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一 种新的硅基晶体 BaH SiO 的结构和性能 

陈乾旺 1,3 周忠远 Mak C．L． wong K．H 唐恕一 朱 挺 
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本文报道了采用水热法生长 BaH Sio 单晶的实验结果、它属三斜晶系．空问群为P1 晶包参数为：a=7 079， =7 362， 

7 5824~，Ct=89．64。，口=88 785 ， =88 23。。原予力显微镜(AFMIN!P-E铁电回线测量显示该材料具有铁电性，沿(OlO； 

方向极化强度和娇顽力分 剐为 o．882~C-eHl and 1．12kV -CHI。11研究显示铁 电胜来源于材料 中的氢键 。 
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Properties and Crystal Structure of a Novel Silicate Single Crystal：BaH=SiO4 
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We have grown single cry
,

stals of BaH2SiO by bydrothermal method．The crystal structure has been studied by 

direct method．Based on the 1792 unique reflections collected using MeKct of X-ray radiation and a CCD-based 

detector,it is refined to an agreement index(R1)of 6．36％．The cell is triclinic with dimensions：a=7 0790， 

b=7 3620，c=7．5824~．and =89．640。 =88 785。，T=88．230。．There arefour unit ceils of BaH：SiO in 

the cel1．with space group P1． 

Keywords： ferroelectric crystal silicate materials hydrotherm al technology c~ sml structure 

0 Intr0ducti0n 

The ferroeleetric random-aecess memories 

(FRAblJ are expected to replace magnetic core mem· 

ory， magnetic bubble memo~． and electrically 

erasable read·only memory for many applications⋯ ． 

There is a need to develop ferroelectrlc RAM devices 

that can be integrated with standard microelectronies． 

Conventional semiconductor technology is largely hased 

on crystalline silicon， which has a diamond structure 
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with no net dipole polarization necessary for a ferm- 

electric effect．This has stimulated vigorous studies to 

develop perovskite·based ferroelectric memory devices 

f0r Si meta1．oxide．semicondutter field．effeet transistor 

(blOSFET)structures A Si-based fen-oelectric mate． 

rials surely will be preferred in the integration 

with MOSFET structures， as compared with non-Si 

based systems．For example Pb(Zr，Ti)03(PZT)is a 

promising candidate for ferroelectrie random·access 
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m em o~ ,⋯
．
However，the interface reactions between 

this ferroelectfie materlal and the Si substrates 

f generation of mobile ions and low retention j make it 

mfficult t(I obtain good fen'oeleettie／Si interface 

in the metal／ferroelectric／semiconductor field—effect 

transistors gate 一“ A device fabricated with Si—based 

ferroelectric matelqal can eliminate the possible con— 

tamination of an Si IC wafer line by the metal ions in 

the non—Si—based ferroelectric l e g PZTj This will 

greatly simplify the technique in a ferroeleetric RAM 

production． The ability,to extend the use of sili— 

con—based inaterial as a ferroeleetric thin film will 

therefore enable the realization of ferroeleetric memoD, 

that are compatible with almost all of the microelee— 

tronic industo,． Unfortunately， no Si—based ferroelec— 

tric material has ever been reported so far． Here we 

report the growth and structure determination of 

BaH2SiO4 single cry'stal，which shows highly lossy lin— 

ear dielectric response at room temperature along 

(100)direction．It is expected to observe ferroeletricity 

in(010)and(001)direction of the crysta1． 

1 Experimental 

1．1 Preparation of Single Crystal 

Hydrothermal processes， primarily developed to 

study the material formation mechanism， have been 

widelv used for new materials svntheses' 一’I．Due to 

the relatively high pressure， variable pH value and 

precise chemical composition eontml in the system， 

some materials can be formed at lower temperatures 

than that is needed i11 solid state reactions． In this 

experiment，single crystals of BaHzSi04 were grown on 

a glass substrate by a hydrothermal method．A C0131~ 

mercially available glass(Si02：77．2％】plate(3cm× 

2cm)was coated with a mixture of barium and silicon 

oxide sol (Ba：Si=l：1)， and was put in a 

Teflon vessel， which was filled with 1．0tool -L一 

Ba(OH)!solution．The Teflon vessel WaS put into an 

air—tight stainless steel tank and held at a temperature 

of 160℃ for 6 hrs． It was then cooled to room tem— 

perature naturally Small white e~,stals with size 3× 

1 x 0 5ram were found lying on the glass plate Elec— 

Iron energy dispersive spectroscopy 【EDX J analysis of 

the crystals showed harium ant]silicon as major ⋯1一 

stituents with n0 other detectable nlelal elements The 

eomposition was determined to be Ba：Sj=1：l in rno]~ 

ratio． 

1．2 Unit CeII and Symmetry 

A Bruker AXS system (SMART 1 000． Mo Ka 

X—ray radiation and a CCD—based detecttlr1 was use(】to 

determine the unit eell and symmetD,of BaH2SiO The 

eell was found to be trielinie with dimenskms of the unit 

cell being“=7．0790．b=7 3620，c=7．5824．&and 

= 89．640。． =88．785。． =88．230。．Tim density 

calculated on the basis of four units of Bait：SiOJ per 

cell was 3．876g‘cm一3． 

】．3 X．ray Intensities 

The intensities of a total of 2640 reflections with 

2目 ≤ 55．08。were measured from the crystal l 792 

independent reflections were obtained Lorentz tin(1 

polarization corrections 1vere applied An absorption 

correction WaS applied with the program SADABS 

(semi—empirica1)．The structure WaS solved from three— 

dimensional Patterson anti difference l；'om4er svnthe+ 

ses．It was refined bv fu11一matrix least—squares calcu— 

lations． The final agreement jndices were 

∑ll l—l F ll／∑l l=0．0636 and R2=【∑ 

(1 l—1 1) ／∑wFo 】 =0．1605．The coordi— 

Hates and anisotropic displacement parameters ar giv— 

en in Table 1 and Table 2，respectively 

2 Discussion 

2．1 Description of the Structure 

As shown in Fig 1， each unit eell eontahls 

four—isolated Si04 tetrahedron linked by】3ariuln atoms． 

Fig．2 shows the atomic coordinates and atom number- 

ing in the cel1．The bond lengths and angles are given 

in Table 3．The Si—O tetrahedron js almost regular．the 

Si一0 distances range only from 1．598 to 1．665A and 

the 0一Si一0 angles from 105 2 to 1 1 3 7。 I'he average 

Si一0 bond length of 1 632A js abnormally shorl when 

compared with 1．860A，the SUIXI of the Glodsehmidt 

radii correeted for the reduct；on of the COOrdjnation 

number from six to fDur cPauling，1940)．The Si—O 
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Table 1 Atomic Coordinates(x 104)and Equivalent lsotropic Displacement Parameters(五 x 10 )for BaHlSiO‘Crystal 

y 6'(eq) J Y z U(eq J 

BuI1) 4348【1) l 886【1 J 7995I1) l 2fl J 1 Ba(2 J l 285lI J 2602tI J l 2912(1】 12l1 0 

SilI] 9262(21 24I5l2 J 7922I2l I 2(1) 1 Sil2) 6092f2) 2704l2) l2895(2) 10l1‘ 

0¨ 1 

0(3 J 

Ot5) 

O(7) 

l0644(61 3389l6 J 

7994f6 J 955(5) 

7547(6) 1089(6) 

4847(6) 1805(6) 

6477l5 

6986l5 

3640l 5 

l 407(5 

8(11 

4(1l 

7l1) 

4(1) 

Ol2 J 

0(4 J 

O(6 J 

O(8) 

U(eq)is defined as onB dlird of the t⋯ DI the orlhagonai[zed U [enSOF 

7846(6 

10548(6 

4741l6 

7380(6 

4076(6) 

I567(6) 

3398f6) 

4352l61 

8707t5】 17( 

9489l5) 15( 

14533(5) 15( 

12l l6f61 l8f 

Table 2 AnisotropicDisplacementParameters(A x15)forthe Crystal ofBaH】SiO4 

Ull 2 ! j U．1 如  u C J】 U 

(I) 】2(I) 13f1 J 1 Jf̈ 0fl】 一2f1j 0lI) Ba(2 J 12(1 J 13f1) I3(1) 一I(1， 一2(1) 0fIi 

siI1 J 10(1， 14(1】 l1I11 ～2t1】 一3(1) 0I1。 Si(2} 10(I1 l1(1) 10(1 J 一3(1) 一3(1) 一l(1 J 

0【I J 19(2) 2l(2】 l3(2) 2t2／ 1【2 J 一5l 21 0(2) 23(2) l8(2) 10t2) 1(2) 0(2】 7(2 J 

0I3) l8(2) 12(2) I3l 2 J 一1f2) 一3(2】 一“2i 0(4) 17f2) I8(2) 1I(2) 0(2) 一3t2) 一3【2) 

0(5) 23(2) 17(2) 1l(2 J 1(2) 一3i2) 5(2) O【6) l2(2) 19(2) 14(2) 一7(2) I(2) 一2I2) 

0(7) 15(2) 17f2) 1l(2) ～7l 2l 一5(2 J 一4(2) O(8) I9(2) 20(2) l4【2) l L2) 2l2) 一7l2l 

The anisotropie displacementfactor exponentlakesthefomu 一2 f f ha‘) l⋯ +2 k l 

F嘻 1 Structure of showing the eonnectloa of Si·O telrahedron 

and the environment of 13a I．13aI 

bonds in BaH2Sin must therefore have a considerable 

covalent character The oxygen—oxygen distance 

(2．66o2A)wflhin the tetrahedron lies reasonably close 

to the normal value of 2．8A．The Ba—O distances may 

he arbitrarily divided into two classes：oxygen atoms at 

distances less than 2．909A are classed nearest neigh 

bors in contact with barium，an d oxygen atoms at dis- 

tanees between 2．909A and 3．245h are elassed as 

second—nearest nelghbours．In BaH2SiO4．Bal is c0 

dinated by nine oxygen atoms，four of which are nearest 

neighbours．The second barium，Ba n， is'als0 coordl— 

nated by nine oxygen atoms an d is in contact with six of 

them Fig．2． 

2．2 Polarization Properties 

The P—E hysteresis loop along (100)direction of 

the c~,stal is not monotonic(not shown)，which shows 

highly lossy linear dielectric response． It could he， 

therefore， not indicative of a ferroelcetric hysteresis 

Fig 2 Atomic cooridinates and atom numbedng in the u 】tt cell 

However,Atomic Force Microscopy (AFM)resu]ts 

show there exists spontaneous polarization in this tna— 

teria1． e surface morphology
．

of the BaH2SiO single 

custal was measured by AFM and was shown in 

Fig．3a．AFM was also used to image the state of the 

remanent polarization of the single cC．,sta| Fig．3h 

shows the two—dimensional domain image from the same 

area shown in Fig．3a We 0bserved clearly distin— 

guishable positive and negative voltage signals along 

the line A·B (not shown)．Effnr【is being made to 

measure the P—E hysteresis loop along (010)and 

(001)directions of the crystal、in which fetToelectrJc 

hysteresis loop correspondent to the ferroelectric do． 

main observed in AFM studies could he obtained 

lt is evident that for the ratio of the number of 

oxygen atoms to barium atoms is not sufficient to allow 
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Table 3 Bond Lengths(／~)and Angles(。)for the Crystal of BaH2SiO‘ 

Ba(1】．0【7) 

Ba(I】．0(6)#2 

Ba(1)一0(8)#4 

Ba(1)一Si(2)#1 

Ba(2)一0(3)#I 

Ba(2)一0(7) 

Ba(2)．0(5)#3 

Ba(2)一Si(21 

sjl 1)一0(3) 

(1)一O(2) 

Si(1)一Ba(2)#1 

si(2)．0l81 

(2)一Ba(2】#6 

0(1)-Ba(2)#4 

0(4】．Ba【2)#6 

0(5)．Ba(2)#6 

0(8)一Ba(1)#4 

245 

774 

943 

994 

4) 

4 J 

4 J 

4I 

97 31i12 

54+20f12 

19 04f12 

86 73{12 

91 34【12 

95 90f12 

69 70f11 

72 90(12 

83 37f1I 

80 37(I1 

24 14(1I 

52 46(I1 

01 19(9 J 

0I 94(9) 

47 88(91 

82 15(9】 

81 59(8) 

05 98(9) 

03 17(4) 

06 45I9) 

26 09 

26 70 

77 66 

70 0】 

l46 l_ 

78 22 

8) 

8) 

12 

12 

12 

l2 

69 86fI2 

76 69(I 2 

43 28【I2 

24 10(1 2 

42 81【11 

52．31(1I 

67 39I13 

95 I 8(1I 

81 91(9) 

Ba【1卜0l3I 

BaI1一一0l51#1 

B f1—0f2 J 

Ba【1一一Si(11 

B I2、一0f4 J#3 

Ba【2一一0f2 J#4 

B I2 J_0l8I#3 

I2)+Si(21#3 

Sif1)一0l41 

s；(1)一Ba(I1#6 

f2)一0(71 

Si(2)一0l5 J 

0{1)．Baf2)# 

0l2)一Baf2)#4 

0{4)．Baf 11#6 

0(6)uBaf 1 #8 

0t81．Ba(2)|±6 

0f7}-BaI 1)一0 

0t3)．BaI1)一0 

0(31． (I卜0 

0(7I．BaI1 一0 

刺 

#2 

#】 

#3 

0(6 J#2 BaI 1)一0f4)#3 

0(31-Baf1卜0I8)#4 

0(5】#】．BaI1卜O【81#4 

0l 31一Baf1)一0I2) 

0(5)#1．Bn(1卜0【2 J 

0I71一Ba(1卜0【I)#3 

O(6 J#2．B日(1)-0【I) 

0l8)#4一 (I J．0【1， 

0【31一舶 (1I-Si【2I#1 

0I51#I—Ba I】．SiI2)#l 

0【2)．Ba(1)·SiI2 #l 

0(31一Ba(1I．SiI1 

0(5) 1一 l I)一sjI1j 

0【2)一Ba(I卜Si(1j 

0I7)．Ba(I)一Sii1) 3 

0i6)艘．Ba【11一si c】J 3 

0【8 J 4-Ba【11_Si(1】#3 

Sif2) l—BaII)一Sil1}#3 

】 0(3】 1-Ba(2)一0I 1)#5 

J 0(4】#3一Ba(2)一O(7) 

) 0(4 J#3一Ba【2)_0f2 J 4 

1 0(31#1-B日(2)一0(6) 

) O(7)一Ita【2卜0(6) 

) 0f4 J#3一Ba(2】-0f5) 

0【2)#4—13a(2】．0【5} 3 

) 0(4) 3一Baf2)一0(8】 3 

) 0(2) 4一Ba(2)一0(8 J#3 

J 0i3) ．BaI2)一0(I1#4 

1 0(7 J．Ba(2)一0 LI)#4 

) 0 c51们 -Ba【2)一0l 1)#4 

0(4】#3一Bal2)_s L(2) 

2 744【4) 

2 91／2I 4、 

3 055f4) 

3 5l15(17 J 

2 774I 4) 

2 809I 4) 

3 083I4j 

3 6747l【7) 

3 6I10(17) 

1 604I4} 

1 653f4) 

2 792【4} 

2 809f41 

2 912(4I 

2 856 c4I 

3 083(4) 

78．20f131 

75．95{1l 

98 58f12) 

75．93f12 J 

18．03(1I) 

25．25I121 

l9．96f121 

53 99(I21 

52 38f121 

20 68(121 

65 971l】) 

48 ll1l2) 

79 4l(9】 

28 27(9) 

3O 63(81 

26 】5f9) 

24 65(9】 

28 24I8) 

99 85(9) 

9】．94{8) 

61．43I9) 

88+78f41 

01 76门21 

75 55 

83 4】 

92 9】 

56 l2 

2) 

2) 

21 

】) 

82 74(12) 

28 60[12— 

75 0II】2} 

76 301]2I 

63 041]Il 

26 69『]I1 

87 88f1l】 

02．63{9) 

Ba(11-0(7) l 

Baf l 1-0(4} 3 

Ba(11_0¨1#3 

B (】1_sJI1) 3 

Ba【21_0(1 J 5 

Ba(21—0(6 J 

Ba(2)一0(1 J#4 

Ba(2)一s1【l}蚪 

sI【】)一0(1 J 

sI【1)一Ba{2 J 4 

si(2)一0(6 J 

sI(2)一Ba(1 J#】 

0(1)．B l1#6 

0(3)-Ba(21#】 

0(5 J．Ba(1)#】 

0(7)．Ba(11#l 

O(3】．Ba【1]一0( J#l 

0(7)#l-Baf1)一0(6 J#2 

0(7】#】． (11_0(5 J#l 

0(3】一Baf 1)一0(4】#3 

0(5 J#l·Ba【1)一0(4】#3 

O(7)#】一Ba(1)一0(8】#4 

0I4】#3一BⅡ【1)一0(8)#4 

0(7)#】一BHi】)+0(2】 

O(4)#3．Ba(】)-0l2) 

0f3)一Bä )．O【1]井3 

O(5)#1．B t1j一0【l J#3 

O【21_Ba_]】．0¨)#3 

O(7) l—Ba(1 J．s L(2 J#】 

O【4) 3一Ba(I】．s L(2)#】 

0(1) 一Ba(11．SI【2J#l 

O(7) l—Ba(1)一sI(1 

0【4)拈一Ba(1)-sI【1) 

0(" 3一B41_)一s；(】) 

0t3)一Ba(1)一目f1)#3 

0(5) 1．Bafl卜 (1j拈 

0(2)一B (1)一s1(】) 3 

s1f_)．Ba1_)一Si【】) 

0(41#3一Ba(2)一 l J#5 

0(】)#5．BH【2)一0(7) 

0(1)#5一Ba(2)一0(2 J#4 

0(4)#3一Bat2卜0f6) 

O(2)#4一Ba(2)．O(6 J 

0(1) 5一Ba(2)．0(51#3 

0【6)一Ba(2)．O(5)#3 

O(】) 一 (2)一Oi8) 

0f6)一Ba(2)一O(8) 

0(4) 3．B 2)一0(1】 4 

0(2)#4．B f2)一0(I】 4 

0f 8)#3．BH(2)． 1)#4 

0(1)#5一B f2)一s1(2】 

2 795{4) 

3 059(4) 

3 6I】OI】7 

3 245I4I 

3 7279Il9 

l 63lI4I 

3 7279Il9 

l 627I4I 

3 4746fl 

3 O59【41 

2 654I4 J 

2 902f4I 

2 795I4 J 

68 lIl：‘ 

20 4l__21 

54 70Il_J 

59 971】21 

69 67Il2) 

65 76fl：一 

74 59Il2) 

09 69Il】) 

37 32ll】) 

40 99ll】) 

7】 88l_I1 

25 86l_I】 

26 97I8 J 

83 42I 9— 

99 84f8) 

86 21{9) 

57 97I 8) 

43 4】f 8) 

6O 77(9} 

65 37f9I 

40 48(8I 

67 34I5I 

59 291l2) 

24 l0II 2) 

05 68(12) 

30 751l 2) 

8 49fl 2I 

77 06fl21 

42 4 fl 2I 

88+89__2】 

40 94̈ 21 

07 69(̈ J 

5O 59 L【_) 

45 82ll】- 

97 73I9I 

7  7  

} ) ) 【 } } } 【 } }  

4  4  4  4  4  5 ： 4  
{ ： { ；  
9  6  4  4  4  3  3  5  O  2  

5  9  7  5  9  4  0  0  6  

6  8  9  4 6  7  9  4  6  6  

； ! ； i  

㈣ 

州 鹕 柑 鹕 鹕 州 船 船 档  ̈ 蚪 

# # 5 4 # 8 2 2 # i  4 7 2 5 5 虻 2 
 ̈ ∞册 ∞ 驯驯 |H 

n m[罟亡苦 0  ̈ ¨陆 如 卧[罟n眈卧 亡罟怛 也亡葶[翠 扎 牡 曲 如 牡杯 拉 亡翠 血牡杠也 
j ； i  i ； i ； ； i  l)7 3 7．) ，) 叩 叩 叩吣叩l詈㈣叩吣 靴叩 ㈣ 邮㈣ 叩叩吣 叩 
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27 81(8) 

【56 31(9) 

【00 52f91 

【52 91(8) 

26 05{8) 

【77 55{51 

86 83f9) 

86 33(9j 

25 89f8 

1l 3 7【2 J 

108 5(21 

49 O8 c】5 

60 45 c】6 

57 42(1 5 

】22 77{】6 

44 94(】5 

35 66(【5 

】34 59(】7 

157 0I(5 J 

111 2(2) 

107 7f2) 

126 06f1 7) 

【1 2 85(16) 

8L 70(3 J 

56 30f161 

96 02f4) 

99 91(13) 

【27 31【14 J 

125 30{】4I 

Il2 98f14 J 

98 241l2) 

130 85(1 51 

】03 80 L】3) 

105 20li3) 

】07 30(i4) 

136 74l【5) 

75 09(9 J 

51 37(9I 

77 65I9 J 

02 56(91 

26 26f8 

70 55【9) 
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a dose packed framework．The short Si-0 distance of 

1．632A produces a tetrahedral environment around Si， 

and the result is a loosely packed structure of barium 

atoms and SiO,groups．From the feature of the sym- 

metry mad composition，it is expected that ferroelectric 

properties related Io the presence of hydrogen bonding 

in the compound can be obtained． Because its sym- 

metry appears similar to that of the ferroeleetfie phItse 

of NaKC4H406·4H20(seignette salt)，which is a sin- 

gIe-axis ferroelectrie crystal with space group|D21．The 

spontaneous polarization in seignett salt originates from 

D—axis． Early work suggested that hydrogen bonding 

along the D—axis is responsible for the observed ferro- 

electricity．Neutron diffraction．however，revealed that 

the preferentially oriented distribution of OH group 

should be the origin of spontaneous polarization⋯ ．In 

BaH2SiO4，considering the feature of its structure，it is 

suggested that spontan eous polarization could be ob- 

served due to the oriented distribution of OH groups． 

Further work about neutron diffraction should be done 

to establish the configuration of hydrogen and then the 

spontaneous polarization mechanism more firmly． 

3 Conel11siOIlS 

A silicate crystal of BaH2SiO,was grown．It was 

determined by single—crystal X—ray methods to be tri— 

clinic with space group PI．In this compo und，Si atom 

is su~ounded by a tetrahedron of oxygen atoms．The 

SiO,tetrahedron are separated from each other and 

bonded by modifier cations of Ba“ ．Ferroeleetric do- 

main wan observed by AFM．The oriented distribution 

of OH groups along one direction was suggested to be 

responsible for the ohsen,ed spontaneous propeflies 
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