/A 19.2402(11) 19.1117(11) 19.0138(9)
c/A 12.6693(8) 12.5100(10) 12.4404(6)
pldeg 95.237(2) 94.265(3) 93.7432(14)
VIA3 3949.2(4) 3861.0(4) 3824.5(2)
4 4 4 4
no. of obsd refinsI[> 24(1)] 2632 2967 3192
R1° 0.051 0.048 0.038
WR2® 0.123 0.113 0.088

a After ref 12.9R1 = S (||Fo| — |Fel|)/T|Fol. WR2 = [SW(|Fo|2 — |Fe/)HIW(|Fol?)Z Y2,

increases the transition temperature. Therefore, it is alsotemperature was regulated with an Oxford Diffraction Cryojet and
expected that the application of the pressure allows us toa Helijet temperature controller for the measurements at120

understand the magnetism of (BDH-TTP)[M(isg(édCS)] and 18 K, respectively. The effective absorption correction was
comprehensively and systematically. In this paper, we discussTade for the integrated intensity daBGALEPACK Structures
the magnetic properties of (BDH-TTP)[M(iso()CS)] were solved with direct methods and refined with a full-matrix least-

2 i - 8 -
under pressure and evaluate the pressure dependence of tqsguares method off* using SHELX-97 programs? Crystal

h int fi We al t the t t d ographic data are summarized in Table 1. Full atomic coordinates,
exchange interaction. VVe also report the tempera ur_e €bond lengths, and bond angles are deposited as Supporting
pendence of the crystal structure of these salts, to discusSy¢ormation.
the origin of the pressure effect of the intermolecular

exchange interaction between the localized moments. Results

Parts a and b of Figure 2 show the temperature dependence
of the remanent magnetizatidvi(T,p) for the Cr and Fe
Single-crystalline samples of (BDH-TTP)[M(ise()CS)] (M salts, respectively, under different pressures after an external
= Cr, Fe) were prepared as previously repoftedlagnetic field of 1 T was removed at 2 K. The long-range magnetic
susgeptibility and magnetization were measured u_sing a Quam_um'transition temperatur®,, defined as the temperature where
Design MPMS-5 SQUID magnetometer up to a field of 5.5 T in \; gisappears, increases as the pressure increases for both
g‘pepIfg;”g{g;”;;;i?gﬁ;igoa g ezhgam/s:;S”t‘"’('g‘lzegﬁii’éec"gas salts. This result suggests that the applied pressure strength-
' ens the AF interaction, although the trends in their pressure

Ltd.) up to 10 kbar £1 GPa) with Daphne 7373 oil as a pressure d diff b h I h i
medium. The applied pressure at low temperatures was calibrategdependence are different between the two salts, as shown in

by the pressure dependence of the superconducting transition1gure 2c. The pressure dependenc&af expressed as a
temperature of Si enclosed in the clamp cell as a reference. For linear function ofp as
the Cr salt, single platelike crystals (ca. 0.2 mg) were aligned and
attached with Apiezon N grease on the flat end of a quartz rod that Te(P) = Te(Po) [1 + ypl 1)
is inserted in the pressure cell. For the Fe crystals, nonoriented
microcrystals (1.0 mg) were used for the measurements becausavhere po is the ambient pressure and the coefficignis
of the less-developed crystal habits of the available samples. estimated as 0.132 and 0.058 kidafor M = Cr and Fe,

The crystal structure of the Cr and Fe salts were determined by respectively. These coefficients are comparable to molecule-
X-ray crystallography. Single crystals were mounted on a Nonius pased bulk antiferromagnets such as 2,2,6,6-tetramethyl-4-
Kappa CCD diffractometer (CDFIX, Universitde Rennes 1, piperidinol-1-oxyl ETANOL, Tn(po) = 0.49 K,y = 0.15

Rennes, France) equipped with a CCD camera and graphite-kbarl)zg or canted antiferromagnets TOV (0.086 ki#*
monochromated Mo ¥ radiation ¢ = 0.710 73 A). The sample

Experimental Section

(28) Sheldrick, G. MSHELX-97, Program for the Refinement of Crystal
(27) Uwatoko, Y.; Hotta, T.; Matsumoto, E.; Mori, H.; Ohki, T.; Sarrao, Structures University of Gdtingen: Gitingen, Germany, 1997.
J. L.; Thompson, J. D.; Mori, N.; Oomi, GRev. High-Pressure Sci. (29) Takeda, K.; UruN.; Inoue, M.; Yamauchi, dl. Phys. Soc. Jpri987,
Technol 1998 7, 1508-1510. 56, 736-741.
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Figure 2. (a) Temperature dependence of remanent magnetizZeti@dnp) Figure 3. (a and b) Magnetization curves of the Cr salt measurdd=at
for BDH-TTP[Cr(isogy(NCS)] (single-crystalline sampled/, parallel to 2 K under different pressures [(8) parallel tob; (b) B parallel toc]. (c)
b) under different pressures. Solid lines are linear fitting curved¢T,p) Hysteresis loops of the Cr salt @t= 2 K under different pressures.
for T < T¢/2 to obtainM,(0,p) (see the text). (b) Temperature dependence
of M; for BDH-TTP[Fe(isog)(NCS)] (nonoriented microcrystalline samples)  (a) 4 . . ® 0.1
under different pressures. Solid lines are similar to those it gar(c) M=Fe o -3 | M=Fe
Pressure dependence of the magnetic transition temper&ttoe the Cr .g'g g
(open circles) and Fe (filled circles) salts. Solid lines are the linear fitting 3r R '2 7
with Te(p) = Te(po) [1 + yp). (d) Pressure dependence of the remanent » T .g 2 1 .
magnetizatiorM,(0,p) for the Cr (open circles) and Fe (filled circles) salts = 2| 4 )
normalized withM,(0,p) = 1 bar. Solid lines are guides for the eyes. S ®lbar | S j
© 2.3 kbar * 2.3kbar
P . . . 1 4 5.7 kbar o 5.7Kkbar]
and are significantly larger than inorganic antiferromagnets 27.4 kbar s 7 4Kbar
such as CoGt6H,0 (0.038 kbar?).%° Interestingly, at 9.4 ) o 'f‘“‘.ba‘ o » 9. Ikbar
kbar Ty of the Cr salt reaches 16.6 K, which is twice the BIT 6 01 B(/)T 01
value at ambient pressure (7.6 K) without showing a trend
of saturation. Figure 2d shows the pressure dependence of? 15 '
M(0,p) defined by a linear extrapolation ™M(T,p) to T = M=Cr
0 K using the data in the temperature rafige T,/2 [below
this temperaturey(T,p) curves can be regarded as a linear [:[_1 ]
function of the temperature]. For the Cr saN,(0,p) &
monotonically decreases as the pressure increases, with the M =Fe
decrement irM(0,p) being 27% at 9.4 kbar. This trend is
confirmed by the presence of a clear intersection of the ¢ .
M(T,p) plots atT ~ 4.5 K. On the other hand\,(0,p) for 0 p/ls(bar 10

the Fe salt has a Sma”e: pressure dependence, \.Nlth q:igure 4. (a) Magnetization curves of the Fe salt measured at 2 K
decrement of, at most, 15% at 5.7 kbar. The nonuniform (nonoriented microcrystalline samples). (b) Hysteresis loops of the Fe salt
pressure dependence Igf(0,p) for the Fe salt might come  at T = 2 K under different pressures. (c) Pressure dependence of the
from an extrinsic effect. such as inhomogeneity of the applied saturation fieldBsat for the Cr (open circles) and Fe (filled circles) salts.
K Solid lines are guides for the eyes.
pressure to the nonoriented samples. S o - .
. o appearing in the magnetization curves in Figure 3b. This
Parts a and b of Figure 3 show the magnetization Curvesspin—flop field Bsr is almost independent of the pressure
of the Cr salt measured at= 2 K with the external field SF '

: L For the randomly oriented crystals of the Fe salt, on the
parallel to theb andc axes, respectively. For both directions contrary. the spirflon field Bee which appears as a kink
of the fields, the magnetization decreases as the pressure Y, b P sh PP

. . . . . in the magnetization curve, shows pressure dependence
increases. When the field is applied parallel to hexis, a © g » SNOWS pre pe

nonvanishing magnetization appeara 0, corresponding (Figure 4a; 0.7 T at 1 bar, 1.2 T at 9.1 kbar). Figures 3c and
to the values oMM,(2,p) in Figure 2a. When the field is 4b illustrate the hysteresis loops measured at 2 K for

applied parallel to the axis, the spirlop transition is the Cr and Fe salts, respectively. As the pressure increases,

. : the magnetization a8 = 0 T, i.e., M,(2,p) of the Cr salt,
observed around 1 T, as evidenced by a steep increase . : .

decreases while that of the Fe salt increases. The coercive
(30) Wada, M. Takeda, K.; Ohtani, A.: Onodera, A.: Hasedal, Phys. force of the Cr saltis 12 mT and has no significant pressure

Soc. Jpn1983 52, 3188-3198. dependence. For the Fe salt, the coercive force cannot be
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determined because a nonoriented sample was used for that tan? |D/2J|, whereJ is the AF exchange interaction
measurement. Figure 4c presents the pressure dependendeetween two neighboring spins abds the antisymmetrical
of the saturation fieldBsar of the Cr and Fe salts, estimated term from single-ion anisotropy and -EM interaction.
by extrapolating the magnetization curveMo= 4 and 6ug Because single-ion anisotropy is determined by the geometry
for the Cr 8= 3,) and Fe § = %) salts, respectively. As  of the individual magnetic anions and thus is pressure-
the pressure increas&sar monotonically increases for both  insensitive, the canting angle governed by single-ion ani-
salts, showing the increase of the intermolecular AF interac- sotropy should give a negative pressure dependence. On the
tion. However, their sensitivity to the pressure has a contrary, the magnitude of the-EM interactionD increases
remarkable difference. For the Cr sefisar at 9.4 kbar is as the AF interactiod increases; hence, the canting angle
ca. 4 T larger than the value at the ambient pressure, whereagoverned by B-M interaction should have a small pressure
for the Fe salt, the increment 8gar is less tha 1 T in the dependence. For the Cr salt, the spin-canting angle defined
same pressure. as simiM.(0,p)/2 ug], whose value is 29 at ambient
The temperature dependence of the cell parameters revealpressuré? becomes reduced as a result of the stronger AF
that the thermal contraction of these salts is anisotropic. Forinteraction in the higher pressure region, suggesting that the
both salts, the cell lengtbat T = 18 K is ca. 2% smaller  spin canting is governed by a competition between the AF
than the value at = 293 K, whereas the relative decrease interaction and single-ion anisotropy, which has a larger
in the cell lengthsa andb is estimated at 1%. It should be contribution than the BM interaction. On the contrary, the
noted that the cell angl@ monotonically decreases as the spin-canting angle of the Fe s@kin—[M;(0,p)/4 ug]} has a
temperature decreases, showing that the thermal contractiosmaller pressure dependence than the Cr salt, suggesting that
of the lattice has a significant contribution of the shear single-ion anisotropy is less contributed and that the spin
phonon mode. Because of this anisotropy, the thermal canting is determined by the-EM interaction. The difference
contraction of the intermolecular-SS distances, which is  of the contribution of single-ion anisotropy to the spin canting
responsible for the intermolecular exchange interaction, is between these two salts is explained as follows. For the
not uniform. Figures 5a and 4b show the temperature quartet § = %/,) state of the [Cl(isogqh(NCS)]~ complex,
dependence of the intermolecularS distances of the Cr  the contribution of excited statf,q [(t2¢)%(eg)'] to ground
and Fe salts, respectively. For both salts, the temperaturestate*/Ay [(t2¢)°] gives a negative zero-field-splitting constant
dependence of the §S distance between anions(d; filled D < 0 for the prolate ligand field, if the covalent character
squares) is more significant than that of the deramion of the metat-ligand bonds is taken into accoltOn the
distance within a doneranion alternating chaint—d; open contrary, for the sexteS= %) state of [F& (isogp(NCS)] -,
circles, open squares, and triangles) or the dedonor there is no contribution of the spin excited state with the
distance of neighboring chains<{; filled circles). Indeed, same spin multiplicity to the totally symmetrical ground state
the thermal contraction of the anieanion distance is about  8A4 [(t29)%(€)?]. The zero-field-splitting constarid of the
doubled in comparison with that for the dorafonor Fe complex is, therefore, smaller than the Cr complex with
distance for both salts. similar coordination distortion.
Because the analysis of the magnetic structure is difficult
for the randomly oriented crystals of the Fe salt because of
The magnetic properties for the Cr and Fe salts are similar the lack of information about magnetic anisotropy, hereafter
to the fact that the application of the pressure increases thewe focus on the Cr salt for the quantitative analysis of the
magnetic transition temperatufig. BecauseT, is directly pressure dependence of its magnetic structure based on the
correlated to the magnitude of the AF interactions, it is mean-field approximation. Figure 1b shows the spin structure
indicated that intermolecular AF interactions are increased model used on the present analysis, in which a unit cell of
with an increase in the pressure for both salts. Moreover, four sublattices contains two localizedspinsz; (i =1, 2)
the increase of the saturation fieRkar of both salts by ~ and two d spinsdi = 1, 2) illustrated with short and long
applying pressure consistently shows the pressure-inducedarrows, respectively. There are three types of exchange
increases in the intermolecular AF interactions between theinteractions, namelyl, representing the interaction between
localized moments. the donors (black dotted line in Figure 18)4 representing
However, the detailed pressure effects on the magneticthe donor-anion interaction (black solid lines), antiq
behaviors are different between these two salts. The remanengepresenting the anieranion interaction (gray solid line).
magnetizatioM,(0,p) of the Cr salt shows significantly larger ~ The spin Hamiltonian of this material is expressed as
decreases than the Fe salt as the pressure enhances the AF
magnetic interactions. As we have discussed in a previous H = Hex T Hanis + Hzeeman (2)
paper}? the origin of the remanent magnetization is ascribed
to be the spin canting due to the noncollinear alignment of WhereHey, Hanis andHzeemanre€present the exchange interac-
the anions on the adjacent ferromagnetic chains. Because ofion, magnetic anisotropy, and Zeeman energy terms, re-
this geometrical configuration, the presence of single-ion spectively. The exchange terdhy is expressed as
anisotropy and B-M interaction between the adjacent anions : — .
causes spin-canted alignment and thus nonvanishing tota(® uﬁIZfeJFssgﬁﬂ;%”,ﬁ'E'g's""g'\‘,Sltl'sg‘vc'v',j"es\j’é‘fﬁﬁ;’lma@gf‘r{fa%
magnetic moments. The canting angle is roughly estimated 2003; Chapter 9.

Discussion
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HEX: _;ZJﬂﬁs.ﬁ - I;ZJZdS.S( - ;ZJddS(.S (3) (a) 38 M=Cr ' I (b) 38
jju KO 0 o—/’&'
. . 3.65 E 3.6
wheres and S, representr and d spins, respectively. We <« dd o
take account of single-ion anisotropy for the anion complex = et =
because the Cr\coordination octahedron is elongated to 4 Sweed ] 34
the direction of the isoquinoline ligard.The anisotropic
term Hanis |S 1.00 + t + } 1.00
g g
& &
Hanis= ZD(SKZ)Z (4) ?0 98- . §0.98
S S
] S
where S and D represent the molecular axis (isoGr— 0.96; 00300 300 0.96; 00360300
isoq) component of the spifi and the zero-field-splitting T/K T/K

constant of the Cr complex, respectively. Finally, the Zeeman
term HzeemaniS described as

HZeeman: Zg/"BSq'B + zgauBSr'B (5)
q T

whereg, ug, andB represent theg value, Bohr magneton,
and external field, respectively. Here we assume for simplic-
ity g = 2 and treat spin operatos and S as classical
continuous vectors. The coordination numberare 2 for

all three terms ifHey, as illustrated in Figure 1b. Under these
approximations, the total energy calculated from the

Hamiltonian (2) under the magnetic field along thexis is Figure 5. Temperature dependence of the intermolecutetfSSdistances

expressed as of (BDH-TTP)[M(isoqk(NCS)]: (a) M = Cr; (b) M = Fe. Lower panels
are S--S distances normalized with a value at 295 K. Open circles, squares,
_ N _ _ . and triangles filled circles and squares in both panels designate #& S
E= 2[ Jn” COS@/_EI (Pnz) 3‘Jnd{ COS@dl (pnl)] + contacts in Figure 4c, indicated as dotted lines with the same symbols. Solid

lines are guides for the eyes.
COS(g, — ¢x,)} — 9ya COSEy, — @) +

9 @ 23— ® 1.6 .

ZD{ CO§(¢d1 —04) t+ CO§(§0d2 —04)} o [ ®lbar

) ) ) ) = © 8.7kbar =

ugB{(sing, +sing_ )+ 3(sing, + singy)] (6) S 1 514 -
whereN, ¢; (i = w1, 2, i, dp), and6; (j = dy, ) represent o 212 ;1.2 .
Avogadro’s number, the canting angles of each spin from % =
the ac plane, and the canting angle of the molecular axis 2 180= = 1 4
(isog—M—isoq axis) from theac plane, respectively, as lgT ‘ Pr_. I .

0 6

illustrated in Figure 1c. Becaugk, = 7w — 6y, (=64 = 34.5)
and assuming that,, = 7 — ¢, (=¢~) andggy, = T — @q,
(=), €q 6 is simplified as

BIT p/ kbar

Figure 6. (a) Top panel: magnetization curves of the Cr salt measured at
T = 2 K with B parallel tob under ambient pressure (filled circles) amd
= 8.7 kbar (open circles). Solid lines are magnetization curves obtained

N : g .
E=—|J_cos — 6J_.,coslp., — +9J,.cos + from the theoretical model described in the text. Bottom panel: pressure
2™ % d Go~ ¢ dd %4 dependence of the canting anglestdpinsg, and d spingpq for ambient
9 . . pressure (solid lines) ang = 8.7 kbar (dashed lines). (b) Pressure

§D C0§(§0d — 0y + 2ugB(sing,, + 3 singy)| (7) dependence of the exchange interactidn = sz, zd, dd) and the zero-

field-splitting parameter, normalized by the values at the ambient pressure.

. . . .. Solid li ides for th .
The most stable magnetic structure is obtained by mini- old lines are guides for the eyes

mizing the energyE with respect tog. and ¢4, and the angles for thexr spins ¢, and d spinspq for these two
magnetization along thk axisM = —9E/9B = —Nug(sin pressures. The magnetization is mainly governed by the spin
@+ 3 singg) can be expressed as a function of the figld canting of the d-electron spins that is more sensitive to the
The magnetization curves at various pressures (Figure 3a)applied field, which is the consequence of the larger
are fitted with those calculated with the least-squares method,magnitude of the d-electron spins and the presence of the
using the exchange interactiodqi = sz, d, dd) and the single-ion anisotropy term of the complex anions. The fitting
zero-field-splitting constand as fitting parameters. gives the values of the parameters at ambient presshe:
The present model satisfactorily explains the experimental = —13 K, J,g = —3.0 K, J4g = —0.35 K, andD = —0.22 K.
data as evidenced in the top panel of Figure 6a for two Here we compare the exchange interactions experimentally
representative data sgis= 1 bar and 8.7 kbar. The bottom obtained at the ambient pressure with the theoretical calcula-
panel of Figure 6a gives the field dependence of the cantingtion results based on the extendedckel method {., =
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Table 2. Pressure Dependence of the Exchange Interactiofis= 7z, structure analysis gives no significant temperature depen-
nd, dd), the Zero-Field-Splitting Constabt the Calculated Magnetic ithi ;
Transition Temperaturé., and the Calculated Weiss Temperat@éor dence of the C—H\! bo.nd lengths within experimental errors.
(BDH-TTP)[Cr(isoqy(NCS)] The reason for this d|fference.m.ay be related to the moleculgr
okbar O 0o o1 47 7o g geome_try change ch_a_racterlsuc of the compression. Thls
JJK  —13 —13 —13 14 15 16 possibility will be clarified by the crystal structure analysis
Jad/K -3.0 —-3.2 —3.4 —-3.7 —3.8 —4.0 under pressure.
JudK -0.35 —037 —042 —045 —049 —053 ;
o 02y 023 —0923 —024 —025 —o28 Fmally, we cpmment on the pressure dependence of the
TJK 8.0 8.1 85 9.1 9.8 10.1 magnetic transition temperature. Under the molecular-field
O/K -7 -18 -19 -21 —-22 23 approximation, the transition temperatiiigand the Weiss
a Ambient pressure (1 bar). temperature are given by
— = — - _ 32 1
22.8 K, Jg = —9.63 K, andJyg = —2.24 K)* The Te= 21~ + 53 + J(Jﬂn —53,)°+ 200,72 (8)
magnitude of the exchange interaction obtained by fitting is
one-sixth to half of the estimation of the extendetckil d
calculation. Considering the crudeness of the extended
Huckel calculation, this accordance should be regarded as a J_ 4103+ 25]
. . _ Vam d dd
conceivable one. The negative valuelbsuggests that the 0= 12 9

localized spins on the Cr complex orient along the-GBoq

molecular axis, supporting the previous discussion on the respectively?2 From the exchange interactiods(i = 7,
spin structure in the ordered phdse. xd, and dd) obtained by the least-squares fittifigand ®
Table 2 summarizes the exchange interactions and zeroare calculated as summarized in Table 2. The transition
field-splitting constants for each pressure obtained by the temperature at ambient pressufe = 8.0 K is in good
mean-field fittings. Figure 6b gives the pressure dependenceagreement with the experimental restit= 7.6 K12 Of
of the exchange interactiods(i = rzr, 7d, dd) and the zero-  course, this agreement must be just a chance because the
field-splitting constantD, normalized by the values at present approximations are too crude to represent the spin
ambient pressure. As the pressure increases, the absolutstate of this material correctly. There is no consideration of
values of these parameters increase, reflecting the increasene contribution of the magnetic anisotropy and spin fluctua-
of the intermolecular contacts. The pressure dependence ofions, the latter of which are critical in the vicinity . In
Jua is more significant than those df. andJ.q, which can  fact, the pressure dependence Tofis about half of the
be rationalized as follows. According to the @aisen  experimental results, and the Weiss temperafure —1.73
relationa. = y«xCy/V (a. = thermal expansion coefficient, K at ambient pressure is too much smaller than the
= Gruneisen constank, = isothermal compressibility, and  experimental valug® = —40 K. The latter discrepancy
Cv = constant-volume heat capacity), the pressure depen-especially shows the insufficiency of the mean-field ap-
dence of the crystal structure is connected with the temper- proximation, which is mainly caused by neglecting the short-
ature dependence. Namely, theessuredependence of range ordering effect in the present analysis. Indeed, this
(Figure 6b) is related to theemperaturedependence of the  effect is experimentally suggested by the single-crystal EPR
intermolecular $-S distance (Figure 5a) because the inter- measurement of the Cr salAs the temperature decreases,
chain donot-anion S--S distance 3.4 A) at 295 K is  the g value of a single Lorentzian signal decreasesBor
significantly smaller than twice that of the van der Waals parallel to thea andb directions and increases fBrparallel
radius d a S atom (2x 1.75= 3.7 A), in contrast to the  to thec direction belowT ~ 100 K, which is a sufficiently
interchain donor-donor and aniorranion distances. In other  higher temperature than the magnetic ordering temperature.
words, the donoranion intermolecular contacts are the These anisotropig shifts are explained as a result of short-
stiffest among the intermolecular contacts. Therefore, the range order of the spins if a spin Hamiltonian contains
intermolecular contacts along the dor@nion alternating  anisotropic term&3
chains are less sensitive to the temperature, giving the smaller )
pressure dependencef. On the other hand, because the Conclusion
interchain S-S distanceS"é3.6 A) are moderate ones, the The magnetic properties of bulk Spin_canting weak-
interchain contacts have a stronger temperature dependencrromagnetic ferrimagnets (BDH-TTP)[M(isedYCS)] (M
than the intrachain contacts, corresponding to the pressure= cr, Fe) with T, of 7.6 K under high pressure and the
sensitivity 0fJus. As for Jzr, the present analysis shows that  structural change by the decreasing temperature were inves-
this interaction little affects the magnetization curves becausetigated_ It is observed that the application of pressure
of the small canting angle of the electron. Accordingly,  enhanced for both M= Cr and Fe up to 16.6 and 11.6 K
the estimate ofl,, may contain a larger error in the least- at 9 kbar, respectively. The pressure dependence of the
squares fittings, and thus it is difficult to compare its pressure remanent magnetization suggests that, for the Cr salt, single-
dependence with the others. The zero-field-splitting param- jon anisotropy mainly governs the spin canting, whereas the
eterD also shows pressure dependence, although the crystab—\ interaction does so for the Fe salt. The analysis of the

(32) Katsuhara, M.; Mori, TJ. Phys. Soc. Jpr2003 73, 3335-3340. (33) Nagata, K.; Tazuke, YJ. Phys. Soc. Jprl972 32, 337—-345.
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